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Chapter 1
Introduction and basic definitions

In this chapter we give an overview of the basic concepts of the thermodynamic
formalism, and explain the heuristics which led to their creation. The discussion is
non-rigorous, and meant as a motivation for the mathemtical work in the following
chapters.

1.1 What is the thermodynamic formalism

The aim of ergodic theory is to understand the stochastic behavior of deterministic
dynamical systems 7 : X — X. It does so by studying the ergodic invariant prob-
ability measures of the system. Given such a measure U, the “ergodic theorems”
provide quantitative information on the behavior of 7%(x) as i — oo for u—almost
every x € X.

But the results are sensitive to the choice of the measure u. Different ergodic
invariant probability measures of the same dynamical system are always mutually
singular (Problem 1.1), so what holds almost surely with respect to one measure
will often be an event of measure zero with respect to the other.

Since it is very common for a dynamical system to have many different ergodic
invariant measures, we are faced with the following problem: which invariant mea-
sure to choose to analyze the system?

A similar problem exists in statistical physics. Statistical physics aims at ex-
plaining the large scale behavior of a many—particle system (such as a gas) from the
microscopic behavior of its constituents (e.g. the gas molecules). An important idea
in this theory is that macroscopic quantities (heat, pressure, etc.) can be viewed as
weighted averages of quantities which are defined in terms of the constituents of
the system (the sum of the energies of molecules, or the sum of the forces exerted
by the molecules hitting a piston during a short interval of time per unit area). The
averaging is done over the collection of all possible states of the system. Usually, it
is a weighted average.
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Again we run into a problem: the value of weighted average depends on the
weights. What weighting scheme should we use?

Of course physics has mathematics at an advantage, because it has a source of
experimental data to rely on. We know experimentally what macroscopic behavior
to expect: that is what the collection of empirical laws of thermodynamics are about.
Thus we can, at least in principle, know which choices of weights lead to the right
answer, and which do not. The great physicist J.W. Gibbs came up with a list of
recipes for the averaging schemes which work in various scenarios.

We describe one such scenario. Imagine a many—particle system A which is con-
tact with another much larger system B so that

1. A and B can exchange energy, but not particles;

2. Bis at equilibrium and has temperature T';

3. B is much larger than A, so that it contact with A does not affect its equilibrium
state.

Such systems B are called heat baths.

Let X denote the set of all possible states of system A: each element of X is a
complete list of all the positions and velocities of all the particles in A. Assume for
simplicity that the set of all possible states is a finite set {s1,...,sy}.> We think of
the actual state of the system as constantly fluctuating, and random. Gibbs’ rule for
the probabilistic weights of the different states at equilibrium is

1
Z(B)

Here U (s;) is the total energy of system A when it is at state s;, and kg is a univer-
sal constant (“Boltzman’s constant”). The constant 3 is sometimes called “inverse
temperature”.

The probability distribution (1.1) is called by physicists the canonical ensemble.
Mathematicians call it the Gibbs measure.

N
1

Pr(s;) := ¢ PUG)  where Z(B) := Y e UG and B = T (1.1)
i=1 B

Ya. Sinai and D. Ruelle had the idea of importing the ideas of Gibbsian statistical
physics to the theory of smooth dynamical systems, so as to come up with principles
for choosing “natural” invariant measures for study in this context. The theory of
these measures and their properties is now known under the name Thermodynamic
Formalism (following a monograph with this name as a title by D. Ruelle [3]).

At first sight this idea may seem a bit unnatural. Gibbs devised his averaging
schemes with the experimental facts of thermodynamics in mind. But many of the
important examples in the theory of dynamical systems have their origins in geome-
try, or number theory, or algebra, and have no relation to physics. Even the examples

1 Apparently this was anticipated by L. Boltzmann, see [2], §1.1.9.

2 This assumption is certainly not true. But it could be argued that due to resolution problems
there are only finitely many distinguishable states, so there is no harm in working with a finite
discretization of X rather than with X itself. The procedure of passing from a continuum of states
to a finite discrete set is called coarse graining.
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which arise out of classical mechanics or celestial mechanics physics usually deal
with a small number of particles (three is already too difficult) and are therefore
outside the scope of thermodynamics (~ 10 particles).

The undisputable fact is, however, that thermodynamic formalism is relevant to
the study of many of these systems! Thermodynamic formalism is one of the most
ubiquitous parts of ergodic theory, with numerous applications to complex analysis,
geodesic flows, geometric measure theory, and the theory of dependent stochastic
processes.

The question is how come the theory is so useful? The reason is quite simple,
although somewhat technical: It so happens that thermodynamic selection princi-
ples produce measures m whose Jacobian functions (see chapter 2) have strong reg-
ularity properties (the logarithm of the Jacobian is up to a negative constant an
“energy function”). The tools of the theory apply to all measures with “regular” Ja-
cobians. The reason this is so useful is that measures with regular (even smooth)
Jacobians arise naturally in many mathematical contexts, with or without connec-
tions to physics. Form the technical point of view

Thermodynamic formalism is the part of ergodic theory which studies measures
under assumptions on the regularity of their Jacobian functions.

The insight of Sinai and Ruelle was that the analogy with physics can be used to
explore such measures, even if the original setting has absolutely nothing to do with
statistical mechanics.

1.2 The basic notions of the thermodynamic formalism

The purpose of thermodynamic formalism is to define and analyze, for a given dy-
namical system 7 : X — X, probability measures which satisfy (1.1). But in the
dynamical context it is impossible to use (1.1) directly, for reasons which will be
explained below. Therefore one needs to invent weak variants of (1.1).

We explain the problem and the approaches for its solution by analyzing a simple
example, where the analogy with physics is easy to understand. Let T : X — X be
the following dynamical system:

1. X = {(x0,x1,%2,...) : x; € {0,1}}, with the topology generated by the cylinder
sets [ag,...,an—1] ' ={x € X :xo =ag,...,Xn—1 = an—1} (n € N,a; € {0,1});
2. T : X — X is defined by T(JC(),Xl s X2,y ) = (xl ,X2,X3, .. )

It is useful to think of X as the collection of all possible configurations of a one—
sided one dimensional lattice with sites 0, 1,2, ..., where each site can be in one of
two states: 0 or 1. Thus x € X is the configuration where site zero is in state xo, site
one is in state x;, and so on.

To define an analogue of the canonical ensemble, we need an energy function.
Imagine that the different sites of the lattice “interact”. Let

U(x) = U (xo|x1,%2,%3,...)
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denote the total “potential energy” at site zero due its “interaction” with the other
sites. It is useful to think about this quantity as minus the energy one needs to invest
to break site zero from the lattice and move it to infinity. Using this interpretation it
is easy to see that the total potential energy of the first n—sites is

Ux)4+U(Tx)+---4+U(T" 'x).

(To break off the first n—sites we first need to invest —U (x) to take away site zero,
then to invest —U (T'x) to take away site one, and so one.)
If we apply (1.1) blindly, we get the following “formula” for the canonical en-

semble on X: . - e
) — P (B Lo U())

= . 1.2
Frexexp (BT U(T™D) (12

But this is meaningless:

—_—

. the numerator has no reason to converge;

2. the denominator has very little hope of converging, because it is a sum over the
uncountable collection of x € X;

3. finally, the approach of trying to define the probability of each x € X is inadequate

for the purposes of defining a measure on an uncountable set: if our measure is

non-atomic, then Pr(x) = 0 for all x!

We see that the naive approach for defining the canonical ensemble leads nowhere.

Mathematical physicists have come up with several ingenious ways of making
sense of (1.2). These lead to several reasonable ways of constructing, or defining,
“Gibbs measures” in our setting. We describe them briefly.

A word on terminology: The various definitions of “Gibbs measures” which are
about to follow are not all equivalent. This could cause some confusion in the liter-
ature, because what is known in the dynamics community as a “Gibbs measure” or
a “Gibbs state” is not what the mathematical physicists call a “Gibbs state”. To pre-
vent the confusion I have chosen to use other terminology. Although widely used,
this terminology is not universally accepted.

1.2.1 Dobrushin-Lanford—Ruelle measures

The definition is based on a heuristic due to Dobrushin.? Instead of trying to guess
the formula for the Gibbs distribution Pr as a whole, let us try to guess the formula
for the following conditional measures:

Pr(y0,¥1,- s YN—1|XN XN415- - ).

3 The same definition was discovered independently by Lanford and Ruelle a year later.
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By this we mean the conditional distribution of the configuration of the first N sites
(¥o0,---,yn—1) given that site N is in state xy, site N+ 1 is in state x4 etc.

The point of this exercise is that the problems which prevented us from defining
the Gibbs distribution on X do not arise when trying to define the Gibbs distribution
on {y € X : yy = xy}: (a) the energy content of the first N-sites is finite (equal to
U+UoT+---+UoTN1), and (b) the normalization factor Z(f) is a finite sum
(ranging over the 2N possibilities for (xp,...,xy)). Thus formula (1.1) does make
sense for the conditional measures.

This suggests the following alternative definition of a “Gibbs measure”:

Definition 1.1. Suppose U : X — R is a function, and > 0. A probability measure
mon X is called a Dobrushin—Lanford—Ruelle (DLR) measure with potential U and
inverse temperature f3 if for every N,

_ N—1 U(T"
m(Xo, . .., XN—1|XN, XN 115 -) = exp( gzvz(nﬁ(jcm)( X))
»VN

fora.e. x, (1.3)

where Zy (B, x3) = Y(x)....ox_1) EXP (— B ley;()l U (T/x)) a normalization constant.

Equations (1.3) are called the DLR equations. DLR measures also appear in the
literature under the name Gibbs states. The real power of Dobrushin’s idea reveals
itself when the definition is made for higher dimensional lattices (i.e. with Z?> or
73 replacing N). In this context DLR measures are often referred to as Gibbsian
Random Fields.

Remark: It does not follow from the Carathéodory or Kolmogorov extensions the-
orems that the DLR equations define a measure. The existence of a measure sat-
isfying (1.3) requires proof. It is also not clear (and in some cases not true) that
equations (1.3) characterize the measure: there are U and  with more than one
DLR measure.

1.2.2 Thermodynamic Limits

Here the idea is to approximate the (uncountable) configuration space X by finite
(or at least countable) discretizations Xy, define the Gibbs distribution on Xy, and
pass to the limit.

The most popular way of achieving this is to use boundary conditions. Fix x € X
and consider the following (finite) set

Xy = T_N{x} = {(yoa' <3 YN—1:X0,X1,X3, . ) 1Y0,---,YN—1 € {07 1}}3

which represents all possible configurations subject to the boundary condition that
the site /V is in state xg, site N + 1 is in state x; etc.

We determine the Gibbs distribution on this set using the following heuristic
(what follows is not valid mathematically): For each y € T~V {x},
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“exp (=B o U(T"y)”
“Lrvy—exp (=B X0 U(T"y))”
_ en(BENUMTY)  tew(-BYiyUITN)”
Yrvy_exp (—f YN U(Try)) “exp(=BLinU(T"x))”
_exp(=BES U(T))
Lrvy—cexp (=B L5 U(T"y))

Pr(y) =

This leads to the following definition. Let 8, denote the point mass measure at y,
defined by 8,(E) = 1 when E > y and §,(E) = 0 otherwise.

Definition 1.2. Suppose x € X and define for N € N,

o Lrvyoeexp (BN U(T")) &
Vi = N—1
Yrvy—cexp (=B Loy U(T"y))

Any weak star limit point of the sequence { vy }y>1 is called a thermodynamic limit.
Thermodynamic limits are also called by some people “Gibbs states”.

In the example we are studying X is compact, so thermodynamic limits exist. But
it is not clear whether they are unique, and whether they depend on x.

1.2.3 Equilibrium measures

Suppose (Uj,...,Uy) is a vector of real numbers, then the probability vector
(p1,---,pn) given by p; := e BUi /N ¢=BUi (i =1,... N) is the (unique) proba-
bility vector which brings to a minimum the quantity

N 1 N
F:=Y plUi— E(— Y pilogpi).
i=1 i=1

This can be proved using Lagrange multipliers.

1. U:=YY, piU;is called the energy of p = (p1,...,pn);
2. §:=— Z?’zl pilog p; is the entropy of £;4
3.and F=U — %S is called the Helmholtz free eneregy of p (or just “free energy”).

This variational characterization of the Gibbs distribution is often interpreted as
saying that “nature minimizes the free energy at equilibrium”.

4 Up to a constant which depends on the context. In information theory, the entropy is measured
logarithms to base 2, not natural logarithms. It is dimensionless. In statistical physics, the average
Boltzmann entropy of pis kg ) pilog 1% where kp (Boltzmann’s constant) is a constant which gives
S the dimensions of energy/temperature.
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We now use these ideas to choose a measure on X, the configuration of the infinite
lattice. It is natural to ask for a measure y which minimizes the free energy per site:

1 < 1 1
lim — / U(T*)dp — - X0y - .-y Xp—1]log ———
n—eo 11 ( IZ(’) ( ) # ﬁ Z ”[ 0 1] gu[xo,...,xn1]>

X05---Xn—1

If p is T—invariant, then the value of this limitis [Udu — %hu(T), where Ay, (T)
is the metric entropy of i (we have used here Sinai’s Generator Theorem). The log?2
factor is because the metric entropy is defined using logarithms to the base 2.

We are led to the following definition: A T—invariant probability measure U is
called an equilibrium measure for the potential U and inverse temperature f3, if it

minimizes [Udu — %hH(T).

In the dynamical context it is customary to set ¢ := f%U and write [Udu —
%hu(T) = —% (hu(T)+ [ ¢dpt). Minimizing this expression amounts to max-

imizing the term in the brackets (because 8 > 0). The definition then becomes

Definition 1.3. An invariant probability measure y is called an equilibrium measure
for a function ¢ : X — R if it maximizes hy (T) + [ ¢dpu.

Remark: An equilibrium measure is invariant by definition. But DLR measures
and thermodynamic limits do not need to be T—invariant.

1.2.4 Gibbs measures in the sense of Bowen

This is the definition most frequently used by dynamicists. It is taken from Bowen’s
influential monograph [1]. We continue to use the notation ¢ := — % BU.

Definition 1.4. A Gibbs measure (in the sense of Bowen) for a function ¢ : X - R
is an invariant probability measure p for which there are constants M > 1 and P € R
s.t. the following holds for every cylinder [ag, ...,a,—1] and n € N:

—1 Mlao, ... an—1] <
= exp (X424 0(T*x) —nP) —

This should be thought of as the approximate identity

(x € lao, - - -,an—1])-

n—1

mlag, ... ,an—1] < - €Xp Z o (T*x), Z,:=¢"
n k=0

which is certainly in the spirit of (1.1). The point of this definition is that it is indeed
sometimes possible to find measure like that.

Remark: The term “Gibbs measure (in the sense of Bowen)” is not standard at all.
In the dynamical literature such measures are simply called “Gibbs measures”.
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1.3 Topological Markov shifts

We will develop the thermodynamic formalism in the context of topological Markov
shifts, as this is the context for which the theory is most developed.

1.3.1 Definition and examples

Let S be a countable set and A = (#;;), ¢ be a matrix of zeroes and ones with no
columns or rows which are all zeroes. Out of this data one can construct a directed
graph with set of vertices S, and set of edges {a — b : 1,5, = 1}. The set of all one—
sided infinite allowed paths on the graph is called a topological Markov shift. Here
is the formal definition:

Definition 1.5 (Topological Markov shift). The topological Markov shift (TMS)
with set of states S and transition matrix A = (t,5)sxs is the set

X = {xe SV g =1,Vi> o} (No = {0,1,2,...}),
equipped with the topology generated by the collection of cylinders
[ao,...,an—1] ={x€X:xi=0a;,0<i<n—1} (n€Nag,...,a,—1 €S),

and endowed with the action of the left shift map T : (xq,x1,...) — (x1,X2,...).
The topology of a TMS is metrizable, for example it is given by the metric
d(x,y) :== 2~ min{na#yn} when x # y, and d(x,y) := 0 when x = y. With respect to

this metric, X is a complete and separable metric space. But it need not be compact,
or even locally compact (Problem 1.2).

Definition 1.6 (Subshift of Finite Type (SFT)). A TMS with a finite set of states is
called a subshift of finite type (SFT).

Equivalently, a subshift of finite type is a compact topological Markov shift.

Definition 1.7 (Words). A word on an alphabet S is an element (ao,...,a,—1) € S"
(n € N). The length of the word is n. A word is called admissible (w.r.t. to a transition
matrix A) if the cylinder it defines is non-empty.

Equivalently, (ao,...,a,—1) is admissible iff 14 4, %4, ar - 4, 5.0, ; = 1
Any x € X gives rise to the following collection of admissible words:

xZ: (an7x1n+lu'--7xn) (m<l’l)

The word ngl is called the n—prefix of x.
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Recall that a continuous map T on a topological space X is called topologically
transitive if it has a point x with a dense (forward) orbit,? and fopologically mixing
if for every pair of open sets U,V C X there is a number N(U,V) € N s.t.

n>NU,V)=UNT"V £ 0.

We shall often abuse terminology and say that a TMS X is topologically transitive
(resp. topologically mixing) when the left shift 7 : X — X is topologically transitive
(resp. topologically mixing).

Write a — b if there is an admissible word of length n+ 1 which starts at a and
ends at b.

Proposition 1.1. Let X be a topological Markov shift with set of states S and tran-
sition matrix A = (t4p)sxs-

1. X is topologically transitive iff for all a,b € S there is an n s.t. a = b.

2. X is topologically mixing iff for all a,b € S there is a number N, s.t. for all
n> Ny, a- b.

3. A topologically transitive TMS is topologically mixing iff it contains two points
x,y s.t. TP(x) = x,T9(y) =y, and (p,q) = 1.

We leave the proof as an exercise.

Example 1 (Ising Model): This is a crude model for a magnet. Imagine a one
dimensional array of sites 0,1,2,.... Each of the sites is magnetized in one of two
possible ways: spin “up” (+) or spin “down” (-). The configuration space of the
entire array is X = {4, —}"o. This is a subshift of finite type with set of states
S = {+,—} and transition matrix all of whose entries are made of ones.

A TMS whose transition matrix has no zero entries is called a full shift. The full
shift is obviously topologically mixing.

Example 2 (Hard Core Lattice Gas): Imagine an array of sites 0, 1,2, .... Each of
the sites can be in one of two states: empty (0) or occupied by one particle (1). We
do not allow particles to occupy adjacent sites (“hard core assumption”). Here the
set of all possible configurations is X = {x € {0, 1}"0 : no adjacent ones}.

This is the TMS with set of states {0, 1} and transition matrix < i (1)> . This TMS
is topologically mixing.
Example 3 (Random Walk on Z): Here the set of states is S = Z and the transition
matrix is A = (t;;)zxz, where

l‘,’j:1<:>|l'7j|:1

3 The standard definition for invertible continuous maps 7 : X — X is weaker: the existence of a
point x such that the full orbit {T*(x) : k € Z} is dense. The two definitions are equivalent whenever
X is a complete separable metric space without isolated points (a point x is called isolated if there
is some € > 0 s.t. d(x,y) < € =y =x).
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(encoding the rule that if we are at state i we can only move to i £ 1). This TMS is
clearly topologically transitive. But it is not topologically mixing, because there is
no way to move from the origin to itself with an odd number of states.

Example 4 (Cayley graphs): Suppose G is a finitely generated group with a finite
set of generators R.% The Cayley graph TMS associated to R is the TMS with set of
states G and transition matrix

tay = 1< b= arfor some r € R.

For example the Cayley graph TMS of Z with R = {£1} is the TMS described in
example 3.

Cayley graph TMS are always topologically transitive, because for any pair of
states a,b € G one can find an admissible word w which starts at @ and ends at b by
expanding a~'b = ry -- -1, and setting w = (a,ary,aryr,...,arira---ro_1,b).

Example 5 (Angle Doubling Map): z+— 7> on {z € C: |z| = 1}. Write z =
exp(27if) and express 0 < 6 < 1 in binary coordinates

These coordinates are uniquely defined for all except a countable set of z’s which
have more than one expansion (the dyadic points). It is easy to verify that in these
coordinates the system becomes the left shift on X = {0, 1}, We got the same SFT
as in the Ising model case: the full shift on two symbols.

1
x

Example 6 (Gauss Map): x—
fraction expansion

mod 1 on [0, 1]. Here we can use the continued

1
x=—— (5 eN)

1
X0+
0 Xy 4
which is uniquely defined for all irrational x € [0, 1]. Ignoring the countable (whence
negligible) set of rational points, we can represent the system as a full shift, except
that this time the set of states is infinite.

Example 7 (Expanding Markov Interval Maps) Here is a generalization of the
last two examples. Let f : I — I, I = [0, 1], be a map for which there exists a finite
or countable collection of pairwise disjoint open intervals {I, }4es s.t.:

1. I=UpeslaU{0,1}.

2. fli, extends to a C! monotonic map on an open neighborhood of 7,, (a € S).

3. Uniform expansion: There are constants N € Nand A > 1 s.t. [(fV)| > A > 1 on
UaGSIa'

4. Markov Partition: For every a,b € S, if f(I,) NI, # &, then f(I,) D I.

5. Forevery a € S there are b,c € Ss.t. f(I,) D I, and f(I;) D I,.

6 This means that every element of G can be written in the form ryr,---r, with r; € Rand n € N.
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Let X denote the TMS with set of states S and transition matrix (¢,)sxs given
by ty = 1< f(I,) D I,. This matrix has no rows or columns made only of zeroes,
because of property 5.

Proposition 1.2. Set A" := U, >0 f"[0I UU,e5 9] (a countable set). There is a
Holder continuous map @ : X — I with the following properties:

1. The image of T contains (0,1)\ A,

2. Everyt € (0,1)\ A has a unique pre-image (xo,x1,...) € X and this pre-image
is determined by f"(t) € I, (n € Ny);

3. IfxeX and n(x) € (0,1)\ A, then (o T)(x) = (fom)(x).

Proof. 'We show that for every (xo,x1,...) € X, N0 Vieo f (I, ) contains exactly
one point, and then define 7(xg,x,...) to be this point.

Step 1. If (x,x1,...) € X, then (50Nt f ~*(Ix,) contains exactly one point.

The map f| I, is monotonic, one-to-one, and differentiable. Since #y, ., = 1,
f(Iy) 2 Ly, whence f(Iy, N f~'(Iy,)) = IL,. Thus L, N f~1(Iy,) is an interval of
positive length which is mapped by f onto I,,.

Since ty, v, = 1, f(Iy,) 2 Ly, 50 f2[Iyy N f (L)) = f(L,) 2 Iy, The restriction
of f2 to I, N f~'(Iy,) is equal to the the restriction of f]| 1, © flr, to that interval,
which is clearly monotonic and C'. It follows that Iy, N f~ ! (I, ) N f~2(I,,) is a non-
empty interval which is mapped by 2 to I, .

Continuing in this way we see that J,, := (;_o f ’k(lxk) is a non-empty interval
which is mapped by " in a C' way onto I, .

If n = kN, then |(f")'| > A"/, and we get that the length of J, is at most 1 ~"/V.
Since J, are decreasing, we can extrapolate to all n and obtain that the length of
J, is at most A~W/Nl < . A -n/N, Passing to closures, we see that (,~oJ, is a
decreasing intersection of compact intervals with lengths no more that A - A ~/N.
The intersection of such a sequence must equal a single point.

Step 2. it is Holder continuous, 7(X) D (0,1)\./#", and eacht € (0,1)\.4" has exactly
one pre—image.

Suppose x,y € X and x # y, then d(x,y) =e " where xg_l :yg_l and x, #y,. It
follows that 7(x), (y) € Ly N f~ (Iy,) N---N f~0=1(L, ), whence by the calcu-
lations done in the previous step, |7(x) — (y)| < A- AN = A -d(x,y)log)/N

We show that every ¢ € (0,1) \ ./ has at least one pre-image. Such a ¢ satisfies
f(t) € Uges Iy for all n, so there are x,, € S's.t. f"(t) € I,. This means that

re (7).
k=0

The sequence (xo,x1,...) belongs to X, because for every i, f(I,) Nl , 3 f1(x),
so f(I;) NI, , # @, whence by the Markov property f(I;) 2 I, , for all i.

= it]
Next suppose the ¢ above is also the image of @ (yo,y,...). By the definition of

7, t € f~(1y,) for all n.
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Sincet & N, t € o f"(Iy,), whence

oo

e (V)N () ()
n=0

n=0

It follows that for all n, f"(f) € I, N1,,. Since the intervals {I,}4cs are pairwise
disjoint, x,, =y, for all n.
Step 3. If w(x) € (0,1)\ A/, then (fom)(x) = (o f)(x).

The proof of step 2 shows that if t = w(xg,x1,...) & A4, then f(¢) € I, for all
n > 0. Thus f*(f(t)) € I, , for all n > 0, proving that f(¢) = w(x1,x2,...). O

Xn+1

1.3.2 If we induce a TMS on a partition set, we get a full shift

Suppose T is a measurable map on a measurable space (X,%). Let A € %, and
set A’ := {x € A: T"(x) € A infinitely often}. The induced map on A is the map
Ty: A = A Ty(x) = T90)(x), where @4(x) :=inf{n > 1:T"(x) € A}.

If we apply this construction to a general TMS, with A = [a] for some state a € S,
then the resulting dynamical system is topologically conjugate to a full shift on a
countable alphabet. This construction is very useful, because the combinatorics of
the full shift are much simpler handle than those of a general TMS.

Here is the topological conjugacy. Fix a € S (the state on which we induce).
The domain of the induced map is A := {x € [d] : x; = a for infinitely many i € N}.
Define
1. S:

2. X:=8 9 T:X — X is the left shift;
3.1

Then toT = Ty o, and 7 is a conjugacy between Ty : A —+Aand T : X — X.

1.4 Functions on topological Markov shifts

1.4.1 Regularity properties

Throughout this section, X is a fixed TMS. The variations of ¢ : X — R are
var,(9) :=sup{[¢(x) = (y)[ : x,y EX, xi=y;, 0<i<n—1}
(this could be infinite). The n—th ergodic sum of ¢ : X — C is

On(x) := O (x) + O (Tx) + -+ ¢(T" ).
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We will be mainly interested in the following two regularity conditions:

Definition 1.8 (Weak Holder continuity). We say that ¢ is weakly Holder contin-
uous (with parameter 0) if there exist A > 0 and 6 € (0, 1) such that for all n > 2,
var,(¢) < AO".

Definition 1.9 (Summable variations). We say that ¢ has summable variations if
Loopvary(¢) <.

Weak Holder continuity is obviously stronger than summable variations. Each of
these conditions implies that ¢ is uniformly continuous. But if |S| = oo, then these
conditions do not imply that ¢ is bounded. Moreover, they allow ¢ to have infinite
variation on cylinders of length one.

Occasionally, we will consider the following weaker regularity condition intro-
duced by P. Walters:’

Definition 1.10 (Walters condition). A function ¢ on a TMS X is said to satisfy the
Walters condition, if for every k > 1, sup|var, . 9,] < oo and sup[var, ¢, — O.
n>1 n>1 k—roo

This is weaker than summable variations or weak Holder continuity, because of the
following lemma:

Lemma 1.1. Suppose ¢ : X — C has summable variations. For any n > 1 and any
admissible word a = (ag,...,an—1) of length n, if x,y € T|a,—1] and xg_l = yg_l,
then |a(@x) — 90(@)] < iome 1 vare.

Proof. Under these assumptions, for all 0 < j < n—1 T/(ax) = (a;,...,ay_1%)

and T/(ay) = (aj,...,an—1y) agree on (at least) the first n — j+ m coordinates, so
9(Tax) — ¢ (TIay)| < vty 6. Thus [6,(ax) — dn(@y)] < T vat, 0 <
Yy Var;@. O

1.4.2 Cohomology

Much of the thermodynamic formalism deals with the following problem: Given a
function ¢ (thought of as —U with U a “potential”), construct and analyze the
DLR/thermodynamic limit/equilibirum/Gibbs measures of ¢. For reasons which
shall be explained in later chapters, if we are able to answer these questions for
¢, then we are able to answer them for functions of the form ¢ +h—hoT with h
measurable, at least if / is bounded. The following definition is therefore important
to us:

7 The original definition was made for compact TMS, and did not include the condition that

sup,, [var, 1k 9,] < oo for all k > 1. In the compact case the finiteness of sup,, [var, @] for all k > 1

follows from sup,, [var, ] k*> 0, because that condition implies that ¢ is continuous, whence
—$00

bounded.
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Definition 1.11 (Cohomology). Two functions ¢,y : X — C are said to be coho-
mologous via a transfer function h, if ¢ = y+h—hoT. A function which is coho-
mologous to zero is called a coboundary.

Theorem 1.1 (Livsic Theorem). Suppose X is a topologically transitive TMS, and
@,y : X — C have summable variations. Then ¢ and y are cohomologous iff for
everyx € X and p € N s.t. TP (x) = x, ¢p(x) = Wy (x).

Proof. Tt is enough to treat the case Yy = 0 and show that ¢ is a coboundary iff
¢p(x) =0 forall x and p s.t. T?(x) = x. (If y # 0, work with ¢ — v, y —y.)

If¢=h—hoT, then ¢ =h—hoT +hoT —hoT*+---hoTP 1 —hoTP =
h—hoTP?, soits clear that ¢, (x) = 0 for all p—periodic points x.

Now suppose for all p and x s.t. T7(x) = x, ¢,(x) = 0. We are assuming that X is
topologically transitive, so there exists x € X with a dense forward orbit.

Suppose there were a function 4 s.t. ¢ =h—hoT and s.t. (w.l.o.g.) h(x) =0, then
the following equation must hold along the orbit of x:

h(x) = 0, h(T7x) = —;(x). (1.4)

The idea of the proof is to use (1.4) to define k() on the orbit of x, show that this
function has a continuous extension #* : X — X, and then check that i* —h*o T = ¢.

Let O(x) := {x,Tx,T?x,...} and define & : €(x) — C by (1.4). We claim that &
is uniformly continuous on € (x). To see this suppose T™(x),T"(x) agree on their
first k—coordinates and write (X, - .-, Xmik—1) = (Xn, -+, Xnaik—1) = a. Without loss
of generality n > m.

Case 1. k<n—m.

n+k—1
n

|h(T"x) = h(T"x)| = |$n(x) — O (x)| = [@n—m (T"x)]
= |¢n—m(xm7 cos Xn—15XnsXn+1,y - - )|
= |¢nfm (Q7xm+kv <Xt (n—m)— 15D Xntks Xn+k+15 - - )|

<|Op—m(2)| + Zvarjd), by lemma 1.1,
J>k

In this case x, = (a,*- -+ ,*,x) and x =a, o

where z is the periodic point with period (d, Xp+k; - - - s Xy (n—m)—1)- Since T" " (z)
z, we get that [A(T"x) — h(T"x)| < ¥ ;o pp1 var;@.

Case 2. k>n—m.

<l

Write k = {(n—m) + r where 0 < r <n—m, and let p =x,™~!, then

x; = (Pa---7P7P(r)717x;°+k>

——
41

(check!). The same argument as before, but with z equal to the periodic point with
period p, shows that again [(7T"x) — h(T"x)| < ¥ j-i var;¢. &
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Since ¢ has summable variations, this establishes a uniform modulus of conti-
nuity for 2 on &'(x). Since & is uniformly continuous on &'(x), it has a continuous
extension to the closure &'(x). Since x has a dense orbit this closure is equal to X.
Thus & extends continuously to some continuous function 4* : X — C.

We claim that ¢ = h* —h* o T. This is certainly the case on €(x), because for
every T"x € O(x),

R*(T"x) — h* (T x) = h(T"x) — A(T" ' x) = @1 (x) — Pu(x) = ¢(T"x).

Since the equation ¢ = h* —h* o T holds on &(x) and h*,¢ are continuous, this
equation holds on &'(x) = X. O

Remark: The proof that the cohomology can be achieved by a transfer function
hs.t. vargh <Y ;- var;¢. In particular, if ¢ is weakly Holder, then one can take &
weakly Holder with finite first variation.

1.5 Two sided topological Markov shifts

TMS arise as models for certain non-invertible transformations such as expanding
Markov maps of the interval. The invertible case calls for an invertible analogue of
a TMS, which we proceed to define.

Suppose S is a finite or countable set of states and A = (,5)sxs is a matrix of
zeroes and ones without rows which are made solely of zeroes.

Definition 1.12 (Two sided TMS). The rwo—sided topological Markov shift with
set of states S and transition matrix A = (¢, )sxs is the set

X:={(...,x_1,x0,x1,...) € SL :Vi € Z, i = 1},
equipped with the topology generated by the two sided cylinders
mlao, - van 1] :={x€X : (tms-- - Xmin_1) = (@0, ..,an_1)} (m€Z,neN).
and the action of the left shift T : X — X, (Tx); = Xi+1.
This topology is induced by the metric defined for x # y by
d(x,y) = exp(—min{n > 0:x, 7 yp Or x_p # y_n}).
The variations of a function ¢ : X — R are defined by
var = sup{ |9 (¥) = 9| : x; =i (il <n—1)}.

A function is called weakly Héolder continuous, if there are constants A > 0 and
0< 0 <1s.t var,¢ <AQ" foralln > 2.
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Many results in the thermodynamic formalism for TMS can be extended to two—
sided TMS using the following fact: Let X and X be the one sided and two sided
TMS with set of states S and transition matrix A.

Theorem 1.2 (Sinai). If ¢ : X—=C is weakly Holder and var| ¢ < oo, then there
exists a bounded weakly Holder h: X — C and a weakly Holder ¢* : X — C s.t.
var * < ooand ¢(x)+h(x) —h(Tx) = ¢*(x0,x1,...).

Proof. For every a € S, let 2% = ( .. ,z‘jz,zﬁl) be a one-sided infinite admissi-
ble sequence s.t. (z‘i] ,a) is admissible. Given x € X, let x* denote the point s.t.
(x*)ZL, := 7% and (x*)§ := x;. We show that the following transfer function works:

h(x) = ;0 (675~ 9(T9)) .

Step 1. h is well defined, bounded, and continuous.

The map x — x* is continuous, therefore the summands of the series are continu-
ous. The k—th summand in the infinite sum is bounded by var, ¢ <A6*"! because
T*(x) and T*(x*) have equal j coordinates for all j > —k. Thus the series converges
uniformly to a bounded continuous function. &

Step 2. Calculation of var,h and proof that £ is (weakly) Holder.

Since A is bounded, all its variations are finite, and it is enough to bound var, ¢
just for n > 2. Fix n > 2 and suppose x’i_(ifl) = y'i_(rLl), then

[n/2]—-1 ~ - ~ _
kO < B [0 =T (9 (Thy) — o(T)]
FY fode)—o@n| + o) o).
k=|n/2]

The first sum can be estimated by noting that if k < n/2, then
|6(T %) = (T )], 10 (T x") — ¢ (T*y")| < var|, o) 9.
The second sum can be estimated by noting that if k > [n/2], then
O(Th") = 9(T0) | o(THy") — 0 (T4)| < vano.

Thus var,h < nvar|,, /2| +2 Y= n/2) vary¢ for all n > 2 (and varh < 2sup [h] < o).
It follows that & is weakly Holder continuous.

Step 3. ¢(x) + h(x) — h(Tx) only depends on (xp,x,...).
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O (x) +h(x) — h(Tx) =
=0(x)+ i (¢(ka") - ¢(TkX)) - i (d)(fk(Tx)*) - ¢(f’<+1x)>
k=0 k=0

= (P(x)"' ¢(x*)—¢(X)+i((])(ka*)_(p(ka))] — i(q)(fk(Tx)*)_(P(karlx))

k=1 k=0

=¢(x")+ i(fp(fkﬂx*)—(P(fkﬂx)) - i(d)(fk(fx)*)_q)(fkﬂx))
k=0

k=0
=0+ L (0 T0)] —ol7* ().
=0

The final expression depends only on the non-negative coordinates of x, and can
therefore be identified with a function ¢* : X — C. Since ¢* =@ +h—hoT, ¢* is
weakly Holder continuous with finite first variation. a

Remark: The assumption that var;¢ < oo is needed for the boundedness of A. It
is not a big restriction, because if one recodes a TMS using the Markov partition
of 2—cylinders, then every weakly Holder continuous function becomes a weakly
Holder continuous function with finite first variation (Problem 1.7).

Problems

1.1. Suppose T : X — X is a continuous map on a metric space which preserves
two different ergodic invariant probability measures i, v. Use the pointwise ergodic
theorem to show that these measures are mutually singular (i.e. there exists a Borel
set Es.t. u(E)=1,v(E) =0).

1.2. Suppose X is a TMS with set of states S and transition matrix A = (¢,5)sxs with
no rows and columns made only of zeroes.

1. Show that X is separable.

2. Show that the topology of X is given by the metric d(x,y) := 2~ min{ixiAi} (where
2~ min@:— (). Show that with respect to this measure X is complete.

3. Show that X is compact iff |§| < eo.

4. Show that X is locally compact iff for every a € S, #{b € S 1 1,5 = 1} < 0.

1.3. Suppose X is a TMS with set of states S and transition matrix A.

1. Suppose |S| < co. Show that X is topologically mixing iff there exists an number
M s.t. all the entries of AM are positive.
2. Construct an example showing that the above could be false when |S| = oo,

1.4. Prove proposition 1.1
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1.5. Show that the map 7 : x — Bx mod 1 on [0,1] with § = HT‘E (the “golden
mean”) is an expanding Markov interval map whose associated TMS is identical to
the “hard core lattice gas” model.

1.6 (Rényi’s “f-expansions”). Suppose f : [0, 1] — [0, 1] is an expanding map of
the interval with partition {I, : a € S}. Let A" := 50 f " [{0,1} UU,e591a]. Let
Jo = (fl5,)"": f(I,) — I, and choose for all n € N some &, € f(J,,)

1. Show that for every ¢ € (0,1)\ A/, if f(¢) € I, for all n, then
x= ,}L‘E,(JXO oJy 00y, )(En).

This is called the f—expansion of x.

2. Show that the f—expansion produced by f(x) = 10x mod 1 is the decimal ex-
pansionx =Y, 107",

3. Show that the f—expansion produced by f(x) = % mod 1 is the continued frac-
tion expansion.

4. What expansion is produced by f(x) = fx mod 1 where § = ”T‘ﬁ?

1.7. Suppose X is a TMS with set of states S and transition matrix A = (7,5 )sxs. Let
§*:={(a,b) € Sx §: 1y = 1}, and define a transition matrix A* = (¢(4) (c.q) )5 x5*)
bY (41 (c.a) = 1 & b= c. Let X* denote the resulting TMS.

1. Construct a continuous bijection 7 : X* — X s.t. toT =T oT.

2. Show that for every ¢ : X — R, var,[¢ o 7] = var,+ ¢ for all n. In particular any
weakly Holder function is mapped to a weakly Holder function with finite first
variation.

3. Check that this construction also works for two sided shifts.

1.8. Let T : X — X be the result of inducing a TMS on one of its states a. Let
@a(x) == 1jg(x)inf{n > 1: x, = a} and let 7 : X — [a] be the conjugacy described
in §1.3.2. Suppose ¢ : X — R is a function, and let

pa—1
¢ = ( Z ¢0Tk> oT.
k=0

Prove that:

1. if ¢ is weakly Holder, then ¢ is weakly Holder, and var| ¢ < oo;
2.if Y, >o nvar,@ < eo, then ¢ has summable variations and var; ¢ < oo;
3. if ¢ has summable variations, then ¢ satisfies the Walters condition and var; ¢ <

4. if ¢ has the Walters property, then ¢ has the Walters property, and var; ¢ < .

1.9. Prove the Livsic theorem under the assumption that ¢ satisfies the Walters con-
dition.

1.10. Let X be a topologically transitive TMS and suppose ¢,y are two weakly
Holder continuous functions.
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1. Suppose ¢ —y =h—hoT. Show that if / is continuous, then % is weakly Holder
continuous;

2. Suppose ¢ — ¢ = h; —h;oT (i = 1,2). Show that if &; and h, are continuous,
then hy, hy differ by a constant.
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Chapter 2

DLR measures, conformal measures, and their
ergodic theoretic properties

2.1 DLR measures and conformal measures

2.1.1 DLR measures and the Gibbs cocycle

Let X be a topological Markov shift with set of states S. The Borel o—algebra of
X is the o-algebra & = Z(X) which is generated by all cylinders. This is also
the minimal c—algebra with respect to which all coordinate functions x — x; are
measurable. Let o(x,,Xx,+1,...) denote the smallest sigma algebra with respect to
which all the coordinate maps x — x; with k > n are measurable, then (Problem 2.1)

O (X, Xnt1,...) =T "AB.
Given a probability measure m on X, we write for any [ag, ..., d,—1]

m(ao; - - -, @n—1Xn; Xnt15- - ) (%) 1= Ep (114,

Armed with this notation, we proceed to give the formal definition of a DLR mea-
sure on a general TMS:

Definition 2.1 (DLR measures). Suppose X isa TMS, f > 0,and U : X —» Risa
measurable function. A probability measure m on X is called a Dobrushin—Lanford—
Ruelle (DLR) measure for ¢ = —BU if forall N > 1 and a.e. x € X

et
ZT"y:T"x exp ¢n (y)

m(X0, -« s XN—1 XN, XN+1,5- - +) m-a.s. (2.1)

where ¢, := ¢ + ¢ oT +---¢ oT" . In particular the sum in the denominator must
converge m-a.e.

Equations (2.1) are called the DLR equations.
DLR measures can be characterized by the way they transform under the maps
(ao,- .- an—1,%) = (bo,...,by—1,x). To do this we need the following definition:

23
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Definition 2.2 (Gibbs cocycle). Suppose X is a TMS and ¢ : X — R is a function.

1. The tail relation of a TMS is x ~y < dns.t. x;; = y,,. This is an equivalence
relation. Set T := {(x,y) € X x X : x ~ y}.
2. The Gibbs cocycle of a function ¢ : X — R is ¢ : T — R given by

D(x,y) == Y [0(T*y) — o(T"x)].

[ ngk

k

0

The sum converges because if (x,y) € T, then there exists N s.t. T*(x) = T*(y) for
all k > N. The reason @ is called a “cocycle” is because of the following identity
which is reminiscent of identities appearing in the theory of cocycles for group
actions: x ~y ~ z = ®(x,y) + P(y,2) = P(x,2).

Proposition 2.1. A probability measure m is a DLR measure iff for every pair of
cylinders [ay, . ..,an—1],[bo, . .. ,by—1] such that a,_) = b,_1 and m[a] # 0, the map

By la] = [b], Vb2 (@x) > (b))

satisfies d’ﬁf@ =expP(axy,bxy) a.e. on |a).

Proof. We prove (=). Suppose m is a DLR measure for ¢. In order to see that
dmo Oy, = exp P (ax;,bx’)dm, it is enough to show for every cylinder [¢] which

oo

can follow [a] that m[b, c] = Jiac exp P(ax;;,bx;7)dm. Here’s the proof:
lgoT" 1)) =E (1o T" E(1y|T7"28))

lgoT" - m(blxy,Xns1....))

lgoT" -e‘b(g";o’hx:)m(g\xn,xn+17,,,)) (by the DLR eqns)

(
(
(
(1g o1 @b B (11T 5))
(

n [ Cl)Cm-b)C;,c — P QXT éx:lq
I oT" e@it >-1[g])_/[ade (@ 250) g,

Next we prove (<=). Fix ¢ € §, n > 1 and two cylinders [g], [b] of length n
s.t. ac and bc are admissible. Assume m[a] # 0. We calculate the a.s. limit of
m[b, XK /m[a, ¥ K] as k — oo on T~"[c] in two ways:
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mlb ] mb, K fm(T T ) m(blag )
lim e k o x
ke mla, ] ke mla, g m(T ) ke m(ala™)
b (o)
= m(7|xz) a.s., by the Martingale Convergence Theorem;
m(alxy)
btk Sacne)la, n+k
lim L k] = lim mo QC’QL)[Q]{X" ] because x € T[]
keomla,xp ] ke ma, g
: 1 oo (o)
= I}grolc W /[g,x2+k] exp D (ax;, ,bx; )dm

= lim E (exp ®(ax;, bx;); ) (ax;)
—300

= ElexpP(ax;,bx)|x;] (ax;’) a.s. by martingale convergence

=expP(ax;,bx;) a.s., because this is T~ " Z-measurable.

Thus m(b|x) = e (b5) [e‘¢"<g"7)m(g|x;°)].
Now fix a and vary b. Since there are at most countably many [b]’s, for a.e. x s.t.
Xn = ¢, for all [b] s.t. be is admissible,

m(blx;’) = exp P(ax, bx)m(alx;).

Thus there is a constant Z,(x;’) which only depends on x;; s.t. m(b|x;’) = %.
The value of the constant is determined by the condition that the sum over all the
possible b’s is one. We obtain the DLR equations for » and a.s. for all x s.t. x,, = c.

Since there only countably many c’s, the DLR equations hold a.e. in X . a

2.1.2 Jacobians and conformal measures

The definition of a DLR measure is expressed in terms of infinitely many equations.
As it turns out, there is a stronger condition than the DLR equations, which can be
captured in a single equation. To state it, we need the following definitions:

Definition 2.3. A measurable map T on a measure space (X, %, 1) is called non—
singular,if uoT~' ~ u,ie., u(T7'E)=0< u(E)=0.

Definition 2.4. Suppose V is a non—singular measure on a TMS X with set of states
S. We let voT denote the measure on X given by

(voT)(E):=Y vIT(ENIa])].
acs
Since {T(EN[a]) : a € S} is usually not pairwise disjoint, in general (voT)(E) #
V[T (E)]. It is useful to think of (voT)(E) as the measuring 7 (E) with “multiplici-
ties”.
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Lemma 2.1. Suppose Vv is a non-singular measure on a TMS X.

1. For all non-negative Borel functions f : X — R:

/fdvoT Z faxdv x). (2.2)

acs

2.vEvoT;
3. If for everya € S, T : [a] — Tla] is non—singular in the sense that for every Borel
set E CTla], V(E)=0< V(TE) =0, thenvoT ~ V.

The proof is left as an exercise (Problem 2.2).

Definition 2.5 (Jacobian). Let v be a non—singular Borel measure on a TMS X.

1. The Jacobian of v is the function g, := 4%

2.1f v~ voT, then the log Jacobian of v is log ;%%

Proposition 2.2. Suppose X is a TMS and ¢ : X — R is Borel, then any non-singular
measure V s.t. V(X) = 1 and s.t. for some constant A

dv

_3—1
TvoT — 1 expd,

is a DLR measure for ¢.

Proof. Suppose V is a non-singular measure such that dv/dvoT = A~ 'exp¢. We
use proposition 2.1 to show that v is a DLR measure.

Suppose a, b are two admissible words of length n which terminate in the same
symbol, and suppose Vv[a] # 0. We calculate the Radon—-Nikodym derivative of the
map U, ¢ (ax;) — (bx;y) by noticing that

where I, : T"[b] — [b] , I, : x — (b,x) is the inverse of 7" : [b] — T"[b], and calcu-
lating the Radon—Nikodym derivatives of I, : 7"[b] — [b] and T" : [a]| — T"[a].
Some general facts on Radon—-Nikodym derivatives: Suppose Ll ~ U ~ U3, then
diy _ cdip\—1 .
= ( ﬁ) a.e.;
dujov.

. . . . —1 d.ul
2. if V' is an invertible map s.t. V, V™" are measurable, then 7,77 = 7.7 oV ae.;

dy  diy _ duy
3. dwy dps — dps &©
It follows that
dvodl,p|  dvolyoT"|  dvol,oT" dvoT"
dV [g] o dV [Q] o dVOTn dV [Q]
dvol, dvoT"
_ doé oT". Vdo . (2.3)
V. g Vol
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dVOIQ

Calculation of —, - ]OT”:
"a
dvol, _ dvol, _ dvol, :lfle‘p(bx)\Tb
dv T[p] dv (0] dVOTOIb (0] 2]

Next consider the map [y ;). Using the identity I, 5, = Ip, 0 I, , we see that

dvolp, p, _ dvolp,olp, ' dvoly, _ dvoly, ol dvolp,
v lrp)  dvel, v lrpy 4V ol 4V gy
= ;r2e¢z(bo-,b|,X)|T[bl].
Continuing by induction, we get that
dv ol
= =24 "exp@u(bx).
av Iy '
Calculation of d‘zloan |}
-1
dvol™| AV gl _ (dVOIa) oT"
dV [Q] dV OIQ [Q] dV [g]
= A"exp(—¢u(aT"x))| 1y
Thus by (2.3), dv;éﬁ‘é = A 10T g ne=0n(aT"x) — exp @b (ax™, bx). By propo-
sition 2.1, v is a DLR measure. O

Definition 2.6 (Conformal measure). Suppose X is a TMS and ¢ : X — R is Borel.

A (possibly infinite) Borel measure Vv is called ¢—conformal, if it is finite on cylin-

ders, and if there isa A > 0 s.t. df/l(‘]’T =A"lexp¢ ae.

Thus any ¢—conformal probability measure m is a DLR measure for ¢. Later we
shall see that in the case of topologically mixing compact TMS (subshifts of finite
type) and functions ¢ with summable variations, the converse is also true: every
DLR measure is ¢§—conformal.

2.1.3 Why is the thermodynamic formalism relevant do dynamics?

We are finally ready to address the question which was raised in the introduction:
Why should the selection principles of Gibbsian statistical mechanics be relevant to
the study of dynamical systems which arise in contexts which have nothing to do
with statistical physics?
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Before giving the answer let’s look again at proposition 2.2. This proposition says
that any non—singular measure v with non-vanishing Jacobian is a DLR measure for

some Borel measurable “potential” — its log—Jacobian ¢ := log d%r Thus there
nothing too special about DLR measures for Borel measurable potentials.
But of course the potentials ¢ = —BU in mathematical physics are almost always

much better than measurable.'

Similarly the measures which appear in the study of smooth dynamical systems,
geometric measure theory, and so on often have highly regular log—Jacobians.

As we shall see below, the regularity of the log—Jacobian of measure has many
ergodic theoretic consequences. The power of thermodynamic formalism is that en-
ables one to use analogies with statistical physics to guess what these consequences
are. In most cases the resulting theorems are valid for all measures with sufficiently
regular log—Jacobians.

The reason thermodynamic formalism finds applications outside the realm of
statistical physics, is that measures with regular log Jacobians are common in all
areas of dynamics.

2.2 Ergodic theory of measures with regular log Jacobians

In this section we start the general study of the ergodic theoretic properties of non—
singular measures Vv, under the assumption that their log Jacobian log di—(‘;r has a
version with summable variations.

2.2.1 The transfer operator

Before giving the definition, it is useful to perform the following mental experiment:
Imagine a mass density f(x)dL(x) on a measure space (2,2, 1), and suppose [ is
T—non-singular. If we apply 7" and “move” every x to T (x) then we will get a new
mass density (7 f)(x)dp(x). The extension of the map f — T f to signed densities
is called the transfer operator of T (w.r.t. ). Formally:

Definition 2.7. The transfer operator of a non-singular map 7 on a sigma finite
measure space (2,2, 1) is the operator T : L' (Q,%, 1) — L' (2, %, 1) given by

d[.Lf [¢) T_1

Tf:=
f dil

, Where diy := fdu.

Remark: The transfer operator also called the dual operator, or the Perron—
Frobenius operator.

1" At the risk of pushing the point too far, we recall that in classical mechanics, a potential U of a
conservative force field F is by definition a function U s.t. F = —VU. So VU exists.
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It is perhaps not clear from the definition that T is a well defined operator on L!.
Here is the reason:

1. The Radon-Nikodym derivative which defines T f exists because of the non-
singularity of 7: u(E) = 0 implies that u (7' E) =0, and this entails u(T~'E) =
Jr-1g fdpu =0, whence piy o T < u.

2. T maps L' into L!, because

171l = [ sen(Tf)-Tdu= [ sen(T flappor~" = [sen(Tp)oT - fdu <.

Proposition 2.3 (Properties of the transfer operator). Suppose T is a non-singular
map on the o—finite measure space (Q2,.7,V).

L Iff €L, then ff is the unique L'—function s.t. for every ¢ € L*,
/ oT fdu = / (poT)fdu. (2.4)

2. T is positive: f > 0 a.e. = ff >0a.e.

3. T is a bounded linear operator on L', and HT\H =1

4. T*1 = p in the sense that for all f € L', [T fdu = J fdp.

5. Suppose f € L' is non-negative with integral one, then Tf fedm=fduis
a T—invariant probability measure.

6. Suppose . is T—invariant, then (T f)o T = E(f|T ' A).

)’ﬂ)’ﬂ)

Proof. Suppose f € L!, then for every ¢ € L™,
/(pffdu:/(pdufoT‘l :/(ponuf:/(pondu.

The relation [ (pf fdu = [@oT- fdu characterizes T f. because elements in L' are
characterized by their inner Rroducts with all elements in L™.

(It is tempting to define T f using (2.4). But this identity only defines T f as an
element of (L*)*, and not all elements in (L*)* are realizable as L'—elements.)

The linearity of T is an immediate consequence of (2.4).

The positivity of T is proved as follows: Suppose f > 0 a.e., then

02/1[ff§0]ffdu:/1[ff§0]orfduzo,

which means that [ 17 = ? fdu = 0. It follows that u[T f < 0] = 0.

The boundedness of T and the fact that |7, < 1 was shown above. To see that
|T||; = 1, take a non-negative f in L', and use the positivity of T to see that

1Tl = [ Tfdu= [(toT)sdu= [ fan =1l

Part 4 is because fffd,u:fl-ffd,u:f(loT)fdu:ffd,u.
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Part 5 is proved as follows: Suppose f € L! is non-negative, and [ fdu = 1. By
the definition of T, T f fe d“f or

For part 6, suppose U is T—1nvariant. (Tf)oT is T~'% measurable, so it is
enough to check that [ @(T f)oTdu= [ @ fdu for every T~' Z-measurable ¢ € L.
Observe that a function ¢ is T~ !%-measurable iff it can be written in the form
@=yoT with y %-measurable.” Thus

=f& [,LfOT_1 = Uy < fdu is T—invariant.

[oTneTdu= [(yoT)(FpjoTdu= [yTfdu (- poT' =p)
— [(werysan = [ ofan.
O

The following proposition gives the formula of the transfer operator of a non—
singular measure on a TMS:

Proposition 2.4. Suppose X is a TMS with set of states S, and v is T-nonsingular
with Jacobian g, = di—XT, then the transfer operator of v is given by

=Y lrg@gv(ax)flax) = Y ev(3)f(y)

acs Ty=x

Proof. Suppose ¢ € L™, then by (2.2)

/(pZ Li7q) (x)gv(ax) f(ax)dv = Z/ (poT)(ax)gy(ax)f(ax)dv

acs acs
dv
:/((poT)gvfdvoT:/((poT)f TdvoT
- / (9o T)fdv.
The proposition follows from proposition 2.3, part 1. a

Definition 2.8 (Ruelle Operator). Suppose X is a TMS, and ¢ : X — R is a func-
tion. The Ruelle operator associated to ¢ is the operator (Lg f)(x) = Ly 0 £(y).

Corollary 2.1. The transfer operator of a non-singular measure is the Ruelle oper-
ator of its log Jacobian.

The definition of the Ruelle operator is not proper, because we have not speci-
fied the domain. The problem is particularly acute in the case of TMS with infinite
alphabets, as in such cases the set {y : Ty = x} can be infinite, and the sum defin-
ing Ly may diverge. But if we know that ¢ = log -2, then for every f € L' (v)

dVoT’

2 («) is obvious. (=) is because if @ is T~! B-measurable, then V € R [¢p > ] € T~ A, so

Vit €RIE, € B st [@ >1t] =T 'E,. We have ¢(x):=sup{t € Q: T(x) €E;} =y (Tx), y(x):=
sup{t € Q:x € E;}.
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[ILofldv = ITf1l1 <|If]l1 < oo, so it is guaranteed that Yry—s e90) £(y) converges
absolutely for a.e. x.

In cases where it is not clear apriori that ¢ is the log—Jacobian of some measure,
the domain of Ly will have to be specified.

2.2.2 Conservativity

Definition 2.9. A non-singular map 7 on a sigma finite measure space (2,24, V) is
called conservative if every set W € Z s.t. {T "W },> are pairwise disjoint satisfies
W =g orX mod u (such a set W is called a wandering set).

The motivation is the following variant of the Poincaré recurrence theorem for non—
singular measures:

Theorem 2.1 (Halmos). Suppose T is a non-singular map on c—finite measure
space (2,9,v). T is conservative iff the following holds for every measurable set
E of positive measure: for a.e. x € E, T"(x) € E for infinitely many positive n’s.

Proof. (<): Suppose for every E measurable of positive measure, a.e. x € E visits
E infinitely many times. Then there are no wandering sets of positive measure.

(=): Suppose T is conservative, and assume by way of contradiction that there
is a measurable set E s.t. u{x € E: #{n>0:T"(x) € E} < oo} # 0. Set

Ey:={x€E:#{n>0:T"(x) €E} =N}.

There exists an N € N s.t. u(Ey) # 0.

For every k > 1, T—*EyNEy = & because if there were a point x € T-*ExNEy,
then this point would visit £ at least N + 1 times (once at time zero, then N times
at times k or larger). But this contradicts the definition of Ey. It follows that Ey is a
wandering set of positive measure, in contradiction to the conservativity of 7. O

Here is a useful criterion for the conservativity of a non-singular map:
Proposition 2.5. Let T be a non-singular map of a 6—finite measure space.

1. If there is a non-negative f € L' s.t. P ?”f = a.e., then T is conservative;
2. If there is a strictly positive f € L' s.t. Y.>1 T" f < oo on a set of positive measure,
then T is not conservative.

Proof. Denote the underlying measure space by (2, %, ).

Suppose f is a non-negative integrable function s.t. Zf" f = oo almost every-
where. We show that every wandering set W has measure zero. Since W is wander-
ing, ¥ 1y oT" < 1 everywhere, and by the Monotone Convergence Theorem

||fH1z/f(ZmoT”)du:Z/ﬂWoT"du:Z/anfdu:/w():fnf)du_
n=1 n=1 n=1 n=1
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Buty > " f = a.e., so W must have measure zero. This proves part 1.

For part 2, suppose that f is a strictly positive integrable function such that A :=
X " < thas positive measure, and show that 7' cannot be conservative.

Since Y. T"f < = on A, 3B C A of positive measure such that [} T”fdu < oo:
Take B := [Y. T"f < M) for M large enough. Arguing as before, we see that

[ (X 1moT")du <=
n=1
whence, since f is strictly positive, Y -

-1 lpoT"du almost everywhere in X, whence
a.e. in B. It follows that for a.e. x € B, T"(x) € B only finitely many times. By
theorem 2.1, T is not conservative. O

See Problem 2.8 for an development of this result.
We turn to the special case of non-singular measures with regular log Jacobians:

Theorem 2.2. Let X be a topologically transitive TMS, and suppose Vv is a non-
singular measure which is finite on cylinders and s.t. ddv = A" If ¢ has
summable variations, then V is conservative iff for some a € S (whence all a € §),

Zl "Zn(@,a) = oo, where Z,(¢,a) : Ze%

= T'x=x

Proof. We first show that the if the series Y 1 "Z,(¢,a) converges for some a € S,
then it converges for all a € S.

Fix two states a, b and pick, using the topological transitivity of X, two admissible
words u,v of lengths u,v s.t. (a,u,b) and (b,v,a) are admissible. Let k := u+v+2,
and define amap © : {x € [b] : T"x = x} — {x € [a] : T""*x = x} by

x +— the periodic point with period (a,u,xo,. .., X;,V).

Since ¢ has summable variations, it has the Walters property (lemma 1.1), so for all
x€[b]st. T"x=x,

[0k (D (%)) — O (x)] < |1 (@1, by, )|+ |G (X0, - - -y Xn—1,D, %, ...) — O (x)]
+1¢vr1(b,v,a,%)|
< sup [@y41]+ sup |¢v+1|+SUP[Vafn+1¢n] =:logM < oo,

[a,u,b] [b,v.a]

where M = M(a,b,u,v) is independent of n. Since ¥ is one-to-one, for all n

Z(pp)<M Y I <y Y ) =Mz, 4 (9,a).

T"x=xx9=b Tntky—y yo=a

Thus if Y A"Z,(¢,b) converges, then Y A ~""Z,(¢,a) converges.
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We saw above that the transfer operator of ¢ is (7 f)(x) = 2! Yry—s 0) £ (y).
Iterating, it is easy to verify by induction that

(?”f)(x) = Z e‘l’n(y)f(y), where ¢, ;= ¢ +@oT +---+¢o 71
Thy=x
We claim that for every state b, there are constants C;,C, > 0 and ky,ky € N s.t.

CA~RZ, 4 (9,a) < T "y (x) < GAR)Z, 0 (9,a) forall x € [b]. (2.5)

The proof is similar to what we did above, so we omit the details.
We can now use proposition 2.5 to prove the theorem.

Suppose Y A Z,(¢,a) = oo, then (2.5) implies that ¥, 7”1 la) = o everywhere on
X. By Proposition 2.5, part 1, T is conservative.

Suppose Y A 7"Z,(¢,a) < oo for some state a. Then Y A 7"Z,(¢,a) < oo for all
states a. By (2.5) there are constants C, s.t. Zf”l[a] < Cyp on [b]. Choose b s.t.
v[b] # 0, and let {&,},cs be positive numbers s.t. ¥ €,Cpp < 0 and Y. €,V[a] < oo.
(Recall that conformal measures, by definition, are finite on cylinders.) The function

fiZ Zeﬂl[a]

acs

is positive, integrable, and for a.e. x € [b], Y2, T f = ¥, ¥ €aT"1 @ < Xa€aCap <
e, Since v[b] # 0, proposition 2.5 says that v is not conservative. a

Remark: The proof shows that the theorem holds for all functions ¢ for which
sup,,>1 [Var,;10,] < e, e.g. all functions with the Walters property.

Corollary 2.2. Suppose X is a compact topologically mixing TMS, then any non—
singular probability measure on X whose log-Jacobian has summable variations is
conservative.

Proof. Suppose dﬁ(‘)’T = A~ exp ¢ where ¢ has summable variations. We claim that
there exists a constant M s.t. for every cylinder [a] = [ao, ..., dn—1],

(@) — M Ay 4] for all x € Tla,_1]. (2.6)
To see this note, first, that for all x,y € T'|a,_1],

|9n(ax) = @n(@y)| < [@n—1(ax) = -1 (ay)| + | (an-1x) — ¢(an-1y)|
< supvarg, ¢ + (max ¢ —min¢@) =: log M|,
k>1

where M| < oo by the Walters property. Integrating the estimate e (av) — MljEl 9n(ax)
over T [a,_1] we obtain
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e y(Tla, 1)) =M [

[ ]e%(@)dv(y) =M /A*”Lﬁ;, ligdv=M;"v[a].
Tlap—1 B

The result is (2.6) with M := M, /min{v(T'[a]) : a € S} (the denominator is non-zero
because |S| < o and because conformal measures on topologically transitive TMS
give any cylinder positive measure, see problem 2.9).

Let %, denote the collection of admissible words of length n. Fix a € S. Since
X is topologically mixing and |S| < oo, there exists ng s.t. for every & € S there are
words w,g, We, € Wy st (a,wag, ), (§,wey,a) are admissible. It follows that any
& =(&,...,&,) € #;, can be extended to a word

w(&) = (a,wag,, W 0, @) € Wik, Where ko :=2(ng+1).

Every periodic point with period w(& ) contributes to Z,, . (¢, a) = ¥ putig,_, o),
As a result there is a constant C s.t. for all n,

)L—(n+k0)zn+k0(¢7a) > C )~ (ntko) Z S On

Ect
>CM AR Y viE]=cMTIATR (by (2.6)).
ety
Thus Y A7"Z,(¢,a) = . By theorem 2.2, v is conservative. O

2.2.3 Ergodicity

Definition 2.10 (Ergodicity). A non—singular map 7 on a c—finite measure space
(X, %, ) is called ergodic if forevery E€ # s.t. T~ (E)=E, u(E)=0 or u(E€)=0.

The purpose of this section is to prove the following:

Theorem 2.3 (Aaronson, Denker & Urbanski). Suppose X is a topologically tran-
sitive TMS and v is a measure which is finite on cylinders and whose log-Jacobian
has summable variations. If v is conservative, then Vv is ergodic.

Lemma 2.2 (Bounded Distortion). Suppose v is a non-singular measure on a TMS
s.t. ¢ :=1logdv/dvoT has summable variations. If var| ¢ < oo, then AM > 1 s.1. for
all non-empty cylinders [a,b] = [ao, . ..,an—1;bo, .. .,bm—1],

via,b]

M ¥(Tlan]) < eis < M/V(Tlan]).

Proof. Let ¢ :=logdv/dvoT,then Lyv =V and so
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V[%b] = /L%l[%b]d\/ = /e")”(gx)l@ (x)dv(x).

We show that e%(@) = B v[a] /v(T'[a,_,]) for all x € [b], where B:=exp ¥, var,¢.
To see this observe that for every y € T[a,_1], ePn(@) — g1 ofn(ay (1t is essential
for this estimate that var; ¢ < o). Integrating the double inequality over y € T [a,_1],
we obtain that %@y (T[a,_]) = B! [, Tlan e¢”( Jdv(y) = Bilf(Lgl[g])(y) =
B*!'v[a], as required. O

Corollary 2.3. Under the assumptions of lemma 2.2, 3M > 1 s.t. for all Borel sets
E, if [a] = [ao, - .. ,an—1] has positive measure, then

v(T"E|[a]) = M*'V(E|T [a,1]). (2.7)

Proof. Let M be as in lemma 2.2, and let .# denote the collection of all sets E which
satisfy (2.7). .# is a monotone class, and .# contains all the cylinders (Lemma 2.2).
By the monotone class theorem, .# contains all Borel sets. a

Proof of theorem 2.3. We begin with a couple of reductions.

First we claim that it is enough to prove the theorem in the case when v(X) = 1.
To see this construct positive constants {€, }aes S.t. h =Y 4c5 €ql|q) satisfies [hdv =
1. Let dv* := hdv. It is easy to check that

*

lo v =1lo
gdv*oT_ &

dv
IvoT +logh—loghoT.
By construction var; [logh —loghoT] = 0, so the log—Jacobian of v* has summable
variations. Since 4 > 0, v and v* are equivalent, so one is ergodic iff the other is
ergodic.

Next we claim that it is enough to prove the theorem under the assumption that
the first variation of log(dv/dv o T) is finite. To see this we recode the TMS using
the following Markov partition:

S*:={(a,b) : (a,b) is admissible}.

The result is a TMS with alphabet S* and transition matrix (¢(q, 4,),(ay.by))S* x5*
where 74, p,),(a2.0,) = 1 < b1 = az. This TMS is conjugate to the original TMS

via 7(xg, X1, X2, - .) = ((x0,x1), (x1,%2), (x2,%3), .. .), and the log Jacobian of v oz ~!
(equal to ¢ o 1) satisfies var, ¢ o T = var, ¢ (Problem 1.7). In particular, var; ¢ < oo.

Henceforth we assume that v is a conservative non-singular probability measure
whose log—Jacobian has summable variations and finite first variation.

Suppose E is a T—invariant set with positive measure, and let ¢, denote the o—
algebra generated by n—cylinders, then for a.e. x and n s.t. V(ENT[x,_]) # 0,

V(E|oy,)(x) = V(T "E|[x0,.. ., Xn_1]) = MZ'W(E|T[x,_1]).
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Suppose V(ENT[a]) #0, then v[a] = [Ly14dV = [71y e?@)dv 0. Since v is
conservative, for almost every x € [a], x,—1 = a infinitely often, and so

limsup v(E|a,)(x) > M~ 'v(E|T[a]) > 0.

n—o0

But by the Martingale convergence theorem, limsup v(E|a,)(x) = 1g(x),so 1g >0
a.e. on [a], whence E D [a] mod V.
Now suppose p is a state such that T[p] 2 [a], then V(ENT][p]) > v(ENIa]) =
v[a] # 0, and by the previous paragraph E O [p] mod v. It follows by induction that
E D [p] mod v forevery p € S s.t. T"[p] D [a] for some n. Since T is topologically
transitive, E =X mod v. O

Remark: A simple modification of the proof shows that theorem 2.3 holds for
all functions ¢ s.t. sup,~[var,;1¢] < e, e.g. all functions satisfying the Walters

property.

Corollary 2.4. Suppose X is a compact TMS, and v is a Borel probability measure
whose log—Jacobian has summable variations. If X is topologically transitive, then
V is ergodic.

Proof. Corollary 2.2. a

2.2.4 Exactness and mixing

Suppose T is a measure preserving map on a probability space (2,.%#, ). The trans-
fer operator of T is the action of T on mass densities: if we move every “mass
element” by the dynamics of T, the mass density f(x)du(x) will transform into
(T f)(x)du(x). It is reasonable to speculate that if T is “chaotic” enough, then the
dynamics of T will tend to flatten the density so that in the limit " f — const. The
question is what is the minimal assumption on 7" which guarantees this. Here it is:

Definition 2.11 (Exactness). Let 7 be a non—singular map of a o—finite measure
space (2,7 ,u). T is called exact if the tail 6—-algebra (50T " is trivial, i.e.
EcNzoT"F = u(E)=0or u(E°) =0.

The definition makes sense for only non—invertible maps (there is an invertible ver-
sion of the definition called the “K—property”). It is clear that exactness implies
ergodicity, because every invariant set belongs to the tail c—algebra, and must there-
fore be trivial.

Theorem 2.4 (Lin). Let T be a measure preserving map on a G—finite measure
space (2,7, 1) s.z‘.AL1 (Q,.7,1) is separable (e.g. a TMS with a Borel measure),
then T is exact iff |T"f||i — O forall f € L' s.t. [ fdu =0.

n—yoo
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Proof. We give two proofs, the first when () < oo, and the second in general.

Suppose u is invariant and finite, and assume w.l.o.g. that ;£ (Q) = 1. Suppose T
isexact, f € L', and [ fdu =0.Fix € >0and construct g € L”NL s.t. || f— g1 <&.
Then | [ gdu| < €, and

IT" £l < IT"gll +¢ TN =),
=l (fng) oT"||1+€ (. T is measure preserving),
=||E(g|]T™"%)|1 +€& (by proposition 2.3).

By the Martingale Convergence Theorem and the exactness of 7,

E(g|T".#) — E(g) almost everywhere.
n—soo

Now [E(g|T"%)| < gl and u(2) = 1, so [E(gIT"F)l — | [edu| < ¢
(bounded convergence theorem). We see that limsup||7" f||; < 2€, whence since
€ was arbitrary, || 7" f]|; — 0.

Now assume that ||f"fH1 — 0 for all f € L' st [fdu = 0. Suppose A €
Nuso T "%, and set f := 14 — p(A). (This makes sense since U is finite.) Then

17" £l = (7" f) o T" |1y = I[E(FT ") s

=||fll1, because f is T~".#—measurable for all n.

But || 7" f||; — 0 by assumption. This means that f = 0 a.e., whence A is trivial.

We now consider the non—singular c—finite case, under the additional assumption
that L' is separable. We follow [1].

Suppose T is exact and f € L' satisfies [ fdu = 0. Since ||f|| = 1, the sequence
{177 f|l1 }n>0 is bounded. We show that its limit superior is equal to zero. Choose a
subsequence ny — oo s.t. |77 f||; — limsup||T"f]|;. Let

gn = sgn[f"f].

Then 7" f|l\ = [ g.T"fdpL = [(gn o T") fd L.

The functions g, o T" are bounded (by one), so they can be identified with
bounded linear functionals on L' of norm less than or equal to one. Since L! is
separable, the closed unit ball in (L')* is sequentially compact. Therefore there is

a subsequence {n, } s.t. 8ny, © T # g, where g is a bounded linear functional
, oo

on L'. By the Riesz representation theorem, (L')* = L* (but caution: (L*)* # L!).
Thus g can be identified with an L* function g via g(h) = [ ghdu (h € L").

We claim that g is T~ ".%-measurable for all n. This is because, given n, one
can choose L s.t. for all £ > L, ny, > n. Starting from L all elements of the sequence
8y, o™ are T~".F—measurable, therefore their limit g lies in LYQ,T"F,u) =
L*(Q,T"Z,u).
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Since g is T~".%—measurable for all n, it is measurable w.r.t the tail c—algebra.
By exactness, g is a constant, say equal to c. By the choices of {n;} and {ny, },

timsup |77 s = Jim |[77% ]y = lim [ (g0, 07" fdp
n—soo k—o0 k—so0
= lim [ (gu, o) fdu = [ gfan=c [ ran =o.

Thus || 7" f||; — 0.

Next we show that if T is not exact, then there exists some f € L' s.t. [ fdu =0
but for which |7 f||; # 0. Choose some A € Mo T"F st. A# @,2 mod .
Construct, using the o—finiteness of (Q,.%, 1), f € L' s.t. [, fdu>0and [, fdu =
0. Since A € ,,>o T "%, there are .# —measurable sets A, s.t. A =T "A,, so

1= [ 1" flan = [ Ty
— [T fdu = [(a, 0T au = | fau>o.
. A

Thus || 7" f||; # 0. O

Definition 2.12 (Mixing). Let 7 be a measure preserving map on a probability

space (Q,. %, ). T is called mixing if VA,B € ., u(ANT"B) — u(A)u(B).
n—oo

Corollary 2.5. Suppose T is an exact probability preserving map, then

1. for every f € L, f"f—ffd/.t“l T)O;
n—oo
2. T is mixing.

Proof. If T is probability preserving, then T1=1 (proposition 2.3 part 5), so f"( f—
[ fdu)=T"f— [ fdu. Since f — [ fdu is absolutely integrable with intergal zero,
part (1) follows from Lin’s theorem. (This argument does not work in the infinite
measure setting, because if 1t(2) = oo and [ fdu # 0, then f — [ fdu is notin L'.)

-~ 1
For part (2), suppose A,B € .%. Since T" (14 — 1(A)) L0,
n—oo

y,(AmT—"B):/1A(1BOT")du:/(?"1A)1Bdu
— [ (s~ B ada+ BA(B) (- T1=1),

S RANTB) = u(A)p(B)| < [|T"(1a — u(A) 1. (2.8)
By Lin’s theorem, the term on the right side tends to zero. O

Remark: Equation (2.8) shows that the rate of mixing can be studied by analyzing
the rate of convergence in Lin’s theorem. This is the standard approach for analyzing
rates of mixing.

We turn to the special case of TMS and measures with regular log Jacobians.
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Theorem 2.5 (Aaronson, Denker & Urbanski). Suppose X is a topologically mix-
ing TMS and v is a non-singular measure which is finite on cylinders and whose log
Jacobian has summable variations. If v is conservative, then V is exact.

Proof. As in the proof of Theorem 2.3, it is enough to prove the theorem in the
case when v(X) = 1 and log di—‘o’T has summable variations and finite first variation.
These reductions allow us to use the bounded distortion lemma.

Let E € (,>1 T "% be a tail event of positive measure. We have to show that
E =X mod v. Since E is a tail event, it can be written in the form E = T~"E,, with
E, € A. Let o, denote the o—algebra generated by n—cylinders. By the corollary to

the bounded distortion lemma, there is a constant M > 1 s.t. for all n
V(E|04) (%)= V(T "Ep|[x0, - - - s xn—1]) =M 'V(Ey|[x,]). (2.9

If we can show that limsup v(E,|T [x,—1]) > 0 a.e., then it will follow by the Mar-
tingale Convergence Theorem that 1z = limv(E|a,)(x) > 0 a.e., whence E = X
mod V.

We begin with a couple of observations which will be useful for this purpose.

Fact 1.
T*E, =E,_. (2.10)

Proof: Suppose x € T E,, and let y € T~ (k) {x}, then y € T™"E, = E, and so
x=T"*y) e T"HE) = T kr=(=KE,  C E,_t. Next suppose x € E,_. Then
x=T""¥(y) withy € E (any y € T~ "% {x} works), and so T (x) = T"(y) € T"E =
T"T"E, C E,, whence x € T XE,,. O

Fact 2. Suppose S : 2 — Q is a non-singular piecewise invertible transformation
on a finite measure space (Q,.%, 1), then for every € > 0 there exists a 6(S,€) >0
with the following property: u(B) > &€ = u[S(B)] > 6(S, €).

Proof: Suppose 2 = 72| Q; where S : Q; — S(€2;) is invertible. Choose N so large
that p(U;oy Qi) < €/4. If u(B) > €, then BNUY., Q; has measure at least &/2.
Thus there must exist 1 < ig < N s.t.
[BNQ;,] > £
HIZRSS0 = 9N
dpoS|q,

i < ;] < €/4N, and let

For every i, let &; be a positive number so small that p[
& := min{dy,...,0y}. Then

duoS € € £
BN, > >— =
“( " Oﬁ{ du —50D—2N AN 4N

whence U[S(B)] > €8y/4N =: 6(S, ). &

We return to the proof of the theorem. Fix a state [a] s.t. v(EN[a]) # 0. Since v is
conservative (by assumption) and ergodic (by Theorem 2.3), the symbol a appears
infinitely often in a.e. x € X. Let
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Po(x) < @1 (x) < P2(x) < P3(x) < -
be the complete list of indices # s.t. x, = a for such x € X.

Step 1. liminfv(E, ()) > 0 almost everywhere.
k—so0

This is certainly the case almost everywhere on E, because the corollary to the
bounded distortion lemma, and the Martingale Convergence Theorem, for a.e. x € E

M
Wy@mw

1= 1£(x) < V(E|Og,(x)) (X) S MV(Eg, () |T [xg,(x)-1]) <

Now suppose x ¢ E. Let S := T? ), then S maps almost all X into [a], and S| 4]

is equal to T}, the induced transformation on |a]: the map defined a.e. on [a] which

maps x to TV™ (x) where N(x) is the first positive time the orbit enters [a]. If a

transformation is ergodic and conservative, then its induced version is ergodic and

conservative.> Thus §"(x) enters the (positive measure set) E N [a] infinitely often,
whence at least once. Let T = 7(x) := min{n > 1 : §"(x) € EN|[a]}, then

V(Eqgy, (1)) =V(Epe(x)+gu(57)) ZV(TPIT OE, (4o (570) =V (TP W Eq, (511),

where the last equality is because of (2.10).

By construction, S¥(x) € E, so liminf v(Eq, (sz,)) > 0, whence V(Eq, (sz,)) > € for
some ¢ and all k large enough. The transformation §* := x — T°®) (x) is piecewise
invertible and non-singular. It follows that v(T‘PT(x)E(Pk(srx)) > §(S*,¢) for all k
large, where 6(S™, €) is given by the “second fact” above. It follows that V(Ey, . (y))
is eventually bounded from below.

Step 2. 3po s.t. liminfv(Ey, ), N[a]) > 0 a.e. for all p > po.
k—yoo
Fix x € X which satisfies the conclusion of step 1, then there exists € > 0 s.t.

V(Eg,(x)) > € for all k large enough.
The topological mixing of T implies that v(T?[a]) —— v(X) (because T?[d]
pe

eventually contains any given finite union of partition sets). Recall that we are as-
suming w.l.0.g. that v(X) = 1, and choose py s.t.

v(T?[a]) > 1—¢ forall p > po.

From now on, suppose p > po. Find a finite collection A of cylinders [a] C [a] of
length p s.t. v(Ujgea T"[a]) > 1 —€/2. For every k large enough, J[a] € A s.t. 4

€
V(E(Pk(x) n Tp[g]) > M

3 Conservativity is clear. To see ergodicity, observe that every function which is invariant for an
induced transformation has an (obvious) extension to an invariant function for the original map.

* 1If the other inequality holds for all [a] € A, then the summation over [a] € A produces the in-
equality v(Eq, () < &/2. But this contradicts the choice of &.
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Let I, : T?[a] — [a] denote the map I,(x) = (g, x). It is invertible and non-singular,
therefore there exists a constant 0 s.t.

V[Ia(Eg,x)NT"[a])] > &
(take 6 := min{ (I, €/2|A|) : [a] € A}). Thus
8 < V[Iu(Eg, ) NT"[a])] = V(T PEg, ) Nla]) < V(Eg,(x)—pNla]), by (2.10).

We see that v(Eq, (-, M [a]) > 6 for all k large enough. O

Step 3. liminf v(E,, () N[a]) > 0 almost everywhere.
k—so0

Suppose p > po where py is as in step 2. Write for some ¢ to be determined later,
@(x) = p = Pr—e(x) + 9u(8* %) — p.

The idea is to choose £ and p so that, almost surely, for infinitely many k ¢, (S¥~‘x) =
p- For such k, V(E,, ()N [a]) is bounded below for all k large eneough, proving
step 3.

Here is how to choose p and £. The map S|, : [a] — [a] is conservative and
ergodic, because it is equal to the induced shift on [a]. Therefore for a.e. x, any
value p attained by ¢ with positive measure on [a] will be attained by @,(7/x) for
infinitely many j’s. By definition ¢, > ¢, therefore we may choose any ¢ > pg, and
any p which is attained by ¢, with positive measure. &

We can now complete the proof of the theorem:

1£(0) = lim V(E[ o (1)) (¥) = M imsup V(Egy | Tlxg 1)) by 29)

n—yoo

k—ro0
> M~ limsup V(Eg,xNla]) >0 (step 2).
k—yo0
Thus 1z > 0 a.e., whence E =X mod v. O

Remark: A small modification of the proof shows that the theorem holds for all
functions ¢ s.t. sup,, [var, +1¢,] < o, e.g. all functions with the Walters property.

2.2.5 Absolutely continuous invariant densities

Definition 2.13 (ACIM). Suppose T is a non—singular map of a sigma finite mea-
sure space (2, %, V). A non-negative measurable function £ is called an absolutely
continuous invariant density if dm = hdv is T—invariant. The measure m is called
an absolutely continuous invariant measure (acim). If h is integrable and [ hdv =1,
then m is called an absolutely continuous invariant probability (acip).

There are conservative non—singular measures which do not admit acims. But
conservative non-singular measures with regular log Jacobians do.
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Theorem 2.6 (Aaronson, Denker & Urbanski). Let X be a topologically mixing
TMS, and suppose V is a conservative non—singular measure which is finite on cylin-
ders. If the log Jacobian of v has summable variations, then v has a continuous acim
which is bounded away from zero and infinity on cylinders.

We will derive this theorem from results in the next chapter.

2.3 Existence of conformal measures

2.3.1 Existence of conformal measures on compact TMS

Since conformal measures are given by a single equation, rather than the infinite
collection needed to define a DLR measure, they are easier to construct:

Theorem 2.7 (Ruelle). Suppose X is a compact topologically transitive TMS and
¢ : X — R is continuous, then ¢ possesses a conformal (whence a DLR) probability
measure.

Proof. Let C(X) denote the space of continuous functions on X, equipped with the
supremum norm || f|| := max |f]| (this is well defined because X is compact). Let
C(X)* denote the dual of C(X), equipped with the weak star topology:

1. The elements of C(X)* are linear maps ¢ : C(X) — R which possess a constant
Co s.t. |@(f)| < Colf] forall f € C(X) (“bounded linear functionals”);

2. The weak star topology on C(X)* is the topology generated by the following
basis of open sets: {@ € C(X)" : |@(f;)) —ai|l <b; (i=1,...,N)} where N €
N, a; € R, b; > 0, and f; € C(X). Note that these sets are convex, and that the
maps (@1, ¢2) — o.@; + B¢, are continuous for all &, § € R. In the language of
functional analysis, C(X)* is a “locally convex topological vector space”.

3. LetPX) :={opeCX) :9(1)=1,f > 0= @(f) > 0}. Then

a. The Banach-Alaoglu Theorem implies that J3(X) is compact in the weak star
topology. Here we use the compactness of X in an essential way.

b. The Schauder-Tychonoff Theorem, and the compactness of B (X) guarantee
that every weak star continuous map V : 3(X) — (X)) has a fixed point.

c. The Riesz Representation Theorem implies that every ¢ € 3(X) can be repre-
sented in the form @(f) = [ fd, where py is a Borel probability measure.

The idea of the proof is to find a weak star continuous map V : J3(X) — B (X) whose
fixed points are ¢—conformal measures.
A measure v is ¢—conformal, if d[\ic‘:’T = A~ 'exp¢. This is the case iff for all

continuous functions f: X — R
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/fdv=/f7v1e¢deT
=Y /T [ }A*lewm f(ax)dv(x), by (2.2)

acs

;/z—l Y 0 f(y)dv(x) :://l‘qu,fdv,

Ty=x

where Ly : C(X) — C(X) is the operator (L f)(x) = Yy, 0 £ (y).

Thus v is ¢—conformal iff Lyv = A v, where Lj : C(X)* — C(X)" is the dual
operator to Ly : C(X) — C(X): [Ly@](f) := @(Ly f).

We still need to get rid of the unknown factor A. This is easy to do, since if
Lyv =Av, then 2 = (Lyv)(1) = v(Ly1). We see that v is ¢—conformal iff v is a
fixed point of

ViCm) = ), Ve im —2f
' T (L)1)

V is well defined, because by compactness there exists & > 0 s.t. Ly1 > &, so for
every ¢ € B(X). (Ly9)(1) = plLo1] > e0@(1) = . Clearly V[B(X)] C B(X), and
it is routine to check that V is continuous in the weak star topology (Problem 2.3).
By the Schauder-Tychonoff theorem V has a fixed point. By the discussion above
this fixed point is represented by a conformal measure. a

2.3.2 Convergence of measures on non-compact TMS

The arguments in the previous section do not extend to non-compact TMS, because
if X is not compact, then the set of probability measures on X is not compact, and
we cannot use the Schauder—Tychonoff Theorem.

We will construct conformal measures by means of a limiting procedure. To do
this, it is important to first understand under what conditions does a sequence of
Borel probability measures on X have a convergent subsequence in case X is not
compact. This is the purpose of this section.

We use the following notation:

—_

. (Y,d) is a general metric space;

2. P(Y) is the set of Borel probability measures on Y, D(Y) is the set of finite
Borel measures on Y

3. Cp(Y) denotes the Banach space of bounded continuous functions on Y, equipped

with the metric || f]| := supy | ]

4. u(f):=[fdu (ueM(Y),f € Cp(Y)).

Definition 2.14. A sequence p, € M(Y) is said to converge weak star to L € M(Y),
if w,(f) —2 u(f) forall f € Cg(Y). In this case we write i, v, W.
n—yoo

n—o0
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Definition 2.15 (Tightness). A sequence of measures W, € M(Y) is called tight, if
for every € > 0 there exists a compact subset Ko C Y s.t. 4,(Y \ K¢) < € for all n.

Theorem 2.8 (Helly-Prohorov). Suppose Y is a complete separable metric space,
and P, € M(Y) (n > 1). If 0 < liminf u, (X) < limsup u,(X) < oo and W, is tight,
n—ro0 n—oo

then { iy }n>1 has a subsequence which converges weak star to some 0 % 1 € M(Y).

Proof. 1Tt is enough to prove the theorem in the case when w, are probability mea-
sures. To reduce to this case, pass to a subsequence ny s.t. i, (X) — ¢ # 0, and work
with /i, (X).

There exists a compact metric space Y such thatY DY, and such that the topology
on Y is the induced topology from Y. In the general case, the existence of Y follows
from Urysohn’s Metrization Theorem (see e.g. [7]). In the particular case of a TMS
with set of states S, assume w.l.0.g. that § = N and take N := NU{eo}, and ¥ := NMo
with the metric

=

dxy):=Y 27"

k=0

1
Xk

, where 1 /00 :=0.

The metric structure on (Y, c?\ yxy ) is different from the standard one, but the topol-
ogy is the same, and this is all we care about.

Each u extends to a measure fi,, on Y given by i, (E ) = u,(ENY). Since Y isa
compact metric space, there is a subsequence ny 1 o s.t. l,, — [ weak star in 3 (?)
This follow from the Banach—Alaoglu theorem, but it is useful to recall the reason:

1. Y is compact, so Cz(Y) contains a countable dense set {gy }¢>1.0

2. Since g are bounded, (I, (gk))n>1 are bounded sequences. Using Cantor’s di-
agonal argument, it is possible to extract a subsequence ny 1 oo s.t. [l (g;) con-
verges for each i to some constant [i(-). Automatically i, (g) converges for all
g € Cp(Y) to some constant i(g).

3. () is linear on CB(?) H(1)=1,and forevery g€V, |u(g)| < lg|l and g > 0 =
[(g) > 0. Thus [ extends to a bounded positive linear functional [ on CB( ).

By the Riesz representation theorem [ can be identified with a Borel probability
measure on Y. By construction, fi,, — H weak star on Y.

Claim 1. i(Y \Y) =0, thus it := [i|y is a Borel probability measure on Y.

Fix € > 0. The tightness condition says that there exists a compact set K C Y s.t.
Un(Ke) > 1 — € for all n. Since K, is compact in Y, it is closed in Y.

Let Gy := {y €Y : dist(5,Ke) < 1}. This is an open set which contains K. Con-
struct using Urysohn’s Lemma a function g € Cp(Y) s.t. () 0< g <1, (b) g=1 on
K¢, and (c) g = 0 outside Gy.

3 Proof: Compact metric spaces are separable, so let {x, : n € N} C Y be a countable dense set.
The functions g,(-) = d(-,x,) separate points. Let < denote the algebra of functions they span

together with go = 1 over Q. This is a countable collection. Since Yis compact <7 is dense in C (IA/)
(Stone—Weierstrass theorem).



2.3 Existence of conformal measures 45

We have [i(Gy) > li(g) = limﬁnk( ) > limsup i, (Kg) > 1 — €. Thus [i(Gy) >
1 — ¢ for all k. Since Gy | K¢, [i(K¢) > 1 — €. Thus

AY\Y)<HA(Y\K) <e. @.11)

Since ¢ is arbitrary, f(Y \ Y) = 0. %
Claim 2. Let i := [i|;, then u,, — u weak star on Y.

It is clear that p,, (f) — u(f) for all g € Cp(Y) which can be continuously ex-

tended to Y. We have to show that this is the case for all f € Cp(Y).
Suppose feCp(Y), fix € >0, and let K¢ be a compact setin Y s.t. ,, (K¢)>1—€.
The set K, is a compact subset of Y. By Tietze’s Extension Theorem, 3f; € CB()A’)

st felke = f and || fell < [I£]]-

[ (F) = B (fe) < |t (F) = by (Fely ) [t (Fely) = Emg (fe) |+ [, (fe) — H(fe)]
< 2|/ fll g (Y \ Ke) + | felE(Y \Y) +0(1) < 3e]|f]| +o(1).

Since € was arbitrary, it follows that w,, (f) — u(f). O

2.3.3 Existence of conformal measures on non-compact TMS

Suppose X is a TMS with set of states S and ¢ : X — R has the Walters property.
Define fora € S

n—1
Z e l[a , where ¢, := Z(poTk.
k=0

T'x=x

Theorem 2.9. Suppose X is a topologically transitive TMS, and ¢ : X — R is a
function with summable variations, then ¢ has a conservative conformal measure
which is finite on cylinders iff for some a € S,

1. logh := lirrLs.up%logZ,,(q),a) < oo;

n—oo
2. Y A7"Zy(9,a) = .
Proof of necessity. Suppose there is a conservative Borel measure v which is fi-
nite on cylinders and which satisfies dff(‘)’T = A" lexp¢. Let Ly denote the operator
(Lo f)(x) = Lry—x e?0) £(y). As we saw in the proof of theorem 2.7, the equation
AV — 2~ 1e? implies that Lyv = Av in the sense that V(A ~'Ly f) = v(f) for all
positive continuous functions f.

We claim that there exists a constant M > 1 s.t. Z,(¢,a) = M*! (L 1{q)(x) for
all n € N and x € [q]. To see this we first observe by induction that

Ln Z e¢n y)

Thy=x
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Let 9 :{y € [a]: T"y =x} = {z € [a] : T"z = z} denote the map which associates
to (Yo, ..., Yn—1,Xy ) the periodic point with period (yo, ..., y,—1). This is a bijection
and for every y, ¥(y) and y agree on the first n+ 1 coordinates (because xo = yo = a).
Since ¢ has the Walters property, |¢,(y) — ¢u(z)| < sup,~; var,1¢, =: M with M
finite. It follows that -

=Y 0 =M Y PO () = MEN L 1) (x). (2.12)

T"z=z T"y=x

Choose a € S s.t. V[a] # 0, and average both sides of the inequality Z,(¢,a) <
ML 1, (x) on [a]. The result is

n R‘n —nrn
((]) a ( /1 L a]d\/) [a] /l Lq,l[a}dv

Mln no(..r%y —
= /l[a]dv:M/l (o Lev =2v).

It follows that lim sup % logZ,(¢,a) <logA < oco.
Y A7"Z,(9,a) = o because of the the conservativity of v and theorem 2.2.

Proof of sufficiency. Let A := exp[limsup % logZ,(¢,a)]. We assume that A < oo
n—yoo

and that Y A7"Z,(¢,a) diverges, and construct a measure Vv s.t. (a) v is finite on
cylinders, and (b) L;‘) v = Av in the sense that for every bounded continuous function
f, V[Ly f] = AV[f]. Such a measure must be conservative, because of Theorem 2.2,
and conformal, because by (2.2) for every f € L!(v)

/fx lefdyoT = /le 19 £(ar)dv (x /A 1L¢fdv—/fdv

acs

whence 1~ 1e? = deT

We construct a solution to L;‘)v = AV using a limiting procedure. To set it up, fix
once and for all a state a € S, a periodic point x, € [a], and define

ay == Zn: A7*%Z4(9,a);

k=1

vh = Zz Y e 5 (bes).

=1 =y,

n
Equivalently, v? is the measure s.t. [ fdv? =1 ¥ 7L_/‘(L’q‘j (f1p)))(x4). Note that
" k=1

a, T oo and that v? are supported inside [b].
We use the Helly—Prohorov theorem to construct a subsequence (M1 s.t.

v,l,’k kW—> v? for all b € S, and show that v given by Vi = = vb satisfies Lyv = Av.
—yo0
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Part 1: The measures v” are finite, and 0 < lirginf vE(X) < limsupVv? (X) < oo
n—eo n—oo

for all b € S. (This is the reason why we are working with v? rather than with
Va = Ypes V2, which could be infinite.)

By definition, v2(X) = v2[p] = Lyr_ A=K (Lk l[b]) (x4), so we need to control

T ¢

(L’(; 1(4)(xa). Construct for constants Cy, no, Cy, ny such that for all n > ny,

C;}Zn,,,()((b,a) < L% l[b] (xq) < CoZpyng (¢,a). (2.13)

We start with the right hand side of (2.13). Since X is topologically transitive, there
exists an admissible word of the form (a, w1, ..., wp,—1,b). Set

M= exp(sugvarnﬂ(pn) and Cj; := exp( sup | B |) -
ne

[a-,wl 7---7wnofl 7b]

C;; and M are finite because ¢ has the Walters property. For each &, (L’q‘, 1)) (xa) is the
sum of all possible expressions of the form exp ¢ (b, &y, ..., E—1,a,Tx,). Clearly

equ)k(b,él,...,ék,l,a,Txa)g CZeXp(]),,OJrk(a,wl,...,wno,],b,él,...,ék,l,a,Txa)
< CZMeXp¢n0+k(a7W17'"awno—labﬂgh"wgk*l%

where an over bar over a word indicates the periodic point with this word as a
period. Summing over all possible & we obtain the right side of (2.13) with C}, :=
Cy M. The left had side of (2.13) is proved in a similar way, by fixing an admissible

word (b,ui,...,uy ,a) and replacing the terms exp¢, (a,::l?...,&,,,n{),l) in
Zy (¢,a) by the terms exp §,(b,u,a,§,x,) in (L 1)) (xa).-

By (2.13), for all n > nfy, CLA™"0(a,_y /an) < VE(X) < CoA™ (g /an)- To
conclude the proof it is enough to show that a,,11/a, — 1. By assumption a,, — o,
so it is enough to show that |a,+1 —a,| < M, equivalently that

A7"Z,(¢,a) <M for all n. (2.14)

Suppose by way of contradiction that Z;(¢,a) > (14 €)MAX for some k € N and
£>0.Let B :={£ €5 ":[a,&,a] #2}, then for every ¢

Zkf(‘P?a) > Z exp(Pkl(aaéaaaéz?"' 7a7§€)

&8 €8k
¢ —
>M Y ( exp @i, é)) = (M7'Z(9,a)) = (1+8)'A¥,
& vl eg; \i=l
whence lim sup % logZ,(¢,a) > A. But this contradicts the definition of 1. &

Part 2 (tightness): Vb Ve > 0 3F = F, . compact such that Vn v (F¢) < €.



48 2 DLR measures, Conformal measures, and their properties

To construct F, it is useful to identify the set of states S with N and to notice that
for any sequence of natural numbers {n;}ien, {x € X : x; <n; (i € N)} is compact.
We construct a sequence {; };>1 which grows so fast that v2(X \ F) < ¢ for all n.

It is enough to do this in the special case b = a. To see why, suppose we can find
for every € a sequence {n;};i>o s.t. vi{x € X : Ji(x; > n;)} < € for all n. Choose
some admissible word of the form (a,wr,...,wy,—1,b) (X is topologically transi-
tive). Increase the n;, if necessary, to ensure that n; > max{a,wh...,wno,l} for
all i, and let I, : [b] — [a] denote the map I,,(x) = (a w,x). Since ¢ has the
Walters property, there is a constant Cg, s.t. for all n, v < CapVyyny © law- Thus

vE{x € X : Ji(x; > niyny)} < Cape€ for all n. Since € is arbitrary, {v2},>1 is tight.
Henceforth we stick to case b = a, and let v,, := v;/. We also fix € > 0.

The measures Vv, are all carried by the set {x € [d] : x,, = a infinitely may times}
(because x, contains the symbol a infinitely many times). For every x in this set, let
7;(x) denote the distance between the i-th a and the (i 4 1)-th a:

1. 71(x) :==min{n>1:T"(x) € [d]};
2. and by induction T, 1 (x) 1= 7y (751 )+ %) x),

Step 1. Stochastic bound for the growth of 7;: There exists a sequence of natural
numbers {7;};>o s.t. the set R (Ty, T}, 15, ...) :={x € [a] : Vi 7;(x) < T;} satisfies

A [X\R(To,T],TQ,...)] < ¢ for all n. (2.15)
Proof: Set Ag(ky,....km) == {x€a]:Vj<m 7;(x)=k;} and

ZZI:-“-,km = Z e¢k1+“'+km (X) 1Aa(k1~,“'7km>(x)'

Tk| +---+kmx=x

Let p, denote the period of x, (from the definition of v,i’ ), and assume that {7;};>;
is an increasing sequence of natural numbers s.t. ; > p, for all i > 1. Define, as
always, M := sup,~ var,+1,.

o el 1 n
VaX\R(To, 1, 1o, )| S Y v 6> T =Y, — Y 475 Y %W ()
i=1 i=1 9n k=1 Thy—x,
Yo=a

© 1
Zi YA )» Y " vjsw T./(y)=kj](y)

i=1 9 j=T41 k+thy=k | Thy—x,

ki>T; i<N<k \ yo=a

Explanation: for any y € T~*{x,}, (yo,...,yx) = (a,w',a,w?,a,...,a,w" a) where
aw’ is a word of length ki =1i(y), w/ contains no a’s, and kj + - - + ky = k. Of
course N < k. If 7;(y) > T,, then necessarily N > i because for all j > N, 7;(y) =
Ti_n(xq) <period of x, < min{T},T3,...}.
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Thus \ [X\R(TQ,T] s T27 .. )] <

* * 7k
<M Z ; Z Z Zkl ~,~~,ki—IZkIZki+lsmakN
i=1 +1 ky+-+ky=k
k->T,-,N<k
ki (k—k;)
=M Z Z T2 Zl ) D
i=1k;=T+ ki 4 +kny=k
N<k

I/\
HMx

i le2( Zl kakk(‘Pa))

n k=
< ' *>
ki=T;i+1

We show below that_ Zl’kZ,j < oo, Once done, we choose T; so large that
Yior AZ <eM 327 and get VX \R(Ty, T1, T2, ...)] < €.
To see that Y~ A ¥Z; < eo., set Z, := Z,(¢,a), and note that

|/\
Ms

Z, = Z e"’"(")l[a](x) — i
k=1T"x

Th'x=x

) 1 () 1 gy g (%)

Z Y e 0T ()1 g (v)

k=1T"x=x

+1 Z Z eq)k(a,xl 7...,xk,l)eﬁjn—k((l‘,XkJrl e Xn—1) 1 [a] (x) 1 [Tl :k] (x)
k=1T"x=x

ili( y e%(w))( y e¢nk<cz,y1w>nk.>)
k=1 Naxy,....x¢_1,a|#D [

@YYk 1,0 FD
X1 oo X1

n—1
= M*! (Z,’; +) Z;;z,,_k> :
k=1

The result is Z, = M*! (Z{Zy 1 +Z5Zy o+ -+ Z;_|Zi +Z}), an approximate “re-
newal equation” (see §3.1.2 below). We pass to generating functions:

x): =14 ikak and r(x):= iZ,ka
k=1 k=1

The radius of convergence of #(x) is 2 ~!. The radius of convergence of r(x) is at
least as large. If we expand r(x)¢(x) and compare the result to 7(x) — 1 then we see
that 7 (x) — 1 =M*2r (x)¢ (x), whence r (x) < M? for all 0 <x < A~!. It follows that
r (A1) < o, which is the same as saying that ¥ 2 ¥Z; < co.

Step 2. Stochastic bound for the growth of x;, and the tightness of v,,.
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Any x in the support of v, contains infinitely many a’s. These a’s divide
(x0,x1,...) into infinitely many segments of lengths 7; (i > 1). In the previous step
we bounded the growth of 7; outside a set with v,—measure less than € for all n.
The key to this step is to observe that given that 7; < T;, the size of x; for j in the
i—th gap can be uniformly controlled outside some other set of x’s which has small
v,—measure for all n.

Every sequence of natural numbers {;},-., define a skeleton

s(ki,kp,...):={x€la]: Vi 7(x)=k}.

Of the uncountably many possible skeletons, only countably many have positive
v,—measure for some n. We call these the “relevant” skeletons.
We construct a compact set F C [a] such that for every relevant skeleton s{k;},

Vi (ki <T;) = Vn v, (F'Ns{k}) <ev,(s{k}). (2.16)
This is enough to prove tightness, because (2.16) implies that for every n,

Vu (F€) < vy (FCNR(Ty, To,...)°) + Y Vo (FCNs{k;})
relevant skeletons
s.t. Vi(ki<T;)

< e[l +supv,(X)] = O(e).

The F we construct is of the form F = {x € [a] : Vi (x; <N;)} where N; € N
need to be chosen. Set @, (k;N) :={x € [a] : T1(x) =k and 31 <i <k (x; > N)} and

Zi(N) =Y, €¢k(x>1®a(k;1v)(x)

Tkx=x
Obviously, Z; (N) | 0 as N 1 . For every i, we choose N; in a way such that

1. Vk<T, Zi(N)<e2"'M'Z;
2. Ni<N) <N3<--+;
3. N; > all the coordinates of x, (possible, because x, is periodic).

To prove (2.16), fix some relevant skeleton s{k;} such that Vi(k; < N;) and
Vo (s{k;}) > 0.Fix N =N (n,{k;}) s.t. k1 +... +ky > n, then

oo i—1

Vn(FCﬂﬁ{k,'}) < ZV,, {XEH{]{,‘}Z dj e [ ki, Zl’ km> Xj >N/'}.
m=1 m=1

i=1 =

We can replace the half open intervals by open intervals, since x; = a < N; at
the edges. We can replace ) ;- | by Zﬁvzl, because for j > kj +---+ky >n,if x €
supp(V,) then x; appears in x,, whence x; < N; < N;. We can replace “x; > N;” by
“x; > N;”, because j > kj +---+kj_1 >i—1s0N; > N; and the condition “x; > N;”
is weaker. These modifications give
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Vo (FNs{ki}) <Zvn{x€5{k} HJG(ka,Zk ) x;>N;}.

m=1
If x belongs to the set on the right and v, {x} # 0, then necessarily
o T*x = x, for some k < n (by the definition of v,);
o k=ki+-+k for some E (because x; = (x4)0 = a, x € §{k;}, and £ < N);
e Ji</landje€ < Y km, Z k,,,) s.t.x; > N; (l<€0therw1se]>zm 1k =k,
and then x; = (xa)],k < N)
Manipulating as before, we see that
vy (FCNs{k}) <

N

§M3Z< Z ~lhatetk) Z ki 2 NDZ e Ls (e (X ))

e [1 .
SMGZ — 721 (ky++ +k£>Zk1,...,k5ls{km}my(xa)
=M n (=1
Vn(ﬁ{k,‘}).

This proves (2.16). By the discussion at the beginning of the step, this proves that
Vv, is tight.

N
3 —(ky+-++k¢) *
SM zM7 (Z Zkl ~~~~~ ki 1Zk Zkz+1 ~~~~~ kg s{km}m>z (x”)>

Part 3: Construction of v.

Part 1 and 2 show that the conditions of the Helly—Prohorov theorem hold, there-
fore there exists a subsequence my such that Vb € S, {v,’,’,k } 4> converges weak star
to some limit V2. Let v =Y, .4 V".

We show that Ly v = Av. For every cylinder [b] and N € N,

mg

V (IgpemLo i) = lim — Y AL (1 cniLo 1jp)) (xa)

k—voo Gy, =1

1

*%ﬂ@,ﬂ L™ (L) ()
1 my+1 .

=Alim — Z lfJL{p(l[XKN]l[g])(xa)

k—voo Ay =

i

o1 —iyi
:lhm—Z)L JLé)(l[x1<N]1[b])(xa)7

k—so0 Ay, =1
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because a, — o (by assumption), and A ~"%! (LZ;"+1 (1 < L)) (xa) = O(1) (by
(2.13),(2.14)). Thus v (1[x0<N]L¢ l@) =Av (1[x1<N]1[g]) for all N. By the mono-
tone convergence theorem, v (Lg1j) = AV[b]. Since [b] was arbitrary, we have
that Lyv = Av. O

Problems

2.1. Let & denote the Borel sigma algebra of a TMS X, and let o (x,,Xp+1,...)
denote the smallest sigma algebra with respect to which x — x; is measurable for
all k > n. Show that o (x,,xp+1,...) = T " 2.

2.2. Suppose V is a sigma finite Borel measure on a TMS X with set of states S, and
let (VoT)(E) :=Y,es VIT(EN][a])]. Show that

1. voT is sigma finite.
2. for all non-negative Borel functions f: X = R, [ fdvoT =Y es [7|, f(ax)dV(x).

3.IfvoT ' < v, thenv < voT.
4. Suppose for every a € S and E C [a] Borel measurable, (E) =0< u(T[a]) =0.
ThenvoT ~v.

2.3. Show that the map V in the proof of theorem 2.7 is continuous.

2.4. Suppose X is a topologically transitive TMS, and suppose ¢ : X — R is a func-
tion. Let Ly denote the Ruelle operator (Ly f)(x) = Ly, e?0) £(y). Calculate Ly,

and show that lim sup % logZ,(¢,a) < logsupy[Ly1].

2.5. Suppose ([ is a Markov measure with initial distribution (7;) and stochastic
matrix (p;;). Find the transfer operator of 1.

2.6. Suppose T is a non—singular map on (2,.%, 1), and h > 0 is measurable. Ex-
press the transfer operator of hdy in terms of the transfer operator of v. In the
special case of a TMS, if the transfer operator of u is the Ruelle operator of ¢, and
the transfer operator of Ady is the Ruelle operator of y, what can you say on ¢ and

y?

2.7. Suppose T is a non-singular conservative map of a sigma finite measure space.
Show that for every f € L', if Tf < fthen T f = f.

2.8 (The Hopf Decomposition). Suppose T is a non-singular of a general sigma
finite measure space (2, %, ). Let f € L' be a positive function, and set

¢:= [kaf:oo] and ® := [kaf<oo].

1. Let E be a measurable subset of €. Show that for a.e. x € E, T"(x) € E for
infinitely many n € N.
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2. Use the following steps to show that ® is equal, up to a set of measure zero, to a
union of wandering sets.

a. Suppose A C ® has positive measure. Use the arguments of the proofs of
theorem 2.1 and proposition 2.5 to show that A contains a wandering set of
positive measure.

b. Let X = |Hyen Xy be a decomposition of X into pairwise disjoint sets of finite
measure. Fix N € N and define by induction the following objects:

i. Do : =D NXy, & :=sup{u(W) : W C Dy is wandering}, Wy C Dy a wan-
dering set of measure at least &y/2.
ii. Dyt1 := Dy \ Wy, €41 := sup{u(W) : W C D, is wandering}, W, C
D, a wandering set of measure at least &, /2.
Show that ® N Xy = #),,~; W, mod .

c. Show that ® is equal, Jp to a set of measure zero, to a countable union of

wandering sets.

3. Suppose X = ¢’ WD’ is another decomposition of X with the properties described
in parts 1 and 2. Show that y(€A€) =0=u(DAD’).

¢ and © are called, respectively, the conservative and dissipative parts of X.

2.9. Let X be a topologically transitive TMS, and suppose V is a non—singular mea-
sure on X s.t. d“f(‘)’T > (0 almost everywhere. Show that every cylinder has positive
measure.

2.10. Suppose T is a conservative non-singular map, and let 74 be the induced map
on some set of positive finite measure A. Show that if 7 is ergodic, then T} is ergodic.
(Hint: show that every Ty—invariant function on A extends to a T—invariant measure
on A)

2.11 (Uniqueness of ACIM). Suppose T is a non-singular, conservative, and er-
godic map of a sigma finite measure space (Q,%,V). Show that any two acim’s of
v are proportional, using the following steps:

1. Suppose U, Uy are two ergodic invariant probability measures s.t. 1] < Up. Show
that u; = .

2. Now extend this result to c—finite invariant measure, by considering the induced
map on some set of finite measure.
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Chapter 3
Thermodynamic limits

In the previous chapter we discussed the Dobrushin—Lanford—Ruelle approach for
making sense of the impossible relation P(configuration) o« exp(—f x Energy) in
the case of an uncountable configuration space. That approach used systems of con-
ditional measures, and led to the definition of a DLR measure.

In this chapter we discuss a different approach to this problem: Approximate the
configuration space by a finite or countable set, define the canonical ensemble there,
and pass to the limit. The resulting measures are called “thermodynamic limits”.

3.1 Thermodynamic Limits

3.1.1 The Definition of a Thermodynamic Limit

Let X be a compact TMS with set of states S, and suppose B >0and U : X — R is
continuous. Fix some x € X, and consider the following finite approximation to X:

Xy =T "{x} ={(o,-- -, Yn—13%0,X1,.-.) €EX :¥0,...,Yn—1 € S}.

The Gibbs distribution (canonical ensemble) on X is the measure % W, where
n

wi= Y "8 and ZF = pi(X) = Y 0.
Thy—x Thy=x

As always, ¢, =@ +poT +---+¢oT" ! and Oy is the point mass measure at
y, defined by &,(E) = 1g(y) for all measurable sets E. Since X is compact, |X;| <
|S|™ < oo, s0 Z} is finite, and - 41 is a probability measure.

Definition 3.1 (Thermodynamic Limits for compact TMS). A probability mea-

sure v on a compact TMS is called a thermodynamic limit for ¢ = —BU with
boundary condition x € X, if 3ny 1 oo s.t. - s, la] - v|a] for all cylinders [a].
g 300
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(Convergence on cylinders can be replaced by weak star convergence, because any
continuous function on a compact TMS can be approximated uniformly by a finite
linear combination of indicators of cylinders.)

In the non—compact case, |S| = oo, and Z} could be infinite. If this happens, then
we cannot normalize L, and we have a problem in defining the canonical ensemble.
The requirement that Z} = 1¥(X) be finite is too strong for some applications. The
next best thing is to ask for ! (F) < e for all finite unions of partition sets. We are
led to the following definition:

Definition 3.2 (Thermodynamic Limits for General TMS). Suppose X is a TMS,
B >0,and U : X — X is continuous. Assume that (' (F) < oo for all finite unions
of partition sets F. A probability measure Vv is called a thermodynamic limit for
¢ = —BU with boundary condition x € X, if In; 1 oo s.t. for every finite union of
partition sets F s.t. V(F) # 0, and for every cylinder [a],

72075 [ F) 2 VIaIF). where Z3(F) = Y o

X
Zn T'y=x

Remark 1: It is not difﬁcult to check that in this case, there exists sequence of
constants A, (x) s. ( ) o La] — vla] for all cylinders [a] (Problem 3.1).

Remark 2: For the subsequence ny 1 o above, /%(x) J fdw, — [ fdv for all uni-
g

formly continuous f : X — R supported inside a finite union of cylinders.

The sequence L;; can be written concisely using the Ruelle Operatorof ¢ : X — R

L¢f Z e

Ty=x

The following holds (Problem 3.2):

Y O f(y); 3.1)

T"y=x
tyla] = (L) (x); (3.2)
Z)(F) = (L;;IF)()C). (3.3)

Thus the thermodynamic limits of ¢ can be studied by analyzing L’J, as n — oo,

3.1.2 A Special Case: Countable Markov Chains

It is instructive to start by considering the following special case:

(a)X is a topologically mixing TMS with set of states S and transition matrix (z;;);
(b)¢ (x) = f(xo,x1) for some function f;
(©Lyl=1.
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In this case the problem can be solved using the theory of Markov chains as
follows. Define a matrix P = (pap)sxs by

o expf(bva) tpa =1,
Pab =1 ¢ —

Note that we have inverted the order of the indices. P is a stochastic matrix, because
b Pab = Yy, —1 ef(ba) — (Lg1)(a,*,*,...) = 1. Since we have inverted the order
of indices, the directed graph associated to P is the the directed graph associated
with X with the direction of the edges inverted.

The Markov chain started at state a is the stochastic process {X;, }n>0, Xn : X — S,
X, (x) := x,,, together with the probability measure P, given on cylinders by

Pa[So,- .- &n1] = 6“50175051175152 Tt PE 8y

Here 6;; equals one when i = j and zero otherwise. Of course P,[a] = 1.

The powers of Ly are related to the powers of P as follows: If P" =: ( 1’5;;;))5X S5
X4 € |a], and [b] = [y, ...,byu_1], then

(L$+m1[g])(x¢z) — Z ePob1) . o (bm—2,bm-1) o
(b0se-esbm—1,En—15-,61,0)
admissible

w 9 m-1:61-1) g8 (Gn—1.6n-2) . .. p9(&2:51) ,0(51,9)

- Z paélu.pgn—lhm—l .pbmflbm72“.pblb()
(bmfl A,gnfl 7"'#51 7“)
admissible

(n)

n
=D, 1 *Pb,,_1by_ " Phbys

m—

where we have used the identity pf;,;) = Yonytly 1 €8 Pany Py~ Py b-

We see that (L;’;”"l[b])(xa) = p((;;)) Dby by Pbiby-

m—1

If |S| < oo, then the Perron-Frobenius Theorem says that pfl';) LT M
m— n—soo

where (7)pes is the unique probability vector s.t. 7P = 7. In this case we get
that (Lyml[b])(x) — V[b], where V(bo,...,byu—1] = T, Pb,_ by o Phby.bo 1S the
Markov measure of (P, ) “ran backwords”.

m—1°

If | S| = oo, then the asymptotic behavior of pg,? depends on whether P is positive

recurrent, null recurrent, or transient. We recall what this means.
The taboo probabilities for states are defined by

Cp‘(lr;) = Z Pa& PE& " PE,_1b (a,b,c €5).
51)“')57!717&6

This is the probability that the Markov chain started at a will reach b after n—steps,
without having passed through ¢ (after leaving a and before arriving to b). In the
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special case a = b = ¢ we have the following useful interpretations:

pf{,’) = The probability that the Markov chain started at a will return to a

after n steps

a p(a','l) = The probability that the Markov chain started at a will return to a

for the first time after n steps

Z a pgr;) = The probability that the Markov chain started at a will return to a;
n=1

oo

Z a pé")n = The mean time it takes the Markov chain started at a to return to a.
n=1

Proposition 3.1. }° pﬁ,'? = o0 & Zap,%) = 1. Thus Y, p,%) = oo fff a.e. path which
starts at a eventually returns to a.

Proof. Write u,, := pgfl), up:=1and f, :=, p,(lna), Jfo :=0. The following holds:
uo =1 and u, = fuuo + fu1u1 + fu2uz + -+ fiuy 1. (3.4

To see this decompose the event “return to a after n steps” into the disjoint events
“return to a for the first time after k steps, and then return to a again after n — k
steps”.

LetU(x) :=14+Y,>1 upx", F(x) :=Y,> fuX". The renewal equation implies that
U(x)F(x) =U(x)— 1, whence U(x) = 1/1 — F(x). Thus

1+iun=limU(x):{m1 F)=1
= .

n=1 x—+1~ ()

The proposition follows from this and the interpretation of F(1) =Y, p‘(;;) as the
probability of returning to a from a at least once. ad

Terminology: Equation (3.4) is called the renewal equation. A sequence {uy }n>0
which satisfied (3.4) with f,, > 0 is called a renewal sequence.

Definition 3.3. Suppose P = (pup)sxs is a stochastic matrix.

1. A state a is called positive recurrent (“PR”), if prf},) = oo and Zapgf,;)n < oo}
2. A state a is called null recurrent (“NR”), if ¥ p) = oo and ¥ op'n = oo
3. A state a is called transient (“T”), if }, pt(l';) < oo,

In other words, a is PR if the Markov chain started at a returns to a with probability
one and finite expected first return time; It is NR if the chain returns to a with
probability one but with infinite expected return time; And it is T if there is positive
probability that the chain will never return to a.
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A state which is positive recurrent or null recurrent is called recurrent. If a is
recurrent, let

Ha = Zapgzr:z)n € [0,9]

denote the expectation of the first return time. A stochastic matrix is called irre-
ducible aperiodic if its associated TMS is topologically mixing.

Theorem 3.1 (Kolmogorov). Let P = (p; j) sxs be an irreducible aperiodic stochas-
tic matrix.
1. If one state is PR then all states are PR, and lim pg;.l) = l%/ #£0;

n—soo g
(m) _ 1
i

E;O =0 (trivially).

2. If one state is NR, then all states are NR, and lim p =0;
n—oo

3. If one state is T state, then all states are T, and lim p
n—o0

We deduce this from the following important theorem of Erdos, Feller, and Pollard:!

Theorem 3.2 (Renewal Theorem). Suppose u, and f, satisfy the renewal equation
(34).If f, >0, Y f =1and gcd{n: u, #0} =1, then u, — 1/ nfy.
n—oo

Proof. * The renewal equation says that ug = 1 and u,, = Yiei Jeun—g forn > 1. It
is easy to see by induction that u, € [0, 1] for all n. Choose a subsequence ny 1 o
s.t. uy, — Lo := limsupu,. Using Cantor’s diagonal argument it is no problem to
choose n; so that for every m € Z,

Uny+m k—> Ly, for some L,, € [0,1].
—vo0

Step 1. L, = Ly = limsupu, for all m € Z.

n—soo

We prove this in the special case when f;, # 0 for all n, and delegate the general
case gcd{n: f, # 0} = 1 to the exercises (Problem 3.4).

For all k, u,, = ):7/;1 Jfjttn,—j- In the limit k — oo, we obtain Lo = Y7 f;L— ;. By
definition, L_; < limsupu, = Lo, so we get

Ly=Y fiL-; < Y fiLo = Lo
=1 =1

It follows that L_; = L for all j s.t. f; # 0. In other words, L_; = Ly for all j > 0.

Now consider the identity u,, | = ):';.’jl fjttn,+1—j. Passing to the limit as before,
we get L = Z;":l fiLli—j= Z;":l fiLo = Lo. Thus Ly = Ly. The same argument for
Up, 42 gives that Ly = Ly. By induction, L; = Ly for all j > 0, whence for all j.
Step 2. Lo =1/Y.nf,.

Set Fj := Y~ fi, we claim that for all n

! This approach to Kolmogorov’s theorem is due to K.-L. Chung.
2 We follow Feller’s book [5].
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uFo+up1F+- - +u Fy—y +upF, = 1. (3.5)
To see this sum the identities fiu;_ 1+ four o2+ -+ fr_1u1+fi=ug over 1 <k <n:
frttm—1+ (i +f2)un—a+ -+ (fit+ o+ fut)ur + (it + o) = (U +- - +ur).
Moving all the ;’s to the right hand side, we find (since 1 — (f; +---+ f;) = F}) that
1-F, =u,Fo+u,—_1F1 +---+uF,_. This is equivalent to (3.5), because uy = 1.
We now apply (3.5) in the particular case n = ny: Z';":OFjunk,j = 1. We want to
pass to the limit k — oo. Since u,,j — L_; = Lo (step 2),

1. either } F; = oo, and then we must have Ly = O (otherwise the limit of the left
hand side in ):;”‘: o Fjtn,—j = 1 is infinite);
2. or Y Fj < oo, and then we get the identity }_ FjLo = 1, whence Ly = 1/} F}.

Itis easy to see that Y. F; =Y nf,, s0 Lo =1/ Y. nf,. O
Step 3. u, — Ly.
n—soo

If Y nf, =, then Ly =1/ Y nf, =0 and u,, — 0 (a non—negative sequence whose
limsup is zero, converges to zero). Suppose that Y nf, < oo, and assume by way of
contradiction that Jmy 1 oo s.t. u,,, — L # Lo. Since Lo = limsupu,, L < Ly.

Fix € > 0 and let N(€) be so large that for all n > N(€), u, < Lo+ €. Given ¢,
choose K(¢,¢) s.t. for all k > K(¢,£), my > N(€)+ ¢, then (3.5) implies that

1= F()umk + (F]umkfl +- '+F€Mmk7€) + (F€+1umk7€71 + "'+kau0)

< Fottmg+ (Fi+--+F)(Lo+€)+ Y, Fj.
j=t+1

Asl— oo, Uy, — Land (Fi+-+F) = Y s0F;—1=YXnf,—1=Ly'—1,s0

1
1<L+ < - 1) (Lo+¢).
Lo

But this inequality cannot hold for all € > 0, because the limit of the right hand side
ase =0T is 1+ (L—Ly) < 1. 0

Proof of Kolmogorov’s Theorem (K.-L. Chung). Recall from the proof of propo-
sition 3.1 that u,, = p,(l’;) is the renewal sequence with f,, =, pgé).
By the renewal theorem, if a state is PR then pffl) —— 1/, #0, and if it is NR
n—soo

then p,%) —— 1/, = 0. Tt clear that if a state is transient, then pE,Z) —0.
n—soo n—oo

Step 1. Either all states are PR, or all states are NR, or all states are T. (In Markov
chain theory, such a statement is called a “solidarity theorem”.)

Suppose a is PR, and let b be some other state. It is easy to see, using the irre-
ducibility of P, that there are constants Cy,C», k1, k, (which depend on a,b) s.t.
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CIP/(:;,_kl> < pl < C2p5,'2+k2) for all n.

Since p) 40, pl(;;)) 40, so b is PR. Thus, if one state is PR, all states are PR.

Suppose a is NR, and let b be some other state. Since a is NR, Y, p,(llz,) = oo and
" 0. Using the same method as above, we see that ¥ pl(,'z) = oo and pg;) —0.

The divergence of ) pg;) means that b is PR or NR. The convergence of pé’l? to zero
means that b is not PR. So b is NR. Thus, if one state is NR, all states are NR.

It follows that if one state is T, then all states are T. &
(n)

ij -

Step 2. Calculation of lim p
n—soo

At the beginning of the proof we saw that if i = j, then the limit is 1/y; in the
PR case, and zero otherwise. Suppose i # j.

Assume first that all states are PR. For the Markov chain started at i, the event
“arriving to j in n steps” is the disjoint union of the events “arriving to j for the first
time at time k, then returning to j after additional n — k steps”, thus

n [n/2]-1 n
(n) _ (k) (n—k) _
Dij _ijij pjj = Z + Z
= k=1 k=(n/2]
[n/2]-1 Y }
= jpz(j [ﬁ +o(Ml+o| ) jp§j> , because jis PR
k=1 ! k=n/2]
T e
= Y [,1% +o(1)]+o(1), because Y jp;;’ = Pi[arriving to j] < eo
k=1
| /2l

w, (" w
= ) jpij to )y ipij | +o(1)

oo

(n)
o Ji
ij —0. U
Returning to Ly we see that Pg(¢) = lim % logLj 11, = lim %log pgf,? < 0. In the

Next suppose that all states are NR or T, then p:. — 0. The same calculation,

with u% replaced by zero, shows that p

positive recurrent or null recurrent cases Y, pg,';) = oo, 30 Pg(¢) = 0. If P is positive
recurrent, then (A 7"L§1())(x) converges for all x to a positive limit which only
depends on [b]. If P is null recurrent then (A "L 1) (x) — 0. We do not know
what happens in the transient case.

We also see that the null recurrent and transient cases are only possible when
|S| = eo. In the compact case, pé’,i) converges to a positive limit by the Perron—
Frobenius theorem, so P must be positive recurrent.
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We end this section with a famous example of null recurrence and transience.
Leteyp,...,e; denote the standard basis of R?, and define the stochastic matrix P =

(pu,v)zd wzd by

(2d)™! v=u+e; for some i
Puy = .
0 otherwise.

The Markov chain started at 0 € Z¢ with stochastic matrix Q is called the simple
random walk on 7%, because it describes a “walk” on Z¢ which starts at the origin
and proceeds by independent random steps with possible values +ey,...,+e;, each
taken with the same probability.

Theorem 3.3 (Polya). The simple random walk on 7¢ is null recurrent for d = 1,2
and transient for d > 2.

Proof. We will determine the asymptotic behavior of p((fg) (the probability of re-
turning to zero at time 2n). We work with even times because the simple random
walk cannot return to zero at odd times.

The first step is to realize that

p(()?(r)l) =PX;+---+Xp, =0

where X;, called the “jumps of the random walk”, are identically distributed in-
dependent random variables which take the values +ej,...+ e; with probability
(2d)~".

Next we use a trick of Stone, and write the following identity for the Kronecker
delta function: dg ,, = W fHM]ti EMdE  where dé is the Lebesgue measure on

RY. We have

2n 1 i(E,
p((),O) = E[l[X1+~~+X2n:0]] =E <(27’C)d /[771.7[][[6 (€X1+ +X2n>d€>

= Gy 2;) . /[ ]d]E(ei<5’X1+"'+X2">)d§ (Fubini)
-,
1 iEX,) 2n . . . -
= W /[ e E (e ’ ) d& (X; are independent, identically distributed)

2n
1 1 d
:W/[-n,ﬁ]d <dj21°0551> dg (check!).

The integrand is bounded by 1 and tends to zero almost everywhere. By the
bounded convergence theorem, p((fg ) — 0, so the random walk is either null recur-
rent, or transient.

To determine whether it is NR or T we have to see whether )}, p((fg) diverges
or not. By the monotone convergence theorem, this amounts to determining the

convergence properties of the integral
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2n
=~ (1 d d&
/[—n' n)d Z <d Z COS§j> 4= [~m,m])d 1 yd >
=0 \ ¢ j=1 R (g Yo COS;/')

There are three singularities, at & = (0,...,0),(x,...,n), and (—=x,...,—7).
Taylor’s expansion reveals the singularity to be of the form [d 4 o(1)]||& — & | ~2.
The integral on a ball of radius € centered at £y can be written using a spherical
shell decomposition as

€1
(The surface area of the unit sphere in RY) x / —2rd_1d r.
o r

This is infinite for d = 1,2, and finite for d > 3.
The conclusion is that if d = 1,2 then }, pf,zg ) — o and the random walk is null

recurrent, and that if d > 3 then ) p(()zg ) < oo, and the random walk is transient. O

To get an example of a null recurrent or transient potential on a topologically
mixing TMS, let X denote the TMS with set of states S = Z¢ and transition matrix
A= (tyy)yiyga, Where tyy =1 v=u,orv=u=te; forsomei=1,...,d, and

take ¢ (x) = log p)(c(z)?xl where (puv)ydyza 18 as above. (This matrix is symmetric, so

there is no need to invert the order of the indices.)

3.1.3 The Gurevich pressure

Our aim is to find the asymptotic behavior of Lj; for general potentials ¢ (x). We will
model the analysis on the theory of countable Markov chains sketched in the previ-
ous section, but there are differences. The most obvious of these is that in general
one should expect L; f to grow or decrease exponentially. To see why, observe that
for every constant c, Lg vof =€ L.

Thus the first thing to do is to determine the exponential rate of growth of L’J, and
“neutralize” it by subtracting a suitable constant from ¢.

Proposition 3.2. Suppose X is a topologically mixing TMS, and suppose ¢ : X — R
has the Walters property. For every state a, let Z,(¢,a) := Yyn,_ e"() 1) (%)

1. P(9) := r}grolo % logZ,(¢,a) exists for all a € S, and is independent of a.

. =00 < PG(¢) < oo If [[Lyl|e < oo, then Pg(§) < oo.
3. For every bounded continuous function f which is (a) non-negative, (b) not iden-
tically equal to zero, and (c) supported inside a finite union of cylinders,

\S)

lim llog( o) (x) =Pg(9) forallx € X.

n—oo

4. If PG(9) < oo, then L1y, is finite for all n and |a].
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Terminology: Pg(¢) is called the Gurevich pressure of ¢. It plays a central role
in the theory of equilibrium measures. We will study its properties in detail in the
following chapters.

Proof of Proposition 3.2. Fix a € S. Since X is topologically mixing, there exists
some ng = ng(a) s.t. a 2 a for all n > ng. We have: Zy(¢,a) > 0 for all n > ny.

Define for n > ng, §, :=logZ,(¢,a). If x is an n—periodic point in [a], and y is
an m—periodic point in [a], then the periods of x, y can be joined to form an (n+m)—
periodic point in [a]. Using this construction and the Walters property of ¢, it is easy
to check that {Cn}nzno is almost super-additive, in the sense that for some positive
constant ¢, and all m,n > ng

Cner > Cn+€m*6-

Thus either §, = o for all n > 2ng, or —eo < {, < oo for all n > ny. In the first case
£y /n — oo (trivially). Suppose the second.

Fix m > ng. Any n > m can be written in the form n = g,m+r,,0 <r, <m—1.
Since { i }i>n, is almost super additive, if we fix m and send n — o, then

é > (Qn_l)Cin+Cm+rn_QI1C > (Qn_l)Cm+0(l) @
n gnm—+ry - (gn+1)m n—e m

Thus liminf({,/n) > sup{{,/m:m > no} > limsup(,/n), and §,/n converges.

The limit is independent of the choice of a, because for any two states a, b there
are constants Cy,Ca,ki,ky s.t. C1Z, i, (9,a) < Z,(¢,b) < CoZy ik, (9,a) for all n
(c.f. the proof of Theorem 2.2).

The limit is never —oo because if x € [a] and T"0(x) = x, then Z,,(¢,a) >

eXP Pkny (X) = explkn, (X)], 50 P(9) > By (x) /0 > —oo.
The operator Ly is positive, 0 ||Lg f1|ec < [|Lg 1]|eo | f||co- Thus

Zn(¢,a) < ||ILg 1]l < [[Lo 1%

If [[Lp 1| < oo, then PG(¢) < log||Lg1|e < oo

Suppose [ag,...,ay—1] is a non—empty cylinder and b is a state. It is easy to
see, using the topological mixing of X and the Walters property of X that there are
constants Cy,C and ky, k, such that for all n > k and every x € [b],

C1Zy—1, (9,an-1) < (L 11g)(x) < CaZy1k, (9, 0). (3.6)

It follows that %longl — Ps(¢) on [b]. Since [b] was arbitrary, the limit holds
n—soo

onX.

Any non-negative, non—identically zero, bounded continuous function f whose
support lies inside finitely many cylinders can be sandwiched between a function of
the form €1}, and a function of the form MY ,cp 1) with F C S finite. It follows

that ;log L f — Po(9).
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Finally, (3.6) says that if Ljj 1}, = co for some x, then Zy(¢,ap) = o for some N.

This implies, as before, that Ziy (¢, ag) = oo for all k, and Pg () = oo. O

3.1.4 Modes of Recurrence and the Generalized Ruelle’s
Perron—Frobenius Theorem

We now ask for the asymptotic behavior of ™" L§, where A = expPg(¢). Our aim
is to establish a picture similar to that available for countable Markov chains, as
presented in §3.1.2. The trick is to find combinatorial sums which make sense for
general ¢, and behave like p[(,r:,) and , pt({;) when ¢ = f(xo,x;). Here they are: given
a state a, let

o ¢y(x) =1y (x)inf{n > 1:T"(x) € [a]} (first return time);
o Zi(,a) = Lrn_ e jg _(x);

i Zn(¢>a) = ZT”x:xe%(x)l[a] ()C);

o A:=expPs(¢) =1lim[Z,(,a)]'/".

We treat A~"Z,(¢,a) as p) and A ™"Z*(9,a) as 4plt), and define

Definition 3.4 (Modes of Recurrence). Suppose X is a topologically mixing TMS,
¢ : X — R has summable variations, and Pg(¢) < oe. Fix some state a, then

1. ¢ is called recurrent, if Y, A~"Z,(¢,a) = oo and transient ,if Y A™"Z,(¢,a) < oo;
2. ¢ is called positive recurrent, if it is recurrent and ¥ nA ""Z*(¢,a) < oo;
3. ¢ is called null recurrent, if it is recurrent and Y nA ~"Z(¢,a) = eo.

We sometime abbreviate and write R, T, PR, NR for recurrence, transience etc.
We shall see below that these properties are independent of the choice of state a.

Remark 1: If P = (p;;) is a stochastic matrix, then P is PR (resp. NR) iff ¢ :=
log py,x, is PR (resp. NR). This is also the case for transient stochastic matrices,

provided their spectral radius p := limsup {/ pé’}) equals one. If the spectral radius

is less than one, then a transient stochastic matrix could lead to a PR or NR potential
(which is good, because these modes of recurrence are much better understood).

Remark 2: We have already met the condition of “recurrence” as a necessary and
sufficient condition for the conservativity of a ¢—conformal measure (Theorem 2.2).

Theorem 3.4 (Generalized Ruelle’s Perron-Frobenius Theorem). Let X be a
topologically mixing TMS, and ¢ : X — R a function with summable variations and
finite Gurevich pressure.

1. ¢ is positive recurrent iff there are a A > 0, a positive continuous function
h, and a conservative measure V which is finite on cylinders, s.t. Lyh = Ah,
Lyv =Av, and [hdv = 1. In this case A = expPg(9), and for every cylinder

la], A™"Lg 11y —— hvla]/ [ hdv uniformly on compacts.
A noeo



66 3 Thermodynamic Limits

2. ¢ is null recurrent iff there are a A > 0, a positive continuous function h, and a
conservative measure V which is finite on cylinders, s.t. L¢h:/'Lh, L’q‘)v:/lv, and

J hdv=eco. In this case A = exp PG(¢), and for every cylinder [a], A™"Lj 11 —
0 uniformly on compacts.

3. ¢ is transient iff there are no conservative measures v which are finite on cylin-
ders s.t. L;‘)v = AV for some A > 0.

If X is compact, then @ is positive recurrent.
Remark 1: The theorem holds if “summable variations” is replaced by the Walters
property.

Remark 2: As we shall prove later, the following limit theorem holds in the null
recurrent case: Let a, := ([ hdv) =1 Yi_ A7*Z,(¢,a), then for all cylinders [a],

i Yo Ak L’(; Iy — hv[a] uniformly on compacts.

Corollary 3.1 (Solidarity of States). The modes of recurrence are independent of
the choice of the state a used to define them.

Corollary 3.2 (Ruelle’s Perron-Frobenius Theorem). Suppose X is a compact
topologically mixing TMS and ¢ : X — R has summable variations, then there exist
A > 0, h positive continuous, and Vv a positive probability measure s.t. Lyh = Ah,
Lyv=Av, [hdv =1, and s.t.

A" ’;fﬂh/fdv uniformly
n—yoo

for all continuous functions f : X — R.

Corollary 3.3. Suppose X is a topologically mixing TMS, and ¢ has summable vari-
ations and finite Gurevich pressure. If ¢ is positive recurrent, then ¢ has a unique
thermodynamic limit, and this limit is a DLR measure for ¢.

3.2 Proof of the GRPF Theorem

Throughout this section, let X be a topologically mixing TMS with set of states S and
transition matrix A = (7,5 )sxs, and let ¢ : X — R be some function with the Walters
property (e.g. a function with summable variations). We assume that P; () < oo.

3.2.1 Eigenmeasures and Eigenfunctions

Proposition 3.3. ¢ is recurrent iff there exists a conservative measure V which is
finite on cylinders such that for some A > 0, L;;v = Av. In this case L = expPs(9),
and v gives any cylinder positive measure.
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Proof. (=): If ¢ is recurrent, then Theorem 2.9 says that there is a conservative
measure V s.t. d;l;'T = A~ 'exp ¢. This measure satisfies Lyv=Av.

To see (<), suppose Lf;,v = Av for some conservative measure v which is finite

on cylinders. We claim that A = exp P;(¢). The transfer operator of v is ),"L¢:

/(p/l*1L¢wdv:/l’lLd,((poTy/)dv:/(poTy/dv

for all @,y indicators of cylinders, whence for all ¢ € L= and y € L!. Tt follows

that d“f:}’T = A~'e?. By Theorem 2.2, Y A~"Z,(¢,a) = oo. As a result 1 < /6(9),

because the radius of convergence of the series Y ;> Z; (gb,bo)xk is e a(9),

On the other hand, since V is finite on cylinders and M :=expsup,, var, 1 ¢, < oo,
Zy(¢,a) < M(Lj1,)(y) for all y € [a]. Integrating both sides of the inequality over
[a], we see that Z,,(¢,a)v[a] < MA"v]a], whence (assuming w.l.o.g. that v]a] # 0)

A7"Z(¢,a) = O(1). 3.7)

It follows that A > exp P;(9).
Thus A = expPs(¢). But d‘\fZT = A"'exp¢, and v is conservative, so Theorem
2.2 says that Y. e "76(?)Z, (¢, a) = co. This means that ¢ is recurrent. O

Proposition 3.4. If ¢ is recurrent, and v is as in the previous proposition then there
exists a positive continuous function h s.t.

1. Lyh = f6@)p;

2. varg[logh] < sup,[var,x@p] < Yspi1 vared;

3. logh is uniformly continuous, and vari [logh] < es.

Proof. Let A :=expPs(¢), and fix some state a. Since ¢ is recurrent,
C ok
a, ‘= 1;117 Zn((]),a) rH—oo> oo,

By (3.7), ant1 —an| = O(1). Let fiy := (1/an) X3y A *LE 1. We show that fy
has a subsequence which converges uniformly on compacts to a non—zero limit.
This will be A.

We need the following observation (Problem 3.6): For any two states a, b and any
cylinder [c], there are constants Cy,Cs, ki, k2, N s.t. for all x;, € [b] and n > N,

Clznfkl (¢7a) < ( gl[g])(xb) < C2Zn+k2(¢aa)- (38)

It follows that for every state b, there exists N, € N such that {log fy }y>n, is uni-
formly bounded on [b].

It is also easy to see that, using the Walters property of ¢, that var[log fy] <
sup,, var, @, — 0, so {log fy}n=>n, is equicontinuous on [b]. By the Arzela—

Ascoli theorem, { fy } y>1 has a subsequence which converges uniformly on compact
subsets of [b] to a positive continuous limit.
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Since there are only countably many possible b € S, we can obtain a subsequence
Ni T oo st fy, k——» h uniformly on compacts in X for some limiting function 4.
—»00

The limit 4 must also be bounded away from zero and infinity on partition
sets, and it must satisfy var[logh] < sup,,[var,x@a] < X7 var¢. In particular
vary [logh| < .

We show that Lyh < Ah. Choose some increasing sequence of finite sets S,, C S
s.t. Sy, TS, then for every m

At e = lim — ) A~0+D e (. |Sm| < o)
T)Zx koo any nZ Tyzx
YESm YESm
1 &
< Jim = Y AL () (0SnCS)
k n=1

—hm—Z/'L "L g (x)+

k—eo AN, —

1
+ lim — ()L_(Nk“)(Lg’kHl[a])(x) —)L_I(Lq,l[a])(x)) :

k—>o0 an;,
The term in the brackets is uniformly bounded on partition sets, because of (3.8)
and (3.7). It follows that A= ¥ ?®h(y) < h(x) for all m. In the limit m — oo,
YESm
we obtain A 'Ly < h.
We claim that A~ 'Lyh = h. Otherwise, f :=h—2A~"'Lsh > € > 0 on some cylin-
der [a], and we have for all N,

A
Zl Lyl <
k=1

1
*kL’g, < Eh (telescopic sum).

om | =
1=
>

k=1

Passing to the limit N — o we see that Zl_kL’;) 1y < oo everywhere. This implies
by (3.8) that Y A %Z,(¢,a) < oo, in contradiction to the recurrence of ¢. O

Proposition 3.5. Suppose ¢ is recurrent, and A,h and v are as in the previous
propositions. If ¢ is PR, then [hdv < oo, and if ¢ is NR, then [ hdv = .

Proof. Let dm = hdv, then the transfer operator of m is Tf= l_lh_1L¢(hf)
(check) and m is T—invariant:

/fo Tdm= /‘)fqu)(hfo T)dv (. Lyv=AvV)
:/fl_qu;hdv:/fhdv:/fdm.
Recall that @,(x) := 1}y (x)inf{n > 1: T"(x) € [a]}. Since var|h < oo, h is uni-

formly bounded away from zero and infinity on states. Choose some constant C s.t.
C~! < h(x) < Con [a], and let M := exp[sup, (var,.¢,)] (c.f. lemma 1.1), then
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ml@q =N = /?Nl[fpa:N] dm = /AiNhile(hl[tpa:N])dm
= Cﬂ)L*N/HLQ,II[%:N]dm ('_'Lgl[%:N] is supported in [a])
= CEMEANZY (0, a)m[a).

It follows that AN Z5(¢,a) = (C*M)*'m[@, = N]/m]a].
Thus Y.nA~"Z;(¢,a) converges iff [i, ¢sdm < . By the Kac formula, this hap-
pens iff m(X) < eo. O

3.2.2 The limit of /'L_"L’(;

Proposition 3.6. Suppose ¢ is NR and A = expPg(9), then A™"Ly 1|, - 0 uni-

formly on partition sets.

Proof. Let h and v be the eigenfunction and eigenmeasure of Ly which we con-
structed in the previous section, and set dm = hdv. Recall that m is invariant, and
that every cylinder has positive finite measure.

Since 4 is bounded away from zero and infinity on partition sets, it is enough to
show that for every a € S, l”’h’lL;f (hl[a]) — 0 uniformly on partition sets.

Choose finite unions of partition sets F;, such that F,, 1 X and 0 < m(F;) < oo.
Since ¢ is null recurrent, m (Fy) T m(X) = oo. Set fy = 1| — g, -m[a] /m (Fy).
Recall that the transfer operator of mis f — A ~'h~!Ly (hf), and define as always
M := exp[sup,(var,+19,)]. For every b € S the usual estimations yield (for || - ||; =
bl H L T g

M

m D]
The measure m is exact, because it is equivalent to v and V is a conservative
measure whose log—Jacobian satisfies the Walters property (theorem 2.5). Since

J fndm = 0, Lin’s theorem (theorem 2.4) says that Hf”fNHLI( — 0. This and

m)

” ’ ”Ll(m))

|11

IN

o

<t (], 2
m|b]

fanHI+W) (-.-morl:m).

m (FN) 1 oo imply that H 1[17] T\nl[u]

— 0 as required. O
00 N—$%0

Proposition 3.7. Suppose ¢ is positive recurrent and A = expPs(9), and let h,v
be the eigenfunction and eigenmeasure constructed above. For every cylinder |a],
AT"Lg 1y — hv[a]/ [ hdv uniformly on compacts and in L' (v).
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Proof. Normalize the eigenfunction % so that [hdv = 1. We saw above that dm =
hdv is a shift invariant probability measure. Since m is equivalent to v, and Vv is
exact (Theorem 2.5), m is exact — whence mixing.

Step 1. For every state a, IN,C > 1 s.t. C"!' <A7"Z,(¢,a) < Cforalln > N.

Fix a state a, and let 7 denote the transfer operator of dm = hdv. Recall that this
is the operator 7 f = A h L (hf).

Since varjh < oo, h is uniformly bounded away from zero and infinity on [a].
Choose some H > 1 s.t. H-! < h(x) < H for all x € [a], and denote as always
M := exp[sup,~ var,+1,]. For all x,y € [a] and n € N, we have

A L) 00 =M A (B 140)0) = M HE (F1)0)
N 2\+1
=) [ oty = S

mlal

m([la]NT"[a)).

But m is mixing, so m([a] N T "[a]) — mla]. Since m[a] # 0 (Problem 2.9), we
n—roo

see that there are constants C,N s.t. C~1 < l‘"L';, i <Con [a] for alln > N.

We now invoke (3.8) in the particular case [a] = [b] = [¢] to see that there are
constants Cp, Ny s.t. C(;l <A7"Zy(¢,a) < Cp on [a] for all n > Ny. O

Step 2. For every state b, INp s.t. {1 "L§ 1|, }a>n, is equicontinuous and uniformly
bounded away from zero and infinity on [b].

Fix a state b. Equation (3.8) provides constants C1,C5,k1,ky and N, s.t.
CIA" M7, 4,(9,0) SAT(Lg 1) (x) < CA™Z,14,(9,a)

forall x € [b] and n > N,. By step 1, A" (L§1(4) (x) is bounded away from zero and
infinity on [b].

Since ¢ has the Walters property, it is clear that {log[A ~"Lj1(,] }»>n, is equicon-
tinuous on [b]. For any sequence of positive functions @,(x), if sup| @/~ < o
and {log @, },>n is equicontinuous, the {@, },>n is equicontinuous. It follows that
{log[A™"L§ 1 4] }a=n, is equicontinuous on [b]. O
Step 3. A™"Lj 11y —— hvld] pointwise.

n—yo0
Suppose by way of contradiction that ¢, := ),_”Li; lig 7 hv[a] on some point x*.
By step 2 and the Arzela—Ascoli Theorem, there is a subsequence {¢,, },>1 which
converges uniformly on compacts to a continuous limit ¢ s.t. ¢(x*) # h(x*)v|a].
Fgr every k, @, = K‘”kL;"l[Q] < C*h where C* = 1/inf{h (x) : x € [a]}. Since
C*h is integrable, we have by the dominated convergence theorem that

/I(P—hv[g}ldv = gij?o/‘l’"kszl[g]—hV[Q]‘ dv

= lim
k—so0

7" (hill[g] -V [Q]) ’ dm =0,
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by Lin’s Theorem and the exactness of m.
We have that ¢ = hv [g] almost everywhere. Since ¢ is continuous, ¢ = hv [g]
everywhere, in particular at x*. &

Since ¢, := l’”Lxl[g] converges to iv[a] pointwise and {@, },>1 is equicontin-

uous, ¢, — hv|a] uniformly on compacts. The convergence also holds in the sense
of L'(v), because as we saw in the proof of step 3, |@,| < C*hand h € L'(v). O

3.2.3 Compact TMS and shifts with the BIP Property

Definition 3.5. A TMS with a set of states S and a transition matrix A = (#;;)sxs is
said to have the Big Images and Prepimages (BIP) property if there is a finite set of
states by,...,by s.t.Vae § 31 <i,j < Ns.t. thatap; = 1.

For example, any compact TMS has the BIP property (take {b1,...,by} = S). Non—
compact examples include the full shift. The following result is implicit in the work
of Mauldin & Urbaniski:

Proposition 3.8. If X has the BIP property, then any ¢ : X — R with the Walters
property s.t. var| ¢ < oo and Pg(@) < oo is positive recurrent.

Proof. 3 Fix some a € S and set A := (), We construct N; € N, such that
inf {A7"Z,(9,a) :n >N} >0 (3.9)

This implies recurrence, and rules out null recurrence, since for every x € [a],
AT"Lg 1 (x) < A7"Zy(¢,a) # o(1), whereas Proposition 3.6 says that in the NR
case, l‘"L;') 1 — 0.

Let #; :={a € §" : [a] # @} and set for every a € #,,

On(ao,...,an—1) = inf{@,(x) : x € [@]} , Pu[ao,...,an—1] := sup{Pn(x) : x € [a]}.

These numbers are finite, because if we define the constant M by

log My := sup[vary, 9, + var; ¢,
n

then |@,(a) — ¢ (x)|,|9[a] — ¢ (x)| < logMy for all x € [a]. This also shows that
104(w) — 9ulw]] < log Mo.

Let {b1,...,bn} be the finite set of states given by the BIP property. The topo-
logical mixing of X guarantees the existence of some n; € N and Wab;sWha € W,
(1 <i,j <N) such that (a,w,,,b;) and (bj7mja7a) are admissible. We call these
words “bridge words”.

By virtue of the defining property of {by,...,by} and the bridge words, for every
nandw € #j, there are 1 <i,j <N s.t.

3 The proof we give is from [9].



72 3 Thermodynamic Limits

(a,%b[,bi,y,bj,m,ja,a) € Wnik +1, where ki :=2(n; +2) — 1 =2n; +3.
Set C := min{e‘b”l”(“’&""’i’h» 1 Bitna) i,j=1,...,N}, then for C; := CA~™M,

zvi('1+Nl)Zn+N1 (¢’a) 2 C])uin Z e‘pn(&) Z g}/*n Z €¢"[E]-
wen Mo weWy

If we can show that the last expression is bounded below, then we will have (3.9)
and be done.
Indeed, A" ZME% ePnlv] > 1 for all n, otherwise Jng such that

ATy el < <1,
S

and then for all k A% Z, (¢,a) < (A7 Yueti, % M)k < r*. But this is impos-

sible, since by the definition of the Gurevich pressure A ¥"Z;,,(¢,a) does not decay
exponentially fast. a

Corollary 3.4. Any potential with summable variations on a topologically mixing
compact TMS is positive recurrent.

3.3 Applications

3.3.1 Absolutely Continuous Invariant Densities

We can now prove the following theorem which was mentioned in the previous
chapter:

Theorem 2.6 [Aaronson, Denker, and Urbanski] Let X be a topologically mix-
ing TMS, and suppose V is a conservative non—singular measure which is finite on
cylinders. If the log Jacobian of v has summable variations, then v has a continuous
acim which is bounded away from zero and infinity on cylinders.

Proof. Let ¢ be a continuous version of the log—Jacobian of v, then the transfer
operator of v is Ly (Corollary 2.1) and L;v =V.

Since Vv is conservative, the Generalized Ruelle’s Perron—Frobenius Theorem
says that ¢ is recurrent with pressure zero. Since ¢ is recurrent, Ly has a posi-
tive continuous eigenfunction 4. This is an invariant density for v, because m = hdv
satisfies m(T ~'[a]) = m[a] for all cylinders [a]:

(T al) = [ 1goThdv= [1Lehav = [ 1hdv=mlal.

This invariant density is bounded away from zero and infinity on cylinders, because
as we saw above var| [logh] < co. O
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Theorem 3.5 (“Folklore Theorem™). Suppose f : [0,1] — [0,1] is a topologically
mixing piecewise expanding Markov map with Markov partition {I; : k € N}. As-
sume that

1. “Finite images”: {f(Ix) : k € N} is a finite set;
2. “Adler’s condition”: sup |f"|/|f'|* < oo.

The f has an integrable Holder continuous ACIP, and this ACIP is mixing.

3.3.2 Uniqueness of DLR measures

The following result was proved independently by Ruelle and by Dobrushin.

Theorem 3.6. Let X be a compact topologically mixing TMS, and suppose ¢:X —R
has the Walters property, then ¢ has a unique DLR measure, and this measure is the
¢—conformal measure.

Proof. * Every ¢ with summable variations on a compact TMS has finite pressure.
Assume w.l.o.g. that P5(¢) = 0 (otherwise work with ¢ — P;(¢) and note that every
DLR measure of ¢ is a DLR measure of ¢ — Pg(¢) and vice verse).

Existence: Theorem 2.7.

Uniqueness: Since X is compact, ¢ is positive recurrent and there exist &,V s.t.
sz =V, Lyh=h, and J hdv = 1. The function 4 is continuous, and X is compact,
so & is bounded below. It follows that v(X) < eo. Re—normalizing v and 4 (if neces-
sary), we may assume w.l.o.g. that v(X) = 1. The idea of the proof is to show that
if v/ is a DLR measure for ¢, then v/ = v.

Let m := hdv. We need the following estimate on m: There exists a constant
C > 1s.t forevery x € X,

mlxo, ... xy_1] = Cle® ™). (3.10)

To see this use the compactness of X and the continuity of 4, ¢ to find constants
H>1st.H ' <h<HandM :=exp|var¢ + sup, | var,@,;1] < o, then

m[xo,...,xn,l] :HiIV[Xo,...,xn,l]=Hi1/1[xO AAAAA xn,l]d"()’)
=51 (L1, ) O)AVE) = (HMYE O m(Tlr, 1)

Since |S| < oo, m(T [x,—1]) is bounded away from zero and infinity, and (3.10) fol-
lows.

Now let v/ be some DLR measure for ¢. For every state s € S and n—cylinders
[a], [b] which terminate at s, let ¥ 4 : [b] — [a] be the map (b,x) — (a,x). By Propo-
sition 2.1 and (3.10), for every x € T'[s],

4 We follow the proof in [1]
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dv' o By,
Vila] = /[] vdi/ ba 1y = ML e9n(ax)—0n(b) V[b] = (CM)ilm[g] o~ On(Y) v'[b].
b

Fixing [b] and varying [a], we see that there are constants K, (s) (s € S) s.t. for every
n—cylinder [a] which terminates in the symbol s,

V'la] = (CM)*' Ky (s)mla] (x € Ts)). (3.11)

We claim that sup, K,(s) < . Sum the inequalities (3.11) over all N—cylinders
[@] which terminate at s, then

1> V/(T7"[5]) > (CM) Ko ()m(T"[s]) = (CM) 2Ky (s)ms]

(because moT~! =m). It follows that sup,, K,,(s) < (CM)?>max{1/m[s] : s € S} < co.

By (3.11), v/ < m, whence V' < v.

To see that v/ = v, set F := ‘%, then Fdv = dVv' is a DLR measure. So is V
(because it is conformal). It follows that the transformations (ax) — (bx) have the
same Radon Nikodym derivatives w.r.t. v and Fdv. Equating these derivatives we
see that

F(ax) = F(bx)

for all pairs of cylinders of the same length a,b which end at the same state. It
follows that for every n there is a Borel function F, s.t. F(x) = F,(T"x), and so F is
T~ "% measurable. This holds for all n, so F is measurable w.r.t. the tail c—algebra
Np>1 T 7" 9%. Since m is exact, F is constant. The value of the constant must be one,
because v, V' are probability measures. We conclude that v/ = v. O

3.3.3 g—functions

In section 3.1.2 we determined the asymptotic behavior of L’(; for potentials ¢ of the
form ¢ (x) = f(xo,x1), subject to the condition Ly 1 = 1, which allowed us create a
stochastic matrix out of Ly. The condition Ly 1 = 1 appears in many other situations.
The purpose of this section is to show that under fairly general situations, it can
always be assumed “without loss of generality”. But first we give it a name:

Definition 3.6 (g—functions). Suppose X is a TMS. A continuous function g : X —
(0,1] is called a g—function, if ¥.7,—,g(y) = 1 for all x.

The terminology is due to Mike Keane.

Proposition 3.9. Suppose v is a non—singular measure on a TMS X s.t. g =log d“f—;’T
is continuous. The following conditions are equivalent:

1. g is a g—function;

2. v is T—invariant.

The proof is left as an exercise.
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Theorem 3.7. Suppose X is a topologically mixing TMS, and ¢ : X — R has
summable variations. Suppose Pg(9) < oo.

1. If ¢ is recurrent, then ¢ — Pg(¢) is cohomologous via a continuous transfer func-
tion @ to logg, where g is a g—function and log g has summable variations.

2. If ¢ is transient, then ¢ — P (@) is cohomologous via a continuous transfer func-
tion @ o logg, where logg has summable variations and }.r,— g(y) <1 every-
where. We call g a sub g—function.

In both cases the cohomology can be done s.t. var| @ < oo.

Proof. Let A :=expPs(9).
In the recurrent case, let / be positive function s.t. Lyh = Ah. Set

L eh
87 QhoT’

then logg = ¢ +logh —loghoT — P;(¢) and log g is a g—function:
Y, s(v) = (Ah(x)) " (Loh)(x) = 1.

Ty=x

Since varj [logh] < o, log g has summable variations.

If ¢ is transient, let h:=} 5, ),_"L’J)l[a]. This sum converges, because of the
transience of ¢ and Problem 3.6. It is easy to verify that var[logh] < e and that
Lyh < Ah. The proof follows, as before, by setting g := e®h/(AhoT). O

Corollary 3.5. Suppose X is a topologically mixing TMS, then any ¢ : X — R with
summable variations is cohomologous to a function Y : X — R with summable vari-
ations s.t. Y < Pg(y).

Remark: Theorem 3.7 and Corollary 3.5 hold, with the same proof, if “summable
variations” is replaced by “the Walters property”.

Problems

3.1. Suppose Vv is a thermodynamic limit, and {ny }¢>1 is a sequence as in definition
3.2.

1. Suppose Vv[a] # 0. Calculate the limit of Z;([a] U [b])/Z;([a]) as n — eo.

2. Construct a sequence A, (x) s.t. 5 l(x) o la] — v|[a] for all cylinders [g].
"k —oo

3.2. Check identities (3.1),(3.2), and (3.3).
3.3. Prove (3.6).

3.4. The purpose of this problem is to complete the proof of step 1 in the proof the
renewal theorem.
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1. Read the first step of the proof of the Renewal Theorem. The following uses the
notation of that proof.

2. Show, using induction on k, that L_; ... ;) = Lo for all ji,..., jk s.t. fj; # 0.

3. Show that the set {m ji + -+ +myjix : m; €N, fj, # 0} contains a set of the form
{N,N+1,...}. (Hint: gcd{j: fj #0} =1.)

4. Prove that L; = L for all j € Z.

3.5. Suppose X is a topologically transitive TMS, and ¢ : X — R has the Walters
property. Show that any measure V s.t. L;‘, v = Av with A > 0 gives positive measure

to every cylinder.

3.6. Suppose X is a topologically mixing TMS, and ¢ : X — R has the Walters
property. Show that for any two states a,b and a non—empty cylinder [c], there are
positive constants Cy,Cp, k1, k2, N s.t. C1Z,—k, (¢, a) < (L 1) (xp) < CoZyi4,(9,a)
for all x;, € [c] and n > N.

3.7. Suppose X is a topologically mixing TMS and ¢ : X — R has summable vari-
ations. Show that ¢ is positive recurrent iff there are constants M,N > 1 and yt > 0
s.t. for some state a € S, M~' < u="Z,(¢,a) <M forall n > N.

3.8. Let X be a topologically mixing TMS with set of states S. Suppose X has finitely
many images: the set {T[a] : a € S} is finite, and let ¢ : X — R be a function with
summable variations and finite pressure. Show that

1. 3h > 0s.t. Leh = "), and
2. 0<infy h < supy h < oo,

3.9. Prove the Folklore theorem 3.5. (Hint: Prove first that if 7 : X — [0,1] is the
Markov coding of f : [0,1] — [0, 1], then —log |f’| is Holder continuous).

3.10. Prove proposition 3.9.
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Chapter 4

Pressure, Equilibrium measures, and Gibbs
measures

The Gibbs probability vector p; = e BUi / Z?’Zl e BUi(j=1,...,N) can be character-
ized as the (unique) probability vector which maximizes — Y p;log p; +Y.(—BU;)p;.
The variational approach to the canonical ensemble on TMS is summarized by the
following definition:

Definition 4.1 (Equilibrium Measure). Let X be a TMS, f > 0,and U : X — R be
a measurable function. A shift invariant probability measure m is called an equilib-
rium measure for ¢ = —BU, if

ha(T) + [ gadm = sup{i () + [ odu) @1

where the supremum ranges over all invariant Borel probability measures p for
which Ay (T) + [ ¢du is well defined.

“Well-defined” means that ¢ is { one-sided integrable,! and hy (T) + [ ¢du #

00 — 00,

Convention: Throughout this chapter, &, (T) signifies the metric entropy defined
using natural logarithms (and not logarithms to base two).

4.1 Entropy and information

4.1.1 Entropy

Suppose (2,7, 1) is a probability space, and 3 is a finite or countable partition of
£ into measurable sets (“measurable partition”). The entropy of B is the number

1" A measurable function f is called one sided integrable if at least one of the functions f Lifs0)
f1[s<0) is absolutely integrable.

79
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Z w(B)logu(B), where 0log0 := 0.
Bep

The join of two partitions f,yis BV y:={BNC:B € ,C € y}. The concavity
of f(¢r) = —tlogt implies that

Hy(B V') < Hu(B)+Hu(Y)- 4.2)

Now suppose 7 : 2 — £ is a probability preserving map. Given a measurable
partition 3, we let

o T f:={t7'B:Be B} (sincepor ! =pu, Hy(t7'B) = Hu(B))
o Bii=1 BV NV kB,
e 1 L n
o hu(t,p):= r}g{}onHu(ﬁo)-
The limit exists and equals inf, 1 H,, (B} 1), because Hy (By™) < Hy (B) +Hu (BY)
for all m,n > 0, by (4.2).

Definition 4.2 (Metric Entropy). The metric entropy of a probability preserving
map T on a probability space (2, %, 1) is

hy (t) :=sup{hy(t,B) : B is a countable measurable partition s.t. H, () < eo}.

The following theorems provide the main tool we shall need to calculate 4, (7'):

Theorem 4.1 (Sinai’s Generator Theorem). Suppose B is a countable measurable
partition s.t. the smallest 6—algebra containing t*B for all k € Z is 7. If Hy(B) <

oo, then hy (T) = hyu (7, B).

Theorem 4.2 (Rokhlin Formula). Suppose X is a TMS with set of states S. Let o :=
{la] : a € S} (“natural partition”). For every invariant Borel probability measure |,

1. If Hy (@) < oo, then hy(T) = — [log zirdy;
2. If Hy () = oo, then hy (T) > — [log zikrdu.

The proof is given in the next sections.

4.1.2 The information function

Suppose (2,.%, ) is a probability space, 8 is a finite or countable measurable
partition, and ¥ C .% a c—algebra.

Definition 4.3 (Information function). The information function of § given ¢ is

1(BI9)(x) 1= — ¥ 15(x)log i (B|%)(x), where 1(B|%)(x) := Ey(15/%) (x).
Bep

The conditional entropy of B given ¥ is H, (B|¥) := [1,(B|¥9)du
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Suppose B,y are two finite or countable measurable partitions of a probability
space smallest oc—algebra containing y). We write

o Lu(Bly) :=1u(Blo(7));
o Hy(Bly):= [1u(Blr)dn.

If H,(B),Hyu(7) < oo, this turns out to be equivalent to the more friendly

Hy (Bly) = Hu(BVY) = Hu(7)

(see equation (4.3) below). But we emphasize that H,, (|y) makes sense (and could
be finite) even when Hy, (B),Hy () = oo.

Proposition 4.1 (Properties of the information function). Let (Q,.%, 1) be a
probability space, and suppose o, 3,y are finite or countable measurable partitions.

1. For every o—algebra ¥ C %
Iu(aVB|E) =1y (a|9) + 1, (BIY V ), 4.3)

where 4\ « is the smallest 6—algebra which contains 4 U a.

2. For every o—algebra 9 C F, If o(B) C o(y), then 1,(B|9) < I.(Y|¥4) and
Hy(B|9) < Hu(7|9).

3. If o(B) C o(y), then Hy(a|B) = Hy(ay).

Proof.
Part 1. 9V @ = {Hacqa AN G4 : G4 € ¥4} (this is the minimal o—algebra which

contains o and ¢). Thus every ¢ V a—measurable function is of the form ¢ =
Y acq lapa with @4 ¥—measurable. If B € 3, then

/lsrpdu Z/lslwAdu Z/leA(PAd,u

Aca Aca
E,(1pal9)
_Z/Eu (1poa|9) Qadpt = Z/E‘f f”*‘; Eu(149) oadp
Acea Aea I»l |
Eu(1gral¥) Eu(1ral9) .
= ——————lapadu (" =04 is Y—measurable
L) wmnm 0 R :
Ey(15nal9)

= Iy odu.

(gl

The term in the brackets is ¢4 V o—measurable. Since ¢ was an arbitrary 4 V o—
measurable L™ function, we must have E, (15|19 V &) = Yacq 14 “Lﬁgﬁg) . Thus

(@) + (Bl Va)=— Y Liogu(Aal®)— Y 1zlog ¥ 1,5 B(ZAX)

Aca Bef Aca
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= - (Z Y langlogp(Al9)+ ) ). lAﬂBIOgW>

A€o Bef BeBAca
=—Y Y luplogu(AnB|¥Y) =L, (aV B|D). %
A€o Bef

Part 2. If 6(8) C (), then every element of f3 is a union of (disjoint) elements of
7, and so Y= vV 3. By (4.3),

L (Y9) = 1u(yV BIY) = 1u(B|9) + 1u (Y% V B)-

Since the information function is non-negative I, (y|%) > I,,(B|%). Integrating, we
see that H, (Y|9) > H, (B|9). O

Part 3. Suppose 6(8) C o(7), then

Hy(alo(B /I,L alo(B /(Z lAlog}E,L(lA|o([3)))du

Aca
- /(x ]Eu(lA|G(/3))logEu(1A|G(ﬁ)))dﬂ
Aco
=Y /f E,(1alo(B))) du, where f(r) := —tlogt
Aca
*AZ /f Eu[Eu(lalo(y)lo(B))])du, (. o(B)Co(y)
> Y /E# (Eu(1alo(y)))|o(B)))du, (Jensen’s inequality)
Aca
= ¥ [ fEu(1alo())dn = Hulalo(n). 0
Aca

Proposition 4.2 (Chung-Neveau). Suppose B is a finite or countable measurable
partition of a probability space (Q2,.%, 1), and {G, },>1 is an increasing sequence
of o—algebras contained in F . If f* := sup,~ I(B|%,), then [ f*du < Hy(B)+ 1.

Proof. Fix B € B, and decompose BN [f* > t] = |§),,,51 AN By, (t), where
B (1) := {x € X : m is the minimal natural number s.t. —logu(B|%,) > t}.

This is an element of ¥,,, and

K[BNByu(1)] =Eyu (1815,)) = Ex (Eu (1815,,)[%n))
=Ey (15,,1)Ex (189)) , because B, (1) € 4,
=By (15, )¢ 1)) <Ey (1,0 ) = lBa(0)]

Summing over m we see that (BN [f* >t]) < e~". Of course we have the stronger
inequality (BN [f* > t]) < min{u(B),e'}.
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We now use the identity [ gdu = [;° p[g > t]dt for all g > 0 measurable:?
[ rdu= [ @Bl >ar< [ mingu().e)dr
B 0 0

~logu(B) oo » e
S/O u(B)dt+'/7log”<B)e dt = —p(B)logu(B)— e ']\ p)
= —u(B)log 1 (B) + u(B).

Summing over B € f§ we get that [ f*du < Hy(B)+ 1. O

4.1.3 Ledrappier’s formula and proof of Rokhlin’s formula

Proposition 4.3 (Ledrappier). Let 1L be a shift invariant probability measure on a
TMS with set of states S, and let & := {[a] : a € S}, then

dp
duoT’

I, (a|T™'B) = —log

Proof. The transfer operator of w is 7 f = Yry—x&u(¥)f(y), where g, := dﬁ—‘;T. By
proposition 2.3, for every f € L' (1), Ey(f|T'%) = (Tf)oT, so Li(a|T~'%) =

— Y 1) 10g(T14)(Tx) = — ¥ 1a(x)log ¥ gu()1a(y). If x € A, then the
Aca Aco Ty=Tx

only preimage of Tx in A is x, so the inner sum equals —log g, (x). O

Proof of Rokhlin’s formula (Theorem 4.2). Suppose X is a TMS with set of states
S, o is the natural partition {[a] : a € S}, and u € Pr(X). Fix once and for all a finite
sets of states S, s.t. S,, 1§ = {states}, and let

B = {la]:a € S, U{ ][]}

beS),

These are finite partitions, so Hy, (8(") < oo for all n and

k—1
h“(T7ﬁ(n)) — klgrolo %H#((B(n))gfl) — I{IEEOIIC;[HH((ﬁ(n))é) _HM((ﬁ(n))gfl)]
=1
k—1
,{15211([2 [Hu(B™)6) — Hy (TN (B™)§™M)] (rpoT ™' = p)
=1
k-1 k—1
Z,}glgo*;Hu(ﬁ(")l(ﬁ(”))f) Zklggf;Hﬂ(B("Haf), (4.4)
1

because () O o(B") (Proposition 4.1).

* Proof: [y gdp = [x fo° Ljo<r<g) (3, 1)dtdp(x) = o Jx Ljgoq (x,t)dp(x)dt = Jo ulg > tdr.
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We claim that
Hy (B |af) — Hu(B™|ap). (4.5)

{—so00
This is because
o I,(B"|af) g 1,(B™|T~'A) p-a.e. (Martingale convergence theorem);
o0

o [supysi (B (") af )dp < oo, by the Chung—Neveu Lemma (Proposition 4.2);
e The dominated convergence theorem.
(4.4) and (4.5) say that h, (T, ™) > H,(B™| T %) = [1,(B™|T~' B)dp.

By the definition of B, 1,,(B™|T~! ) — L, (a|T~18). Since {6(B) }n>1

Nn—ro0

is increasing, {1, (B"|&*)},>1 is increasing (Lemma 4.1). By the monotone con-
vergence theorem Hy (BT~ %) + Hy (a|T~' ), so

(T, B") > Hy (BT ) — Hy(|T ™' 5).

Since hy (T) > hy (T, ™), hy(T) > Hy(a|T~'B) = — [log dﬁ—’Cdeu (Proposition

4.3). This proves Rokhlin’s formula, when H, (o) = oo. &

Suppose Hy, (o) < oo. In this case we can repeat the calculation leading to (4.4)
with o replacing B, and get

=
hy(T,a) = lim — ¥ Hy(atorf).
=1

k—yoo k #=
Next we use the argument leading to (4.5) to obtain

( (o]
Hy (ot]oy) E)Hﬂ(a‘al )-

The result is that 2, (T, &) = Hy (et o) = — [log d:lfchd“'
Since Hy () < oo and o5’ = A, hy (T) = hy (T, &) (Sinai’s Generator Theorem).

Rokhlin’s formula follows. U

4.2 Pressure and the Variational Principle

Let T : Y — Y be a continuous map on a complete separable metric space Y, and let
¢ : Y — R be a continuous function. The variational topological pressure of ¢ is

Popl6) = sup{i(T) + [ 6du,

where the supremum ranges over all invariant Borel probability measures p s.t.
hy(T) + [ ¢dp is well-defined.
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The first step in the construction an equilibrium measure it to calculate the varia-
tional topological pressure. The purpose of this section is to do this for TMS.

4.2.1 Gurevich Pressure

We encountered the Gurevich pressure when we determined the exponential rate of
growth of L’;) 114 We recall the definition:

Definition 4.4 (Gurevich pressure). Let X be a topologically mixing TMS, and ¢
some function with summable variations. The Gurevich Pressure of ¢ is the number

Ps(¢) = lim %loan((]b,a), where Z,(¢,a) = Z e¢”(x)l[a] (x).

n—soo
T'x=x

The Gurevich entropy of X is Pg(0).

Proposition 3.2 says that the limit exists and is independent of the choice of a.
Here are some of its properties:

Proposition 4.4. Let X be topologically transitive, and assume ¢ and Yy have
summable variations. Then,

1. Addition of constants: For every ¢ € R, Po(¢ +c¢) = Pg(¢) +c¢;
2. Convexity: For everyt € [0,1], Po(t¢ + (1 —t)y) <tPg(¢)+ (1 —1)Ps(y);
3. Cohomology: If for some f, ¢ —w = f— foT, then Ps(¢) = Ps(y).

Proof. The first part is obvious. The second follows Hélder’s inequality for sums:
Z,(to + (1 —1)w,a) < Z,(¢,a)'Z,(w,a)' . The third is because if ¢,y are coho-
mologous, then ¢,(x) = y,(x) whenever T"x = x. O

We show that the Gurevich pressure is captured by the restrictions of ¢ to a com-
pact TMS lying inside X. To make the statement unambiguous, we introduce the
following terminology:

Definition 4.5 (sub systems). Suppose X is a TMS with set of states S and transition
matrix A = (fij)sxs. A sub system of X is a TMS with set of states §' C S and
transition matrix A" = (#;,)gxg st t; = 1 = t;; = 1.

The following proposition was proved in the special case ¢ = ¢ (xo,x1) by Gurevich.

Theorem 4.3. If X is topologically mixing and ¢ has summable variations, then
P;(¢) =sup{Ps(9|y) : Y is a topologically mixing compact sub system of X }.

Proof. The (>) inequality is because for every sub system Y of X, if Z, (Y, ¢,a) =
Yy €1y (x)11y (x) then Z,(9,a) > Z,(Y,¢,a) for all .

We prove the (<)-inequality under the assumption that Pg (¢) < oo, and leave
the case P (¢) = oo is left as an exercise. Let M := sup, var,| @, fix € > 0 and let
m > %M be large enough so that
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1
Ps(9) < glome (¢,a)+e. (4.6)
Identifying S with N, we choose N large enough so that
1 1 N
~logZ, (9,a) < -logZy ({1,....N}" X, ,a) +e.
m m

Adding a finite number of states to {1,...,N}, one can construct a topologically
mixing finite Markov shift Y C X, such that

1 1
%lome (¢,a) < glome (Y,¢,a)+e. 4.7

Set &, = logZ, (Y, 9,a). By the definition of M, {, + {y < {yom +2M, whence
forn=km+r (r=0,...,k—1)

ka'f‘Cr < Ckn1+r+2(k+1)M <Q+k+l

km-+r — km+r ~n Ko
Fixing m and passing to the limit as n — oo, we have
1
—logZy (Y.9,a) < Po(9ly) +e. (48)
By (4.6).(4.7), (4.8), P (9) < Po(9ly) +3e. O

4.2.2 The Variational Principle

Denote by 7 (X) the set of all shift invariant Borel probability measures. The fol-
lowing theorem was proved for compact TMS by Lanford, Ruelle, and Bowen, and
for non— compact TMS in the particular case ¢ = 0 by Gurevich.

Theorem 4.4 (Variational Principle). Let X be a topologically mixing countable
Markov shift and ¢ have summable variations. If sup ¢ < oo then

Ps(¢) = sup{h”(T)—i—/(l)du’u € Pr(X) s.t. hu(T)—l-./(Pdu is well deﬁned}.

Proof. We break the equality into two inequalities.

Part 1. Pg(¢) < sup{hu(T)+ [¢du}.

Fix € > 0 and a topologically mixing compact sub system ¥ C X s.t. Pz(¢9) <
P;(9ly) + € (Theorem 4.3). Let y := @y

Since Y is compact, the Generalized Ruelle—Perron—Frobenius theorem says that
Y is positive recurrent, and that there is a positive continuous function 2 : Y — R



4.2 Pressure and the Variational Principle 87

and a probability measure v on Y s.t. Lyh = ef6Wh Lyv = oWy [ hdv =1
Set m := hdv. This is a shift invariant probability measure, because

m(T~"[a]) = v(hl g oT) = v(e FWILyh1 1) = m[a].

We claim that h,,(T|y) + [, wdm = Pg(y).
To see this, let ay := {[a] : @ € S,[a] C Y}. Since Y is compact, ay is finite, so
Hyu(ay) < eo. Rokhlin’s formula says that in this case

dm

d
dmoT "

hn(Ty) :/Ylog

:/'log( ho_dv )dm:/[l//—i—logh—loghoT—PG(l,l/)]dv
Jy Y

hoT dvoT
=/Ywdm—Pc(w),

because m is T—invariant and logh is absolutely integrable (a continuous function
on a compact space).

Thus PG (y) = hu(T|y) + [y wdm < sup{hy(T)+ [ ¢du}. Since by construction,
P6(¢) < Po() + &, Po(9) < sup{hy(T)+ [ ¢du} +e. %

Part 2. Po(¢) > sup{hy (T) + [ odu}.

This is trivial when Pg(¢) = oo, so assume Pg(¢) < . We have to show that
hy(T)+ [ ¢dp < Pg(¢) for every u € Pr(X) s.t. hy (T) + [ ¢dp makes sense.

If [¢pdu = —oo, then hy(T) < oo (otherwise hy(T) + [¢dp = oo — o), and
ha(T) + [ Gyt = —o= < Po(9). Suppose — [ 9dy < o

Assume w.lo.g. that S = N, and set a, := {[1],...,[m—1],[>m]} where
[>m] := {x:x9 > m}. Let B, denote the o—algebra generated by 0,. As m 1 oo,
B T U By C 0 (UnAB) = P, whence (Problem 4.7)

hy (T,am)+/¢dun:o>ohu (T)+/¢dy.

Fix m and set B = o,. For every a = (ay, . ..,a,) where Vi a; € 3 set
n
(a) = {ag,...,an) = ﬂ T *q,.
k=0

Set ¢ (a) := sup{gn(x) : x € (@) }.
Since poT~! = p,

e¢n <g>

%Hﬂ(%)*/‘l’dﬂ = % (Hu(BSH/%du) < ’11<a>e[35“u<a>logli<a>
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1 e¢n <Q>

= - u(anT="b) 1 ((a)]anT"b)log——

n a;;’ﬁ <g>g§7‘—nh /.l<g>
(a)eBy

1 1
= Y w@nT"b)log Y ™M@+ —H,(BVT"B)
n a,bep (a)yCTanNT—"b n

(a)eBy

IN

(Jensen’s inequality for sums)

= Zﬁ‘u(a NT"b)P,(a,b) + 0(%1'1# (B)),
a,be

where  P,(a,b) = %10g Z enla)
(a)CanT—"b
(@)efy

Passing to the limit n — oo, and recalling that § = o,

hy(T,00) + [ ¢du < limsup{ Z u(anT"b) P, (a,b)} 4.9

n—ro0 a,be[i

It remains to estimate P,(a,b).
Case 1. a,b # [>m)].
In this case, since o) is finer than [3",3
1 .
P(a.b) < -1 sup{@n (x):x€[a]}
o)< g ¥ e

lalCla]nT—"[b]
laleog

By the summable variations of ¢ and the topological mixing of X, the right side
tends to Pg(¢), whence

a,b # [>m] = limsup P, (a,b) < Ps(¢). (4.10)
n—yoo
Case 2. a = [>m] or b= [>m].
For every (a) € B s.t. (a) CanNT"b, either (a) = (>m,...,>m)or3i, j,k>1
such thati+ j+k=n-+1and
(@)= (>m,...,>m,&,....E;,>m,...,>m) where &;,; # [>m].
— —— ——

i j k

3 Either ¢ {a') = sup{@,(x) : x € [a]} for some {d') D [a], or there are at least two [@],[a"] C {(a)
s.t. sup{ @, (x) : x € [d]},sup{ ¢ (x) : x € ["]} > %d)n(g).
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For such i, j,k, ¢,(a) < (i+k)supd+¢;(&o,...,&;). Summing over all possibilities
we have

1 n I .
Po(a.b) < Log [ etrizmezm P10 &) 1= ) sup
(a,b)_nog e +Z : Y ) efitos

SSUP¢+110g <1+n Zﬂ&(én)),
" £nAem =1

We saw in case 1 that limsup P, (§,1) < Pg(¢) when &,1 # [> m], so there exists
a constant C s.t.

a=[>m] or b= [>m] = limsupP,(a,b) <C. 4.11)

n—yoo

We now use (4.9), (4.10), and (4.11) to finish the proof:

hy (T, 04) + | ¢dp < limsup{ Y u(aﬂT”b)P,,(a,b)}

oo a,bep

< limsup
n—soo

Ps(9) Y u@nT"b)+C Y u(aﬂT"b)]

ab#[>m| —(a,b#[>m])
< P(0)p(X) + Cu[zm] + Cu(T " [2m))
— P5(9)+2Cu[>m] = Po(8) +o(1), asm oo,

Thus hy (T) + [ ¢ dpt = limy o0 (hy (T, 04n) + [ ¢ dp) < P(¢9) as required. O

4.3 Equilibrium measures

4.3.1 Existence

Suppose X is a topologically mixing TMS, and ¢ : X — R is positive recurrent
with finite Gurevich pressure and summable variations. By the Generalized Ruelle’s
Perron-Frobenius Theorem (Theorem 3.4), there are A > 0, h positive continuous,
and v conservative finite on cylinders s.t. Lyh = Ah , Lyv = Av, and [hdv = 1.
Moreover A = exp P (¢) and m := hdv is a shift invariant probability measure.

Terminology: We call m the RPF measure of ¢.
Theorem 4.5. Let m be the RPF measure of a positive recurrent function ¢ with

summable variations s.t. sup ¢ < oo and P;(9) < oo. If m has finite entropy, then m
is an equilibrium measure for ¢.
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Proof. Let I, := I,(a|T~'%). Ledrappier’s formula says that I,, = —log leZlT'
Since m = hv and ;2% = 1 ~'e? (because Lyv=A2v),
In = —[¢ +logh—loghoT — Ps(¢9)). (4.12)

Since Ay, (T) < oo and sup @ < oo, hy, (T) + [ ¢dm is well defined. The proof that
m is an equilibrium measures consists of a justification of the following calculation
(the non—trivial steps are tagged by a question mark):

hm(T)Jr/q)du > /Imdm+/¢dm (Rokhlin’s formula)
2 [+ 0)am= [lloghoT ~logh-+ Pi(9)ldm L Po(4).

By the variational principle, m must be the equilibrium measure of ¢.

To justify these steps we need to show that 1, ¢,logho T —logh are absolutely
integrable, and that [(loghoT —logh)dm = 0. We do this.

I, is non-negative, by definition. By Rokhlin’s formula, [I,,dm < h,,(T) < oo,
so I, is absolutely integrable.

By (4.12), ¢ +1logh —loghoT is absolutely integrable. Adding its integral to
[ IL,dm we see (again by Rokhlin’s formula) that

(T + /[¢ +logh—logho Tldm > /[lm+¢ +logh—logho T]dm = P(9).

Since ¢ is recurrent, V is ergodic. Therefore m is ergodic. The following holds
for almost every x € X:

e ¢,(x)/n —— [¢dm (sup@ < o and the pointwise convergence in the ergodic
n—oo

theorem holds for all one—sided integrable functions®);
o [9,(x)+1logh(x) —logh(T"x)]/n — J[9 +1ogh —logho T])dm (because ¢ +

logh—loghoT € L'(m));
o Ini(x) toeos.t. [logh(x) —logh(T"*™Wx)| < 1 (because of the Poincaré recurrence
theorem, and the continuity of £).

Choose one such x, then

1 1
/(i)dm = lim ——¢,, (»(x) = lim —— (d)nk(x) +logh(x) —logh(T"k(x)x))

k—soo 11 (X) s ng(x)
I
= lim (¢, +logh(x) ~ logh(T"x)) = /(¢ +logh—loghoT)dm.
n—oo n

It follows that [ ¢dm = [(¢ +logh —loghoT)dm # —oo. Since sup ¢ < oo, ¢ € L.

4 Proof: Suppose f is one—sided integrable and, say [ f = +oo. For every M, f Lir<py is absolutely
integrable, and the Birkhoff averages of f are at least as large as the Birkhoff averages of f1(; ).
Thus the liminf of the Birkhoff averages of f is at least j[ <] f. Since M was arbitrary, the liminf
(whence the limit) is .
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Since I, ¢,¢ +logh —loghoT € L', logho T —logh € L'. Since ¢ and ¢ +
loghoT —logh have equal integrals, [(logh —loghoT)dm = 0. O

Here is an example of a positive recurrent potential whose RPF measure has
infinite entropy, and is therefore not an equilibrium measures:

Example: Let X = NYo denote the full shift with set of states N, and let ¢ (x) =
log p, where (pi)i>1 is a probability vector which satisfies — Y p;log p; = oo. It is
easy to verify that Ly1 = 1 and L}‘,,u = U where U is the Bernoulli measure corre-
sponding to (p;), so ¢ is positive recurrent with RPF measure y. But this is not an
equilibrium measure, because sy (T) + [ ¢dp = co — oo is not well defined.

4.3.2 Uniqueness

The following theorem can be found in [4].

Theorem 4.6. Suppose X is a topologically mixing TMS, ¢ : X — R has summable
variations, sup ¢ < oo and Pg(§) < oo.

1. ¢ has at most one equilibrium measure;

2. this equilibrium measure, if it exists, is equal to the RPF measure of ¢;

3. in particular, if ¢ has an equilibrium measure, then ¢ is positive recurrent and
the RPF measure of ¢ has finite entropy.

Before proving this theorem, we need a couple of remarks on the ergodic theory
of invariant measures which are not ergodic.

Suppose 7 is a probability preserving map on a probability space (,.7,u). A
set E € .Z is called a sweep—out set for 7 if for a.e. x € Q, 7"(x) € E for infinitely
many positive n.

If A is a sweep—out set, then pt(A) # 0. If u is ergodic, then any measurable set
of positive measure is a sweep—out set. More generally, A is a sweep—out set for u
iff almost all the ergodic components of y give A positive measure (Problem 4.8).

If A is a sweep—out set for T, then the induced transformation 74 := t%4, @4 (x) :=
14(x)inf{n > 1: 17"(x) € A} is well defined on a set of full measure of A, and

1. Kac formula: for all f € L'(Q,.7,u),

1 Pa—1
=g f (B o )

2. Abramov’s formula: if py := p(-|A), then

hy(T) = p(A)hy, (Ta)-

This was proved in M506 under the assumption that gt is ergodic and that @ (A) > 0,
but the proofs given there work verbatim in the non-ergodic case provided A is a
sweep—out set.



92 4 Pressure and Equilibrium Measures

Lemma 4.1 (Affinity of the entropy map). Suppose [y, W are two invariant prob-
ability measures for some measurable map T on a measurable space (2 ,.F). Sup-
pose L=ty + (1 —t)pp where 0 <t < 1, then hy () = thy, (7) + (1 —1)hy, (7).

Proof. Problem 4.2. a

Proof of Theorem 4.6 Suppose U is an equilibrium measure for ¢, and assume
w.Lo.g. that Pg(¢) = 0 (else pass to ¢ — P;(¢)). By Theorem 3.7 there exists a sub
g-function g, and a continuous function ¢ s.t. var; (@) < oo and

¢ =logg+¢@—@oT. 4.13)

We will show that
Lye ® =e % and L (e®u) =ePp. 4.14)

This means that 4 = e®(e~?u) is an RPF measure of ¢. Since ¢ can have at most
one RPF measure (Problem 4.10), u is uniquely determined.

Step 1. ¢, logg, and @ — @ o T are absolutely integrable, and [(¢ — @ oT)du =0.
Moreover, ¢ — @ o T has zero integral with respect to y and with respect to almost
every ergodic component of .

Proof. We are assuming that sup ¢ < oo, so to prove that ¢ € L! it is enough to show
that [ ¢du > —oo. This must be the case, because hy (T) + [ ¢du is well defined
and equal to zero.

Since ¢ € L' and logg < 0 (g is a sub—g—function),  — @ oT = ¢ —logg is one—
sided integrable, with integral in (—oo,c0]. We will show that [(¢ — @ oT)du =0,
and deduce that @ — @ o T and logg = ¢ — (¢ — @ o T') are absolutely integrable.

Let = [y tdp(x) denote the ergodic decomposition of yi. Since ¢ € L!(u),
¢ € L' (1) for u—a.e. x. For such x, 9 — 9o T = ¢ —logg is one—sided integrable,
whence by the Birkhoff ergodic theorem (see footnote on page 90)

n—1

/((p —@oT)du, = Jl_[}l;lo % kg{)((p —@oT)oT* p.—almost surely.

The ergodic sum on the right is telescopic, and equal to %((p —@oT"). By the
Poincaré Recurrence Theorem, |@ — @ o T"| < 1 infinitely often pt,—almost surely. It
follows that [(¢ — @ o T)du, = 0 for pu—a.e. x. Integrating over x with respect to L,
we see that [(@ —@oT)du =0. &

Step 2. | can be written as a finite or countable convex combination of equilibrium
measures [;, such that for each i there is a state a; s.t. [q;] is a sweep—out set for y;.

Proof. Let 4 = [y uxdu(x) be the ergodic decomposition of u. Let {a,az,...} be a
list of the states a s.t. it[a] # 0, and set

Ei:={x€X: Ulai],..., Uai—1] =0, and y,[a;] # 0}.

E; are pairwise disjoint measurable sets, and | JE; = X. Thus p; := u(E;) satisfy
Y pi = 1. Assume all the indices i s.t. p; = 0 have been removed, then
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=Y pipi, where y; := du(x) = p(-|E).

By construction, all the ergodic components of u; charge [¢;], therefore [a;] is a
sweep—out set for ;. We claim that y; are all equilibrium measures.

Suppose first {p;} is a finite collection. Since y is an equilibrium measure and
PG(¢) < oo, hy(T) < 0. By the affinity of the entropy map, ¥ pih, (T) = hy (T) < oo,
s0 hy,(T) < oo for all i and we have

£ (a0 + [[oam) =)+ [ oau=ro(9) 0.

By the variational principle, each summand on the left is non—positive. Since p; # 0,
all the summands are equal to zero, and so y; are all equilibrium measures.

Now suppose {p;} is an infinite collection. For every N, let gy := Y.;~n pi, then
gy #0and uy ;= qiN Y.i~n pilli makes sense. We have (L = Y,y pilli + gy -
The same argument as before shows that ;. .., Uy; iy, | are equilibrium measures
for all N. Since N was arbitrary, Y; is an equilibrium measure for all i. &

Step 3. For all i, hy,(T) = — [ log 7tz dy;.

Proof: This would have been obvious, had we know that the natural partition has
finite entropy, but we cannot assume this (unless X is compact). The idea is to show
that 7" induces some map which possesses a generator with finite entropy.

Fix i and let a; be the state s.t. [a;] is a sweep—out set for y;. Let T(x) =
79 (x), @, (x) := ljg(x)inf{n > 1: T"(x) € [a;]}, denote the induced map on
[ai]. T preserves the measure [, := L;(-|[a;]) and admits the Markov partition

B:={lai,&1,....E1,a] :n>1,&E # a;}\ {2}

We show that Hy,(B) < o, and use Rokhlin’s formula to prove the step as follows:

1
——hy,(T) = / log dﬂ, (Rokhlin formula)
pilai]

qoa,

1 dii ,
S Tidu;
Wila;l /[al] dy oT¢a, Wilai] /a, = T oTdp

d u;  (Kac formula).

| |
}:

'§‘ Pt
—
@

Q

The step follows.
Thus it is enough to prove that Hy, () < . To do this, define a Bernoulli measure

% on [a;] by ,uB(ﬂ" 17/, i) = H;?;éﬁi(Bj) whenever B; € f. Since [ (B) =
1L;(B) for all B € B, the entropy of the Bernoulli measure [t is given by

by (T) = Hy, (B).

We will show that hg; (T) < o0 and deduce that Hy,(B) < ee.
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Let u} be the shift invariant measure on X given by Kac’s formula

This is a probability measure, because

Hb(X) = la] | gudty = ula] ¥ 7p(8) length of 5
Jldi BeB

— ula] X (B length of B = pla] | gudf, =1,
Bep X

by Kac formula. Since ﬁg is T—ergodic (a Bernoulli measure), uj is T—ergodic.’
We claim that ¢ € L' (u}). Set M := Sup,,>1 var,+19,, and define

Pa—1

9:=Y ¢oT/.
j=0

Every B € f is a cylinder of length n(B) + 1 where n(B) is the unique value of ¢,; on
B. Fix xg € B. Forall y € B, [[0)] ~ 6 (x8)]| < [8(5) — 8(xa)| < var, s 10uis) <
M. Tt follows that the average value of |¢| on B is |¢(xp)| == M no matter which
weights we use. Thus for all B € f3,

1 1 o
i Pl [ el

This, and the fact that &;(B) = Wi(B) for all B € B, shows that ¢ € L' (u}) <
¢ € L'(I,). Since [|9|d; < [191dM; = g [ 10ldui < 5 [10ldp <o, ¢ €
L'(uj), whence ¢ € L' (ub).

Since ¢ € L' (ub), h%(T) + [ ¢du} is well-defined, whence by the variational
principle, /’l‘ué(T) + [¢duy < Pg(¢) =0. Thus hﬂé(T) < — [@duj < . By Abra-

<2M.

mov’s formula hgi (T) = (l/ui[ai])hué(T) < oo and we are done. &
Step 4. gtz = g for all i.
Set g; := dﬁng. The transfer operator of y; is fﬂi f=Xr=x8& ) f(y). The in-

variance of y; implies that Y7, gi(y) = T#il = 1 p;-almost everywhere, so g; is a
g-function. By step 1 and the definition of y;, [(¢ — @ oT)dy; =0 and so

3 To see this note if f is a measurable T—invariant function on X, then f| o] 182 T—invariant function
on [g;]. Thus f is constant on [a;]. Since [a;] is a sweep—out set, f is constant on X.
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0=nh,(T)+ / ddu; (W is an equilibrium measure)
=hy,(T) +/10g8dﬂi (step 1)
= /log éd[.L (step 3)
8i
= [ £ si0102 22 Jauty (T = )
Ty:x gl (y) '
< /log< Z g(y)) du(x) (log is concave)
Ty=x,8i(y)>0
<0 (g is a sub g—function).

The inequality must be an equality, so

s(y) ( g(y))
e =! i) — 0 for g —almostall x. (415
Tyzz,xg (v)log &0 0og TyZ:xg ) 50 or [; —almost all x.  ( )

Since the logarithm function is strictly concave, we must have the following (Prob-
lem 4.1): For p;-a.e. x there exists ¢(x) such that

y €T {x},gi(y) > 0 implies g(y) = c(x)gi(y).

Since for a.e. x, Y1y—, &i(y) = (T1)(x) = 1, (4.15) forces c(x) to equal one almost
everywhere. In summary, for p;-almost every x, y € T~ {x} implies g(y) = gi(y). ¢

We can now complete the proof. Since ; is log g—conformal, the transfer operator
of 11; is Liogg. In particular, Ly, . it = pj, whence by (4.13), Li (e? ;) = e? ;. Since
w=Y pilti, L (ep) = e?pu.

We also have that Ljog o1 = 1 y;—almost everywhere, because L; o T~! = p;. Thus
Lye? = e? p—almost everywhere. The identity Ly (e®u) = e?u implies that e?u
gives positive measure to every cylinder (Problem 3.5). It follows that Lye? = e? on
a dense set, whence by continuity, everywhere. This proves (4.14), whence by the
discussion at the beginning of the proof, the theorem. a

4.3.3 Ergodic properties of equilibrium measures

Theorem 4.7. Let X be a topologically mixing TMS, and ¢ : X — R be some func-
tion with the Walters property s.t. sup § < oo and Pg(¢) < co. If m is an equilibrium
measure of ¢, then m is exact (whence ergodic and strong mixing), and

dm
hm(T) = —/log dmonm'
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Proof. We saw that m = hv where Lgv = Av, whence dﬁZT = A~ 'exp¢. Since

¢ has the Walters property, v is exact. Thus m is exact. The formula £, (T) =

— [log di’;‘T dm can be extracted from the proof of the uniqueness theorem. a

4.3.4 Equilibrium measures and cohomology

Theorem 4.8. Suppose X is a topologically mixing TMS, and let ¢,y be two func-
tions with the Walters property s.t. P(¢),Pc(W),sup ¢,sup ¥ < oo. Suppose ¢ has
an equilibrium measure m, then m is also an equilibrium measure for Y iff ¢ — y is
cohomologous to a constant.

Proof. (=): Suppose m is an equilibrium measure for ¢ and W, we show that ¢ and
v are cohomologous. Subtract suitable constants from ¢ and y to have Ps(¢) =
Ps(y) = 0 (this has no effect on the equilibrium measures of these functions).

If m is an equilibrium measure for ¢, then m is an RPF measure for ¢, so m = hv
where Lyh = h, Lj;v = V. The proof of the generalized RPF theorem shows that
var|[logh| < o, so h is bounded away from zero and infinity on partition sets. Let
C, (a € S) be a family of constants s.t. C;! < h < C, on [a]. Define, as usual,
M := exp(sup, var,+|@y,), then for every cylinder [a] = [ao, ... ,as—1],

mla) = CiVial =i [ L1igav=Cy! [ ey = WGy v(Tlan e,
Tan—1]
for all x € [a].
This means that if 77(x) = x, then ¢, (x)/p = lim,_,e + logm[xo,...,Xup—1]. In

the same way, W, (x)/p = lim, e 1 logm|xo, . .., Xnp—1]. It follows that 77 (x) = x =
¢p(x) = y,(x). By Livsic’s Theorem, ¢ and y a cohomologous. &

(«<): Suppose Y = ¢ + @ — @ oT +c, and m is an equilibrium measure for ¢. Since
sup < oo and Pg() < oo, h,,(T) < oo and ¢ € L' (m). Since sup y < oo, W is one—
sided integrable w.r.t m. By the ergodic theorem (see page 90)

3 1 3 1 n
/y/dm:r}gr;;w,,—/q)dm—s-r}gr;;((p—(poT )+cas.

By Poincaré’s Recurrence Theorem, the only possible a.s. limit for %((p —@oT")is
zero. It follows that [ wdm = [ ¢dm+ ¢, whence

Jim(T) +/1Vdm — i (T) +/¢dm+c — P5(0)+c = Po(w).

By the variational principle, m is an equilibrium measure for y. a

Corollary 4.1. Suppose X is a compact topologically mixing TMS, then two Walters
functions are cohomologous iff they have equal pressure and the same equilibrium
measure.
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The following example shows that the condition that sup ¢, sup y < oo cannot be
removed in the non—compact case.

Example: Let X = N0 denote the full shift with set of states N. Fix some probabil-
ity vector (p;)i>1 s.t. — Y. pilogp; < oo. Let ¢(x) := log py,, then it is easy to check
that Ly1 = 1 and that L; U = W, where u is the Bernoulli measure with probability
vector (p;);>1. It follows that P;(¢) = 0. The measure y is an equilibrium measure

for ¢, because — Y p;logp;+Y pilogp; = 0.
Now let (h;);>1 be a vector of positive numbers s.t. ¥ p;logh; = oo and set

v(x) = log py, +loghy, —loghy,.

This function is cohomologous to ¢. But u is not an equilibrium measure for ¢,
because [ ¢dm does not exist:

e foralla, [, 9du = pa(logpa+ ¥ piloghi —loghy) = o;
o foralla, [; ) 941t = L. pilog pi+ palogha — pa ¥ piloghi = —ee.

Such a function cannot be one—sided integrable.

4.4 Gibbs measures in the sense of Bowen

In his studies of compact TMS, Bowen observed that if m is the equilibrium measure
of a Walters function ¢, then m[a] can be uniformly approximated by Z]T, exp @ (x)
where n is the length of @, x € [d] is arbitrary, and Z, < exp(nP) for some P. This
leads to the following definition:

Definition 4.6. Suppose X is a topologically mixing TMS, and ¢ : X — R has the
Walters property. A Borel probability measure m is called a Gibbs measure (in the
sense of Bowen) for ¢ if m is shift invariant, and if there are constants G > 1 and P
s.t. for all cylinders [¢] and every x € [a],

1 mlag, . ..,an—1]
= exp[YiZg ¢ (Tx) —nP]

(4.16)

Although this characterization of equilibrium measures does not hold in general for
non-compact TMS, it does hold in certain important cases. When it does, it is of
great use because it is the closest one can hope to get to an explicit formula for the
equilibrium measure of ¢.

Theorem 4.9. Let X be a topologically mixing TMS with set of states S and transi-
tion matrix (;j)sxs. A Walters function ¢ has admits a Gibbs measure m iff

1. X satisfies the BIP property: 3by,...,by € S s.t. foralla € Sthereare 1 <i,j <N
s.1. tbjutub,- =1
2. P5(¢) < o0 and var| ¢ < oo,
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In this case ¢ is positive recurrent, m is equal to the RPF measure of ¢, and P in
(4.16) is equal to P;(9).

Proof. («<): Suppose (1)—(2) hold. Proposition 3.8 says that ¢ is positive recurrent.
Let m = hv be its RPF measure, i.e., Lyh = Ah, L:;v =Av,and [hdv =1. We claim
that m is a Gibbs measure for ¢.

Step I: h is bounded away from zero and infinity on X.

Let {by,...,by} be the collection of states given by the BIP property, and fix
some 7' € [b;] (1 <i < N). For every point of the form (&,...,&,_1,x) one can find
1<i<Nst (&,...,& 1,7') is admissible. Since ¢ has the Walters property and
var| @ < oo, 3C > 1 s.t.exp @, (&o, - .., En1,%) < Cexpdn(o,-..,En1,7'). Summing
over all possible & we see that

N

A7 (Lpli)(x) SCY A (Lg11)(d).

i=1

In the limit 7 — oo we obtain a(x)v[a] < CYY | h(z')v[a], whence suph < oo.

Next we claim that infA > 0. For every x € X 31 <i <N, s.t. (b;,x) is admissible.
Then /1 (x) = A" (Lyh) (x) > A~ 'e? ™ (b;x). Since var; [logh] < o (by Proposi-
tion 3.4), var; ¢ < oo (by assumption), and {by,...,by} is finite, infh > 0. &

Step 2: m = hv is a Gibbs measure for ¢.

This measure is shift invariant because for every f continuous and m integrable,

./fonm:/l’lLd,(hfoT)dv:/f-/l"Lq,thz/fdm.

To see that this measure satisfies (4.16), choose using the previous step a constant
H > 1 such that Vx € X, 4 < h(x) < H, and let My := exp(sup,, var, ¢, ) (this is finite
by the Walters property and since var| ¢ < o). For every cylinder [a| = [ao, . . .,an—1],

mlao,.sant] = [ ALy dv =HH [ A1, av
_ (HMo)ile¢"(g)7n10gAV(Tn[g]) — (HzM())il€¢"(Q)7n10glm(T’1[Q]).

It is therefore enough to show that m(7"[a]) is bounded away from zero and infinity.
Boundness from above is clear, since m(X) = 1. Boundness from below is because
of the BIP property which says that m(7"[a]) > min{m[b;] :i=1,...,N} > 0.

A by-product of the proof is that the P in (4.16) is equal to Pg(¢). O
(=): Assume that ¢ admits an invariant Gibbs measure m.

The first variation of ¢ must be finite, because by (4.16) if xo = yo, then
e e90) = G*le~Pmxo] whence |¢(x) — ¢ (y)| < 2logG.

The Gurevich pressure of ¢ is finite, because by (4.16),

Zy(¢,a) = Z eq’”(")l[a] (x) < Ge”PZm[a,xo,...,xn,l] < Ge"'mlal.

T'x=x
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We show that X satisfies the BIP property. For every state a € S, let ¢(a) :=
inf{@(x) : x € [a]}. This number is finite because var;¢ < oo so ¢ is bounded on
partition sets.

By (4.16), there is some global constant C, such that for all p,q € S s.t. p LN q,
m[p,q] = CF1e?P) . ¢9(9) If we sum over all possibilities, first for p (fixing ¢) and
then for ¢ (fixing p), then we obtain

m(T~'[q]) =C*'e?@ Ze , and m[p] = C*'e?P) Ze

p~p—>q q: p—>q

Since m(T~'[q]) = m[q] = G*'e Pe?@ and m[p] = G*le Ped ),

0 :=inf Z &f Z e? pqES > 0. 4.17)
b:b%q b.p—)b

We show that this implies the BIP property.
Assume w.l.o.g. that § = N. The sum Y ef®) converges because by (4.16) 9
GePm[b] and m(X) < oo. PleN s. t Ypone??) < §/2, then for every p,qg € S there

must exist b,b’' < N s.t. b LN q,p L /. This is the BIP property. &

Uniqueness: We show that every Gibbs measure for ¢ equal the RPF measure of ¢.
Let m denote the RPF measure of ¢, and let i be some other Gibbs measure. There
is a constant C > 1 s.t. for all cylinders [q],

C'mla) < pla) < Cmla],

because m and u both satisfy (4.16) with P = Pg(¢). The collection of sets E s.t.
C~'m(E) < u(E) < m(E) forms a monotone class, so these inequalities hold for all
Borel sets E. It follows that m ~ u.

But m is ergodic, because it is conservative (like all invariant probability mea-
sures) and its log Jacobian ¢ +logh —loghoT — P;(¢) has the Walters property
(Theorem 2.3). Thus u is ergodic. It is easy to see using the pointwise ergodic the-
orem that any two equivalent ergodic invariant probability measures for the same
transformation must be equal. So 4 = m. a

Corollary 4.2 (Bowen). Suppose X is a compact TMS. Any ¢ : X — R with the
Walters property admits a unique equilibrium measure, and this measure is a Gibbs
measure in the sense of Bowen.

In the non—compact case the situation is more complicated. Since equilibrium
measures may exist in the absence of the BIP property, there are (many) cases where
there are equilibrium measures but no Gibbs measures. The following example that
the opposite is also possible.
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Example. Let (p;) be a probability vector with infinite entropy, and let X := N(I)N.
The Bernoulli measure of (p;) is a Gibbs measure for ¢ (x) := log p,,. But ¢ has no
equilibrium measure, because the RPF measure of ¢ has infinite entropy.

Problems

4.1. Let p;,x; (i € N) be real numbers s.t. p; >0andx; >0 foralli,and Y p; = 1. If
Yo pilogx; =logY pix;, then all the x; with p; # 0 are equal.

4.2. (Entropy is affine) Suppose T is a measurable map on (2,.%), and u;, U, are
two T—invariant probability measures. Set yt =ty + (1 —#)tp (0 <t < 1). Prove
that ay, (T) = tp1 + (1 — 1) 4. Guidance: Start by showing that for all 0 < x,y,r <1,

0<@(x+(1-1)y) = [ro(x)+ (1 -1)@(y)] < —txlogt — (1 —1)ylog(1 —1)

4.3. Let (X, %, 1) be a probability space. If a, 3 are two measurable partitions of
X, then we write @ = B mod u if &« = {Ay,...,A,} and B={By,...,B,} where
U(A;AB;) = 0 for all i. Let 3 denote the set of all countable measurable partitions
of X, modulo the equivalence relation o =  mod p. Show that

p(a,B) :=Hy(a|B)+Hyu(Bla)
induces a metric on .

4.4.Let (X,%,u,T) be a ppt. Show that |, (T, ) — hy(T,B)| < Hu(a|B) +
Hy(Ble).

4.5. Use the previous problem to show that the supremum in the definition of metric
entropy is attained by finite measurable partitions.

4.6. Suppose oo = {Aj,...,A,} is a finite measurable partition. Show that for every
€, there exists § = &(&,n) such that if § = {By,...,B,} is measurable partition s.t.
[,L(A,AB,) < 0, then p(a,ﬁ) < E.

4.7. Entropy via generating sequences of partitions

Suppose (X,%, 1) is a probability space, and & is an algebra of .%-measurable
subsets (namely a collection of sets which contains & and which is closed under
finite unions, finite intersection, and forming complements). Suppose .2/ generates
A (i.e. A is the smallest c—algebra which contains 27).

1. For every F € .% and € > 0, there exists A € &7 s.t. U(AAF) < €.

2. For every .%-measurable finite partition B and & > 0, there exists an .o7/—
measurable finite partition o s.t. p(a, ) < €.

3.If T : X — X is probability preserving, then

hy(T) = sup{hy (T, ) : ¢ is an «/—measurable finite partition}.
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4. Suppose o1 < ap < --- is an increasing sequence of finite measurable partitions
such that 6(U, > &) = % mod p, then hy, (T) = lim hy (T, o).
= n—yoo

4.8. Let u = [y U d(x) denote the ergodic decomposition of an invariant probabil-
ity measure (U, and let E be a measurable set. Prove that E is a sweep—out set for u
iff u (E) # 0 for u-a.e. x.

4.9. Complete the proof of Theorem 4.3 by proving the (<)-inequality in the case
PG(9) = oo.

4.10. Suppose X is a topologically mixing TMS and ¢ has the Walters property.
Show that ¢ can have at most one RPF measure. (Hint: Theorem 3.4)

4.11. Much of the work required to prove the existence and uniqueness theorems for
equilibrium measures was aimed at showing that the entropy of certain measures is
equal to minus the integral of their log—Jacobians. Explain why this is automatic in
the compact case, and find simplified proofs for compact TMS.

4.12. Suppose X is a topologically mixing compact TMS. Show that the measure
with maximal possible entropy is a Markov measure, and describe this measure.

4.13. Prove corollary 4.2.

4.14. Suppose X is a topologically mixing TMS and ¢ : X — R is a positive recurrent
with finite pressure and the Walters property. Let m denote the RPF measure of ¢.
Show that there are constant { Gy, : a,b € S} s.t. for every cylinder [ay, . ..,a,—1] and
every x € [ag,...,dn—1],

. mlao, ..., a1

Gao a1 = n—1 <G,
o eXP[Zk:o (Tkx) _nPG((P)]

— apay—1-*
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Chapter 5
Spectral Gap

5.1 Functional analytic background

5.1.1 Banach spaces

A (complex) normed vector space is a vector space B over C together with a function
|l -1l : B — R satisfying the following axioms:

1. ||x|] > 0 for all x € B and ||x|| = 0 = x = 0 (the zero vector in B);
2. ||Ax]| = |A|||x|| forallx € Band A € C;
3. x4yl < |Ixll + |ly]l (“triangle inequality™).

We call || - || a norm. The norm || - || defined a metric d(x,y) := ||x —y|| which turns
(B, -||) into a metric space.

Definition 5.1. A normed vector space (B, || -||) is called a Banach space, if it is
complete: Any sequence {x,},>; such that ||x,, —x,|| ——— O possesses a vector
- m,n—yoo

x €Bs.t. ||x, —x|]| — 0.
n—yoo

A bounded linear functional on a Banach space B is a map f : B — C which is
linear and continuous. Such maps are called “bounded” because of the simple fact
that a linear map f : B — C is continuous iff there exists M > 0 s.t. | f(x)| < M||x]|
for all x € B.! The norm of a bounded linear functional is

el

wes\{oy |IX]]

1A=

If we endow the collection of bounded linear functionals on B with this norm, then
the result is another Banach space, called the dual space of B. The dual space of B
is denoted by B*.

UIf such M exists, then | f(x) — f(y)| < M||x—y|| and f is continuous. Since f is linear, f(0) = 0.
If f is continuous, then 38 > 0 s.t. ||x|| < 8§ = |f(x)| < 1, and so |f(x)| = |f(ﬁ)| -(2]|x]]/6) <

Z|x].
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More generally, if By, B, are two Banach spaces, then a bounded linear operator
from B to B; is a continuous linear map L : By — B>. Such a map has a constant M
s.t. ||Lx|| < M||x|| for all x € X. Its norm is defined to be

|| L]

xeB\{0} [lx]] '

L] =

If we endow the collection of bounded linear operators from B to B, with this norm,
then the result is a Banach space, which we denote by Hom(B;, B,). We will often
use the abbreviation Hom(B) := Hom(B, B).

We need the following three fundamental results, which can be found in any
textbook on Banach space theory.

Theorem 5.1 (Hahn—-Banach). Suppose B is a normed vector space and V C B is
a linear subspace of B. Any bounded linear functional f on'V can be extended to a
bounded linear functional F on B s.t. |F|| = || f]].

Since it is very easy to construct bounded linear functionals on finite dimensional
subspaces, the Hahn—Banach theorem guarantees the existence of (many) bounded
linear functionals on any infinite dimensional Banach space.

Theorem 5.2 (Banach & Steinhaus). Suppose (B,| - ||) is a Banach space. If
{fa}area is a family of bounded linear functionals s.t. supy | f7.(x)] < oo for all
X € B, then supy cp || /2| < oo

(Banach called this phenomenon “the accumulation of singularities”, because it is
equivalent to saying that if sup; 4 || f1]l = o, then the sets where f; takes large
values must accumulate on a common singularity x € B where sup | f3 (x)| = co.)

Theorem 5.3 (Open Mapping Theorem). Suppose L : By — B is a linear operator
between two Banach spaces. If L is continuous and surjective, then L is open (i.e. if
U is an open subset of By, then L(U) is an open subset of B;.

In particular, if L : By — B> is linear invertible map, and L is bounded, then L 'is
bounded.

5.1.2 Analytic functions on Banach spaces

Suppose U C Cis open, and x : U — B is a function taking values in a Banach space
B. We wish to define what it means for x(-) to be “holomorphic”. Two two natural
definitions come to mind:

Definition 5.2. x : U — B is strongly holomorphic on U, if for every & € U, if there

exists y € B such that x(§+h});x(

I yH =, y. In this case y is called the derivative
—
of x at £ and is denoted by y = ¥/ ().



5.1 Functional analytic background 105

Definition 5.3. x : U — B is weakly holomorphic on U, if z — f(x(z)) is holomor-
phic on U in the usual sense for every f € B*.

The two definitions turn out to be equivalent:

Theorem 5.4. Suppose U C C is open. A function x : U — B is weakly holomorphic
on U iff it is strongly holomorphic on U.

Proof. (<): Suppose x(+) is strongly holomorphic on U. If f € B*, then

fx(So+1)) = f(x(50)) x(6o + 1) —x(So)
h h

—ﬂf@wﬂsuf- Y (&)

—0.
h—0

It follows that f ox is differentiable, whence holomorphic, on U. o

(=): Suppose x(&) is weakly holomorphic on U, and fix some & and f € B*. We
show that [x(&y + h) —x(&p)]/h satisfies the Cauchy criterion as A — 0.

Fix f € B*. Since x is weakly holomorphic on U, f ox is holomorphic on U in the
usual sense. Fix r > 0 so small that B, (&) := {z € C: |z— &| < r} C U. Cauchy’s
Integral Formula for f ox says that for all & # 0 small enough,

x(Go+h) =x(8o) | _ f(x(Eo+h)) = f(x(50))
L

1 fx(€)  f(x(8)
- 27hi ]gBr(éo) [5 —(&+h)  E-E& ds
_ L]{ f(x(&))

27 Jos, (&) (& — (&0 +h))(E —&o)

A similar expression holds for f[(x(&y+ k) —x(&o))/k| for all k # 0 small enough.
Subtracting, we see that

dE.

thy oy (HEHI G ot aG)
S O .V N 1T
271 Jom e &~ Got ME &) G- G +h)E—&)
_hk f(8))

dE.

B Tnifgzzr(éo) (&= (So+h))(E —(So+k))(E — &)
Setting My := sup{|f(x(&))| : |§ — &o| = r}, we see that if |A], k| < 5, then

2nr My 4Mf
Ar(h k)| <|h—k| - — — = —=|h—k|.
| f(’)|—| 275 é r2 | ‘

Rearranging terms, we deduce that for all f € B*,



106 5 Spectral Gap

w1 x(§o+h)—x(<§o)_X(€o+kl>;x(50) <. (5.1)

o<l k<5 | | Jh—Kl h

=:x(h.k)

We denote the term in the brackets by x(h, k).

Let x;, : B* — C be the function xj, ; (f) := f(x4x). This is a bounded linear
functional on B*, because |xj, (/)| = [f(xni)| < [ flll[xnkll so [l ;| < [lxnl]- In
fact ||x} .|| = |lxn||, because it is no problem to construct, using the Hahn—Banach
theorem, a bounded linear functional f € B* s.t. f(x;x) = ||xu| and || f]| = 1.

Equation (5.1) reads supo_ ;< [, 4 (f)[| < oo forall f € B*. By the Banach-
Steinhaus theorem (applied to bounded linear functionals on B*), supg_ s < 5 [l

oo. Since [lxj, || = [1xnkll: supo<ja 1< £ [kl < oo. Recalling the definition of xp .
we see that
h)— k) —

It follows that [x(&y + h) —x(&p)]/h satisfies Cauchy’s criterion as & — 0. Since B is
a Banach space, [x(& + ) —x(&p)]/h must converge to a limit y € B. Thus x(-) is
holomorphic on U in the strong sense.

Terminology: Henceforth we call x(-) “holomorphic” on U if it is holomorphic in
one of the equivalent senses above.

Theorem 5.4 makes it easy to generalize much of the theory of complex holomor-
phic functions to vector valued holomorphic functions. In what follows, suppose B
is a Banach space and U C C is open.

Corollary 5.1. If x(&) is holomorphic on U, then x'(£) is holomorphic on U.

Proof. If x(§) is holomorphic on U, then (f ox)(§) is holomorphic on U for all

f € B*. By complex function theory, % (f ox) is holomorphic on U. If we can show

that %( fox)=f (%x), then it will follow that %x is holomorphic on U. This is

indeed the case, because ||} (x(& +7) —x(&)) =¥ (&) || — 0, so for every f € B*
—

I + 1) = F(ED) = (D)) — 0 .

Corollary 5.2. Suppose X is a Banach space and D C C is open and simply con-
nected, then x : D — R is holomorphic on D iff for every closed smooth curve Y in

D, §,x(&)d& =0.

Proof. Integrals of continuous functions x : [a,b] — B are defined for all continuous
functions x : [a,b] — B via Riemann sums, as in the classical case. In the case of
smooth curves y: [0,1] — D,

1
Fx(&dg = [ xr)y @t
b4 0
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Working with Riemann sums, it is easy to see that f( [, x(§)dS) = [, f(x(§))d¢ for
every f € B*.

If x : D — B is holomorphic, then x : D — B is continuous (even locally Lipschitz)
so we can integrate and see that for every f € B*,

1(fxt@ag) = [ sty Oa = f rs@naz =o.

where the last equality is because fox holomorphic. It follows that f(§,x(§)d&) =0
for all f € B*. By the Hahn-Banach theorem, $, x(z)dz = 0.

Next suppose that j?yx(é)dé for all closed smooth curves yin D, then §, f [x(&)]dE =
f($,x(§)d&) = 0 for all closed smooth curves y in D and all bounded linear func-
tionals f € B*. By Morera’s Theorem, f[x(&)] is holomorphic on U. Thus x(&) is
(weakly) holomorphic on U. a

Corollary 5.3 (Cauchy’s Integral Formula). Suppose D C C is open and simply
connected. If x : D — B is holomorphic, then for every & € D and closed smooth
curve Yin D,

1 x(z) . _n! x(2)
(&) fy dz , 5 (&) ]g

= L L ST A—
27 Jyz— & 2mi Jy (z— &) ! ‘

Proof. Using Corollary 5.1, it is easy to see by induction that if x(z) is holomor-
phic on U, then x(") (z) := j;x(z) exists and is holomorphic on U, and f[x")(z)] =

% flx(z)] for all f € B*. Cauchy’s formula for f[x(z)] says that

£ (E)) = 2 ﬁ Sl

“ami &y

Since f is a bounded linear functional, we can pull it out of the integrand:

160G = (g et ).

This identity holds for all f € B*, and B* separates points in B (Hahn—Banach The-

orem), s0 X (&) = £ §, = Drdz. 0

Corollary 5.4 (Power Series Expansion). Let B,(z9) :=={z€ C: |z—z| <r}. A
Sunction x : B,(z9) — B is holomorphic on B, (z9) iff it can be put in the form

x(z) = x(z0) + ilan(z—zo)" (lz—z0| <r),

where a, € B, and the series on the right hand side converges uniformly in norm on
compact subsets of B,(zo). In this case a, = x")(z9) /n!.
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Proof. (=): Suppose x(z) is holomorphic on B,(zy). By corollary 5.1, x\") (z) exists
for all n on B,(z9). By Cauchy’s integral formula, the following estimates holds for
allz€ Bp(zp) and 0 < p < 1

2y M@ =p}

K@) < 2 -27p o (np™").

It follows that the series

= ()
yo) = Y G0

converges uniformly in norm on compact subsets of B,(zp).
We claim that y(z) = x(z). To see this, note that if f € B*, then

It is easy to see by induction that f[x(")(zg)] = % fIx(z)], thus f[y(z)] is the Taylor
series of f[x(z)]. Since f[x(z)] is holomorphic on B,(zo), the Taylor series of f[x(z)]
equals f[x(z)]. We see that x(z) = y(z). O

(<): Suppose x(2) = X5 an(z— 20)" then for all £ € B, fx(z)] = ¥iro f(an) (2~
20)", whence f[x(z)] is holomorphic on B,(zp). Since f was an arbitrary element of
B*, x(z) is holomorphic on B,(zp). O

5.1.3 Resolvents

Suppose B is a Banach space over C.

Definition 5.4. Suppose L : B — B is a bounded linear operator on B. The resolvent
set of L is
Res(L) :={z € C: (zf — L) has a bounded inverse}.

If 7 € Res(L), then R(z) := (zI — L)~ is called the resolvent operator of L at z.>

Proposition 5.1 (Properties of the Resolvent).

1. Res(L) is open and non—empty;

2. R(z) is holomorphic on Res(L), and Res(L) cannot be holomorphically contin-
ued to points outside Res(L);

3. Resolvent equation: for all z,w € Res(L),

R(w) = R(z) = (z = w)R(W)R(z) (5.2)

2 Some people define the resolvent to be (L—Iz) ™' = —(zf — L)™'
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4. Neumann’s Series Expansion: Suppose zo € Res(L), then

Rz) =Y (=1)"(z—20)"R(z0)"""  (lz—20| < |R(z0)| 7). (5.3)

s

n=0

Proof. First we claim that if A is a bounded linear operator s.t. ||A|| < 1, then I — A
has a bounded inverse, and (I —A)~! = Y.i>0A". The series on the right converges
in norm, because of the trivial estimate ||A"|| < ||A||", therefore it defines a bounded
linear operator B. A direct calculation shows that B—AB = I, whence (I —A)B=1.
Similarly B(I—A) =1. Thus B= (I—-A)"!.

We can now see that (z/ — L)™' = z71(I —z7'L)~! exists and is bounded when-
ever |z] > ||L||. Thus Res(L) is non—empty (moreover, C\ Res(L) is bounded).

We show that Res(L) is open. Suppose z € Res(L) and w is close to z (we see
how close below). Formal manipulations show that

WI—L) ' =@ —L—(d—wD) ' =[I—(z—w) (@ —L) ] "z —L)"".

If |z—w| < |[R(z)|| " then [I — (z—w)(zI —L)~']~! is bounded, so w € Res(L).
Returning to the identity just proved for (wl — L)™' we see that for all w s.t.
w—2z| <[IRG)II7",

oo

R(w) = (I (z=w)R(2))"'R(z) = }_ (2= w)"R(x)""",

n=0

where the series on the right converges in norm. Viewing z as a constant and w as a
variable, we obtain a power series expansion for the resolvent near an arbitrary z €
Res(L). It follows that the resolvent operator is holomorphic on Res(L). Incidently,
we have proven the Neumann series mentioned is part 4 of the proposition.

We show that R(z) cannot be extended holomorphically outside Res(L). Oth-
erwise, there exists zp € dRes(L), r > 0 and a holomorphic function R(z) on
Bi(z0) :={z: |z—z0] < r} s.t. R(z) = R(z) on B,(z0) NRes(L). We claim that for
every x € B and for every z € B,(zp),

(zI —L)R(z)x = x and R(z)(z — L)x = x,

and derive a contradiction from the fact that z/ — L has no bounded inverse for z €
B, (z0) \Res(T). The functions (z/ — L)R(z), R(z)(zI — L) are holomorphic on B,(zo)
(because they can be expanded to a power series there), therefore for all f € B*
and x € B f|[(zI — L)R(z)x] and f[R(z)(zI — L)x] are holomorphic on B,(zy) (we are
using the fact that L — f(Lx) is a bounded linear functional on the Banach space of
bounded linear operators on B). We know that

fl@I = L)R(z2)] = f[R(z)(zI — L)] = f(x) for all z € B,(z9) NRes(L).

A holomorphic function with connected domain which equals a constant on a non—
empty open subset is equal to this constant on its entire domain. It follows that
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Fl(a = L)R(2)] = fIR() (@l L)) = £(x) for all z € B, (z0).

Since this holds for all f € B* and x € B, (zI — L)R(z) = R(z)(z — L) as required.

Proof of the resolvent equation: R(z) — R(w) = R(z)(wl — L)R(w) — R(z)(zl —
L)R(w) =R(z)[(w—2)[JR(w) = (w—2)R(z)R(w). O

5.1.4 Spectrum

Suppose (B, || -||) is a Banach space over the complex numbers.

Definition 5.5. The spectrum of a bounded linear operator L is the complement of
the resolvent set of L. It is denoted by Spect(L). The spectral radius of Lis p(L) :=

sup{|z| : z € Spect(L)}.
Every eigenvalue of L (i.e. A € C s.t. Lx = Ax for some 0 # x € B) belongs to
Spect(L), because if ker(Al — L) # {0}, then AI — L is not invertible. If dim B < oo,

then the spectrum is equal to the collection eigenvalues of L. But if dim B = o then
the spectrum is usually much larger than the collection of eigenvalues:

Example: Suppose B = L'[0,1] and (Lf)(t) = tf(t). The spectrum of L is equal to
[0, 1], but L has no eigenvalues.?

Proposition 5.2. Let L be a bounded linear operator on a Banach space B. The
spectrum of L is compact and non—empty. The spectral radius of L is given by

p(L) = lim /7]

Proof. The spectrum is closed, because its complement, Res(L), is open. The
spectrum is bounded, because (as we saw in the previous section), z/ — L has a
bounded inverse of the form ), 7~ ("D " whenever this series converges in norm.
This is the case whenever |z| > limsup /||L?|| =: p’(L) (a finite number since
[IL"]] < |IL||™). Thus Spect(L) C {z: |z] < p’(L)}, and Spect(L) is compact.

We also see that p(L)<p’(L). Suppose by way of contradiction that p(L) <
p'(L). Then Res(T) contains a neighborhood of {z: |z| = p’(L)}. It follows that
the series Yz~ ("+1) L admits holomorphic continuation beyond its radius of conver-
gence. But this is impossible, because the summands of Zz’(”“)L” do not converge
to zero in norm for such z.

It follows that p(L) = p’(L) = limsup /||L"||. In fact the limsup is a limit, be-
cause ||L"T™]] < ||L™|||[L™]|, so the sequence log ||L"|| is sub additive.

It remains to show that Spect(L) # @. Otherwise, R(z) would be holomorphic on
C, and so f[R(z)] is is an entire function for every f € Hom(B)*. Now

3 Proof that Spect(L) = [0, 1]: The resolvent of L at z is the operator [R(z)f](t) = (z—1) "L f(¢). If
7 & [0,1], then this is a bounded linear operator on L'[0, 1]. But if z € [0,1] then R(z) is not well
defined on L'[0, 1], because it maps the constant function 1 to the function (z —#)~!, which has a
non-integrable singularity at t = z.
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IR =l =)~ =l =2 ) < 2 Y L —o,
n=0

so f[R(z)] —0.In particular, f[R(z)] is bounded. By Liouville’s theorem, f[R(z)]
Vé (=S}

is constant, whence f[R(z) —R(0)] = 0 for all f € Hom(B)*. This means that R(z) =
R(0) = L~! for all z, whence zI — L = L for all z. This is certainly false, proving that
Spect(L) cannot be empty. O

5.1.5 Eigenprojections and the Separation of Spectrum Theorem

Let (B, || -||) denote a Banach space. A bounded linear operator P : B — B is called
a projection, if it satisfies P> = P. Any projection gives rise to a direct sum decom-
position of B:

B =1Im(P) @ker(P).
The decomposition is x = Px+ (I — P)x.
Theorem 5.5 (Separation of Spectrum). Suppose L is a bounded linear operator
s.t. Spect(L) = 01 W 6, where G1,01 are compact and disjoint, and suppose Y is a

closed smooth simple curve which does not intersect Spect(L) and which contains
O] in its interior, and O, in its exterior. Let

1
P:=— ¢(zd-L)""dz.
2m.7€(z )7z

1. P is a projection;

2. PL = LP and ker P,ImP are L—invariant: L(ImP) C ImP,L(ker P) C ker P;
3. Spect(L|imp) = 01 and Spect(L|kerp) = 0.

Proof.

Step 1. P is a projection.

Since 7y does not intersect Spect(L), R(z) is bounded for each z € ¥, and z — R(z)
is continuous on y. This implies that ||P|| < (27) ~'¢(y) max{||R(z)| : z € Y} < oo.
To see that P> = P, “expand” ¥ to a slightly larger closed simple smooth curve y*

which contains y (and o7) in its interior and o3 in its exterior. Then P = ﬁ $y (WI —

L)~'dw and so

1 R(z)—R
= o)’ % 7{ (sz () dwdz (by the resolvent equation)
vJr* -2

N (27;)2 f[;]i :: <,Z)ZdeZ— (27;)2 fé j{ﬂ i(ividwdz
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(27::1')2 f; <R(Z)7{ﬁ wl—zdw) dz— (2%)2?{/* <R(w)£wl_zdz> dw

1 1
= W %,R(Z) 2midz — W fé,*R(ZW) -0dw (Cauchy integral formula)

1 1
= d-L)'dz=P
2m’]€/(z )z

(We used the fact that y* is outside y.) &
Step 3. PL = LP, Spect(LP) C o and Spect(L(I — P)) C o».

It is a general fact that if an invertible operator S commutes with an operator
T, then its inverse S~' also commutes with 7% Since (z/ — L) commutes with
L, R(z) = (zI — L)™' commutes with L (wherever it is defined). It follows that

PL = (2%” fyR(z)dz) L=5- $yR(z)Ldz = = $yLR(z)dz=L (zim fyR(z)dz) =LP,
so P commutes with L. Since PL = LP, ker P,ImP are L-invariant: L(ker P) C ker P,
L(ImP) C ImP.

Let R(z) denote the resolvent operator of L|jmp : ImP — ImP. Since ImP is L—
invariant, ImP is (zI — L)—invariant, and so Res(L|imp) 2 Res(L) and

R(z) = ((zI = L)|mp) " = (e = L)' |tmp = R(2)|tmp-

We show that ﬁ(z) has a holomorphic continuation to the exterior of y. Since the
resolvent operator of L|iyp cannot be holomorphically extended outside Res(L|mp),
this will show that Res(L|imp) 2 exterior of ¥ D 0,, whence

Spect(L|imp) C Spect(L) \ 02 = 01.
Here is the holomorphic extension: For every z € Res(L) outside the exterior of 7,

R(z) =R(z)P (because P = I on ImP)

1 1 [R(z)—R
o %R(Z)R(W)d”’ e ]{I(Z)W_Z(W)dw (resolvent equation)

1 1 I [R
~ LRy (f dW) Ly ),

2mi yw—2z 2mi Jyw—z
1 R

= _7.% (W) dw.

2wi Jyw—z

The last expression is holomorphic everywhere outside Y (to find is Taylor series
around z9, expand (w —z)~! into a power series in (z — 7o) and integrate term by
term over w € ).

In the same way one shows that the resolvent of L|kerp extends holomorphically
to the interior of ¥, with the consequence that Spect(L|xerp) C 0. &

We saw that Spect(L|imp) C 07 and Spect(L|gerp) € 02. On the other hand

4 Proof: If ST =TS, then T = S~ TS, whence TS~! = S~!T.
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Spect(L|imp) USpect(L|xerp) 2 Spect(L) = 61 U 02,

because if (zI — L)|mmp, (2 — L)|kerr have bounded inverses, then z/ — L has a
bounded inverse (equal to (z —L) ™! imp + (zI — L)~ |xerp). It follows that Spect(L|jmp) =
o1 and Spect(L|xerp) = 0. |

There is a particularly important special case. A point A € Spect(L) is called
isolated, if Spect(L) N{z:|z—A| < €} = {A} for some € > 0. Any such point can
be separated from the rest of the spectrum of L by a simple closed smooth curve 7.
Let |

P:=— ¢(zd—L) 'dz
2mi j{/(z )7 dz
1. Pis called the eigenprojection of A;
2. ImP is called the eigenspace of A;
3. dimImP is called the geometric multiplicity of A.

It is easy to see that these notions are independent of the choice of y (subject to the
requirement that y separate the spectrum of L as above).

Suppose P is the eigenprojection of an isolated spectrum point A. If dimImP <
oo, then A must be an eigenvalue, because LP : ImP — ImP is a linear operator
on a finite dimensional space, and the spectrum of any linear operator on a finite
dimensional space equals its set of eigenvalues.

Terminology: An eigenvalue with geometric multiplicity equal to one is called a
simple eigenvalue.

5.1.6 Analytic perturbation theory

Suppose (B, || - ||) is a Banach space over C, and let U be an open neighborhood of
zero in C. A one—parameter family {L,},cy C Hom(B) is called analytic, if z+— L,
is a holomorphic map from U into Hom(B). We think of such a family as of an
analytic perturbation of L = L.

We are interested in the effects of analytic perturbations on the spectrum. Of
principle importance to us is the behavior of simple eigenvalues under analytic per-
turbations.

We begin with a basic stability result for projections. Recall that an isomorphism
of a Banach space B is an invertible linear map 7 : B — B s.t. 7,7~ ! are bounded,
and that two maps 7, S : B — B are called similar if there is an isomorphism 7 s.t.
' Tn=S5.

Lemma 5.1 (Kato). Suppose P : B — B is a projection on a Banach space. Any
projection Q : B— B such that ||Q — P|| < 1 is similar to P.

Proof. First we construct a map U : B — B which maps ker P into kerQ and ImP
into ImQ: U := (I — Q)(I — P) + QP.
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Since P> = P,Q> = Q, UP = QP and QU = QP. Thus
UP=QU.

The only question is whether U is invertible with bounded inverse.
LetV :B— Bbethe map V := (I — P)(I — Q)+ PQ (which maps ker Q onto ker P
and ImP onto ImQ). This is “almost” an inverse for U:

UV=(1-0)I-P)I-Q)+0P0=(I-0Q)(I-0—P+PQ)+0PQ
—=I—-Q—P+PQ—Q+Q+QP—QPQ+QPQ=1—Q—P+PQ+QP

VU = (I-P)(I—Q)(I—P)+PQP = (I—P)(I—P—Q+ QP) + PQP
=I—P—Q+QP+PQ—PQP+PQP=1-P—Q+QP+PQ

SoUV =VU =1—R, where R:= P+ Q— QP — PQ. The point is that if |P — Q|| is
small, then ||R|| is small, because

R=P*+Q*-QP—-PQ=(P-Q).

In particular, if ||P— Q|| < 1, then I — R is invertible.
Suppose this is the case, then

e Since VU =1—R and ker(/ — R) = {0}, kerU = {0}, so U is one-to-one.
e Since UV =I—RandIm(/—R) = B, ImU = B, so U is onto.

It follows that U is invertible. An invertible map on a Banach space has a bounded
inverse (Open Mapping Theorem), so U ! is bounded, and P, Q are similar. O

Theorem 5.6. Let {L;},cy be an analytic family of bounded linear operators. If Ly
has a simple eigenvalue A which is separated from the rest of the spectrum of Ly by
a smooth closed simple curve Y, then there exists € > 0 and holomorphic functions
A(z) € C,P(z) € Hom(B) defined on {z: |z| < €} s.1.

1. 2(0) = A and P(0) =eigenprojection of A for Ly;
2. A(2) is a simple isolated eigenvalue for L;, with eigenprojection P(z);
3. A(z) is separated from Spect(L;)\ {1} by 7.

(We allow the separating curve to contain A in its interior or exterior.)

Proof. Let A :={(&,z) € Cx U : (€I —L;)~! has a bounded inverse}. This is an
open set, because z+— L, is continuous and because the property of having a bounded
inverse is open in Hom(B).>

3 More precisely: for every operator A, if A has a bounded inverse, then B has a bounded inverse
for all B s.t. ||B—A|| is sufficiently small. Here is why: Formally,

B'=(A-A-B) '=Aa'01-A-BA ) =4"" i((A —B)ATHk
k=0

The last expression defined a bounded operator whenever ||A — B|| < 1/||A~!||, and this operator
can be checked to be an inverse for B by direct calculation.
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Pick a closed smooth simple curve y which contains Ay in its interior and
Spect(Lo) \ {40} in its exterior. Such ¥ lies inside Res(Ly), so &I — Ly has a bounded
inverse for all £ on 7. Since ¥ is compact, and the existence of a bounded inverse is
an open property, there exists 0 < € < 1 so small that

(E,2) eAforall & €,z <e.

Thus R(&,z) := (EI —L;)~! is well-defined and bounded for all £ € yand |z| < €.
Step 1. P(z) := 5 fy(élfLZ)71d§ is holomorphic on {z: |z] < €}.

We claim that (&,z) — R(§,z) is holomorphic on A in the sense that it can
be developed into a norm—convergent power series in (§ — &), (z —z9) near any
(80,20) € A.

R(E,2) = (&l — Loy — [(Eo— EM+ (L. — Ly,)])
R(&,20) (I~ [(E0 — E) + (L — Lyy)R(E0,20))
Y. R(E0,20)[((&0 — &) + (L. — Ly ) )R(E0,20)]",
n=0

provided |[(§o — &)+ L, — L, || < 1/||R(&o,20)||- The convergence is uniform in
norm on compact subsets of {(&,z) : ||(§o — &)+ L, — L, || < 1/[|R(&o,20)]|}-

Since z — L, is holomorphic at zg, it can be expanded into a power series in
(z—z0), and this power series converges in norm uniformly on some closed disc
centered at zg. We substitute this series above, expand, and collect terms. The result
is power series in (z—z¢) and (& — &) which converges in norm uniformly on some
compact neighborhood V (&, zo) of (&o,z0).

Collecting the terms which multiply (z — z9)", we are led to the following series
expansion for R(&,z) on V (&y,z0):

=

R(&,2) =R(&,20)+ Y An(&)(z—20)", (5.4)

n=1

where A, () are operator valued functions which are holomorphic on {z: |z—zo| <
€} for some € = €(&p,z0). This is sometimes called the “second Neumann series”
(the first Neumann series is (5.3)).

Now cover the compact set {(&,z) : € € 7,|z| < €} by neighborhoods V (€,z) as
above. By compactness, finitely many neighborhoods suffice, and the result is that
there exists € > 0 so small that for all £ on yand |z] < €,

=

R(§,2) = R(&0.20) + ) An(E) (2 —20)",

n=1

where A, () are continuous on ¥ and the series on the right converges uniformly in
norm.
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Integrating over ¥, we see that P(z) has a norm convergent power series expan-
sion of the form P(§,z) = P(&,20) + (211) ™' L1 (2= 20)" §,An(§)dE. ¢

Claim 2. For all z sufficiently close to zero, P(z) is an eigenprojection of a simple
eigenvalue A(z) of L.

Since y and € were constructed so that ¥ C Res(L;) for all |z] < €, y separates
the part of the spectrum of L, inside y (denoted by oi,(z)) from the part of the
spectrum of L, outside ¥ (denoted by Ooui(z)). By Theorem 5.5, P(z) is a projection,
SpeCt(LzhmP(z)) = Oin(2), and SpeCt(LzlkerP(z)) = Oout(2)-

We claim that if |z| is sufficiently small, then 6j,(z) consists of a single point
A(z), and that A(z) is a simple eigenvalue of L.

Since z — P(z) is continuous, Lemma 5.1 and a compactness argument imply
that P(z) is similar to P(0) for all |z| sufficiently small. Now P(0) is by definition
the eigenprojection of Ly, which by assumption, satisfies dimImP(0) = 1. It follows
that dimImP(z) = 1 for all |z| sufficiently small.

Let ImP(z) = span{x,}. Since ImP(z) is L—invariant, L,x, = A(z)x, for some
A(z) € C. Tt follows that 0, (z) = Spect(L;|imp(;)) = {A(z) }, where A(z) is an eigen-
value. Moreover P(z) is the eigenprojection of A(z). Since dimImP(z) =1, A(z) is
simple. o

Step 3. A(z) is holomorphic on {z: |z] < €}.

Fix some |zp| < €. We saw that dimImP(zo) = 1, so there exists some v € B s.t.
X0 := P(z0)v # 0. Choose some f € B* s.t. f(xg) #0. Since f[P(z)v] is holomorphic,
it is non-zero on some neighborhood of zy. The identity

f(LP(2)v)
Az) = — 5
&=y
shows that A(z) is holomorphic on a neighborhood of zp. O

5.2 Quasi-compactness for Ruelle operators

5.2.1 Quasi-compactness and Hennion’s Theorem

Definition 5.6. Let B be a Banach space, and L : B — B a bounded linear operator
with spectral radius p(L). We say that L is quasi—compact, if there exists 0 < p <
p (L) and a decomposition B = F & H where

1. F,H are closed and L-invariant: L(F) C F, L(H) C H;
2. dimF < oo and all the eigenvalues of L|y are larger than or equal to p;
3. the spectral radius of L|p is strictly less than p.

The origin of the term “quasi—compact” is the following: Let & : B — F denote
the projection onto F parallel to H (i.e. n(x) € F,(I — m)(x) € H for all x € B),
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and set P:=Ln , N:=L(I — 7). Then PN = NP =0, so L" = P" + N". Now
[IP"(x)]] > p"™||m(x)]| and ||[N"(x)|| = o(p™)||x||, thus if L is quasi compact then
L™ = P"+negligible error, where P is a compact operator.

In the special case when L has a unique eigenvalue A of maximal modulus, and
this eigenvalue is simple, we can choose the decomposition B = F & H in such
a way that F is the one—dimensional eigenspace of A and 0 < p < |A] satisfies
Spect(L) C {z: |z] < p}U{A}. In this case 7 is the eigenprojection of A and we get
the following simple asymptotic formula for L":

L'=A"t+0(p")asn— o (0<p <|A]).

This situation is often called spectral gap, because in this case there is a gap between
the leading eigenvalue of L and the rest of its spectrum.

In general, the quasi-compactness of an operator depends on the Banach space
it is acting on. The main tool for constructing a Banach space on which Ruelle’s
operator Ly acts quasi-compactly is the following theorem which emerged out of
the works of Doeblin & Fortet, Ionescu—Tulcea & Marinescu, and (in the version
presented below) Hennion.

Recall that a semi—norm on a vector space V is a real valued function v — ||v||/
onV s.t. (a) ||[v||' > 0, )| Av| = |A]|]v]), and (¢) ||u+ V]| < ||lu||’+||v]|’. But we do
not require that ||[v||'=0=v=0.

Theorem 5.7 (Hennion). Suppose (B, || - ||) is a Banach space and L : B — B is a
bounded linear operator with spectral radius p (L) for which there exists semi—norm
|1 s.z.:

L ||| is continuous on B;

2. there exists M > 0 s.t. |Lf||" < M||f||’ for all f € B;

3. for any sequence of f, € B, if sup||fu|| < oo then there exists a subsequence
{ni}i>1 and some g € B s.t. ||Lf,, — g’ P 0;

4. there arek > 1,0 <r < p(L), and R > 0 s.1.

LI < AN+ RIAL (5.5)
Then L is quasi compact

Before giving the proof, we first show how this theorem can be applied in the context
of Ruelle operators.

6 An operator Q on a Banach space B is called compact if for every bounded sequence {x, },>1 of
elements of B, {Q(x,)},,>1 has a convergence subsequence.
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5.2.2 Application to Ruelle operators of potentials with Gibbs
measures

Let X be a topologically mixing TMS with the BIP property, and let ¢ : X — R
denote a function such that there are constants 0 < 8 < 1, Ay > 0 s.t.

var,¢ <Ay0" foralln > 1,

and such that Pg(¢) < e. Under these assumptions ¢ has a Gibbs measure in the
sense of Bowen, which we denote by m.

Let t(x,y) := min{n > 0 : x,, # y,}, and define for f : X — C, Lip(f) :=
sup{|f(x)— f(y)|/6"*) : xo = yo}. The following space is a Banach space (check!):

B:={f:X = C:|fll:=Lip(/) + [Ifll= < oo} (5.6)

Theorem 5.8 (Aaronson & Denker). Ly : B — B is a bounded linear operator,
and its spectrum consists of a simple eigenvalue equal to exp Pg(9) and a compact
subset of {z € C: |z] < p} for some p < expPs(9).

Proof. We assume without loss of generality that P;(¢) = 0.
Step 1. Ly : B— B is quasi-compact.

We let || - [|" :== || |1 (n) Where m is the Gibbs measure of ¢, and check the condi-
tions of Hennion’s theorem. It is clear that || - ||" < || || = Lip(:) + || - ||« s0 || - || is
continuous on B and condition 1 holds.

To see (2), we use the fact that m = hv where Lj];v =V, Lyh = h, and we recall
that if X has the BIP property, then there is a constant C > 1 s.t. C~™! < h < C. We
have [[Ly f|" < [ Lo|flhdv < C [1fldv < C?||fll 1y = C2[IfII"-

It is convenient to prove condition 4 before condition 3. Fix some k (to be deter-
mined later). We need the following estimate:

1 .
swp - [f)]< /@ |Fldm + "Lip(f).

x€lag, - an—1]

To see this start from the inequality | f(x)| <|f(y)|+ 0"Lip(f) valid for every x,y €
[ao, . ..,an—1], fix x and average over y € [a]. Suppose f € B, we estimate ||L’q‘,f||:

Estimation of || Ly f|-: We use the Gibbs property m[x,...,x 1] = G*" exp ¢ (x)
and the notation P*(a) := {(po,...,pc—1) : (pxo) is admissible}. For all x € X,
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(L@ < Y, 2| f(px)|

PEPk(x0)

1 .
< Zx())GM[g} <m[p]/[p] |f|dm+9kL1p(f)>

pePk(

<G fllr(my + GOIIF1- (5.7)
Estimation of Lip(L]q‘> f): Suppose xo = yo = a,

(LEN@ -~ LENMIS Y, |2 f(px) — 0 f(py)|

pePk(a) N

_ Z Ay ]f(gx)—f(gy)H Z e¢k(ﬁ)’)‘e‘i’k(ﬁx)*d’k@)’)_l‘|f(£y)|

EEPk(“) gEPk(a)
< Y Gmlp|Lip(f)6<t)
PpePK(a)
1 ) .
+ Z Gm|p] (m[p]/ |f|ldm+ 9kL1p(f)> 20 (PY) ¢1<(£y),1‘
pePk(a) Pl Jlp]

Now |¢x(px) — (py)| < ):];;(I)A(p Q1Y) =) < 1A—¢6 - 0" Fix a constant C s.t.

le? — 1] < C|§| forall |§| <Ay /(1 — ), then

0P —0u(py) _ 1‘ < % L00) —; €, 910,

Thus |(L§ f) (x) — (L ) (v)] < 6" [GG"Lip(f)+GC¢(||f||L1(m) +6 Lip(f))|. so

Lip(L§ /) < G(1+Cy)6*Lip(f) + GCyl| Il (- (5.8)
Putting (5.7) and (5.8) together, we see that

LGSl < G2+Cp) 0111l + GCy | £

Since || -||" < || - ||, this inequality with k = 1 shows that L, : B — B is bounded.
We also see that ||L’(; | = O(1) as k — oo, whence the spectral radius of Ly is no

larger than one. Since G(2 + C¢)6k k—> 0, one can choose k so large that r :=
—yo0
G(2+Cy)0* < p(Ly), and condition 4 holds.

Next we check condition 3: Suppose sup|| f,|| < eo. By what we just proved, C :=
sup || Ly fu|| < oo, so then {Lg f, } n>1 is uniformly bounded and equicontinuous (even
equi-Lipschitz). By the Arzela—Ascoli theorem, there is a subsequence ny 1 oo s.t.
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L fn, - f pointwise. The limit belongs to B and satisfies ||L f|| < 2C, because
—So0

Lip(f) < supLip(f,) < C and || f|e < sup||Lg fn||-- By the bounded convergence
theorem, ||Ly fn, — fII' = ['|1L¢ fu, — fldm — 0.
—yo0

Having checked all the conditions in Hennion’s theorem, we can now deduce that
Ly is quasi—compact. &

Step 2. A = 11is a simple eigenvalue for L.

We know that Lyh = h where h is the eigenfunction given by the GRPF theorem.
This function belongs to B, because as we have already remarked the BIP property
of X forces h to be bounded away from zero an infinity, and because

varg[logh] < supvar, 9, = O(6%),
n

whence (since infh > 0), vargh = O(6%). Thus one is an eigenvalue of L.
Recall that m = hv where h, v are eigenvectors of Ly, and let P : B — B denote
the operator

Pf:= h/fdv.

Since i € B and v(X) < 1/infh, P is a bounded linear operator. It is easy to verify
that P> = P and that PLy = LyP. P is useful for us because of the following limit
theorem: ‘

This is a result of the exactness of m, Lin’s Theorem, and the fact that the transfer
operator of m = hv is the operator f + h™ 1Ly (hf).

To show that A = 1 is simple, we first we claim that the geometric multiplicity is
equal to one. This is because if f € B is some other eigenvector, then

nye 1
Ly f PfHL'(v) n_)—oo>0f0r all feL (m).

I1f = Pfllo )y = ILGf = Pflla vy —= 0,

whence f = Pf m—almost everywhere (v ~ m). Since f,Pf are continuous, and m
has global support, f = Pf proving that f is proportional to A.

Next we claim that the algebraic multiplicity of A = 1 is equal to one. Let V
denote the eigenspace of 1. Since Ly is quasi-compact, V is finite dimensional. If
dim(V) > 1, then V has a basis in which Ly : V — V acts like a Jordan block with
ones on the diagonal. The powers of such a matrix are not bounded, therefore there
must exists some function f € V s.t. HL’J) f || = eo. But this is not the case because as

we have already seen above, ||L’¢‘, II=0(1). &
Step 3. A = 1 s the only point of the spectrum of Ly which lies on the unit circle.

Suppose there were some other ¢® € Spect(Ly). Since Ly is quasi-compact, and
|e®| = 1 =spectral radius of Ly, ¢’ is an eigenvalue. Let f € B be an eigenfunction:
Lyf = e f, f #0. Applying P to both sides, using the identity PLy = P, we see
that Pf = ¢/ Pf whence, since ¢'® # 1, Pf = 0. It follows that
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1E6 f Il vy = 1Lgf = PFllpivy —2 O

But [|L§ f1l 1 (v) = 167 £llz1 (v) = [1£ ]| 1 (v> 50 this implies that || f]| 1 (,) = 0, whence
f =0a.e., whence f = 0 in contradiction to our assumptions. a

Remark: In the absence of the BIP property, it is not true that the Ruelle operator
of a general ¢ : X — R such that P;(¢) < oo and var,¢ < const. 8" (n > 1) acts with
a spectral gap on a (non-trivial) Banach space. But this case be shown to be the case
for “most” ¢ : X — R is some sense which can be made precise.

5.2.3 Proof of Hennion’s Theorem

It is enough to prove the theorem in the case k = 1 (explain why!), so henceforth we
assume that (5.5) holds with k = 1.

Fix r <p <p(L),and let A(p,p(L)) :={z€ C:p <|z] < p(L)} (an annulus).
The plan of the proof is to show that for all z € A(p,p(L)),

e K(z):= U ker(zI — L)' is finite dimensional, and I(z):= () Im(zl —L)" is closed;
>0 >0
o K(z),I(z) are L-invariant and B = K(z) ®1(z);

e (zI—L):1I(z) — I(z) is a bijection with bounded inverse;

e thesetof A € A(p,p(L)) s.t. K(A) # {0} is finite, non—empty.

In particular, the intersection of the spectrum of L with the annulus A(p,p(L)) is
a finite set of eigenvalues A4, ...,A; with finite multiplicity (because if z is not an
eigenvalue, then K(z) = 0, whence B = I(z), whence (z/ — L) : B — B is a bijection
with a bounded inverse).

Once we have this spectral information, we let {A;,...,A,} denote the eigenval-
ues of Lin A(p,p(L)) and form

By the properties of K(z),I(z) mentioned above, F,H are L-invariant, F is finite di-
mensional, and H is closed. We will show, using standard linear algebra techniques,
that B=F @ H, that the eigenvalues of L|r are A,,. .., 4, and that the spectral radius
of L|y is less than p.

The double norm inequality (5.5) and the semi—-norm || - ||" are utilized through
the following statement, which is the main technical tool:

Conditional Closure Lemma: Fix |z| > r and let {g,},>1 be a sequence in B s.t.
gn = (zl —L)f, has a solution f,, € L for all n. If g, SN g and sup || f,|| < oo, then
n—o0

{fu}n>1 has a subsequence which converges in B to a solution f of g = (zI — L) f.

Proof. Starting from the equation (g, — gm) = (zf — L)(f, — fin), we see that
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2|l fn = finll = 11 (g0 — &m) +L(fu = fr) | < Nl&n — &mll +7llfor = fnll + RI| f2 _fm”/-
Rearranging terms, we obtain

1 !
”fn *me < 7—7‘ “|gn *gm” + an*fm” ] . (5~9)

|2

1. ||gn — gm|| tends to zero as n,m — oo, because g, % g
n—soo0
2. To deal with || f, — fu||" we start again from g, = (zI — L) f,, and deduce

2l o= Sl < llgn = gmll" + [ILfu — L

Since sup || f»|| < oo, there is a subsequence {Lf;, }i>1 s.t. ||Lfy, —h||" — 0 for
some h € B. Since |- |’ is continuous, ||g,, —g||" = 0. Thus || f,, — fm |l <

‘Z%(Hgnk _gmkH/‘i' HLfnk _Lfmk”/) k(’j) 0.

Returning to (5.9), we see that || f,,, — fi, || T 0,sodf €Bs.t fy % f- Since
g A—o0 300
zI — L is continuous, g = (zI — L) f. O
We also need the following well-known fact:

Riesz Lemma: Let (V,||-||) be a normed vector space, and suppose U C V is a
subspace. If U # V, then for every 0 < ¢ < 1 there exists v € V s.t. |[v]| = 1 and
dist(WU) > t.

Proof. Fix v € V\U, and construct ug € U s.t. dist (vo, U) < ||vo—uo || < Ldist (vo, U).
Calculating, we see that for every u € U,

’ vo—up U ‘: [lvo — (o +u)|] - dist (vo,U) _
[vo —uoll  [lvo—uol [vo—uoll ~ — 1dist(vo,U)
Since this holds for all u € U, v := (vog —up)/|[vo — uo|| is as required. O

We are now ready for the proof. Define, as before, K(z) := [J;-oker(zl — L)',
1(z) := =0 Im(zl — L)".

Step 1. Suppose |z| > r, then

1. ker(zl — L)’ is finite dimensional for all ¢;
2. Tm(zl — L)' is closed for all ¢;
3. there exists m s.t. Ky(z) = K(z) and Ip(z) = I(z).

Proof. Fix zs.t. |z] > r.

Set K; := ker(zI — L)’. We show by induction that dim K; < oo for all £. Suppose
by way of contradiction that dimK; = . Using the Riesz Lemma with r = 1/2, it
is not difficult to construct f, € ker(zl — L) s.t. || fu|| = 1 and || f, — fi|| > 1/2 for
all n # m. We have for all n, sup || f,|| < e and (zI — L) f;, = 0, so by the conditional
closure lemma { f, },>1 contains a convergent sequence. But this cannot be the case,
so we get a contradiction which proves that dimK; < oo,
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Assume by contradiction that dim K/ | = co, then 3, € ker(zl — L)' s.t. || f,|| =
1 and || f,, — fim|| > 1/2 for n # m. By construction g, := (zI — L) f,, € Ky, and || g,]| <
|z| + ||L||- The unit ball in K, is compact, because dimK; < o by the induction
hypothesis, so Jny 1 o0 s.t. g, converges in norm. By the conditional closure lemma,
I, st { fnk[} converges in norm. But this cannot be the case because || f;, — fin|| >

1/2 when n # m. So dim K, | must be finite.

We show that I, := Im(zl — L)’ is closed for all £. Again we use induction on
£, except that this time we start the induction at £ = 0, with the understanding that
(zZI —L)° =1

Ip = B is closed. Suppose by induction that Iy is closed. We have to show that for
every sequence of functions g, € (z/ —L)Iy, if g, — g, then g € (zI —L)I,.

Write

gn=—L)fu, fu€l

We are free to modify f;, by subtracting arbitrary elements of K; N1,. For example,
we may subtract the closest element to f;, in Kj N1y (the closest element exists since
dim K] < o and Iy is closed). Thus we may assume without loss of generality that
[/l = dist (fu, Ky N 1p).

We claim that sup||f,|| < eo. Otherwise, 3ny T e s.t. ||f;, || = o, and then
gn. /|| fu |l = O (because g,, — g). But

gnk f
=(d-L
AR

so Jny, T oo s.t. fnk[/||f,,k( || = A where (zI — L)h =0 (conditional closure lemma).
Since f, € Iy and Iy is closed, h € Ip. Thus f,, /||fu, [[toh € K1 N 1. But this is
impossible, since we have constructed f, so that dist(f,/||f.|,K1) = 1 for all .
This contradiction shows that sup || ;|| < ee.

Since sup || f|| < e, the conditional closure lemma provides a subsequence 7y 1 oo
s.t. fu, — f where g = (zI — L) f. The limit f belongs to Iy, because f, € I and I, is
closed. Thus g € (zI — L)I; = Iy as required.

We show that K(z) = K; for some /. By definition, K; C K, C ---, so if the
assertion is false, then K; C K, C ---. Construct, using the Riesz lemma a sequence
of vectors f, € Ky, s.t. || fu|| = 1 and dist (f,, Ku—1) > 5. So {f, }n>1 is S-separated.

We claim that for every m € N, {L"f,},>1 is 3|z|""'-separated. To show this
we write

"L fusk =7 "L o = frk— [(1 =2 ""L") futk _’_memen] )

and show that the term in the brackets belongs to K, 1. This means that ||L" f,, . —
L ol = [2]dist (i Kasir) = 121771 /2.

We begin with two trivial observations on K. Firstly, L(Ky) C K;_1 (because
L(zI — L)* = (zI — L)'L). Secondly, (z — L)K; C K;_. The first observation shows
that L™ f,, € K,,. The second observation shows that



124 5 Spectral Gap

m—1 m—1
I=z "L foe= Y, /LI —2 "D fupn € Y, UKniko1 S K-
=0 =0

Thus the term in the brackets belongs t0 K, k—1, and ||L" f, x — L™ f, || > 3|z[™*1.
We obtain a contradiction to this fact as follows. Recall that we are assuming that
(5.5) holds with k = 1. Iterating, we get for all m and f € B,

m
" fl < AR Y AL f
j=1
Applying this to Lfy — Lf; we get

L™ fi— L < ILfi— Ll +R Y #T L L — L ILf ||
j=1

m
<2|LlP"+R Y, M| Lfi— Lol
j=1

Since sup || f,|| < oo, Iny 1 o0 s.t. ||Lfy, —h|" — 0 for some i € B. This means that
for all € > 0, we can find ¢ # k so large that

12" foy =L fo | S 2ILYP" e

Choosing m so large that 2|| L[| < L|z[™*! and & < 1|z[™*!, we obtain ny # ny
s.t|[L™ f, — LA, || < 412/ But this is impossible, because {L™ f, },>1 is
1|2+ ! -separated.

This proves that the sequence K; C K, C --- stabilizes eventually. A similar ar-

gument, applied to I} 2 I D --- shows that that sequence also eventually stabilizes
(Problem ??). &

Step 2. LK (z) € K(z), LI(z) € I(z), and B = K(z) ®1(2).

Proof. The first two statements are obvious, we show the third. The previous step
shows that for some m, K(z) = Ky,1(z) = I, for all £ > m, so it’s enough to show that
B=K,®l,.

B =K, +I,: Suppose f € B, then (zI —L)"f € I, = by, (.- 2m > m), so 3g € B
st (2l —L)"f = (zI — f)*"g. We have f = [f — (zI —L)"g]+ (I —L)"g € Ky + .

KNI, ={0}: Suppose f € K,, NI, then f = (zI — L)"g for some g € B. Nec-
essarily (z —L)*"g = (2 — L)"f = 0, s0 g € Kopy. But Koy = Ky, 50 g € Ky Tt
follows that f = (zI —L)"g = 0. O
Step 3. (zl — L) : I(z) — I(z) is a bijection with bounded inverse.
Proof. Let m be a number s.t. I(z) = I, K(z) = K. (z — L) is one-to-one on I(z),
because ker(zl —L)N1(z) € Ky N1y C KNy = {0}. (zI — L) is onto I(z), be-
cause (zI —L)I(z) = (dd — L)y =Iyt1 =Ly =1(z). Thus (2l — L) : I(z) = I(z) is a
bijection.
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Since I(z) is a closed subset of a Banach space, ((z),]| -||) is complete. The open
mapping theorem says that any bijection between Banach spaces is open, therefore
its inverse is continuous, whence bounded. &

Step 4. K(z) = 0 for all but at most finitely many z € A(p,p(L)). K(z) # 0 for at
least one z s.t. |z] = p(L).

Proof. Suppose by way of contradiction that K(z) # {0} for infinitely many different
points z; € A(p,p(L)) (i > 1). Since A(p, p(L)) is compact, we may assume w.l.o.g.
that z,, —z€ A(p,p(L)).

Since K(z,) # 0, ker(z,] — L) # 0. Let F,, := ker(z;] — L) @ --- ® ker(z,] — L),
then F; C F> C F3 C --- . We now argue as in step 1. By the Riesz Lemma, 3f, € F,
s.t. || fu]l = 1 and dist (f,, F,—1) > 1. Using the decomposition

meﬂ+k - men = Z:,n+kfn+k - Z;?fn

we see that || f,, — L™ fy || > dist (27 furk> Fn) = 5 |2nk™ = 5p™. But this leads
to a contradiction exactly as in step 1.

Thus {z € A(p,p(L)) : K(z) # 0} is finite. Next we claim that it contains an
element on {z: |z| = p(L)}. Otherwise, 3p’ < p(L) s.t. K(z) = 0 for all |z] > p’.
This means that /(z) = B for all |z] > p’, whence by the previous step, (z/ — L) has
a bounded inverse for all |z| > p’. It follows that the spectral radius of L is less than
or equal to p’. But this is not the case, because p’ < p(L). O

Step 5. Let Ay,..., A4 denote the complete list of different eigenvalues of L in
A(p,p(L)), then

is a direct sum, dimF < oo, L(F) C F, and the eigenvalues of L|r are A1,...,A.

Proof. Suppose v; € K(4;) \ {0} and ¥ ot;v; = 0. We have to show that o;; = 0 for all
Jj. Suppose by way of contradiction that a; # 0 for some j.

Find, using step 1, anm > 1 s.t. K(A;) = ker(A,1 —L)™, and set p;(z) := (A; —2)™.
For every j, let q(z) := [1;, pi(z), then g;(L)v; = 0 for all i # j, and so

0=gq;(L) (Z aiVi) = ajq;(L)v;.

Since (Xj 7& 0, qj(L)Vj =0.

The polynomials ¢g;(z),p;(z) have no zeroes in common, so they are relatively
prime. Find polynomials a(z),b(z) s.t. a(z)pj(z) + b(z)g;(z) = 1. Evaluating the
expression on the right at L and applying it to v; we get that v; = 0, contrary to our
assumptions.

Thus the sum defining F is direct. The remaining statements are obvious conse-
quences of steps 1 and 4.

Step 6. H := (., I(X;) is closed, L(H) C H,and B=F ® H.
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Proof. H is closed and L-invariant because 1(4;) are closed and L-invariant (step 1).
Forevery i =1,...,t B=K(A;) ® H(A;) (step 2), so there exist projection oper-
ators ; : B — K(A;) s.t. for every f € B,
m(f) € K(4;) and (I — m;)(f) € 1(4).

We have

l. mL = Lm;, because LK(A;) C K(A;),LI(A;) CI(A);
2. i# j= mm; =0: Suppose u € B, and let v:= m;(u). Then v € K(A;), so Im s.t.
(Al —L)"v =0. We have

PR RUSI SN L Aj— AR (A — L)™ = (A — L)™ =0,
G- ¥ () =20t - s = (-

whence v=—(4;— ;)" Y, (¥)(A;— A)* (A4 — L)™*v. Iterating this identity
we see that for every ¢

l
v= - =2 Y (") - )l =Ly | vem(AI— L),
[m 7 () a2t -1 ] € Im(A - L)

whence v € I(A;) C kerm;. It follows that (; 0 ;) (u) = m;(v) = 0.

We can now show that B=F ® H. Every f € B can be decomposed into

m(f)+ (f—iﬂi(f)) :
i=1

-

i=1

The left summand is in F, the right summand is in O}_, kerm; = (', I(4) = H.
Thus B = F + H. On the other hand F N H = {0}, because if f € FNH, then m;(f) =
0 for all i (because f € H), whence f = 0 (because f € F) O

Step 7. The spectral radius of L|y is less than or equal to p.

Proof. 1t is enough to show that (zI — L) : H — H has a bounded inverse for all
|z| > p. Fix such a z, and let & be some element of H.

Suppose z & {A1,..., A}, then K(z) = {0} sol(z) =B.Bystep 3, (z/—L) :B— B
is invertible with bounded inverse.

Now suppose z = A; for some i. Recall that (A;/ — L) : I(A;) — I(A;) is an isomor-
phism, so 3! f € I(A;) s.t. h = (A — L) f. We show that f belongs to H, by checking
that 7;(f) = 0 for all j. This is clear for j =i (because f € I(A;) =kerm). If j # i,
then

0=m;(h) =m;(Al —L)f = (Al — L)7;(f),

so ;(f) € K(A4)NK(A;) = {0}. Thus f € Mkerm; = H. We see that 3!f € H s.t.
h=(zI —L)f. It follows that (z/ — L) : H — H is invertible. Since H is closed, H
is a Banach space and the inverse mapping theorem says that the inverse of (z/ — L)
must be bounded. &
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In summary, B = F & H where F, H are L—invariant spaces such that (a) F is finite
dimensional, (b) H is closed, (c) all the eigenvalues of L|r have modulus larger than
or equal to p, and (d) the spectral radius of L|y is less than or equal to p. (|

5.3 Implications of spectral gaps

In this section we discuss several applications of spectral gaps to the theory of Gibbs
measures.

5.3.1 Exponential decay of correlations

Suppose X,Y are two measurable random variables on a general probability space
(Q,.7,u). Suppose X,Y have finite variance. The covariance of XY is

Cov(X,Y):=E[X —Ex))(Y —E(Y))] =EXY) —E(X)E(Y).
The correlation coefficient of X,Y is

Cov(X,Y)

X,Y):= '
p(X,Y) VE(X —E(X)?)E((Y —E(Y)?)

Note that if X and Y have a tendency to deviate from their means in the same di-
rection, then Cov(X,Y) would tend to be positive, if X, Y tend to deviate from their
means in opposite directions then Cov(X,Y) would tend to be negative, and if there
is little correlation between the directions of deviations then |Cov(X,Y )| would tend
to be small. Thus Cov(X,Y) contains information on the correlation between X and
Y. The correlation coefficient is just a normalization of the covariance which makes
it take values in [—1, 1] (Cauchy-Schwarz).

Theorem 5.9 (Ruelle). Suppose m is a Gibbs measure for a locally Holder contin-
uous function ¢ : X — R with finite pressure, on a topologically mixing TMS with
the BIP property. Let B denote the Banach space in (5.6). For every f,g € B,

Cov(f,goT") — 0 exponentially fast.
n—oo

Proof. W.l.o.g. that P;(¢) = 0. Write m = hv, where h, v are the eigenfunctions of
Ruelle’s operator s.t. [hdv = 1. Since X has the BIP property, & is bounded away
from zero and infinity, so v(X) < e we normalize v and & to have v(X) = 1. The
transfer operator of mis T : f =1Ly (fh).

It is enough to prove the theorem for f, g with zero intergals. For such functions
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Cov(f,goT”):./fgoT"dm:/h’lL’(;(fh)gdm:/Lx(fh)gdv
<Ly (f)llllglleo < LG (R I]] 8 leo-

We saw in the course of the proof of theorem 5.8 that 4 € B. It is not difficult to
see || fh|| < [|f]|||A]| < oo, so fh € B. Since Ly : B— B is quasi—compact with no
eigenvalues on {z : |z| = 1} other than a simple eigenvalue at one, we can write

L¢=7’C+N

where m : f — h [ fdv is the eigenprojection of A = 1, and N is an operator s.t.
Nm=7N=0and p(N) < 1. Fix some p(N) < k < 1, then ||[N"|| = O(k"), and so
1Ly (PR = N7 (fR) +N"(fR)[| = O(K") | fhll,
because w(fh) =h [ fhdv =h [ fdm = 0. We see that |Cov(f,goT") =O0(x"). O

5.3.2 The central limit theorem

The central limit theorem is a statement on convergence in distribution to the normal
(or Gaussian) distribution. We review these probabilistic notions.

Suppose (2,.#,P) is a probability space. A (real valued) random variable on Q
is an .#—measurable function X : Q — R. The distribution function of X is

Fx(r) =P[X <1].

The following properties are automatic:

1. Fyx is non—decreasing and takes values in [0, 1];
2. Fy is continuous from the left: Fx (1) —— Fx(a);
t—a-

3. Fx(l‘) —0, Fx(l) —1
t——oo t—ro0
Any function F : R — [0, 1] like that is called a distribution function.”

Definition 5.7. Let X,,,Y be real valued random variables (possibly on different
probability spaces). We say that X, converges in distribution to Y, and write

X, 2Ly if PX, < 1] — P[Y < ¢] for all t where Fy(+) is continuous.
n—oo n—soo

(The reason we only ask for Fx, (¢) to converge to Fy(z) at points where Fy(-) is
continuous, is to deal with examples such as X,, =2 — %,Y = 2. We would like to

say that X, ni_i?j Y, eventhough Fx,(2) =1 /4 0= Fy(2).)

7 Some people prefer to define the distribution function of a random variable by the formula
Fx(t) := P[X < 1], and then replace the requirement of continuity from the left by the require-
ment of continuity from the right.
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The normal distribution (or Gaussian distribution) with mean 1 € R and vari-
ance 6 > 0 is the following distribution function:

N(u,02)(t) == #/Y e 1?2074y

’ V2162 J-e

The degenerate normal distribution with mean p is N(,0)() := 1(_o ) (#). A ran-
dom variable with normal distribution is called Gaussian. A degenerate Gaussian

random variable is constant almost everywhere.

Theorem 5.10 (Central Limit Theorem). Suppose my is the Gibbs measure of a
locally Holder continuous function ¢ on a topologically mixing TMS, and suppose
v : X — Ris a (bounded) Holder continuous function, then

1 = dist
— Tk — / dm | =55 N(0, 0?) with 11
T (sz)wo nlwy m) — (0,07) with respect to my

. . 2
where 62 > 0 is given by 62 := 57

OPG(¢ +ty).

=

To prove such a result, it is convenient to use characteristic functions: The char-
acteristic function of a random variable X : Q — R is

fx(t) = E(e™).

For example, the characteristic function of N(u,c?) is g(t) = exp(iu — 10212).
Characteristic functions are useful for studying convergence in distribution, because
of the following theorem:

Theorem 5.11 (Lévy’s Continuity Theorem). A sequence of random variables X,
converges in distribution to a random variable Y iff the characteristic functions of
X, converge pointwise to the characteristic function of Y.

Thus X, n—d_l)s—fj N(0, (72) iff fx, (¢) 7_}—: exp(f%cztz) pointwise. We will not give a
proof of Lévy’s continuity theorem as stated above. Rather, we will prove a more
special result, which assumes more (the limiting distribution function needs to have
a bounded derivative) and which says more (rate of convergence):

Proposition 5.3. There exists a constant C > 0 s.t. for every pair of real valued
random variables X,Y with distribution functions F,G and characteristic functions
18 if G is differentiable and [ |F — G|dx < oo, then for all x e R and T > 0,

|F(x)—G(x)|§C<1/T f(t)_g(f)|dt+8up|G’|>'

2r J-r lt] T

In particular, if X,, are bounded random variables with distribution functions Fj,
and characteristic functions f,, and if f, — f =characteristic function of the Gaus-
sian random variable N (0, 6%), then for every T
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010, 1)

1
dt+ —
JrT

IF(x) = N(0,6%) (x)| < C ( /

2r )1 |t|

Characteristic functions are uniformly bounded (by one), so the integral term tends
to zero by the bounded convergence theorem. Since 7" can be taken to be arbitrarily
large, this is enough to deduce that F;,(x) — N(0,62)(x) for all x.

If one has more information on the convergence f, — f, then one can hope to
construct 7, — oo such that [ _T”Tn Wdt — 0, and then obtain a rate of conver-
gence (Berry—Eseen).

Proposition 5.3 is pure Fourier analysis, so we delegate its proof to a separate
section, and proceed to prove the CLT accepting it as given.

Proof of Theorem 5.10. We assume w.l.o.g. that P6(¢) = 0 and Y7, 0 = 1.
In this case the transfer operator of mg is Ly, and L;‘,m¢ = my. We may also assume
w.lo.g. that [ wdmgy = 0.

Let y, ;= y+yoT +---+yoT" ! The characteristic function of y, is

E(eian) — /eitwndm(p = / L’J)(eilllfn)qu) = /L$+ltly1dm¢

We shall study this expression using the spectral properties of Ly : B — B, where
B:={f:X—=C:|fl|:=|fll+Lipg(f) <eo},and 0 < 8 < 1 be the number such
that var, ¢, var, < A0" for some A >0 and alln > 1.

Step 1. Suppose y is a (bounded) Holder continuous function, then z+ L, := Ly 1 ;7
is holomorphic map from a neighborhood of zero to Hom(B).

Forevery f € B, L,f =Ly (eV f) = i (Z?nL¢(w"f), )
0

n=

o (iz)"
LZ = Z n' L¢Mn,
n=0 '

where M : B — B is the operator M f = y f.

Itis easy to check that (B, || -||) is a Banach algebra: || fg|| < || f]|||gl|- Thus ||M]| <
||yl and so ||LyM"|| < |[Lg||[|M]]". Thus the above series expansion converges on
{z:]z] < 1/||y]|}. Since L, admits a power series expansion on a neighborhood of
zero, it is holomorphic there. &

Step 2. Application of spectral gap and analytic perturbation theory.
The space B has the property that Ly : B — B has spectral gap: 30 < ¥ < 1 s.t.

Spect(Lg) = {1} Ucompact subset of {z: |z| < K},

where 1 is a simple eigenvalue. By analytic perturbation theory, there exists Kk <
Ko < k1 < 1 and € > 0 s.t. for every |z| < €,

Spect(L;) = {A;} Ucompact subset of {z: |z| < K},
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where A, is a simple eigenvalue s.t. |A;| > k. Moreover, A, and its eigenprojection
P, are holomorphic on {z: |z| < €}. For such z we can write

L, =AP.+N,

where N, := L,(I — P.) has spectral radius smaller than xp, and P.N, = N,P, = 0.
Note that A9 = 1 (the leading eigenvalue of Ly), and P, is the operator By f =
J fdmy (the eigenprojection of this eigenvalue).
We see that

E(ei¥) — / L'ldmy = / (AP N 1)dmg
Y / [Pol + (P — Po)1 + A, "N 1] dimg
— A7[1+£,(1)], where &, (1) = /(P, Py ldmg+ A" /N,”ldm¢.
Since ¢t — P, is continuous and |4, > Kk > ko > p (N, ),

&(1) = O(|[F — hl) + O(xk; "15) ———— 0.

n—oo,t—0

Thus E(e"/Vi) = 41 14 6,(L)] = 4% 1 +o(1)]. o
Step 3. Finding the asymptotic behavior of kl’; S asn = oo,
Since z — A, is holomorphic on a neighborhood of zero,

A =a+bt+ct® +o(t*) ast — 0.

We find the coefficients a, b, c. To find a, we substitute # = 0 to see that a = Ay = 1.
To find b = % |i=0As, we start from the identity L, P, = A, P; and differentiate:

L+ LP, = MNP+ MP,.

Now apply P; on the left: AL P, + A, PP, = A/ P> + L, P.P.. Since P? = P, this gives
upon cancelation and substitution ¢ = 0

P(L;|_,)P=bP.
The series expansion we found above for L, shows that Lj|,—g = iLsM, so
b= PLy(yP1) = /L¢wdm¢ - /l,l/dm¢ ~0
The coefficient ¢ does not have such a simple formula. But we can at least de-

termine its sign: Let A (x) := A_;,, where x is real. This the leading eigenvalue of
Ly xy, s0 A(x) = expP(¢ +xy). Since P;(-) and exp(-) are convex, A(x) is con-
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vex. Therefore A”(0) > 0. But A”(0) = (—i)?4|i=0 = —¢, so ¢ < 0. We write
c= 7%62 for some ¢ > 0.
Putting this altogether we have that 4, =1 — %6212 +o(t?), whence

= <121n<;2;2+0(}1)t2)" - [nlog (121,162t2+0(}l),2>}
=exp {n (—226%2 +o(}l)¢2) i +0(1)]} (- Tog(1 —x) = x[1 +o(1)]).

Fixing ¢ and passing to the limit as n — oo, we see that kt”/\/ﬁ — exp(—%oztz). O

These steps show that E (e ¥n/v) — exp(—4071%), the characteristic function
n—yoo
of N(0,6?). So the CLT is proved. O

Remark 1: By expanding A, to the third degree, we can obtain information on the
rate of convergence in the CLT.

Remark 2: It is important to know when is the limit non—degenerate, i.e. when
does o # 0. The following can be shown, but we do not have time to do this:

Theorem 5.12. Under the assumption of the previous theorem, ¢ # 0 iff ¥ is not
cohomologous via a continuous transfer function to a constant.

Remark 3: There is no explicit formula for o, but the following identities are
known.

Theorem 5.13. Under the assumptions of the previous theorem,

. . . 2 1 1
1. Asymptotic variance formula: 6= = r}l_r)lolo ~Var(y,) w.rt. mg

2
< _JFelo+1y)

3. Green—Kubo formula: Suppose [ wdmgy =0, then (w.r.t. my),

2. Linear response formula: 6% =

0% =Var(y)+2 Y Cov(y,yoT")
k=1

Here Cov(f,g) = [ fgdmy — [ fdmy, [ gdmy and Var(f) = Cov(f, f).

The “linear response formula” originates from statistical physics. There first par-
tial derivatives of the free energy function are interpreted as thermodynamic quan-
tities, and second order partial derivatives are called “linear response functions”,
because they measure the rate of change in a thermodynamic quantity when one of
the parameters of the systems is varied linearly.

The “Green—Kubo formula” originates from the theory of diffusion processes. It
is a statement about the relation between the diffusion coefficient and the rate of
mixing.
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5.3.3 Proof of proposition 5.3

We first recall some standard facts on Lebesgue—Stieltjes integrals. Any distribution
function F determines a unique Borel probability measure on R by ur(la,b)) :=
F(b) — F(a). This is called the Lebesgue—Stielties measure of F. It is customary to
use the following notation

/ub f(X)F (dx) or / ? F)dF (x) for /W) Fdup.

Note that the right endpoint of the interval is not included. (This matters when F (x)
has a jump discontinuity at b, because in this case [ has an atom at b.)
The Fourier transform of a function f € L' (R) is

30 = [ fixax
This has the following properties:

L. 3(3(f)) =27f
2. F(fxg)=38(f) -F(g), where (f*g)(x) = [ f(x—y)g(y)dy (the convolution).

The Fourier transform of a Borel probability measure y on R is the function

Fu)() = [e™du(x).
The reader can check that characteristic function of a random variable X is the
Fourier transform of the Stieltjes measure of the distribution function of X:

Fe(t) = / M dug, ().

This only depends on the distribution function of X. Therefore we can safely speak
of the characteristic function of a distribution function.

Lemma 5.2. Suppose F(x),G(x) are two distribution functions with characteristic
Sunctions f(t),g(¢). If [ |F (x) — G(x)|dx < oo, then

ft) —g(t)
it '

S(F-G)](1) = -

Proof. First note that the Fourier transform of F' — G exists, because F — G € L by
assumption. Let ur and Ug denote the Lebesgue—Stieltjes measures of F, G, then
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[F(F —G)](t) = lim ! e”x[F(x) — G(x)]dx

T —oo

:rhfl[/ / ¢ it (€)dx — // Ux1§<x]d[.tc(§)dx:|

= lim [ (/.g ’”‘dx) dur(E) —Jim [ (/<§ ”xdx> duc(§)

) T itT ll<§ T itT lt<§
—im [ @) - gim [ ang()
eitT zté
= Jim | S F(T) -G~ [ (e o) (@)
—oo | It o I

The first summand tends to zero (because F(T),G(T) = 1), and the second
—o0

summand tends to —w, where f,g are the characteristic functions of the dis-
tributions F, G. d

Lemma 5.3. There exists a non—negative absolutely integrable function H(x) s.t.

1. H is even;

2. [H(x)dx=1;

3. b= [|x|H(x)dx < eo;
4. H(x) —— 0;

Jx[—e
5. The Fourier transform of H(x) is real-valued, non-negative, and supported in-
side [—1,1].

Proof. There are many possible constructions. Here is one. Start with the indicator
of of a symmetric interval [—a, a], and take its Fourier transform

2sinay
v

a .
Holy) = [ i =

The Fourier transform of Hy is §Hy = 271|_, 4, so it has compact support. But Hy
is not non-negative, and [ |x|Ho(x)dx = oo. To correct this we let H; (x) := (Ho(x))*,
and observe that H;(x) > 0 and [ |x|H (x)dx < oo. The Fourier transform of H still
has compact support (in [—4a,4a)), because

S[(Ho)ﬂ = S[(Sl[—ma ) ] S{S[( [~a,a] * 1[—a a) * 1[—a al * 1[ a a]]} (1[—a,a])*47

and the convolution of functions with compact support has compact support. H; is
even, because it is the convolution of even functions. It remains to normalize H; to
have integral equal to one. a

Proof of Proposition 5.3 Let H(x) be the function given by the lemma, and let
h:=§H. Set Hr(x) := TH(Tx), then Hr(x) is an even non—negative absolutely
integrable function s.t.

1. [Hrdx=1;
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2. [|x|Hr(x)dx=0b/T;
3. The Fourier transform of Hy is hr(¢) := h(¢/T) where h = §H.
Note that A7 is supported in [—7T,T], and |har| < ||Hr || = 1.

The proof is based on the following heuristic: For T large, Hr (x) has a sharp peak
at x = 0, and rapid decay for x far from zero. If we average a “nice” function @(y)
with weights Hr (x — y), then we expect the result to be close to ¢(x), in particular

?
we expect |F(x) — G(x)| = |average of F(y) — G(y) with weights Hr (x —y)|. This
average is the integral

~ [H=)F ) - Go)lay.

The proof consists of (a) estimating Ir(x) in terms of f(z),g(¢), and (b) relating
M :=sup|F(x) — G(x)| to the value of I (-) at a point where |F (x) — G(x)| is nearly
maximal.

Step 1. I (x) < 5 [T L0 ar.

Proof:
‘/HT(X_Y G(y)]dy‘ = |Hr «(F - G)|
270) " |37 [Hr + (F = G)]| = 27 [3[3Hr - $(F - G)]|
= (2m) " 3lhr - F(F - G|
=(2n)"! / B e"thT(t)wdz (lemma 5.2)
f (1) —g(1)]
< 27[/ L (5.10)
because |hr(¢)| < ||Hr||1 = 1 and hr is supported in [T, T]. O

Step 2. Relating sup |F (x) — G(x)| to Ir(xp) at a point xop where |F(xp) — G(xp)| is
nearly maximal.

Let A := sup|G’(x)| and M := sup |F (x) — G(x)|. Fix some point xy € R s.t. My :=
|F(x0) — G(xo)| > 1M. Since we are free to translate the distributions F,G by the
same amount, we may assume w.l.o.g. that xo = 0. So My = |F(0) — G(0)| and

Ir(xo) =Ir(0 /HT G(y)]dy.

(we have used the fact that H7 is even).
Suppose first F(0) > G(0), and decompose the integral I7(0) into [0 + [+ oty

1. To analyze fOMO we note that if y € [0, My], then [F(y) — G(y)] — [F(0) — G(0)] >
G(0)=G(y) = — J§ G'(v)dy = —Ay. Thus [F (y) = G(y)] = [F(0) — G(0)] — Ay =
My — Ay (because F(0) > G(0)), whence
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Mo

HO)FO) Gy > [ (M~ A ()
0 0

2. We estimate [°_ from below by replacing [F(y) — G(y)] by —M > —2Mj:

0 0
leT(y)[F(y)*G(y)}dyz */7mHT(y)'2M0dy

3. Similarly, [y Hr (v)[F(y) — G(y)ldy = — [y, Hr (y) - 2Mody.
Putting this all together, we obtain

Mo 0 o
Ir(0) > /o (Mo —A)’)HT(—Y)dy—/ 2MoHr (—y)dy — y 2MoHy (y)dy
—% 0

My
= /O (3My — Ay)Hr (y)dy — My

Mo
=300 [ Hr(y)dy=4 [ vl (v)dy— My

1 b

= My +3My / Hr)dy=5 o [WHr 0y =1 [HO)y = 2)
3My Ab
= —My+— dy— —
i Hr(y)dy — —

In summary Mo|[3 [, Hr(y)dy—1] < 1T(0) + AT”
Fix some 6 > 0 s.t. [ H(y)dy = 9, then f G/T Hr(y)dy = %. It is no problem

to choose H from the beginning in such a way that o < A.
There are two cases:

1. My < % andthenM<26/T<2A/T;
2. Mo > %, and then 3 /" H(y)dy—1> 1,50 Mo <317 (0)+ 4.

In both cases, this and step 1 yields

sup |[F(x) — G(x)| < 2My <6 (2175/ |f(t) |;‘ g(l)\dt+ max{ﬁ,Z}A) |

and the proposition is proved.
This proof was done under the assumption that F(0) > G(0). If F(0) < G(0),

then we repeat the same procedure, but with the decomposition [~ 0 My T J e Mo 4 Jo -
This leads to

[ 0G0 - FOay= [ @Myl -

From this point onward, the proof continues as before. O
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