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Abstract

1 Historic Background

The program of statistical physics started with the aim of understanding how the mi-
croscopic considerations (say, the mechanics of single molecules) lead to macroscopic
observations of the whole system. In particular, but not exclusively, the behaviour of
an ideal gas (a liter of which roughly contains 2.7 - 10?2 molecules, cf. to the ~ 2.710%
(the number of Avogadro) in a mol of substance.

e The macroscopic and experimental theory of the time included measurements of
temperature, pressure, energy, etc. How should they be understood as averages
over the movements of all the single particles? One is helped by conservation
laws, such as the First Law of Thermodynamics:

U=Q —-W energy flow = heat flow minus net work done.

e What exactly is entropy, i.e., the measure of disorder of the system. It appears
in the Second Law of Thermodynamics:

dQ) =TdS heat transfer = temperature times change of entropy
and the Third Law of Thermodynamics:
the entropy of a perfect crystal at zero temperature is zero,
but how to define such a quantity mathematically?

e Explain the macroscopic laws of thermodynamics, especially:
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— Systems strive towards lowest energy.

— Systems strive towards largest entropy.

Especially the last was not without controversy: Newtonian reversibility doesn’t
reconcile with increase of entropy. Apart from this, there is Gibbs’ paradox:
Imagine a container divided into two parts A and B, which do communicate.
The parts A and B are filled randomly with gases g4 and gg. If g4 and gp are
different, the entropy increases by the mixture of the gases. If g4 and gg are the
same gas, then entropy is already maximal.

e Description of phase transitions:

solid <> liquid < gaseous
magnetized <> non-magnetized

super-conductive <> conductive <> non-conductive

Some of the protagonists of this theory are the following:

e James Clark Maxwell (1831 - 1879). Although his work of electromagnetism and
color theory is much better known, he did publish works of kinetic theory of gas
and also the “molecular” structure of conductors.

e Ludwig Boltzmann (1844 - 1906). He is basically the founder of this theory, but
his ideas met with a lot of criticism. This was in a time when the existence of
atoms was still a hypothesis rather than a fact. His theory didn’t match empiri-
cal observations, and didn’t yet fully explain the problems with entropy increase.
Boltzmann moved between universities a lot (Graz, Vienna, Leipzig), being usu-
ally very unhappy if he shared his working place with scientific adversaries (e.g.
Mach in Vienna, Oswald in Leipzig). Nonetheless he had success; for instance,
his lectures on natural philosophy were so popular that the largest lecture hall in
Vienna at the time wasn’t big enough, and he had to move his lectures to a hall
in the imperial palace.

e Josiah Willard Gibbs (1839 - 1903). Gibbs was the first to include probability
theory in his analysis, and may be credited with coining the word “statistical
mechanics”. He published only late in his life. His 1902 book on the subject was
praised by its mathematical rigor and elegance, but sometimes criticised for not
really addressing the physical-philosophical problems of the structure of gases.

e Henri Poincaré (1854 - 1912). His theorem (now called Poincaré recurrence) gave
a mathematical refutation of the principle of ever increasing entropy.

e Albert Einstein (1879 - 1955). Between 1902 to 1904, Einstein published sev-
eral papers on statistical mechanics, which were definitely helpful in his treatise



of Brownian motion and of the photo-electric effect (1905), for which he would
eventually receive the Nobel prize (i.e., not for his relativity theory!).

e Paul and Tatiana Ehrenfest (1880 - 1933 and 1876 - 1964) published in 1910 an
influential paper on the subject, in which they made the state of the art of the
time accessible to a wide (German-speaking) audience. Among other things, they
gave a more modest and mathematcally sound version of Boltzmann’s famous but
unrealistic Ergoden Hypothese.

o George Birkhoff (1884 — 1944) proved in 1931 the pointwise version of the Ergodic
Theorem which was long anticipated, and was crucial for the development of the
mathematical side of thermodynamic formalism.

e John von Neumann (1903 — 1957) proved the L? version of the Ergodic Theorem.
His result came before Birkhoff’s but was published slightly later (in 1932). In
this struggle for priority, Birkhoff was not entirely innocent.

e Wilhelm Lenz (1988 - 1957) was PhD supervisor of Ising (below), and suggested
a now famous model of ferro-magnetism to Ising.

e Ernst Ising (1900 - 1998) treated this system in his thesis, found no “phase transi-
tions” and but concluded that the model was insufficient to explain the magneti-
zation of iron. He was in fact quite surprised to learn that 25 years after his thesis,
people were still interested. In fact, the model doesn’t explain magnetization in
a one-dimensional model, but performs much better in dimension three.

e Andrej Kolmogorov (1903-1987), Russian probabilist and founding father of er-
godic theory in Russia. His definiton of entropy paved the way for the current
mathematical approach to thermodynamic formalism.

The introduction of thermodynamic formalism within the mathematical field of dynam-
ical systems occurred in the 1970s, and was primarily due to the following people.

e Yakov Sinai(1935 -): Mathematical physicists in moscow and Princeton, student
of Kolmogorov. He proved the ergodicity of what is now called Sinai billiards,
which is a model for bounding molecules in a gas.

e David Ruelle (1935 -): Mathematical physicists born in Belgium but worked
mostly in France, mainly on statistical physics and turbulence. The Ruelle-Takens
route to chaos, Ruelle’s (-function and the Ruelle inequality are named after him.

e Rufus Bowen (1947 - 1978): Mathematician at Berkeley (USA), student of Field’s
medalist Stephen Smale, worked on Axiom A diffeomorphisms and symbolic dy-
namics.



1.1 Introductory example of the Ising model

This extended example is meant to give a feel for many of the ingredients in thermody-
namic formalism. It is centred around a simplified Ising model, which can be computed
completely.

We take the configuration space Q = {—1,+1}%, that is the space of all bi-infinite
sequences of +1’s and —1’s. This give a rough model of ferro-magnetic atoms arranged
on a line, having spin either upwards (41) or downwards (—1). If all spins are upwards
(or all downwards), then the material is fully magnetized, but usually the heat in the
material means that atom rotate directing their spin in all directions over time, which
we discretize to either up or down.

Of course, infinitely many atoms is unrealistic, and hence a configuration space {—1, 41}l
would be better (where [—n, n] is our notation of the integer interval {—n, —n+1,... n—
1,n}), but for simplicity, let us look at the infinite line for the moment.

A probability measure p indicates how likely it is to find a particular configuration,
or rather a particular ensemble of configurations. For example, the fully magnetized
states are expressed by the measures:

5. (A) = 1 if A3 (o, 41,41, +1,+1,...)
T 0 i AF (L L L L)

and 6_ with the analogous definition. For these two measures, only one configuration
is likely to occur. Usually a single configuration occurs with probability zero, and we
have to look at ensembles instead. Define cylinder sets

Cn(w) ={w' € Q:w; =w; for i€ [m,n]}

as the set of all configurations that agree with configuration w on sites ¢ for m <17 < n.
Its length is n — m + 1. Another notation would be Cy, (W) = [WinWm1 - - - Wa).

The Bernoulli measure (stationary product measure) p, is defined as

pp (W1 - - w]) = [ ] p(wi), where p(+1) = p and p(—1) =1 —p.

i=m

There is a Bernoulli measure p, for each p € [0,1] and py = 04, po = J—. However,
for p € (0,1), every single configuration has measure 0. The Law of Large Numbers
implies that the set of configurations in which the frequency of +1’s is anything else
than p has zero measure.

Since physical problem is translation invariant. Define the left-shift as

0'(&))7; = Wit1-

!This measure extends uniquely to all measurable sets by Kolmogorov’s Extension Theorem.
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Translation invariance of a measure then means shift-invariance: p(A) = p(o(A)) for
each ensemble A C ). Many probability measures on () are not translation invariant,
but fortunately, the examples p, above are.

Another example of shift-invariant measures are the Gibbs measures, associated to some
potential function ¢ : Q@ — R; the integral [, du is called the (potential) energy of

L.

Definition 1. A measure p is a Gibbs measure w.r.t. potential function ¢ : Q — R
if there are constants C' > 0 and P € R such that for all cylinder sets C,,,, and all
w e Om,n;

1 ,U(Om n)

— < - < C. 1

CS ey, Wor@ P - W
The number P is called the pressure; in this setting it is a sort of normalizing constant,
adjusting the exponential decrease of the denominator to the exponential decrease of the
numerator?

If we choose the potential to be

- log p if wg=+1
¢<w)_{log1—p if wg=—-1"

then the Bernoulli measure p, is actually a Gibbs measure, with pressure P = 0 and
“distortion constant” C' = 1. Indeed,

(Crn(w)) = H p(w;) = H V(') = eXp(Z P(o' (),

and (1) follows.

The next ingredient is entropy. We postpone the precise definition, except for to say
that there are different kinds. The system itself can have topological entropy h,,(o)
which is independent of the measure, while each shift-invariant measure p has its metric
entropy or rather measure theoretical entropy h,(0). For the Bernoulli measure
Iy, the measure theoretical entropy is

hyu,(0) = —(plogp + (1 — p)log(1 — p))
is the minus the expectation of .

Exercise 1. For ¢ : [0,1] — R defined as p(z) = — (xlogx + (1 — x)log(1l — x)), we
can write h,, (o) = @(p). Compute the limits lim, o p(x) and lim,_,; ¢(z). Conclude
that 6, and 0_ have zero entropy. (This agrees with the idea that entropy is suppose to
measure disorder.) Where does ¢ assume its mazimum? What does this suggest about
the measure of maximal entropy?

2This is the definition for one-dimensional lattices. For a d-dimensional lattice, we need to add an
extra factor (n —m + 1)471 in the lower and upper bounds in (1).



Exercise 2. Compute its first and second derivative. Is ¢ (strictly) concave?

Let us fix the potential
O lf Wy = —I—l

plw) = { 1 ifw = —1. 2)

The potential energy E(u) = [, du becomes smaller for measures that favours con-
figurations w where many entries are +1. We can think of ¢ as representing a fixed
external magnetic field; the better the atoms align themselves to this field, the smaller
the potential energy of their configuration. In extremo, F(d,) = 0, but the entropy of
04 is zero, so we don’t maximise entropy with this choice.

Pressure can also be defined by the Variational Principle. We introduce a weighing
parameter € R between energy and entropy content of the measure. The physical
interpretation of 8 = 1/T, where T stands for the absolute temperature (i.e., degrees
Kelvin normalised in some way), and thus it makes only physical sense to take 8 €
(0, 00), but we will frequently look at limit case f — 0 and § — oc.

Now let the (Variational) Pressure be
P(B) =sup{h,(o) = / Y dp : pis a shift-invariant probability measure} — (3)

A shift-invariant probability measure p is called equilibrium state or equilibrium
measure, if it assume the pressure in (3).

For the limit case T' — oo, i.e., 8 — 0, the potential energy plays no role, and we are
just maximising entropy. For the limit case T' — 0, 7.e., B — oo, the potential energy
becomes all important, so in our example we expect d, to be the limit equilibrium state.
The physical interpretation of this statement is: as the temperature decreases to zero
for some fixed external magnetic field (and also as the external magnetic field grows to
infinity), the material becomes totally magnetized.

The question is now: do we find total magnetization (i.e., the measure d, as equilibrium
state) also for some positive temperature (or finite external magnetic field)?

For each fixed measure, the function 3 — h,(c) + 8 [ dp is a straight line with slope
— [+ dp (non-positive because our potential ¢ is non-negative) and abscissa h, (o). If
we look at (3) again, we can view the pressure function g — P(/3) as the envelope of
all these straight lines. From this it follows immediately that g +— P(/3) is continuous
and convex (and non-increasing due to 1) being non-negative).

Once full magnetization is obtained, increasing ( further will not change the equilibrium
state anymore. Indeed, there is no measure that favours w; = 41 more than ¢,. So if
there is a finite 3y such that 0, is equilibrium state, then P(3) = 0 for all § > 8,. We
can call this a freezing phase transition, because at this parameter, the equilibrium
state doesn’t change anymore (as if the system is frozen in one configuration). The
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right-hand slope of the pressure function at Sy is 0; how abrupt this phase transition
is depends also on the left slope at 5y which might be different from 0, but always > 0
because of convexity.

Let us now do the computation if there really is a phase transition at a finite fj.
For simplicity (and without justification at the moment) we will only compute the
supremum in (3) over the Bernoulli measures f,. So then (3) simplifies to

P(B) = sup —(plogp+ (1 —p)log(l —p)) = B(1 —p) = sup F(up, )
p€(0,1] pe[0,1]
The quantity F'(u,, ) is called the free energy of the measure u,. In our simplified
case, it is a smooth curve in p, so to find the supremum (= maximum), we simply
compute the derivative and put it equal to O:

0
0= 8—pF(up, B) = —(logp —log(1 —p)) + 5.
This is equivalent to log ﬁ =0, i.e.,
B e’ 1 1
P=1ser P=15es

Substituting in P(f3), we find that the pressure is
A B 1 1 1
PB) = - ( © log—— + 1 ) —8

14 e Ogl—l—eﬁ 14 e Ogl—l—eﬁ 14 eb

eﬁ+1l e’ N 1 | 1 1 | ef 5 1
= — o 0 — o -

1+ef gl—l—eﬁl 14e€f g1+65 1+ef gl—l—ef’: 1+e€P
A g 5
= — og — _

1+eP 1+ef 14 ef
—0 as [ — oo

= log(1 +e") =log2 ifB3=0

~ —f as [ — —oo

So the pressure function is smooth (even real analytic) and never reaches the line 8 =0
for any finite 5. Hence, there is no phase transition.

Exercise 3. Verify that for potential (2), u, is indeed a Gibbs measure. For which value
of the pressure? Here it is important to incorporate the factor —f in the potential, so

Yp(w) =0 if wo = 1 and Yg(w) = =B if wy = —1.

In the proper Ising model, the potential also contains also a local interaction term
between nearest neighbors:

w(w) = Z Jw'iwiJrl + wext(w)a
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where J < 0, so neighboring atomic magnets with the same spin have lower joint energy
than neighboring atoms with opposite spin. The term .., (w) still stands for the exter-
nal magnetic field, and can be taken as ¢ in (2). This gives a problem for the infinite
lattice, because here all configurations have a divergent sum ), Jw;w;1. Ising’s solu-
tion to this problem lies in first dealing with a large lattice [—n, n], so the configuration
space is {—1, +1}[_”’”}, and considering the Gibbs measures and/or equilibrium states
projected to fixed finite lattice [—m,m] (these projections are called marginal mea-
sures), and then letting n tend to infinity. Such limits are called thermodynamic
limits. If there is no external magnetic field (i.e., ey = 0), then as f — oo, n — oo,
there are two ergodic thermodynamic limits, namely 6, and é_. There is no preference
from one over the other; this preference would arise if the is an external magnetic field
of definite direction. However, no such magnetization takes place for a finite 8. For this
reason, Ising dismissed the model as a good explanation for magnetization of iron (and
other substances). However, as was found much later, on higher dimensional lattices,
the Ising model does produce phase transitions and magnetization at finite values of 3
(i.e., positive temperature).

2 Configuration Spaces, Subshifts of Finite Type
and Symbolic Dynamics

In this section we provide some examples of frequently occurring configuration spaces,
and we want to give an indication of their size, which is directly related to the complexity
of the maps we define on them. We start with symbolic spaces, which may seem the most
abstract, but which are used to code dynamics on more concrete space symbolically.

2.1 Symbolic spaces

Let A={0,...,N — 1} be some finite collection of symbols, called the alphabet. We
can make finite words of these symbols by concatenation; the notation of the collection
of these finite words is \A*. More interesting are the infinite words of symbols, AN or
AZ, depending on we have one-sided (with Ny = {0,1,2,3,...}) or two-sided infinite
words. If Q = AN or A%, then we can define the left-shift o : Q — Q as

o(w); = wiy for all i € N or Z.

The space (€2,0) is called the one-sided and two-sided full shift on n letters. The
left-shift is invertible (and o' is the right-shift) on two-sided infinite words, i.e., on
Q = AZ. Define a metric on Q as

1 ifa=05b

AN —|n| i / : _
d(w,w') = 22 (1 —§(wn,w))), where the Dirac delta d(a,b) = { 0 ifab
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In this metric, two words w and w’ are close together if they agree on a large block
around the zero-th coordinate.

Exercise 4. Show that in the above topology, € is a Cantor set. That is: ) is compact,
has no isolated points and is totally disconnected (each of its connected components is
a point).

Exercise 5. There is nothing special about the number 2. We could take any A\ > 1
instead, obtaining a metric

dy(w,w) =Y A1 = §(wn,w),)).
Show that the metrics d and dy are not equivalent in the sense that there would be C' > 0

so that .
Ed(w,w') < dy(w,w") € Cd(w,w).
On the other hand, show that the identity map I : (Q,d) — (Q,dy) is uniformly contin-

wous, with uniformly continuous inverse.

Exercise 6. Take A\ > 2 and show that the identity map I : (2, d) — (€2, dy) is Hélder
continuous, i.e., there are C' and exponent a such that

dy(w,w") < Cd(w,w")*.
What is the largest value of a that we can take?

Definition 2. A set X C Q is called a subshift if it is closed and shift-invariant, i.e.,
o(X) CX.

The prime example of a subshift are the subshifts of finite type (SFT) in which the
occurrence of a finite collection of words is forbidden. For example, the Fibonacci SE'T

Yo ={we {0,1} or {0,1}* : wiw;s1 # 11 for all 4}.

Naturally, we can think of SFTs in which blocks of length > 2 are forbidden, but since
there are only finitely many forbidden word, we can always recode the subshift (using
a larger alphabet) so as to obtain a SFT in which only some words of length 2 are
forbidden. This means that we can define a transition matrix:

A= (a ')Nil . 1 %f the word 2] %s alloxyed,
©171,5=0 “I 0 if the word 77 is forbidden.

For example, the transition matrix of >_;; is (1 (1)) . The transition matrix A is a non-
negative matrix, and hence (by the Perron-Frobenius Theorem) has a real eigenvalue
p(A) which is at least as large as any other eigenvalue of A. In fact, if A is irreducible
and a-periodic (that is, there is ny € N such that A" is a strictly positive matrix for all
n = ng), then p(A) has multiplicity one and is strictly larger than the absolute value of

every other eigenvalue.



Exercise 7. Fxamine the eigenvalues of

) e (o)

to see what lack of irreducibility and of non-periodicity can mean.

Exercise 8. Recode the SFT ¥ 101111 to a SFT with forbidden words of length 2 only.
Compute the corresponding transition matriz.

Example 1. One can consider configuration spaces over higher-diemnsional lattices,

for instance
Q={-1,+1}*

for which every w € Q is an infinite square patterns of —1’s and +1s. There are now
two shifts, the left-shift o with o=' being the right-shift, but also the down-shift T with
771 being the up-shift, and T oo = o o 7. Also here you can consider subshifts of finite
type, for instance Eﬁn,} would stand for all infinite square patterns of —1’s and +1s

without two +1s begin left-right or up-down neighbors, but diagonal neighbors is allowed.
In this case, the word-complexity p(m,n), here the number of different patterns in an
m X n-block, is an open problem. We don’t know the precise value of lim, %logp(n, n).

2.2 Sizes of symbolic spaces

Recall that cylinder sets of length n —m + 1 are
Crn(W) = [WmwWimtt - . wy] = {W € Q:w] = w; for i € [m,n]}

as the set of all configurations that agree with configuration w on sites 7 for m < ¢ <
n. If Q is a one-sided shift-space, then it is convenient to abbreviate n-cylinders as
Cr(w) =|wo... .wn_1].

Definition 3. The word-complexity of a subshift 3 is defined as

p(n) = p(n, X) = #{different n-cylinders in X}.

Clearly p(n) = N™ for the full-shift on N letters. For the Fibonacci shift ¥_;; on two
letters we have

p(1) =2,p(2) =3,p(3) =5,...,p(n) is n + 1st Fibonacci number.

To see why this is true, let py(n) be the number of n-cylinders ending with 0 and py(n)
be the number of n-cylinders ending with 1. Then p;(n) = po(n — 1), because every 1
must have been precede by a 0. On the other hand, po(n) = pi(n — 1) + po(n — 1) =
po(n—2)+po(n—1). With initial values po(1) = 1 and p(2) = 2, it follows immediately
that po(n) is the n-th Fibonacci number. The step to p(n) is now easy.
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Theorem 1. For a SFT with transition matriz A,

1
lim —logp(n) = log p(A)

n—oo M,

is the logarithm of the largest (Perron-Frobenius) eigenvalue of A.

Proof. Matrix multiplication A" = ( ?])f\;—:lo gives the number of allowed words of

length n + 1 that start with ¢ and end with j. Hence the total number of words of

length n+1 is Zf\;_:lo at;, but the latter grows as p(A)" (disregarding polynomial factors
if the Jordan block associated to p(A) is non-trivial). Therefore lim, o < log p(n) =
lim,, o = log p(A)™ = log p(A), as required. O

2.3 Further configuration spaces

In this subsection, we review some configuration spaces and maps acting on them that
frequently occur in thermodynamic formalism an dynamics as a whole. Without a
physical interpretation as direct, maybe, as {—1,+1}% as the simple Ising model of
Section 1, it is quite common within mathematics to use manifolds as configuration
space (). In this setting, the word “configuration” seems less apt, so we tend to prefer
the word phase space instead, even though this has nothing to do with phase transition
in physics. Maybe dynamical space would yet be better, but that is not used so often,
in fact only to distinguish it from parameter space.

Examples of phase spaces are: the unit interval [0, 1], the unit circle S' = R/Z, the
d-dimensional torus T¢ = R?/Z¢, the d-dimensional sphere S?, etc. In this case, there
is no shift, but we have to specify the dynamics f : 2 — Q explicitly, and it doesn’t
express translation invariance anymore.

Example 2. An example is the angle doubling map Ty : St — St defined as
Ty(x) =2x (mod 1),

and the generalization Ty(x) = dx (mod 1) for any d € 7Z is easy to grasp. In fact, there
is no reason to stick to integer d; we can define the f-transformation (see Figure 1)
for any B € R as

Ts(x) = Px  (mod 1).

This is not continuous anymore for non-integer 3, taking away the advantage of the
circle S*. Therefore, the (3 transformation is usually defined on the unit interval: Ty :
[0,1] — [0, 1].

Example 3. The rotation map R, : S' — S! is defined as

R,(x) =24~ (mod 1),
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Figure 1: The S-transformation (8 = 2.7), quadratic Chebyshev map and Gauss map.

and depending on whether the rotation angle v is rational or not, every orbit is periodic
or dense. One can easily construct higher dimensional analogs, i.e., rotations Rs : T? —
T with a d-dimensional rotation vector.

. : 2 : :
Example 4. The integer matriz A = < ) acts as a linear transformation on R?,

11
. . 3:|:\[ . - 1:t\/5 .
with eigenvalues Ay = =5 2 and eigenvectors Uy = i . It preserves the integer

lattice 72, so it is possible to defined the factor map f: T? = R?/Z? — T? as

)= 0)G) wean

This is called Arnol’d cat-map because Arnol’d in his book [2, 3] uses a picture of a
cat’s head to show what happens to shapes when iterated by f. The tangent space T,
8 (and in fact near every point), decomposes in an unstable
direction E"(p) = span Uy and a stable direction E*(p) = span ¢_. This means that
shapes are stretched by a factor A, in the U, -direction and contracted by a factor \_ in
the v_-direction. But since A, - \_ =1, the area doesn’t change under f.

of the fixed point p =

Definition 4. A map f on a d-dimensional manifold M 1is called Anosov if

o At each p € M, there is a splitting of the tangent space T,M = E"(p) & E*(p)
which is invariant under the derivative map: D f,(E“*(p)) = EY/*(f(p)).

o The splitting E"(p) @ E*(p) depends continuously on the point p.

e There is exponential expansion and contraction along E'/*(p), i.e., there is X > 1
and C > 0 such that

|IDfy vl = CX'|Jv|| for allv € E* and p € M;
1

IDfy -0l < &

Av|| for allv € E® and p € M.
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2.4 Symbolic dynamics

In this section we make the connection between dynamics on manifolds and symbolic
spaces. The latter is a coded version of the first. For this coding, we need a partition
P = (X,) of the phase space X, and each partition element has X, a label, which
is a letter from the alphabet A. The orbit orb(z) = (f*(x)) is associated to a code
i(x) =dg(x)ia(x)... (ori(x) =...i1(x)ig(x)iz(x)... if f is invertible) defined as

ir(z) = nif f*(2) € X,. (4)

The coding map or itinerary map i : X — Q = AY or AZ need not be injective
or continuous, but hopefully, the points where i fails to be injective or continuous are
so small as to be negligible in terms of the measures we are considering, see Section 3.
The following commuting diagram holds:

X / X
ZJ \Z In other words: 1o f =0 o1.
Q Q

o

Example 5. Let us look at the angle doubling map Ty : S' — St. It is natural to use
the partition Iy = [0, %) and [%, 1) because Ty : I, — S! is bijective for both k = 0 and
k = 1. Using the coding of (4), we find that i(x) is just the binary expansion of x! Note
however that i : S* — Q =: {0, 1} is not a bijection. For example, there is no x € S*

such that i(x) = 11111 ... Also i is not continuous. For example,

limi(y) = 0111--- #1000 - - - = limi(y).

¥ e
The points x € S* where i is discontinuous is however countable (namely all dyadic
rationals) and the points w € Q for which there is no x with i(x) = w is also countable
(namely those sequences ending in an infinite block of ones. These are so small sets of
exceptions that we decide to neglect them. It is worth noting that in general no choice
of itinerary map can be a homeomorphism, simply because the topology of a manifold is
quite different from the topology of the symbol space €1, i.e., a Cantor set.

Exercise 9. Show that i™* : Q — S' is continuous (wherever defined). Is it Holder
continuous or even Lipschitz?

Example 6. Coding for the cat-map.

Definition 5. Given a dynamical system f: X — X, a partition { Xy} of X is called
a Markov partition if f : X, — f(Xx) is a bijection for each k, and:

o [If f is non-invertible: f(X}) D X; whenever f(X;) N X; # (.
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o [f [ is invertible: f(Xy) stretches entirely across X; in the expanding direction
whenever f(Xg) N X; # 0, and f~'(X},) stretches entirely across X; in the con-
tracting direction whenever f~1(Xy) N X; # 0,

Using a Markov partition for the coding, the resulting coding spaces is a subshift of finite
type (two-sided or one-sided according to whether f is invertible or not.

Theorem 2. Fvery Anosov diffeomorphism on a compact manifold has a finite Markov
partition.

We will not prove this theorem, cf. [4, Theorem 3.12]. In general the construction of
such a Markov partition is very difficult and there doesn’t seem to be a general practical
method to create them. Therefore we restricted ourselves to the standard example of
the cat-map.

Example 7. Let R, : S' — S! be a circle rotation over an irrational angle . Take the
partition Iy = [0,7) and I, = [v,0). This is not a Markov partition, so the symbolic
dynamics resulting from it is not a subshift of finite type. Yet, it gives another type
of subshift, called Sturmian subshift ., and is obtain as the closure of i(S'), or
equivalently (since every orbit of R, is dense in S') the closure of {o"(i(x)) : n € No}.

2.5 Complexity of maps on phase spaces

We have defined word-complexity in Definition 3. Now that we have introduced sym-
bolic dynamics, this immediately gives a measure of the complexity of maps. Given
partitions P and Q of X (Markov partition or not), call

PVvQ={PNQ : PePand Q € Q}
be the joint of P and Q. Let f : X — X be the dynamics on X and let f~'P =
{f~Y(P) : P e P}. Define
n—1
Pn = \/ f_kp
k=0

Lemma 1. Each P, € P,, corresponds to exacly one cylinder set of length n in the
coding space Q) of (X, f) w.r.t P. (For this reason, we call the elements of P,, cylinder
sets as well.)

Exercise 10. Prove Lemma 1.

It turns out (as we shall see in Section 4) that the exponential growth rate of #7P,
is largely independent of the finite partition we take3. Therefore we can define the

3But naturally, there are always partitions where it doesn’t work, e.g. the trivial partition - it is
important that f: P — f(P) is bijective on each P € P.
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topological entropy

1 1
hiop(f) = lim —log #P,, = hm —logp( ).

n—oo N,

Lemma 2. Let H be the set of points determining a partition P of a (non-invertible)
dynamical system ([0, 1], f); we suppose H O {0,1}. Then #P, = # (U=, f*(H)).

Proof. Each element of P =Viof™ kp Corresponds to exactly one component of the
complement of (J;—) f~*(H). Since {0,1} c U;Z} f~*(H) by our choice of H, these
points separate [0, 1] in exactly # (Up— ol k(H)) — 1 intervals. O

Corollary 1. The word-complexity of a Sturmian shift is p(n) = n + 1.

Proof. The partition of (S', R,) to be used is P = {[0,7),[7,0)}, so H = {0,7} and

_1 . . . .
R7'(H) = {—7,0} adds only one point to H. Each next iterate add another point —nvy

to the set, so # (UZ;(I) f‘k(H)) = n+ 1. This n + 1 points separate S! in exactly n + 1
intervals, so p(n) =n + 1. O
Example 8. For the map Tip(x) = 10x (mod 1), say on [0,1), the natural partition is
P=P={0,5) 55 5)--- 35, 1)} At every iteration step, each interval P € P,
splits into ten equal submtervals s0 Pn = {[i5=> ‘%nl) :a=0,...,10" — 1} and

#P,, = 10". Therefore the topological entropy hiop(Ti0) = lim, % log 10" = log 10.

Exercise 11. Take § = 1+‘[ the golden mean and consider the B-transformation Ty
with this slope. Show that #P 15 the n+ 1st Fibonacci number, and hence compute the
topological entropy.

Remark: The fact that both in Example 8 and Exercise 11 the topological entropy is
the logarithm of the (constant) slope of the map is no coincidence!

3 Invariant Measures

Definition 6. Given a dynamical system T : X — X, a measure i is called invariant
if wW(B) = u(T~Y(B)) for every measurable set B. We denote the set of T-invariant
measures by M(T).

Example 9. Ezamples of shift-invariant measures are Bernoulli measures on AN or
A%, Dirac measures 6, are invariant if and only if p is a fized point. If p is periodic

under the shift, say of period n, then 0,y = %ZZ:OI Ooi(p) 18 invariant.

Example 10. For interval maps such as T(x) = nx (mod 1) (where n € Z \ {0} is a
fixed integer, Lebesque measure is T-invariant. Lebesque measure is also invariant for
circle rotations: R, :S' — S', z — x +~ (mod 1).
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Theorem 3 (Poincaré’s Recurrence Theorem). If (X, T, ) is a measure preserving
system with (X)) = 1, then for every measurable set U C X of positive measure, p-a.e.
x € U returns to U, i.e., there is n = n(x) such that T"(x) € U.

Naturally, reapplying this theorem shows that p-a.e. € U returns to U infinitely of-
ten. Because this result uses very few assumptions, it posed a problem for the perceived
“Law of Increasing Entropy” in thermodynamics. If the movement of a gas, say, is to
be explained purely mechanical, namely as the combination of many particles moving
and bouncing against each other according to Newton’s laws of mechanics, and hence
preserving energy, then in principle it has an invariant measure. This is Liouville mea-
sure? on the huge phase space containing the six position and momentum components
of every particle in the system. Assuming that we start with a containing of gas in
which all molecules are bunch together in a tiny corner of the container. This is a state
of low entropy, and we expect the particles to fill the entire container rather evenly,
thus hugely increasing the entropy. However, Poincaré Recurrence Theorem predicts
that at some time ¢, the system returns arbitrarily closely to the original system, so
again with small entropy. Ergo, entropy cannot increase monotonically throughout all
time.

Proof of Theorem 3. Let U be an arbitrary measurable set of positive measure. As p
is invariant, u(7-(U)) = p(U) > 0 for all ¢ > 0. On the other hand, 1 = p(X) >
pu(U;T~%(U)), so there must be overlap in the backward iterates of U, i.e., there are
0 <4 < jsuch that u(T~(U)NT7(U)) > 0. Take the j-th iterate and find u(77~*(U)N
U) > w(T~H(U)NT(U)) > 0. This means that a positive measure part of the set U
returns to itself after n := j — ¢ iterates.

For the part U’ of U that didn’t return after n step, assuming this part has positive
measure, we repeat the argument. That is, there is n’ such that u(T™(U)NU’) > 0
and then also p(T™ (U')NU) > 0.

Repeating this argument, we can exhaust the set U up to a set of measure zero, and
this proves the theorem. O

Definition 7. A measure u is ergodic if for every set A such that the inverse T~1(A) =
A holds: p(A) =0 or u(A°) = 0.

Ergodic measure cannot be decomposed into “smaller elements”, whereas non-ergodic
measure are mixtures of ergodic measures. For example, the angle doubling map 75 of
Example 2, taken on the interval [0, 1], has fixed points 0 and 1. The Dirac measures dy
and 0; are both invariant, and therefore every convex combination py = (1 — \)dg + Ad;
are invariant too. But puy is not ergodic for A € (0, 1), whereas 6y = po and 9 = 11y

4This is an invariant measure over continuous time ¢ € R, rather than discrete time as stated in
Theorem 3, but this doesn’t matter for the argument
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are. Lebesgue measure is another ergodic invariant measure for 75, but its ergodicity
is more elaborate to prove.

Every invariant measure p can be decomposed into ergodic components, but in general
there are so many ergodic measures, that this decomposition is not finite (as in the
example above) but infinite, and it is expressed as an integral. Let M.,.,(T") be the
collection of ergodic T-invariant measures. Then the ergodic decomposition of a
(non-ergodic) T-invariant measure ju requires a probability measure 7 on the space

Merg(T):
u(A) = / v(A) dr(v) for all measurable subsets A C X. (5)
Me'l'g

Every invariant measure has such an ergodic decomposition, and because of this, it
suffices in many cases to consider only the ergodic invariant measures instead of all
invariant measures.

Theorem 4 (Birkhoff’s Ergodic Theorem). If (X,T,u) is a dynamical system with
T-invariant measure p, and ¥ : X — R is integrable w.r.t. pu. Then

N-—1
lim ;) Yo T (z) = P(x)

exists p-a.e., and the function 1 is T-invariant, i.e., ¥(x) = o T(z).

If in addition, p is ergodic, then 1(x) is constant, and f@E dp = [ du. In other
words, the space average of 1 over an ergodic invariant measure is the same as the
time average of the ergodic sums of u-a.e. starting point:

e '
/Xdz du—]\}i_rgON;onl(x) p-a.e. (6)

Birkhoff’s Ergodic Theory (proved in 1931) is a milestone, yet preceded by a short while
by Von Neumann’s L? Ergodic Theorem, in which the convergence of ergodic averages
is in the L%norm.

Example 11. Let T : [0,1] — [0,1] be defined as z — 10z (mod 1), and write x), :=
T*(z). Then it is easy to see that the integer part of 10zy_1 is the k-th decimal digit of
x.

Lebesgue measure is T-variant and ergodic®, so Birkhoff’s Ergodic Theorem applies

as follows: For Lebesque-a.e. x € [0,1], the frequency of decimal digit a is exactly
f(a+1)/10 d

a/10 xr = %. In fact, the frequency in the decimal expansion of Lebesque-a.e. x of

Sergodicity you will have to believe; we won’t prove it here
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a block of digits ay . ..a, is exactly 107". This property is known in probability theory
as normality. Before Birkhoff’s Ergodic Theorem, proving normality of Lebesque-a.e.
x € [0, 1] was a lengthy exercise in Probability Theory. With Birkhoff’s Ergodic Theorem
it 1s a two-line proof.

Theorem 5 (Krylov-Bogol'ubov). If T : X — X is a continuous map on a nonempty
compact metric space X, then M(T) # ().

Proof. The proof relies on the Let v be any probability measure and define Cesaro
means: )

Vn(A) = 1 > (T A),

n <
Jj=0

these are all probability measures. The collection of probability measures on a compact

metric space is known to be compact in the weak topology, i.e., there is limit probability
measure p and a subsequence (n;);cn such that for every continuous function ¢ : X — R:

/wduni%/wd,uasi%oo.
X

On a metric space, we can, for any ¢ > 0 and set A, find a continuous function 4 :
X — [0,1] such that ¢a(z) = 1if x € A and pu(A) < [ Yadp < p(A) +e. Now

W (A) - ()] < ‘ JE T du'+28

= lim ’/onTde —/wA dvy,| + 2¢
71— 00
1 n;—1
= lim — E </¢A0Tj+1 du—/szoTj du) + 2¢
.1 .
< lim — /@/}AOT"’ du—/¢A dv| + 2¢e
11— 00 ’I’LZ
1
< lim —2||¢4]|00 + 26 = 2.
1—00 ni
Since € > 0 is arbitrary, we find that u(T71(A)) = u(A) as required. O

Definition 8. We call (X, f) uniquely ergodic if there is only one f-invariant prob-
ability measure.

Examples of uniquely ergodic systems are circle rotations 2, over rotation angle v €
R\ Q. Here, Lebesgue measure is the only invariant measure.

Exercise 12. Why is (S', R,) not uniquely ergodic for rational angles ~?
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In general, a system (X, f) can have many invariant measures, and it is worth thinking
about what may be useful invariant measures (e.g. for the application of Birkhoff’s
Ergodic Theorem).

Definition 9. A measure u is absolutely continuous w.r.t. v (notation: p < v) if
v(A) = 0 implies u(A) = 0. If both p < v and v < p, then we say that p and v are
equivalent. If i is a probability measure and p < v then the Radon-Nikodym Theorem
asserts that there is a function h € L'(v) (called Radon-Nikodym derivative or
density) such that p(A) = [, h(z) dv(zx) for every measurable set A. Sometimes we

use the notation: h = Z—’Ij.

The advantage of knowing that an invariant measure u absolutely continuous w.r.t. a
given “reference” measure v (such as Lebesgue measure), is that instead of p-a.e. x, we
can say that Birkhoft’s Ergodic Theorem applies to v-a.e. x, and v-a.e. x may be much
easier to handle.

Suppose that T : [0,1] — [0,1] is some (piecewise) differentiable interval map. If
1 < Leb is an T-invariant measure, then this can be expressed in terms of the density
h, namely:

M) = 3 () @

y, T (y)=x

Example 12. The Gauss map G : [0,1] — [0, 1] (see Figure 1) is defined as

where |y| denotes rounding down to the nearest integer below y. It is related to continued
fractions by the following algorithm with starting point x € [0,1). Define

1
mk:Gk(x), ar = |—|,
Tr—1
then ]
r=——"/—"——=:(0;a1,a9,as,...
ay + 1L [ 1, %2, U3 ]
az+

1s the standard continued fraction expansion of x. If x € Q, then this algorithm
terminates at some G¥(x) = 0, and we cannot iterate G any further. In this case,
x = [0;ay,as,as,...ax] has a finite continued fraction expansion. For x € [0,1]\ Q, the
continued fraction erpansion is infinite.

Gauss discovered (without revealing how) that G has an invariant density

1
~ log21+2’

h(zx)
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where —— 10g2 s a normalizing constant making fo ) dx = 1. We check (7). Note that
G(y) = x means that y = Hn for somen € N, and also G'(y) = —1/y?. Therefore we

can compute:

2 IG’(y) Z

G(y)=z n=1

[e.9]

x—i—n

1 1 Z 1 1
1og21~|—— 10g2n:1x+nx+n+1

[e.9]

1 1 1 1 1
log2 “T+n S r+n+1 log2x +1

Using the Ergodic Theorem, we can estimate the frequency of digits ar = N for typical
points points x € [0,1] as

) di = {log(l - :L‘):| N _ log(1+ —N(]\1;+2))

hm— 1<k<n:a,=N /
t =N = (N+1) log 2

n—oo N,

log 2 1/(N+1)

Exercise 13. Let T : [0,1] — [0, 1] be a piecewise affine map such that each branch of
T is onto [0,1]. That is, there is a partition Jy of [0, 1] such that T|,, is an affine map
so that T(Jy) = [0,1]. Show that T preserves Lebesque measure.

Exercise 14. Let the quadratic Chebyshev polynomial T : [0,1] — [0,1] (see Figure 1)
be defined as T(x) = 4x(1 —x). Verify that the density h(z) = *——— is T-invariant

z(l—z)
and that [ h(z) de =1.

Exercise 15. If T is defined on a subset of d-dimensional Euclidean space, then (7)
needs to be replace by
h(z) = |det DT(y)| " h(y).
—_————

v, T (y)=z J(y)

Show that the cat-map of Fxample 4 preserves Lebesque measure.

4 Entropy

4.1 Measure theoretic entropy

Entropy is a measure for the complexity of a dynamical system (X, 7). In the previous
sections, we related this (or rather topological entropy) to the exponential growth rate
of the cardinality of P, = Z;(l) T—*P for some partition of the space X. In this
section, we look at the measure theoretic entropy h,(7") of an T-invariant measure f,
and this amounts to, instead of just counting P, taking a particular weighted sum of the
elements Z,, € P,. However, if the mass of i is equally distributed over the all the Z,, €

P.., then the outcome of this sum is largest; then p would be the measure of maximal
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entropy. In “good” systems (X, T) is indeed the supremum over the measure theoretic
entropies of all the T-invariant probability measures. This is called the Variational
Principle:

hiop(T) = sup{h,(T) : p is T-invariant probability measure}. (8)

In this section, we will skip some of the more technical aspect, such as conditional en-
tropy (however, see Proposition 1) and o-algebras (completing a set of partitions), and
this means that at some points we cannot give full proofs. Rather than presenting more
philosophy what entropy should signify, let us first give the mathematical definition.

Define
¢:10,1] > R ¢(x) =—zlogz

with ¢(0) := lim, o p(z) = 0. Clearly ¢'(z) = —(1+logx) so ¢(x) assume its maximum
at 1/e and p(1/e) = 1/e. Also ¢"(z) = —1/x < 0, so that ¢ is strictly concave:

ap(x) + Be(y) < plax+ By)  foralla+f=10a,82>0, (9)
with equality if and only if z = y.

Theorem 6. For every strictly concave function ¢ : [0,00) — R we have
Za,mp(xi) < gp(z a;x;) for a; > 0, Zozi =1 and z; € [0,00), (10)

with equality if and only if all the x; are the same.

Proof. We prove this by induction on n. For n = 2 it is simply (9). So assume that
(10) holds for some n, and we treat the case n + 1. Assume «; > 0 and Z?:ll o =1
and write B = Y"1 | a;.

n+1 n
Q;
80( E O‘z‘xi) = SO(B E Exz + QU 1Tn41)
i=1 i=1

Q;
> Bp(> %) + P(Cnt1ns1) by (9)
i=1
n o
> BZ ESO(%) + o(Qpt1Tn11) by (10) for n
i=1
n+1

= Z%’SO(%’)

as required. Equality also carries over by induction, because if x; are all equal for
1 <i<n, (9) only preserves equality if x40 = Y | Fay = 1. O
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This proof doesn’t use the specific form of ¢, only its (strict) concavity. Applying it to
o(x) = —xlog x, we obtain:

Corollary 2. Forp; +---+p, =1, p; > 0, then >\, o(p;) < logn with equality if

and only if all p; are equal, i.e., p; = %

Proof. Take a; = %, then by Theorem 6,

%;Sp(pz Z%SO pi) < Z lpz) = SO(%) = %logn.

Now multiply by n. O]

Corollary 3. For real numbers a; and py+---+p, =1, p; >0, > pi(a; — logp;) <
log >~" | % with equality if and only if p; = €% /> ", e* for each i.

Proof. Write Z =37 e“. Put a; = ¢*/Z and z; = p;Z /e in Theorem 6. Then

izlpz'(ai —log Z —logp;) = _Z <ezal l:f)

ev ;2 ev p; 2
< = = (1) =0.
Z Z e%i — Z e%i (‘0( )

Rearranging gives Y | p;i(a; — logp;) < log Z, with equality only if z; = p;Z/e" are
all the same, i.e., p; = €% /7. O

Exercise 16. Reprove Corollaries 2 and 3 using Lagrange multipliers.

Given a finite partition P of a probability space (X, i), let

P) =Y ouP) =—>_ pu(P)log(u(P)), (11)

peP PeP

where we can ignore the partition elements with p(P) = 0 because ¢(0) = 0. For a
T-invariant probability measure p on (X, B,T'), and a partition P, define the entropy
of y w.r.t. P as

n—1
H,(T,P) —T}LI&;H (\/ T7*P). (12)
k=0

Finally, the measure theoretic entropy of u is
h,(T) = sup{H,(T,P) : P is a finite partition of X}. (13)

Naturally, this raises the questions:
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Does the limit exist in (12)7
How can one possibly consider all partitions of X7

We come to this later; first we want to argue that entropy is a characteristic of a measure
preserving system. That is, two measure preserving systems (X, 5,7, ) and (Y,C, S, v)
that are isomorphic, i.e., there is a bi-measurable invertible measure-preserving map
7 (called isomorphism) such that the diagram

(X,B,n) — (X,B,p)
T o
v,c,v) -5 (v,

commutes, then h,(T) = h,(S). This holds, because the bi-measurable measure-
preserving map 7 preserves all the quantities involved in (11)-(13), including the class
of partitions for both systems.

A major class of systems where this is very important are the Bernoulli shifts. These
are the standard probability space to measure a sequence of i.i.d. events each with
outcomes in {0,..., N — 1} with probabilities po, ..., py_1 respectively. That is: X =
{0,...,N — 1} or {0,...,N — 1}%, ¢ is the left-shift, and u the Bernoulli measure
that assigns to every cylinder set [z, ...z,| the mass

n

([ .. xy)) = H p(xg) where p(xy) = p; if p = i.

k=m

For such a Bernoulli shift, the entropy is
hu(o) = —Zpi log pi, (14)

so two Bernoulli shifts (X, p, p1,,) and (X', p/, pt,y) can only be isomorphic if — >, p; log p; =
— >, i log(p;). The famous theorem of Ornstein showed that entropy is a complete in-
variant for Bernoulli shifts:

Theorem 7 (Ornstein 1974 [7], cf. page 105 of [9]). Two Bernoulli shifts (X, p, p,) and
(X", P, ) are isomorphic if and only if — . p;ilogp; = — Y. p;log pl.

Exercise 17. Conclude that the Bernoulli shift a1 1 1y s isomorphic to pu1 111 1y,

] 4°4°4°4 .
but that no Bernoulli measure on four symbols can be 1somorhic to i 111 1

878787872

575757575
Let us go back to the definition of entropy, and try to answer the outstanding questions.
Definition 10. We call a real sequence (a,)n>1 subadditive if

Upan < Ay + @y for allm,n € N.
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Theorem 8. If (an)n>1 is subadditive, then lim,, * = inf,., o

Proof. Every integer n can be written uniquely as n =1¢-r+j for 0 < j < r. Therefore

. G, . Q45 Za'r + a; Q.
limsup — = limsup ——— < limsup ——— = —.
n—o00 n isoo LT J 1—00 v + j r

This holds for all » € N, so we obtain

. ap .. (7% . (7% . Ay
inf — < liminf — < limsup — < inf —,
ror n n n n rr

as required. O

Definition 11. Motivated by the conditional measure pu(P|Q) = ’”?g?), we define
conditional entropy of a measure p as

H,(P|Q) = Zu Q;) Z“ i OQJ (fj(gﬁj), (15)

where i runs over all elements P; € P and j runs over all elements Q); € Q.

Avoiding philosophical discussions how to interpret this notion, we just list the main
properties that are needed in this course that rely of condition entropy:

Proposition 1. Given measures p, p; and two partitions P and Q, we have

1. Hy(PV Q) < Hu(P) + Hu(Q);
2. H,(T,P) < H,(T, Q) + H,(P | Q).

3. 2y Pilly (P) < Hyyp, pyu, (P) whenever 3 p1 =1, pi > 0,

Subadditivity is the key to the convergence in (12). Call a,, = H,(\/;—3 T~*P). Then
m—+n—1

min = H,( \/ T P) use Proposition 1, part 1.

m—1 m+n—1
u( \/ T*P) + H,( \/ T-%P) use T-invariance of u

N

m—1 n—1

= H,(\/ T*P)+ H,(\/ T*P)
k=0 k=0

= Qm T+ Qp.

Therefore H,,( Z;é T—*P) is subadditive, and the existence of the limit of %H u( Z;é T-+P)
follows.
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Proposition 2. Entropy has the following properties:

1. The identity map has entropy 0,
2. hy(T%) = R h,(T) and for invertible systems h,(T~%) = R - h,(T).

Proof. Statement 1. follows simply because \/Z;é T—*P = P if T is the identity map,
so the cardinality of \/Z;é T~*P doesn’t increase with n.

For statement 2. set Q = \/;EO1 T—9P. Then for k > 1,

nR—1
: 1 k
R-H,(T,P) = glgoR-ﬁHu(j\:/oT P)
n—1

= Jm iV 79
=0

= HH(TRv Q)

Taking the supremum over all P or Q has the same effect. O]

The next theorem is the key to really computing entropy, as it shows that a single
well-chosen partition P suffices to compute the entropy as h, (1) = H,(T,P).

Theorem 9. Let (X,B,T, 1) be a measure-preserving dynamical system. If partition
P is such that

\/;‘;0 TP generates B if T is non-invertible,
V2T *P generates B if T is invertible,

j==oc

then h,(T) = H,(T,P).

We haven’t explained properly what “generates B means, but the idea you should
have in mind is that (up to measure 0), every two points in X should be in different
elements of \/{_y T~*P (if T is non-invertible), or of \/}_" T~*P (if T is invertible)
for some sufficiently large n. The partition B = {X} fails miserably here, because
\/;‘:_n T—*P = P for all n and no two points are ever separated in P. A more subtle
example can be created for the doubling map T, : S' — S, Ty(x) = 2z (mod 1). The
partition P = {[0, %), [%, 1)}. is separating every two points, because if x # y, say
2=+ < |z — y| < 27", then there is k < n such that T¥z and Ty belong to different
partition elements.

On the other hand, @ = {[,2),[0,1) U [3,1)} does not separate points. Indeed, if
y=1—mx, then T¥(y) = 1 —=T¥(x) for all k > 0, so x and y belong to the same partition

element, Th(y) and T¥(x) will also belong to the same partition element!
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In this case, P can be used to compute h,(7"), while Q in principle cannot (although
here, for all Bernoulli measure p = pi,1-p, we have h,(T2) = H,(T,P) = H,(T, Q)).

We finish this section with computing the entropy for a Bernoulli shift on two symbols,
i.e., we will prove (14) for two-letter alphabets and any probability p([0]) =: p € [0, 1].
The space is thus X = {0,1}" and each x € X represents an infinite sequence of
coin-flips with an unfair coin that gives head probability p (if head has the symbol 0).
Recall from probability theory

P(k heads in n flips) = <Z)pk(1 —p) 7k,

n n -
(k)pm—p)” b,
k=0

| . . .
Here (") = m are the binomial coefficients, and we can compute

k
{ k(Z) = (kfl)r!l(!nfk)! = n(kf(ln)!_(i)ik)! = "(Zj)

(n—k) (Z) = (k)!(nri!k—l) = niity = ”(ngl)

so by full probability:

K(n—k—1)!

This gives all the ingredients necessary for the computation.

Hu(\_/ o FP) = — Z w([zo, - xn_1]) log p([xo, - ., Tn_1])

n—1
Hp x; long ;)

I
MH

_ ; (Z) (1 = p)"Flog (p°(1 — p)"*)
= - kzn; (Z)pk(l —p)" *klogp

. no ()= 0 = o1 =)

In the first sum, the term k = 0 gives zero, as does the term k = n for the second sum.
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Thus we leave out these terms and rearrange by (16):

Il
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(7=
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N
Eol
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el
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3
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3
B

Il
|
]
o
(0]
i)
(]
3
VR
> 3
[
— =
~~
o]
B
L
—
|
=)
N~—
i
-

~a=pogt=p Yon(" ) -

= n(—plogp— (1 —p)log(l —p)).
The partition P = {[0], [1]} is generating, so by Theorem 9,

n—1

(o) = Hy(o,P) = lim - H,(\/ o) = ~plogp — (1 — p) log(1 ~ p)

k=0

as required.

4.2 Topological entropy and the topological pressure

Topological entropy was first defined in 1965 by Adler et al. [1], but the form that
Bowen [4] redressed it in is commonly used nowadays, and Bowen’s approach readily
generalises to topological pressure as well.

Let T' be map of a compact metric space (X, d). If my eyesight is not so good, I cannot
distinguish two points x,y € X if they are at a distance d(z,y) < € from one another. I
may still be able to distinguish there orbits, if d(T"*x, T*y) > ¢ for some k > 0. Hence,
if I'm willing to wait n iterations, I can distinguish x and y if

dn(2,y) = min{d(T"z, T"y) : 0 < k <n} > ¢.

If this holds, then x and y are said to be (n,¢)-separated. Among all the subsets of
X of which all points are mutually (n, €)-separated, choose one, say E,(¢), of maximal
cardinality. Then s,(¢) := #E,(¢) is the maximal number of n-orbits I can distinguish
with my e-poor eyesight.

The topological entropy is defined as the limit (as e — 0) of the exponential growth-
rate of s,(¢):

1
hiop(T') = lim lim sup — log s, ().

=0 pso M
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Note that s,(g1) = s,(e2) if 1 < €9, so limsup,, % log s,(¢) is a decreasing function in
e, and the limit as ¢ — 0 indeed exists.

Instead of (n,e)-separated sets, we can also work with (n,e)-spanning sets, that is,
sets that contain, for every z € X, a y such that d,(z,y) < . Note that, due to its
maximality, F,(¢) is always (n,e)-spanning, and no proper subset of E,(¢) is (n,¢)-
spanning. Each y € E,(¢) must have a point of an (n,c/2)-spanning set within an
£/2-ball (in d,-metric) around it, and by the triangle inequality, this £/2-ball is disjoint
from e/2-ball centred around all other points in FE,(¢). Therefore, if r,(c) denotes the
minimal cardinality among all (n, €)-spanning sets, then

ro(e) < sp(e) < ru(e/2).

Thus we can equally well define

1
hiop(T) = lim lim sup — log 7, (¢).

e20 poco M

Examples: Consider the S-transformation 75 : [0,) — [0,1),  — Sz (mod 1) for
some 8 > 1. Take ¢ < 1/(23?), and G,, = {ﬂﬁn : 0 < k < pB"}. Then G, is (n,¢)-
separating, so s,(¢) = f". On the other hand, G/, = Qﬁ—kf : 0< k< fB/(2)} is
(n,€)-spanning, so r,(¢) < "/(2¢). Therefore

1
log 5 = lim sup — log 8" < hyp(13) < limsup log " /(2¢) = log B.
n n n

Circle rotations, or in general isometries, T' have zero topological entropy. Indeed,
if E(e) is an e-separated set (or e-spanning set), it will also be (n,¢)-separated (or
(n,€)-spanning) for every n > 1. Hence s,(¢) and r,(¢) are bounded in n, and their
exponential growth rates are equal to zero.

Finally, let (X, o) be the full shifts on N symbols. Let € > 0 be arbitrary, and take m
such that 27™ < e. If we select a point from each n + m-cylinder, this gives an (n, ¢)-
spanning set, whereas selecting a point from each n-cylinder gives an (n, e)-separated
set. Therefore

1 1
log N = limsup —log N" < limsup —log s, () < hyp(1p)
n n n

n

1
< limsup —logr,(¢) < limsuplog N"*™ = log N.

n n

The topological pressure P, (T, 1) combines entropy with a potential function ¢ : X —
R. Its definition is so much analogous to topological entropy that we immediately get
hiop(T) = Piop(T, 1) if ¢(2) = 0. Denote the n-th ergodic sum of ¢ by

n—1

Spp(x) =D 1o TH(x).

k=0
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Next set

{ P (T, p,e) = sup{>_,cp €@ : Eis (n,e)-separated}, an

Qu(T, 1, e) = inf{>, pe5¥@ . Eis (n,c)-spanning}.

For reasonable choices of potentials, the quantities lim._,olimsup,, . % log P,(T, 1, ¢)
and lim._,o limsup,,_,, +1og Q,(T, 1, ¢) are the same, and this quantity is called the
topological pressure. To give an example of an unreasonable potential, take X, be
a dense subset of X such that X \ X, is also dense. Let

{100 ifz e X,
Ww)‘{o it x ¢ Xo.

Then Q,(T,,¢) = r,(e) whilst P,(T,,¢) = e'%"s,(¢), and their exponential growth
rates differ by a factor 100. Hence, some amount of continuity of 1 is necessary to make
it work.

Lemma 3. If e > 0 is such that d(z,y) < e implies that [(x) — ¥ (y)| < §/2, then

e Po(T,9,€) < Qu(T 4,6/2) < Po(T,9,¢/2).

Exercise 18. Prove Lemma 3. In fact, the second inequalily holds regardless of what
P 1s.

Theorem 10. IfT : X — X and ¢ : X — R are continuous on a compact metric
space, then the topological pressure is well-defined by

1 1
Pyop(T, 1)) := lim lim sup — log P,,(T', 4, ¢) = lim lim sup — log Q,, (7, ¢, €).

e=0 oo N =0 pyo N

Exercise 19. Show that Piy,(T", Spip) = R - Pp(T, ).

4.3 The Variational Principle

The Variational Principle as mentioned in (3) and (8) claims that topological entropy
(or pressure) is achieved by taking the supremum of the measure-theoretic entropies over
all invariant probability measures. But in the course of these notes, topological entropy
has seen various definitions. Even sup{h,(T) : p is a T-invariant probability measure}
is sometimes used as definition of topological entropy. So it is high time to be more
definite.

We will do this by immediately passing to topological pressure, which we will base on
the definition in terms of (n, §)-spanning sets and/or (n,e)-separated sets. Topological
entropy then simply emerges as hyop(1) = Piop(T, 0).
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Theorem 11 (The Variational Principle). Let (X,d) be a compact metric space, T :
X — X a continuous map and i : X — R as continuous potential. Then

Piop(T', %) = sup{h,(T / v dp : opois a T-invariant probability measure}. (18)

Remark 1. By the ergodic decomposition, every T-invariant probability measure can
be written as conver combination (sometimes in the form of an integral) of ergodic
T-invariant probability measures. Therefore, it suffices to take the supremum over all
ergodic T-invariant probability measures in (18).

Proof. First we show that for every T-invariant probability measure, h,(T)+ [ ¥ dp <
P,op(T,1)). Let P ={Fy,...,Py_1} be an arbitrary partition with N > 2 (if P = {X},
then h,(T,P) = 0 and there is not much to prove). Let n > 0 be arbitrary, and choose
€ > 0 so that eNlog N < n.

By “regularity of y”, there are compact sets Q; C P; such that pu(P; \ Q;) < ¢ for each

0<i<N. Take Qy = X \ UY,'Q;. Then Q = {Qo,...,Qn} is a new partition of X,
with u(Qn) < Ne. Furthermore

p(PinQ;) [0 ifi#j<N,
W@ 1 ifi=j<N.

whereas ZN - P(g%v ) — 1. Therefore the conditional entropy

HPI0) = Y 3w (MIE %)

TV
=0 if j<N

pPNQy),  pu(PN Q)
= - 1
1) 2_; i@ @
w(Qn)log N by Corollary 2
eNlog N <.

VAN/AN

Choose 0 < § < %minKKKN d(Q;, Q;) so that

d(z,y) < ¢ implies [¢(z) — P (y)| <e/2. (19)
Here we use uniform continuity of 1 on the compact space X. Fix n and let E,(0) be
an (n, §)-spanning set. For Z € Q,, := \/}_) T7*Q, let a(Z) = sup{S,)(z) : = € Z}.

For each such Z, also choose 2 € Z such that S,¢(x) = a(Z) (again we use continuity
of ¢ here), and yz € E,(J) such that d,(xz,yz) < 0. Hence

a(Z) —ne < 5:¥(yz) < a(2).
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This gives

Q)+ [ St dn< 32 w(2)(a(Z) ~logu(2) <log 30 @ (20)

Z€Qn Z€Qn
by Corollary 3.

Each ¢-ball intersects the closure of at most two elements of Q. Hence, for each y, the
cardinality #{Z € Q,, : yz = y} < 2". Therefore

Z ea(Z)—na < Z GSM/J(?JZ) < on Z esrﬂﬂ(y)‘

Z€EQn Ze€Qn yEEn((S)

Take the logarithm and rearrange to

log Z e*?) < n(e +1og?2) + log Z e W),
Z€Qn YyEER(9)

By T-invariance of 1 we have [ S,9 du=n [ du. Therefore

1 1 1
@)+ [wdn < @+ [ S

1
< —log ¥ e
NS n og (&

Z€Qn

1
< — SHW(y)‘
< 5—|—log2+nlog g e
YyEEL(5)

Taking the limit n — oco gives
H,(T, Q)+ /Xw dp < e +1log2 + Py, (T, ).
By Proposition 1, part 2., and recalling that ¢ < n, we get
H,(T,P) +/X1/) dp=H,(T, Q) + H,(P|Q) + /X¢ dp < 2n+log2 + P, (T, ).

We can apply the same reasoning to 7% and Skt instead of T' and . This gives

R-(Hu(T,P)—i-/Xw du) = HM(TR,P)—l—/XSRw dp

< 20+ log2 + P, (TR, Spy)
= 277 + 10g2 + R- Ptop(Ta ’17/))

Divide by R and take R — oo to find H,(T,P) + [ ¥ du < Piop(T,1)). Finally take
the supremum over all partitions P.
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Now the other direction, we will work with (n, ¢)-separated sets. After choosing ¢ > 0
arbitrary, we need to find a T-invariant probability measure p such that

h,(T) + /@b dp > hmsup logP (T, ), ¢e) := P(T,v,¢).

n—oo

Let E,(¢) be an (n,c)-separated set such that

log Y €50 >log B, (T,4,¢) — 1. (21)

yEEn ()

Define A,, as weighted sum of Dirac measures:

A =L S S,

Z
YEEn(e)
where Z = > yEEn(e) e%%() is the normalising constant. Take a new probability measure
n—1
~ IS aer
n
k=0
Therefore
/¢dun:—2/w d(A, o T Zzonk ()
X Lyrs YEEn(¢)
1
— Z Spib(y Snw(m / Sptp dA,,. (22)

yEEn

Since the space of probability measures on X is compact in the weak topology, we can
find a sequence (n;),>1 such that for every continuous function f: X -+ R

/fd,unj—>/fdu as j — 00.
X X

Choose a partition P = {Fp,..., Py_1} with diam(F;) < ¢ and p(9F;) = 0 for all
0<i< N. Since Z € P, := \/}_) T~*P contains at most one element of an (n, ¢)-
separated set, we have

Hau(P+ [ Suodiy = 30 Aulla)) (S,0(0) ~ oz An({})

yEFEy(€)

= log Z e v = log Z.

yEEn(e)

by Corollary 3
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Take 0 < ¢ < n arbitrary, and for 0 < j < ¢, let

o
Uy={j,7+1,...,a5g+ 75— 1} Whereaj:LTjJ.

Then

{0,1,...,n =1} =U;U{0,1,...,j —1}Uaq+j,a;g+j+1,....n— 1}

~
Vj

where V; has at most 2¢ elements. We split

n—1 a;j—1qg—1
\/ TP = (\/ q\/ T*TW*”P) v\/ 1P
k=0

r=0 i=0 levj
a;j—1
- (\/ 7~ (ratd) \/T ZP) v\ TP
lev;
Therefore,
logZ = HAR(Pn)jL/ Sy dA,
X
(l]'—l q— 1
< ZHAn —(ra+9) \/T‘ZP +Ha, (\/ T7'P) + / Soib dA,
—0 leV; X
a;—1
S ZHA oT—(ra+3) \/T ZP +2q10gN+/ Snw dATH

r=0

because Vlevj TP has at most N%? elements and using Corollary 2. Summing the

above inequality over j =0,...,q — 1, gives
g—1laj—1 q—1
qlog Z = Z Z HAROT—rq-&-]’(\/ T7"P) 4 2¢*log N + q/ Sptp dA,
j=0 r=0 i=0 X
q—1

1
< nZnHAnoTk\/TlP +2q 1OgN+Q/ nwdAn

Proposition 1, part 3., allows us to swap the weighted average and the operation H:

q—1

qlog Z < nHMn(\/ T7"P) 4+ 2¢*log N + q/ Sptp dA,,.
X

=0
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Dividing by n and recalling (21) for the left hand side, and (22) to replace A, by p,,
we find

%loan(T,w,e) —z H,, \/T_’P —I——logN+q/ Y dpy,.

1=0

Because p1(0F;) = 0 for all 4, we can replace n by n; and take the weak limit as j — oo.
This gives

qP(T,1.¢) < \/TZPJrq/wdu

Finally divide by ¢ and let ¢ — oc:

P(T,.0) <hu(D)+ [ 0 du

This concludes the proof. n

4.4 Measures of maximal entropy

For the full shift (©2,0) with Q = {0, .. — 1} or Q = {0,...,N — 1}%, we have
hiop(c) = log N, and the (%,..., +)- Bernoulh measure [ mdeed achleves this maxi-
mum: h,(0) = hp(0). Hence i is a (and in this case unique) measure of maximal
entropy. The intuition to have here is that for a measure to achieve maximal entropy,
it should distribute its mass as evenly over the space as possible. But how does this
work for subshifts, where it is not immediately obvious how to distribute mass evenly?

For subshifts of finite type, Parry [8] demonstrated how to construct the measure of
maximal entropy, which is now called after him. Let (X4, 0) be a subshift of finite type
on alphabet {0, ..., N—1} with transition matrix A = (ai7j)gj_:1(), sox = (z,) € ¥, ifand
only if a,,, 5,., = 1 for all n. Let us assume that A is aperiodic and irreducible. Then
there is a unique real eigenvalue, of multiplicity one, which is larger in absolute value
than every other eigenvalue, and h¢y,(0) = log A. Furthermore, by irreducibility of A,
the left and right eigenvectors u = (ug,...,uy_1) and v = (vg,...,vx_1)T associated
to A are unique up to a multiplicative factor, and they can be chosen to be strictly

positive. We will scale them such that

N-1
E UV, = 1.
=0

Now define the Parry measure by

bi = Ui'l{i‘:ll([i])a
piy = St =wlid] | ),
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so p;; indicates the conditional probability that x,,; = j knowing that x, = ¢. There-
fore p([ig]) = p([e])p([ij] | [{]) = pipij. It is stationary (i.e., shift-invariant) but not
quite a product measure, but fi([im, ... 1)) = D, - Dimimss = Pin1in-

Theorem 12. The Parry measure p is the unique measure of maximal entropy for a
subshift of finite type with irreducible transition matriz.
Proof. In this proof, we will only show that h, () = hp(0) = log A, and skip the (more

complicated) uniqueness part.

The definitions of mass of 1-cylinders and 2-cylinders are compatible, because (since v
is a right eigenvector)

=

. a; jV; Avl ,
/L([z]]) szpz,] Di Z )\jU 1 = )\U =Dp; = [L([Z])

I
o

J
Summing over 7, we get S ! u([i]) = SN wivs = 1, due to the our scaling,

To show that p is shift-invariant, we take any cylinder set Z = [i,, .. .14,] and compute

=2

- pzpz zm . .
wo'2) = 3l Z o i)
i=0 i=0 tm

o Z U;V;a; zmvzm
Avu;, v
Ui ; AU
= — = = = u(Z).
Z i (2) s w(Z)

This invariance carries over to all sets in the o-algebra B generated by the cylinder sets.

Based on the interpretation of conditional probabilities, the identity

N—-1 N-—1

E Pim Pimyimsr " Pin_1,in = Pip, and E PignPimimir " " Pin_1yin = Pin (23)
i1 rin=0 Imyeesip_1=0
Qig gy =1 Qg i1 =

follows because the left hand side indicates the total probability of starting in state i,,
and reach some state after n —m steps, respectively start at some state and reach state
n after n — m steps.

To compute h, (o), we will confine ourselves to the partition P of 1-cylinder sets; this
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partition is generating, so this restriction is justified by Theorem 9.
N-1

HN o) = — S allio.. ina)logallio . in))

iQseeerip—1=0

Qigyigqr =1

= - Z PioPiosis *** Pin—r.in (108 Dig +108 Pig iy + -+ + 108 Pis i)

i0yeeerip—1=0

Fig gy g =1
_ N-1
= - sz'o log pi, — (n —1) Z pipijlog pij,
i0=0 i,j=0
by (23) used repeatedly. Hence
1 n—1
—  Tim — -k
hu(o) = lim ~H(\/ oc~"P)
k=0
N—1
= - Z pipi,j log pi
i,j=0

N-1
= — Z Uia;'\,jvj (log a; ; +logv; — logv; —log \).

i,j=0

The first term is zero because a;; € {0,1}. The second term (summing first over i)

simplifies to
N-1 N-1
AUV,
— g %logvj:— g u;v;logv;,
=0 =0

whereas the third term (surnming first over j ) simplifies to

— ;A
Z Uit logv; = Z u;v; log v;.

1=0

Hence these two terms cancel each other. The remaining term is

= Ui v phnd VY N-1
Wi U5 . iAU; B B
Z-]Z:o — log A = ; 3 log A = ; u;v; log A = log .

]

Remark 2. There are systems without maximising measure, for example among the
“shifts of finite type” on infinite alphabets. To give an example (without proof!), if N
is the alphabet, and the infinite transition matriv A = (a; )i jen 1S given by

=i,
WEV0 ifj<i—1,
then hi,,(0) = log4, but there is no measure of mazimal entropy.
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Exercise 20. Find the maximal measure for the Fibonacci subshift of finite type. What
is the limit frequency of the symbol zero in u-typical sequences x?

5 Equilibrium states and Gibbs measures

5.1 The Griffith-Ruelle Theorem

Let (£2,0) now be a one-sided or two-sided subshift of finite type. Throughout we will
assume that the transition matrix is aperiodic and irreducible, so the Perron-Frobenius
Theorem applies in its full force. Let ¥ : 2 — R be a potential function, which we will
assume to be Hélder continuous, i.e., there is C' > 0 and « € (0, 1) such that if x; and
yi agree for |k| < n, then |¢(z) —1(y)| < Ca”. The Holder property can be applied to
ergodic sums on n-cylinders Z:

sup{Sp¥(x) :x € Z} > inf{S¢(x):z € Z}

> sup{S,¢¥(x):x€ 2} — ZC’ozk (24)
k=0

—_an
:Cllfaa < C

11—«

Definition 12. We say that a shift-invariant probability measure p satisfies the Gibbs
property if there are constants Co > Cy > 0 such that for all n, all n-cylinders Z and

all x € Z,
M2 o (25)

G < GEam-pn S

Here P is some constant, which, as we will see later, coincides with the topological
pressure of the system. It is the number by which we need to translate the potential such
that the measure of an n-cylinder scales as eS+¥=F).

The main theorem of this section is sometimes called, in physics the Griffith-Ruelle
Theorem (which actually also include analyticity of the pressure function):

Theorem 13. If v is Holder continuous potential function on an aperiodic irreducible
subshift of finite type, then there is a unique Gibbs measure u; this measure is the unique
equilibrium state for (Q, o,1).

We will prove this theorem in various steps. We start by a trick to reduce the potentially
two-sided shift space to a one-sided shift.

Definition 13. Two potential functions v and x on ) are called cohomologous if
there is a function u such that

Y=x+u—uoo. (26)
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From this definition, the following consequence are immediate for o-invariant measure:
Snp(x) = Sux(z) +u(x) —uoo"(z),
1 1
lim —S,¥(x) = lim —S,x(z) p-ae.,
n—oo 1,

/wdu = /Xdu-

From this it is easy to derive that cohomologous potentials have the same equilibrium
states. This will be used, in the next proposition, to reduce our task from two-sided
shifts spaces to one-sided shift spaces.

Proposition 3. If (2, 0) is a two-sided subshift of finite type and 1p a Hélder potential,
then there is a potential x which is also Holder continuous but depending only on forward
coordinates (zx)k=0 of © € 2, such that 1 and x are cohomologous.

Proof. For each symbol n € {0,..., N —1} pick a fix sequence a” € 2 such that aj = n.
For x € , let 2 be the sequence with z;, = o, if £ > 0 and 2} = aj if £ < 0 and
zo = n. Next choose

Zwoaﬂ —poal(z”).

Note that |1 o 07(x) — 1) o 07 (z*)| < Ca?, so the sum u(x) converges and is continuous
in z. Let m = [n/2]. If z; and y, coincide for |k| < n, then

ju(x) — ZI%DOUJ —od(y)|+ o (a”) —poa(y)

+Z|¢00] — o (@) + Y ool(y) —vodl(y)

m

m
. , a
n—j j
< 2 Ca" 42} Col <ACT—.
j=0 i>m
Hence u is Holder continuous with even a better Holder exponent y/« instead of «.

Now for x = 1 —u+ wo o, which is also Holder, we have

x(x) = —1—21/100] — ool (x Zwoof ox) — oo’ ((ox))
separate term j=0
— +Zz/;oaj — ool (x*) — Z¢00j(0$)—w00j<<0$)*>
7=0

= (x*) + Z¢ o0/ ((ox)*) —1p ool (ox®).
5=0
This depends only on the forward coordinates of x. O
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Now that we can work on one-sided shift spaces, it is instructive to see why:
Lemma 4. Gibbs measures of Holder potentials are equilibrium states (i.e., measures

that achieve the supremum in the Variational Principle).

Proof. Let P is the partition into 1-cylinders, and recall that P, = \/;_, "o 7FP is the
partition into n-cylinders. Write

Z, = Z esup{Snw(;v) : acEZ}‘
Z€ePn

be the n-th partition function. For Holder continuous v, due to (24), whether we

choose sup or inf, the result only changes by a multiplicative factor e&, independently
of n.

Now suppose that p satisfies the Gibbs property (25). Summing over all n-cylinders
gives
Z, Z,
ZePy,

therefore P = lim,, + log Z,. Combining this with (20) in the proof of the Variational
Principle, with P, instead of Q,,, we can write

H,(P,) + /Q St du < log 2,

Now we divide by n and take the limit n — oo to obtain h, (o) + [¢ du < P

For any z in an n-cylinder Z, we have

—u(Z)log u(Z /S vdp = —p(Z) {log,u(Z)—SndJ( )""1%}

> —u(2) [logc P () }
—
C

Summing over all n-cylinders Z € P,, gives

C
+/QSn¢d,U Z ZM(Z) {PH—IOgCé—m}

Z€Pn
C

= Pn—logC’g—l—

Dividing by n and letting n — oo, we find h,(c) + fQ ¥ dp > P. Therefore we have
equality h, (o) + [, ¢ du = P.
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To show that P = P,,,(0,1), take ¢ > 0 arbitrary and M such that 2-M+) < ¢ < 27M,
Taking a point z in each n+ M-cylinder then produces an (n, €)-separated set E,(¢) of
maximal cardinality. Therefore, as in (17), we find

zel

ZnJrM = sup {Z esnw(x) ) is (n7 5)_Separated} = Pn(O', wu 6)'

The e-dependence of the left hand side is only in the choice of M. This dependence
disappears when we take the limit lim,, % log Z,, = lim,, % log P, (0,1,¢), and therefore
taking the limit ¢ — 0 gives

1 1
P =lim—log Z, = lim lim —log P, (0, %, ) = Pip(0, ).

n n e—=>0n—oco N

This completes the proof. O

Next we give somewhat abstract results from functional analysis to find a candidate
Gibbs measure as the combination of the eigenfunction and eigenmeasure of a particular
operator and its dual.

Definition 14. The Ruelle-Perron-Frobenius operator acting on functions f : 1 = R
1s defined as

Lyflx) =) e’V f(y). (27)

oy=x

The dual operator Ly, acts on measures: Jfd( W) = [ Lyf dv for all f € L*(v).

This operator describes how densities are transformed by the dynamics. For instance, if
instead of o we had a differentiable transformation 7" : [0, 1] — [0,1] and ¢ = —log |7"|,
then Ly f(z) = > p,, m f(y) which, when integrated over [0, 1], we can recognise
as the integral formula for a change of coordinates z = T'(y).

The following theorem can be seen as the operator-version of the Perron-Frobenius
Theorem for matrices:

Theorem 14. If 2 is a one-sided subshift of finite type, with aperiodic irreducible tran-
sition matriz, then there is a unique A > 0 and continuous positive (or more precisely:
bounded away from zero) function h and a probability measure v such that

Lyh=Xh Loy =\ v
The Ruelle-Perron-Frobenius operator has the properties:

1. Ly is positive: f > 0 implies L, f > 0.
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2. Lf(x) =3 n,p €W f(y).

3. v is in general not o-invariant. Instead it satisfies

v(oA) = )\/Aew dv (28)

whenever o : A — o(A) is one-to-one and A is measurable. Measures with this
property are called A\e~¥-conformal.

4. Instead, the measure du = h dv is o-invariant. We can always scale i such that
14 is a probability measure too.

5. We will see later that A = e where P is the topological pressure.

Proof. Property 1. is obvious, since e?® is always positive. Property 2. follows by
direct computation. For Property 3., we have

)\/e_“’ dv = )\/ e VI, dl/—/ e V1T, d(\)
A Q
_ / A(L5) = /Lw D) 1 4(x)) dv

:/Z¢ W 1 ,4(y) du—/Zh

oy=x oy=x

Since 0 : A — o(A) is one- to one, >
Hence the integral [}

oY=z TA(y) =1if z € 0(A) and = 0 otherwise.
TA(y) dv =v(cA) as required.

oy=x

For Property 4., first check that

Lyf(x) = ) "Wry)g) =D ! fy)gloy) = Ly(f - goo)(x).

oy=z oY=z
This gives
| n /f hav=3 [ 7o
_ /Ew(h foo) dy = )\/h foo d(Liy)
= /foa hdu—/foad,u
Property 5. will follow from the next proposition. O

Proposition 4. For Holder potential v, the measure du = hdv satisfies the Gibbs
property with P = log \.
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Proof. For each z € Q and n-cylinder Z, there is at most one y € Z with o™y = z.
Take x € Z arbitrary. Then

< x
Li(h-1z) = " V() 15(y) < o1 [hl|og 5.

N——
ohy=z Cs

Hence

wWz) = /hdu:/h.fzdy:A"/h.fzd(c;;"u)
Z Q Q

= A" /Q Ly(h-17) dv < Cod"e5V), (29)

On the other hand, since the subshift of finite type is irreducible, there is some uniform
integer M and y € Z such that 0" (y) = 2. Therefore

ﬁz(h. 1) > eS”J“MMy)h(y) > oMYl o= 155 ,inf@esnw(z).

g

Cy

Integrating over Z gives us u(Z) > CiA"e%¥(®@) by the same reasoning as in (29).

Therefore P
mz) o,

for all n-cylinders and thus if we choose e”” = X, we obtain the Gibbs property. n

Lemma 5. The Gibbs measure is unique.

Proof. 1f both p and g satisfy (25) for some constants C, Cy, P and C7, C}, P" then we
can first take (1) for p/ and sum over all n-cylinders. This gives

- S - Sn
Cle "r Z eSv@) L1 < Che Z eSnv(@),
Z€Pn Z€Pn,

so that P’ = lim,, % log > cp. e3%(@) independently of ;. Therefore P’ = P.

Now divide (25) for i/ by the same expression for u. This gives

! !/ !

G wl2) G

Cs w(Z) C
independently of Z. Therefore 1/ and p are equivalent: they have the same null-sets.
In particular, for each continuous f, the set of points x €  for which the Birkhoff

Ergodic Theorem holds for p/ and p differs by at most a nullset. For any point which
is typical for both, we find [ f dy/ =lim, £S5, f(z) = [ f du. Therefore pn = ', O
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5.2 Upper semicontinuity of entropy

For a continuous potential ¢ : X — R, and a sequence of measures (fi,)nen such that
fn — p in the weak* topology, we always have [t du, — [ du, simply because that
is the definition of weak* convergence. However, entropy isn’t continuous in this sense.
For example, if (X, o) is the full shift on two symbols, then the %—% Bernoulli measure
i is the measure of maximal entropy log2. If = € ¥ is a typical point (in the sense of
the Birkhoff Ergodic Theorem), then we can create a sequence of measure j, by

n—1
1
b =5, 20
7=0

where y = o1 ... %, 1 is the n-periodic point in the same n-cylinder as x. For these
measure 4, — i in the weak® topology, but since p, is supported on a single periodic
orbit, the entropy h,,(c) = 0 for every n. Therefore

lim Ay, (0) =0 <log2 = h,(0).

n—oo

Lacking continuity, the best we can hope for is upper semicontinuity (USC) of the
entropy function, i.e.,

n, — p implies h, (o) > limsup hy,, (o).

n—00

In other words, the value of h can make a jump upwards at the limit measure, but not
downwards. Fortunately, the entropy function p +— h,(c) is indeed USC for subshifts
on a finite alphabet, and USC is enough to guarantee the existence of equilibrium states.

Proposition 5. Let (X,T) be a continuous dynamical system on a compact metric
space X. Assume that potential 1 : X — R is continuous. If the entropy function is
USC, then there is an equilibrium state,

Proof. We use the Variation Principle
P(v) = sup{h,(T) + /¢ dv : v is T-invariant probability measure}. (30)

Hence there exists a sequence (fi,)nen such that P(¢) = limy, hy,, (T)+ [ 1 du,. Passing
to a subsequence (ng) if necessary, we can assume that p,, — p as k — oo in the weak*
topology, and therefore [ du,, — [ du as k — oo. Due to upper semicontinuity,

P(y) = limsup hy,, (T) + /¢ dpin, < hy(T) + /@D dj,

k—o0

but also h,(T) + [ du < P(¢) by (30). Hence p is an equilibrium state. O
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The following corollary follows in the same way.

Corollary 4. Let (X,T) be a continuous dynamical system on a compact metric space
X, and suppose that the entropy function is USC. Let 15 be a family (continuous in [3)
of continuous potentials and B — B*. If ug are equilibrium states for g and pg — -
in the weak™ topology as B — [B*, then g~ is an equilibrium state for g-.

Upper semicontinuity of entropy also gives us another way of characterizing entropy:

Lemma 6 (Dual Variational Principle). Let (X,T') be a continuous dynamical system

on a compact metric space. Assume that the entropy function is upper semi-continuous
and that P(0) < co. Then

h,(T) = inf{P(¢) — /w du : ¢ : X — R continuous}.

Proof. See [6, Theorem 4.2.9] or [9, Theorem 9.12]. O

5.3 Smoothness of the pressure function

In Section 5.1 we have given conditions under which a Gibbs measure is unique. Gibbs
measures are equilibrium states, but that doesn’t prove uniqueness of equilibrium states.
There could in principle be equilibrium states that are not Gibbs measures. In this
section we will connect uniqueness of equilibrium states of a parametrised family 15 of
potentials to smoothness of the pressure function 5 +— P(¢3). In fact, the remaining
part of the Griffith-Ruelle Theorem is about smoothness, more precisely analyticity, of
pressure function when g = /3 - 9, for inverse temperature 8 € R.

Theorem 15 (Griffith-Ruelle Theorem (continued)). If ¢ is Hélder continuous poten-
tial function on an aperiodic irreducible subshift of finite type, then the pressure function

B P(G-Y)

1s real analytic.

We will not prove this here, but rather focus on how differentiability of 8 +— P(13) is
related to equilibrium states. In the simplest case when 13 = 3 - 1, then the graph of

B P(B-v):=sup{h,(T)+p / Y dv : v is T-invariant probability measure }

is the envelope of straight lines 8 + h,(T) + S [ ¢ dv, and therefore continuous. We
think of ¢ (or at least [¢ dv) as non-positive, so that maximising P(3) corresponds
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to maximising entropy and minimising energy in agreement with the Laws of Ther-
modynamics. Hence the graph  — P(f), as the envelop of non-increasing lines, is
non-increasing and convex.

Furthermore, if g is an equilibrium state for 50, and  — P(p) is differentiable at
B = fo, then P'(fy) = [ dug. Hence if p and pf are two different equilibrium states
for By with [ dug # [ dugy, then g — P(S) cannot be differentiable at 5 = f.

Definition 15. Given a continuous potential ¢ : X — R, we say that:

e a measure v on X is a tangent measure if

P+ ¢) > P() + /gb dv for all continuous ¢ : X — R. (31)

e P is differentiable at v if there is a unique tangent measure.

It would be more correct to speak of tangent functional since a priori, we just have
v e C*(X), but in all cases v turns out to be indeed an “unsigned” probability measure.

So compared to differentiability of § — P(f - v), differentiability in the above sense
requires (31) not just for ¢ = (5 —1)-1 (which follows from convexity of § — P(3-v)),
but for all continuous ¢ : X — R.

Theorem 16. Let (X, T) be a continuous dynamical system on a compact metric space
X, and suppose that the entropy function is USC. Let ¢ : X — R be a continuous
potential. Then P s differentiable at ¢ with derivative p iof and only if

lim 20 w /ng dy (32)

e—0

for all continuous ¢ : X — R. In this case, j is the unique equilibrium state for 1.

Proof. We start by proving that the tangent measures are exactly the equilibrium states.
Assume that p is an equilibrium state for . Then

Po+6) = sup{h (D) + [vdv+ [oan)

for all continuous ¢ : X — R, so p is a tangent measure.

For the converse, assume that v satisfies (31). Since ¢ : X — R is continuous on a
compact space, we have

—oo < infy < P(y) < P(0) +supy < oo,
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because by the Variational Principle and upper semicontinuity, P(0) = sup, h, (1) < occ.
Since v satisfies (31), we have

{ P()+1= P+
P() =1=P(y -

so [dv =1 follows. Furthermore, if ¢

\Y
o
=
3
5
=
3

P() > P — 6) > P(&) - / b dv,

SO f ¢ dv > 0. This shows that v is an “unsigned” probability measure. To prove
T-invariance, recall about cohomologous functions that

P<w>=P<w+n-<¢oT—¢>>>P<w>+n/¢oT—¢du,

hence 0 > 7 [ ¢ o T — ¢ dv. Since n can be both positive or negative, there is only one
possibility: 0 = [¢poT — ¢ dv, and so v is indeed T-invariant.

Finally, by Lemma 6,
h,(T) = inf{P(+¢)— /w +¢dv : ¢: X — R continuous}
> inf{P(¢ /q§ dv — /¢ +¢dv @ ¢: X — R continuous}

- P(¢)—/¢du>h T

Therefore v is indeed an equilibrium state.

Now for the second half of the proof, assume that P is differentiable at i) with derivative
1, so p is the only tangent measure, and therefore only equilibrium state. We need to
establish (32). For € # 0 and given ¢, let p. be an equilibrium state for i + ¢. Then
1 — i as € — 0 by Corollary 4. Since p is a tangent measure

P(v+20) - PW) > < [ 0 dn,

and since p. are also tangent measures,

—(P() +26) — P(t)) = P( + 26 — 2¢) — P(t) +£6) > —= / ¢ die.

Combining the two, we find

/¢d w+s¢> PY) é/qbd,ug
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if £ > 0 or with reversed inequalities if ¢ < 0. Now [ ¢ du. — [ dp as e — 0, so (32)
follows.

Conversely, if (32) holds for all continuous ¢ : X — R and v is an arbitrary tangent

measure, then
P —P

€
and also
/qzﬁdp—hm (¢+5¢ /gbdl/
Hence [ ¢ du = [ ¢ dv for all continuous gb : X = R, whence ¢ = v, and P is indeed
differentiable with single derivative. O

In view of the Griffith-Ruelle Theorem, this motivates the definition:

Definition 16. The system (X,T) with potential ¢ : X — R undergoes a phase
transition at parameter By if 5+ P([ - ) fails to be analytic at By.

It is where pressure fails to be analytic, that equilibrium states may be non-existent
(possible, if the potential is non-continuous), non-unique (possible, if the potential is
non-Holder) and/or discontinuous under change of parameters.

6 Hausdorff Dimension of Repellors

Let f : D C [0,1] — [0,1] be defined on a domain D = Uy ' Dy, where each D,
is a closed interval and f : Dj — [0,1] is surjective, C?-smooth and expanding, i.e.,
inf{|f'(z)] : = € D} > 1. Recall that f" = fo---o f is the n-fold composition of a
map and define

X ={zxe€|0,1] : f*(z) € D for all n > 0}.

This set X is sometimes called the repellor of f, and is usually a Cantor set, i.e.,
compact, totally disconnected and without isolated points.

Example 13. If

3r—2 ifwxel3 1] =D,
then X becomes the middle third Cantor set.

fla) = {3:,; ifr € [o,gi] — Dy,

Example 14. The full tent-map is defined as

. 2x Zf.?? S [0, %] = Do,
T = {2(1 —xz) ifre[il]=D.



Here X = 1[0,1], so not a Cantor set. (In this case, Dy and Dy overlap at one point,
and that explains the difference.)

Definition 17. Given some set A, an (open) e-cover U = {U;},en of A is a collection
of open sets such that A C U;U; and the diameters diam(U;) < e for all 5.5

The )-dimensional Hausdorff measure is defined as
T . . N\ . . )
ps(A) = llir(l) mf{Z(dlam(U])) : U is an open e-cover of A}.
j
It turns out that there is a unique oy such that

oo if 6 < dy,
ps(A) = f ’
0 Zf(5>50.

This g is called the Hausdorff dimension of A, and it is denoted as dimpy(A).

Lebesgue measure on the unit cube [0, 1] coincides, up to a multiplicative constant,
with n-dimensional Hausdorff measure. However, for “fractal” sets such as the middle
third Cantor sets, the “correct” value of dy can be non-integer, as we will argue in the
next example.

Example 15. Let X be the middle third Cantor set. For each n, we can cover X with
2™ closed intervals of length 37", namely

0,3 U[2-37,3-3"U[6-3,7-3 " U[8-37"9-3"U---U[3"—1)-3"1].
We can make this into an open cover U. (with e = 37™(1+2-37")) by thickening these
intervals a little bit, i.e., replacing [m-37" (m+1)-37"] by (m-3™" =372 (m+1) -
37" +372"). Then

ps(X) <2 (3™ 42-372M)° =2".37" . (1 4+2.37)° = E,.

Then
. log 2
oo ifd < 1223,
. o . _ log2
e L Kt
. log 2
0 Zf5 > @.

This shows that dimy (X) < igig In fact, dimg(X) = }Z%, but showing that covers U

are “optimal” is a bit messy, and we will skip this part.

®We can include U; = @ for some j, so finite covers {Uj}fz:1 can always be extended to countable
covers {Uj}jen if necessary.
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Coming back to our expanding interval map f, we choose the potential

vp(x) = —Blog | f'(x)],

which is C'-smooth on each Dy, and negative for 8 > 0. The ergodic sum
n—1
Swpp(x) = —B) loglf o f*(x)]
k=0

— Al [ 1o f4(a)l = log (/Y @) (33)

k=0
by the Chain Rule.

Theorem 17. Let ([0, 1], f) with repellor X = {x € [0,1] : f*(x) € D = UDy, for alln >
0} and potential vz = —fBlog |f'| be as above. Then there is a unique By at which the
pressure P(1g) vanishes, and dimy(X) = fy.

Sketch of Proof. We use symbolic dynamics on X by setting
e(r) =yYoys ... withy, =k € {0,...,N —1}if f*(x) € Dy.

This uniquely associates a code y € ¥ := {0,..., N — 1} to x provided the D}’s don’t
overlap, as in Example 14. If some Dy ’s overlap at one point, this affects only countably
many points, and therefore we can neglect them. Conversely, since f is expanding, each
code y € X is associated to no more than one z € X.

To each n-cylinder set [yoy1 - .. yn—1] = Z C X, we can associate a closed interval J such
that f¥(J) c D,, for 0 < k <n, and in fact f*~*(J) = D,, , and f"(J) =[0,1].

The C?-smoothness of f guarantees that 15 transfers to a Holder potential 1[?5@) =
s o0e t(y) on X, and therefore, for each 3, we can apply the Griffith-Ruelle Theorem
and obtain a unique equilibrium state which is also a Gibbs measure. Use the coding
map e : X — X to transfer this to (X, f,¢s): For each f € R, there is a unique
equilibrium state ;15 which is also a Gibbs measure, for 1.

Therefore, there are C7,Cy > 0 depending only on f and 3, such that for all n, all
interval J associated to n-cylinders and all x € J N X,

ps(J N X)

G S S @D

< Gy, (34)

where P = P(13) is the pressure.

Recall from (33) that e5n(¥s@=F) = =nP|(f7)/(7)|=8 for x € J N X; in fact the same
holds for all z € J. By the Mean Value Theorem, and since f"(J) = [0,1], there is
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xy € J such that |(f")(x,)| = 1/diam(J). Now we don’t know if z; € X, but we use
a distortion argument” to rewrite (34) to

pa(J) < e_P”diam(J)B < ps(J)

Cy e

and summing over all cylinder sets, we arrive at
1< e " diam(J)” < S (35)
Cy ~ SO

C%, and since there are N"
~log N" = log N > 0, which is indeed the topological

Cy
intervals, we get P(1)y) = lim,,
entropy of the map f.

Now for 3 = 0, this gives & < e P"#{ intervals J} <
1

We have Y, diam(J) < 1, and therefore, for 8 > 1, _,diam(.J)? — 0 exponentially
in n. Hence (35) implies that P(13) < 0 for all § > 1. Now since § — P(t3) is
non-increasing and convex, this means that there is a unique fy such that P(¢g) = 0

for 6 = ﬁo.
For this fy, we find

The sets J can be thickened a bit to produce an open e-cover U. (with e < 2(inf | f/|)™") —
0 as n — o00). This gives dimpy(X) < fyp. To show that also dimy(X) > Sy, we need
a similar argument that covers U. are “optimal” that we skipped in Example 15, and
which we will omit here as well. O

Exercise 21. Assume that Uy Dy = [0,1] as in Example 14. Show that By = 1 and that
the unique equilibrium state py is equivalent to Lebesque measure.

7 Gibbs distributions and large deviations - an ex-
ample

The following is an adaptation of Example 1.2.1. from Keller’s book [6]. Assume first
that the entire system consists of a single particle that can assume states in alphabet
A=1{0,..., N—1}, with energies —1y(a) (where parameter 5 € R denotes the inverse
temperature). We call

(36)

"which we will sweep under the carpet
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a Gibbs distribution. (The Gibbs distribution in this section should not be confused
with a Gibbs measure that satisfies the Gibbs property (1).) Note that a Gibbs dis-
tribution isn’t a fixed state the particle is in, it is a probability distribution indicating
(presumably) what proportion of time the particle assumes state a € A.

In this simple case, the configuration space {2 = A and as there is no dynamics, entropy

is just
= — Y as(p) log gs(p)

peEP

with respect to the only sensible partition, namely into single symbols: P = {w = a}qe 4.
We know from Corollary 3 that

H(Qﬁ)—ﬁ/% dQB>H(7T)—ﬁ/@/)O dm

for every probability measure m on A with equality if and only if 7 = g3. Hence the
Gibbs measure is the equilibrium state for 1. We take this as inspiration to measure
how far 7 is from the “optimal” measure gz by defining

i) = (11(2) =6 [ w0 aas) = (#7)= 5 [ v ar) (31)

Let us now replace the single site by a finite lattice or any finite collection G of sites, say
n = #G, with particles at every site assuming states in A. Thus now the configuration
space is Q0 = A% of cardinality #Q = N", where we think of n as huge (number of
Avogadro or like).

Assume that the energy 1 (w) of configuration w € Q is just the sum of the energies
of the separate particles: ¢(w) = > ;%o(wy). So there is no interaction between
particles whatsoever; no coherence in the set G.

We can still define the Gibbs measure (and hence equilibrium state for ) as before; it
becomes the product measure of the Gibbs measures at each site:

o—BU(w) o—Bo(wg)
w) = = .
S SPRTC S Sy

It is convenient to denote the denominator, i.e., partition function, as Z(5) =
Sene )

The measures pg(w) for each singular configuration are minute, even if w minimises
energy. Note however, that for small temperature (large 3), configurations with minimal
energies are extremely more likely to occur than those with large energies. For high
temperature (small 3), this relative difference is much smaller. As argued by Boltzmann,
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see the Ehrenfest paper [5], the vast majority of configurations (measure by pz) has the
property that if you count proportions at which states a € A occur, i.e.,

mo(a) = %#{g €G : wy=a}

you find that 7, is extremely close to gg. So without interactions, the effect of many
particles averages out to gg.

We can quantify “large majority” using distance dg of (37). Write
Usr ={we : dg(m,) <r}

as the collection of configurations whose emperical distributions ,, (i.e., frequencies of
particles taking the respective states in A) are r-close to gg.

Theorem 18. For 0 <r < H(qz) — 8 [ o dgs, we have

n—oo

1
lim - log p15(Q2\ Ug,.) = —r,

so ug(Q\ Us,y) ~ e asn = #G grows large.

Proof. It is an exercise to check that H(ug) = nH(gg). Next, for some configuration
w € €2, we have

log ug(w) = —p Zz/;o(wg) —log Z(p) rewrite Z(/3) by Corollary 3

geG

= —571/% dm, — (H(#B)—ﬁ/ﬂ’ dﬂﬁ)
— _5n/¢0 dm—n(H(qﬁ)—ﬁ/% dqﬁ)

= <o ((ta) -8 [ o das) = (i) = 6 [ an)) < i)

= ndg(n,) —nH(m,).
Every m, represents a way to choose n = #G times from N = #.A boxes. The order
of choosing is not important, only how many are drawn from each box. This can be

indicated by a non-negative integer vector v = (v,)qe4 Where > v, = n. In fact, &
indicates the same probability distribution on A as m,. We can compute

n!

HaE.A Ua! .

, neglecting an error factor that tends to 1 as

M(v) :=#{w e Q : m, leads to v} =

n

Stirling’s formula gives n! ~ v/27mn n"e™
n — 0o. Thus

M(v) V2mn nte™" 2mn H (va>—va
V)~ ~ _— -
[Lca2mv, an ’

U, —7,
[l V2mv, v2eeve
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and |
log M(v) ~ =1 ) ——1 Ya
og M(v) 5 0g =—— H 27TUa + nae g

Note that % = 7,(x = a), so the dominating term in log M (v) is just nH(m,)! The
remaining terms, including the one we neglected in our version of Stirling’s formula,
are O(logn).

Therefore

1 1 1
_1 Q U r = —1 — —1 _nd,ﬁ’(ﬂ—w)_nH(Ww)
n Og/iﬁ( \ B, ) n 0g Z ,Uﬁ(w) . og Z e

wEQ\U/gJ. UJGQ\U/@}T.

M(U) X e—nr—nH(%)

N

|
SIl—= 3= 3|+
g & &
c?d
MMM

v=(Va)acA

nH( )+O(logn) —nr—nH(%)

=(va)aca
_ 1 _
— m"+O(logn) <= lOg nNe nr+O0(logn) S _r
=(va)aca
as n — 00, where we used in the last line that there are no more than n" ways of

choosing non-negative integer vectors v = (v,)aca With > _ v, = n.

Now for the lower bound, take ' > r. For sufficiently large n, we can find some vector
v = (Va)aca such that r < dg(=) < 1’. Therefore

1 1 —n Ky
Eloguﬁ(Q\Uﬁr > nlog Z s (w log Z —ndp(mw)—nH (7o)

1 / v
> —log (M(U) e ’”H(5)>
n

1 v v
> = _ _ I _ !
> - (nH(n)+O(logn) nr nH(n)> — -7

as n — co. Since r’ > r is arbitrary, lim,, = log us(Q \ Ug,) = —r as claimed. O
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