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CP-chains and dimension preservation for
projections of (xm,xn)-invariant Gibbs
measures

Javier Ignacio Almarza*f

Abstract

Dimension conservation for almost every projection has been well-
established by the work of Marstrand, Mattila and Hunt and Kaloshin.
More recently, Hochman and Shmerkin used CP-chains, a tool first in-
troduced by Furstenberg, to prove all projections preserve dimension
of measures on [0,1]2 that are the product of a xm-invariant and a
xn-invariant measure (for m, n multiplicatively independent). Using
these tools, Ferguson, Fraser and Sahlsten extended that conservation
result to (xm, xn)-invariant measures that are the pushforward of
a Bernoulli scheme under the (m,n)-adic symbolic encoding. Their
proof relied on a parametrization of conditional measures which could
not be extended beyond the Bernoulli case. In this work, we extend
their result from Bernoulli measures to Gibbs measures on any transi-
tive SF'T. Rather than attempt a similar parametrization, the proof is
achieved by reducing the problem to that of the pointwise convergence
of a double ergodic average which is known to hold when the system
is exact.

1 Introduction

The use of ergodic theory in fractal geometry has recently yielded remarkable
advances through the development of a rich theory of processes of magnify-
ing fractal measures. These dynamics, originally introduced by Furstenberg
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[9], were recently used by Hochman and Shmerkin [I3] to prove a conjecture
by Furstenberg that states that, for products of sets that are invariant un-
der “arithmetically independent” dynamics, all non-trivial projections satisfy
dimension conservation.

Theorem 1.1 (Theorem 1.3 of [13]). Suppose logm/logn is irrational and
let 1 and v be measures on T invariant under 7}, and 7,,, respectively. Then

dim 7(p X v) = min{1, dim(u x v)}
for all TI; € \{my, m2}

The projections 7m; and 7y are exceptions since they map p X v to p or
v, and a drop in dimension is to be expected. The result for invariant sets
follows from this theorem as a consequence of the variational principle.

Notice the product measures in this theorem are invariant under the non-
conformal endomorphism Ty, ,, : T> — T? that maps (z,y) — (Tu(x), Tn(v)),
and it is natural to raise the question of what kinds of 7}, ,-invariant measures
on T? satisfy the same dimension conservation result for all projections in
H271 \ {71'1,77'2}.

Recently, Ferguson, Fraser and Sahlsten [8] proved this was the case for
Bernoulli measures, that is, measures on T? that are the push-forward of
a Bernoulli scheme on the (m,n)-adic symbolic encoding of T?, and raised
the question of whether their result could be extended to Gibbs measures.
In this context, the term “Gibbs measures” is used in the sense introduced
by Bowen [5] to study Anosov diffeomorphisms through symbolic partitions,
that is, it refers to measures m on some symbolic space Y C XN (¥ a finite
alphabet) for which there is some constant K > 0 such that

K< m(mlk. . Tk) <
e—kplezi:1 o(T*(w))
for some function ¢ on Y (called potential), a constant P and all sequences
W=T1...TkYp41""" €Y.
In this paper we provide an affirmative answer to Ferguson, Fraser and
Sahlsten’s question.

Theorem 1.2. Let m,n € N satisfy logm/logn ¢ Q, u be a T, ,-invariant
measure on T that is the push-forward of a Gibbs measure for some Holder
potential and m be a projection in Ily; \ {7, m2}. Then



dim 7y = min{1, dim p}

The proof, as in their case, is the consequence of showing that such a
measure generates a process of magnifying measures of the kind introduced
by Furstenberg and used by Hochman and Shmerkin, which are called C'P-
chains. That is, we prove

Theorem 1.3. Let m,n € N satisfy logm/logn ¢ Q and p be a 1), ,-
invariant measure on T that is the push-forward of a Gibbs measure for some
Holder potential. Then p generates an ergodic CP-chain.

The projection result follows from this theorem through an application
of a major result by Hochman and Shmerkin that relates the dimension of
projections of a measure to the dimension of projections of generic measures
under the distribution of the CP-process.

Unlike the proof of Theorem for Bernoulli schemes in [§], our proof
can’t rely on the independence on the past to nicely separate the magnifying
CP dynamics on each of the two coordinates of the double torus. Separa-
tion, which in [§] is achieved through an elegant parametrization of measures
that condition on past coordinates, is important because the two magnify-
ing dynamics must evolve at different speeds to ensure that the sequence of
rectangles that the process magnifies into is similar to a sequence of balls,
i.e. has bounded eccentricity.

Nevertheless, the Gibbs property ensures enough memorylessness on the
past to allow us to reduce the question to a problem of pointwise convergence
of double ergodic averages, which is known to have an affirmative answer for
exact and Kolmogorov systems, a more general class than Gibbs systems.

It should be noted, though, that our methods do not provide a nice closed
expression for the CP-chain distribution that is generated by p, as was the
case in [§].

The outline of this paper is as follows. Section [2lintroduces the machinery
of magnifying CP dynamics. Section B provides the translation of these
dynamics on the torus to dynamics on a symbolic space through the (m,n)-
adic encoding. Section [ adapts some standard ergodic theorems to our needs
and Section [B] introduces the main properties of Gibbs measures. In Section
the main result is proved.



2 Dynamics of conditional probabilities and
dimension

2.1 Preliminaries

Let us fix the notation and briefly present the main results concerning CP-
chains, which were first introduced by Furstenberg in [9] and which were
recently used by Hochman and Shmerkin in [I3] to derive strong geometric
properties about dimensions of projected measures.

We will be working with probability measures u € P(K) on some compact
metric space K, and as usual P(K) will be endowed with the weak topology,
which makes it a compact metrizable space.

For B C R? any boz, that is, any product of d real intervals which can
be open, closed or half-closed, let Tp : R* — R? be the homothetic affine
transformation that normalizes the volume of B to 1 and sends its “lower
left corner” to the origin, that is,

1

To(@) = o g

(x — min B)

where min refers to the lexicographic ordering.
Definition 2.1. For any box B C R¢ the normalized box is B* = Tg(B).
For any Borel probability measure x4 on R% we will write

1
B -1
W= wl|goT
n(B) v

where 1 |3 denotes the restriction of 4 to B. Clearly, u? is supported on B*.

Definition 2.2. Let £ be a collection of boxes in R?. A partition operator
A on & assigns to each B € &£ a partition AB C £ of B in a translation
and scale-invariant manner, i.e. for any homothety 7" and B € £ such that
T(B) € € then A(T(B)) = T(A(B)).

From a partition operator A we may iteratively define a sequence of
refining partitions of B.

A°(B)={B} and A" (B)= (] A(E)
)

EcA"(B



Definition 2.3. A partition operator A is p-regular if for any B € £ there
exists a constant ¢ > 1 such that for any k& € N any element £ € A*(B)
contains a ball of radius p*/c and is contained in a ball of radius cp*.

Example 2.4. A very natural example of a partition operator is the m-adic
partition operator A,, on T. Identify T with [0,1) and let £ be the set of
half-open m-adic intervals

E={[l/m" (1+1)/mF): keN; I+1<mk}

Then A, ([Il/m", (14 1)/mF)) = {[lm+i/m** (Im+i+1)/mF) . i <m}.
Clearly, this partition is 1/m-regular.

Definition 2.5. A CP-chain for a p-regular partition operator A on a col-
lection of boxes £ is a Markov process (u, Br)p, with state space

O ={(B,n) € ExPR?): supp p C B}
and transition law given by
for E € A(B*), (B, ) — (E, u¥) with probability u(E)

Hence, a CP-chain is a Markov chain of magnified conditional probabili-
ties (whence the “CP”), that is, measures of the form p? that “magnify” a
measure f into a specific box B, chosen according to p.

In many contexts we will speak of a CP-chain without specifying A or
&. Moreover, we will usually have an initial stationary distribution @) on ©
associated to the chain, and we will use the term “CP-chain” to refer not
only to the chain (i.e. the transition probabilities) but also to @) and to the
shift invariant measure on ©F that is induced by @ and the transition law .
For such a CP-chain () the measure component will be the projection of ()
to its P(R?) component,.

Notice that while the state space sets P(RY) as the ambient space for
measures p-regularity implies that, conditioned on some initial By € &£, the
process (B,)5, consists of boxes all of which are included on some compact
K C R? and the measure process (j1,)%%; will take values on a compact and
metrizable space P(K).

To avoid confusion, measures on measure spaces, that is, elements of
P(P(K)), will be called distributions.



For any measure p € P(K) let 6, € P(P(K)) denote the distribution on
the space of measures that is supported on the single element p.

For some fixed box B € € and z € B let us also write A*(z) for the
unique E € A*(B) to which z belongs.

Definition 2.6. Let Q be the measure component of a a CP-chain @) with
partition operator A on a collection £ and fix B € £. We say that Q is
generated by p € P(B*) if for y-a.e. x € B* the CP scenery distributions

=2

1
N 6uAk(m)
0

B
Il

converge weakly to Q as N — oo and if for any ¢ € N the g-sparse CP

scenery distributions
N-1

LS

k=0

converge weakly to some possibly different distribution Qq € P(P(K))

It is a consequence of the ergodic theorem that Q-almost every measure
v generates ) [13| see Proposition 7.7].

2.2 Dimension of measures and CP-chains

In this section we present a major result of [I3] connecting the dimension
of the projection of a measure to the average “local entropy dimension” of
such a projection under a CP-chain distribution generated by the original
measure. We denote the Hausdorff dimension of a set by dim A.

Definition 2.7. Let 1 € P(X) be a measure on some metric space X. The
lower Hausdorff dimension of u is defined as

dim,p = inf{dim A : p(A) >0}

The upper and lower local dimensions of p at a point = are defined as

1 B,
dim(p, ) = limsup log u(Br(z))
0 log r



and | B
r—0 logr

respectively. L

We say that p is exact dimensional if for y-a.e. z we have that dim(u, ) =
dim(p, ) = ¢ for some constant ¢. We observe that this implies dim,u = ¢
(see [T, proposition 10.2]). We may then unambiguously write dim p when g
is exact dimensional. R R

Finally, for a distribution ) € P(P(X)) let the lower dimension of ) be

dim, Q = /dim* v dQ(v)

It can be seen that the ergodic theorem implies that Q-almost every
measure v is exact dimensional when @ is the measure component of a CP-
chain (see [13, Lemma 7.9]), so that in this case we may unambiguously speak
of the dimension dim Q = dim Q of the CP-chain.

Let Iz denote the set of orthogonal projections from R? to any k-
dimensional subspace.

Definition 2.8. For any measure u the r-entropy of i is defined as

H, (1) = — / log j(B(z, ) du(x)

Let @@ be a CP-chain for a p-regular partition operator A and ¢ > 0.
Then E, : I1;; — R is the function defined by

E,(m) = H (ﬂ'V)dQ(I/)

/ 1
qlog(1/p)

Theorem 2.9. [I3| Theorem 8.2]Let @ be an ergodic CP-chain. Then the
function E () = lim,, E,(7) exists pointwise, is lower semi-continuous [1

1. For any m € Il and Q—almost every v

dim v = E(m)

For the quotient topology on Il = GL(R?)/H, regarded as a homogeneous space
for the Lie group GL(R?), and H the stabilizer of any k-dimensional subspace of R.



2. For almost every 7 € Iz, we have

E(7) = min(k,dim Q)

3. For any measure y that generates () and for any m € Il

dim 7p > dim E(m)

3 The symbolic dynamical setting

3.1 The (m,n)-encoding

Since we will be working with measures on T? that are 1., n-invariant we
will at first try to build CP-chains for the (m,n)-adic partition operator
A = A,,, that is the product of A,, and A,, (that is, the first T-coordinate
is partitioned acccording to A,,, the second according to A,). As in [§], we
will find it convenient to translate these CP-chains for measures supported
on real boxes to CP-chains for measures supported on symbolic spaces, that
is, on spaces of sequences XN for some finite alphabet ¥. We won’t actually
define a symbolic CP-chain (that is carried out in [11]), but the definition
arises naturally and is implicit in our construction. Our alphabet will be
¥ = A x A where A and A’ are finite sets of size m and n, respectively, which
may be identified with {0,...,m —1} and {0,...,n —1}. By A* and A" we
will denote the free monoids generated by A and A’, and we will consider
the spaces of infinite sequences Q. = XN and Q = X% endowed with their
product topologies and their Borel g-algebras. We will write 7 : Q — Q.
for the projection that erases the “past” coordinates. Small latin letters a, b
and ¢ will be used for elements in A* or A and w = (w!, w?) will denote any
element in Q or Q.. The length of any word a € A* will be written |a|, and
the restriction of w € ;. (or w' € A) to its first & values will be denoted wy.

We have an onto map &, : AN — [0,1] given by &, (w') = > rr wim™"
and similarly for &,, so that we may define £ : Q, — [0,1]? given by £(w) =
(Em(wh), &n(w?))-

To each word a = wi...wf € A¥ and b = w?...w? € A’ we may assign a
unique box

R(a,b) = [€m(a0%), £n(a0>) +m™") x [€,(00%), £,(00%) +n~*) € A¥(T?)



where a0 is the infinite sequence which consists of the prefix a followed
by an infinite sequence of zeros. This assignment is a bijection from ¥ to
AK(T?). Clearly,

R(w\lkvwﬁk> = Ak(f(w))

and

{€)} = R(wh, wi)

3.2 Bounding eccentricities

The problem with the sequence of refining partitions A¥(T?)) is that it is
not p-regular for any p > 0, since the eccentricity of any box B € AF(T?)
(defined as the ratio between its longest and shortest side) is (n/m)*. To
bound this eccentricity we will have to slightly change our partition operator
to A, where, for an m-adic interval .J;, a n-adic interval J; and B = J; X J3,
A'(B) always partitions J; into m subintervals and then partitions J, into n
subintervals if and only if not doing so would result in a box of eccentricity
greater than n. Writing ecc(By) for the eccentricity of any box B, € A*(T?),
this rule means that, in the first case, the boxes By, will have eccentricity
ecc(Bg11) = m.ecc(By), and in the second case the boxes By,; will have
eccentricity ecc(Byy1) = m.ecc(By)/n.

This process can be encoded by translating eccentricities into angles via
t = 10%0(;352;9). Let o = logm/logn. Our partition operator then sends the
angle t to t + a when t + a < 1, and sends ¢t to t + a — logn when that
condition is not met. Equivalently, our partition operator induces a rotation
by angle o on T.

It follows that any element of A’*(T?) will be congruent to

R, =1[0,1) x [0, ¢f'e™)

which has eccentricity bounded in [1,n]. Thus, our modified partition oper-
ator A" is (1/m)-regular.

3.3 Measures and CP dynamics on symbolic spaces

Back to the symbolic model, elements of A’*(T?) no longer correspond to
words in ¥¥. They correspond to words in A¥ x A" where I} (t) = |t + k]
(we will also write I, = [£(0)) (see [8, Section 3.3] for more details). Thus

R(wjy, wi,) = A" (E(w))

9



Let us write T for the shift transformation on any symbolic one-sided or
two-sided sequence space.

The measures y/ on T? (or R?) we will consider are push-forwards of
measures p on (), that is, ¢/ = po &7, and if p is T-invariant then p' is
T, n-invariant, since T, ,&§ = 7.

Let i be a T-invariant, weak mixing measure on 2, . By some abuse of
notation p will also denote its natural extension to (2.

Let .7-"17 be the o-algebra on ) generated by vectors w +— w}, . .. ,wjl- (1,5 €
Z J{—00,00}). Similarly, gg’ will be the o-algebra generated by {w? }i<k<;.

Words a in A* may be identified with cylinder sets [a]. These word cylin-
ders generate the algebra of clopen cylinder sets, denoted G(A*). Write
ma @ AZ — AN for the projection that erases past coordinates (and simi-
larly for mp/). If C' is any measurable subset of AN (or A™N) we will write
C = 7,'(C) x A'Z for the corresponding subset of 0 (respectively, C' =
AZ x 7H(0)). To any clopen A € G(A*) x G(A"*) associate the following
continuous functional on P(£2,) (continuity follows from the fact that 14 is
a continuous function on €, when A is a cylinder):

¢a(v) = v(4)
We will write Z for the collection of finite unions of intervals in T.
Let == {(w,v) € Q4 X P(Qy): wesupp pu}and X =T x E.
Given any measure v € P(Q;), we may consider conditional measures
Vi), for w in supp v, defined as

A B) = v (THANTHIB) | FvGHO) ()

on product cylinders A x B € G(A*) x G(A”™) and extended to the Borel
o-algebra using Caratheodory’s theorem.

Since we will often shift conditional measures and expectations, it will
be convenient to recall that, for v any T-invariant measure on (X, ), the
following is true v-a.s. for any o-algebra F C B and any B-measurable f

E[foT" | F]=E,[f | T™"(F)] o T" (3.1)

Write {z} = x — |x] for any real x and Rg : [0,1) — [0,1) (5 any real)
for the rotation transformation Rg(x) = {z + S}.
Let S: X — X be the symbolic magnification operator, defined by

S(t,w,v) = (Ra(t), T11(w), Se1(w, v))

10



where Tjx(w) = (THw'), T*®(w?) and Sy : = — P(Qy) is given by
Ser(w,v) = v,
The following two observations follow from (B.I) and the definition of S

Observation 3.1.
Sk(t,w, v) = (Ra(t), Ty k(w), Se(w, v))
Observation 3.2.

Son (T(@), 1) (A x B) = By, [T (1) Ther 0 (1) | FF v g1+ ()

where U, 5 (t, s) = li(t) + ln(s).

To show that the push-forward of some 1 in an appropriate class of mea-
sures generates a CP-chain it will suffice to show that for any f € C(X) the
averages

1 N
NZ F(S™(t,w, 1)) (3.2)
k=1

converge p-a.e. when ¢ = 0 to some constant c;. The linearity of ¢y with
respect to f and the obvious bound ¢; < || f||o define a continuous functional
on C(X) and the Riesz representation theorem then implies the existence of
a measure ) in X such that ¢; = Eg[f]. From (B2) it is evident @ is S-
invariant and we will also show it is S-ergodic. Indeed, the following theorem
summarizes the results proven in sections [6.2] and [6.3]

Theorem 3.3. Let i be a Gibbs invariant measure for some topologically
transitive subshift of finite type Y C €2,. Then there is a distribution Q on
= such that Q = X\ x @ is an S-invariant and ergodic distribution on X and
for every continuous f € C(X), every ¢ € N and p-a.e. w € Q, we have

o 3 F(57(0,0, 1)) - Eqlf] (3.3)

k=1

3.4 From the symbolic to the geometric model

We will now show how Theorem implies Theorem [I.3. Recall first the
following definition.

11



Definition 3.4. Let (X, u, T') be a measure-preserving system. We say that
the system is ezact if, for any finite partition A,

Tail(A) == \ \/ TA) = {0, X} (mod p) (3.4)

n=0 k=n

If T is an automorphism and (B.4]) holds, then we say that the Z-system
(X, 1, T) is a Kolmogorov system (or just K system).

We have the following fact (see [17, Theorem 4.2.12))

Lemma 3.5. Let i be a Gibbs invariant measure for a Holder potential ¢
on some topologically transitive subshift of finite type Y. Then (Y, u,T) is
exact and its natural extension to a Z-system is Kolmogorov.

We are now ready to show the implication. Let E be the set of boundaries
of all boxes obtained through the partition sequence A*(T?), i.e.,

E= |J 0R(a,b)

a€A* bEA*

Let ' be the push-forward of u, that is p/ = £,.(u) (where for any g, g.(u) =
pogt) for some shift-invariant px on €2, for which the system (2, p,T) is
exact (by Lemma this applies in particular to Gibbs measures).

Let us assume first that ;1 assigns positive measure to some set of the form
{we Qy : w!=a0>} for a fixed a € A*, which is the same as saying that '
assigns positive measure to some vertical line that intersects the horizontal
axis at an m-adic point. This also implies p/(E) > 0.

Set Ay = {w € Qp : w! = a0 for some a € A*}. Notice that the
Ay, form a monotonically increasing sequence of events. By our assumption,
for any k£ > |a|, p(Ax) > 0. Then A = |J, Ay is a tail event, so that
by exactness we must have pu(A) = 1, which means almost every sequence
has its m-coordinate eventually terminated by an infinite sequence of zeros.
Equivalently, ' is supported on m-adic vertical lines.

Now, take any word @ = ay...a; € A* containing at least one nonzero
symbol. By invariance, for any k£ € N,

W{w: Wl =ar o = a)) = p({w: why = ar. el = a)) < 1-u(4)

and given any € > 0 we may pick kg such that for all k& > ko, p(Ax) > 1 —¢,
so that, by choosing any arbitrarily small € we get p({w: wj =a;...w} =

12



a;}) = 0. Hence, p is supported on sequences whose m-coordinate is 0.
Equivalently, u/ is a supported on a single vertical line, and the problem
reduces to that of a single T),-invariant measure on the unit interval, i.e.,
a conformal measure, for which genericity results have already been estab-
lished under much more general assumptions in [I2]. The same reasoning
can be carried out for horizontal n-adic lines, and these two cases exhaust
the possible cases in which y/(F) > 0.

Thus, we may now assume that y/(E) = 0.

Since the modified partition operator A’ is (1/m)-regular we know all
boxes in the sequence A’([0, 1)) will lie within some compact box, which we
denote R, and the measures u’A/k(f”) for ;/-a.e. = will be supported in R.

Define P : X — P(R) as P(t,w,v) = Su(&(v)), where S; @ R? —
R? is the linear transformation that maps [0,1] to the normalized box of
eccentricity e'1°8™ R*. Since p/(E) = 0 we have

q w R @lgre ’ 0.
A FEw) — ,u/ ( lak ”qk) = S{gka} (f*(ﬂo,qk))

Notice that if 4/(E) > 0 then p/'(R(wj,wf, )) may be strictly greater
than ,u([wﬁk] X [wfk]), since the box may contain a segment of strictly positive
measure on its boundary, and these elements, having two possible represen-
tations, will add the weight of the cylinders of both representations to the
pushforward measure 1.

Now, p/2"€@) — P(S%(0,w, 1)) and while P is not continuous in the T-
coordinate when ¢ = 0 this is the only way a discontinuity can occur, so that
for any continuous f € C(P(R)) the composition f o P will be continuous
on X except for a set of measure zero. We use the following result, which is
proved in [3, Theorem 2.7]

Lemma 3.6. Let K be a compact metric space. If vy — v weakly in P(K)
and f: K — R is v-almost everywhere continuous then [ fdvy — [ fdv.

It follows from Theorem that for any Gibbs u and p-a.e. w

=

-1

1

N (fOP)(U,w,u)%/foPd()\xP)

e
Il

0

This completes the proof of Theorem [IL.3] from Theorem [3.3]

13



4 Ergodic theorems

We will now adapt to our needs some standard theorems on the convergence
of nonconventional ergodic averages. Throughout this section (2, u, T') will
denote a measure-preserving system on a metric space {2 with its Borel o-
algebra and A\ will denote Lebesgue measure on T. As usual, for any mea-
surable f, we will write T'(f) for the Koopman’s operator T'(f) = foT.

Lemma 4.1. Let (2, 4, T) be weak mixing , let a € [0, 1) be irrational and
let F': T xQ — R be an integrable function (for the product measure A x )
such that the family of functions (F(,w)).eq is uniformly equicontinuous.
Then there is a full measure € C Q such that for all w € ¥ and allt € T

WE

TEHF)(t,w) — Exxp(F)

1
N

B
Il

1
where T,, = R, x T.

Proof. The system (T x QA x u,T,), is ergodic, since (2, u,T) is weak
mixing. Then there is a full A x p-measure subset X C T x  on which

WE

TEF)(t,w) — Exxp(F)

1
N

B
Il

1

In particular, there is a countable and dense subset T" C T such that for
all t € T’ the section X; = {w € Q: (t,w) € X} has full yg-measure. We
take Q' = (),op X¢, which has full measure.

Now, if we fix € > 0, by uniform equicontinuity there is some § > 0 such
that if |t — /| < § then |F(t,w) — F(t',w)| < € for all w. Let t € T and take
some t' € T’ such that |t—#'| < J. Notice that this implies | R (t)—RE(¢')| < §
for all k (and hence |F(RE(t), T*(w)) — F(RE(¢), T*(w))| < €) since rotation

14



is an isometry. Then, for any w €

5 S THE) )~ Ba(F)| < 1 | SOTEF) 1) = TEF)(E )| +
k=1 k=1
T DTN )~ BanalF)] <
< et 5 (SO TEE)E,w) — B (F)
- (4.1)

And since (#',w) € X the N can be chosen large enough so that the summand
on the right is arbitrarily small. O

Theorem 4.2. Let (Q, 1, T) be weak mixing, let a € [0, 1) be irrational. Let
I € T and F be some bounded, measurable function.
Then there is a full measure €' C Q such that, for all ¢t € [0,1),

S L RUTHO(F) ) - 1] E[F]

for all w € V.

Proof. Notice that since [ is a finite union of intervals we can write 1; =
> 71y, for some r > 1 and intervals I; such that |[;] < e < a. Thus, by
linearity, we may assume that I = (a,a + €) is an interval such that € < a.

Write kq(t) < ko(t) < -+ < k;i(t) < ... for all k£ such that ¢t + ak € I.
Notice that for any k € N there is some ¢ such that & = k;(¢) if and only if
there is some (unique) n € N such that

n+a—t<ka<n+a—t+e (4.2)

We will write n;(t) for the unique n € N that satisfies (£.2)) with k = k;(t).
Then n;(t) = |t + ak;(t)], and since |I| < o we have I, (t) = [t + aki(t)] #
[t + ak;(t)] = Ik, (t) when i # j. Write ¢(t) = {(a —t)/a}. It follows from
these observations that n = [t + ak;] for some ¢ if and only if {c(t) +n/a} €
(1—€/a,1).

Consider the system (T x Q,\ x p,T") with 7" = R1 x T. This system
is ergodic, since (€2, u, T') was weak mixing. ’
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Write I’ = (1 — €¢/a, 1) and F'(t,w) = 1p(t)F(w). Then

N 1 [t+aN—a|

S LR THO(F) ) = 5 T (F)(e(t)w)  (43)

k‘= n=1

We want to show that
1 [t+aN—a| ¢
—_ T (F")(c(t Exx,[F'] = —E[F 4.4
v X D) S BalF] = CEF) (4
since (£3)) would then imply
K () € g m LN =l
Z 11 (Ro(£)T"O(F)(w) — —E[F] lim ~ ¢E[F]

Now, 1; is Riemann integrable, that is, it can be approximated by con-
tinuous functions g,, < 1; < Ay, such that [ A, (t) — gm(£)dA(t) < 27™, and
notice that since g,, is continuous in a compact space and F' is bounded,
Gm(t,w) = gm(t)F(w) satisfies the uniform equicontinuity hypothesis of
Lemma (1] and the same is true of H,, = h,,(t)F(w). Then there are
full p-measure sets €2, such that for all ¢t € [0,1) and w € Q,, (@4]) obtains
with G, or H,, substituting for F’. Fix M such that |F| < M, assume first
that F' is nonnegative and write N, = |t + N — a]. Then

’fL TL 1 Na mn
ZT’ <—ZT’ )SM;T’ (H

and taking limits for w € Q' =, Q,,, we get

Na

: : 1 m /
Eaxy[Gm] < lim inf N Z T (F)(c(t),w) <

Na

< nmNsup Nia > T (elt), w) < Exu[Hul (4.5)

But Exxu[Hm] — Exxu[Gr] < M27™, so taking m to infinity we get
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hm inf — Z T"(F ,w) = lim sup — Z T"(F")(c(t),w)

and the limit is lim,, Exx,[H;] = Exx,[F’]. This proves (€4) for non-
negative F'. When F' has a negative part we write F' = F'" — F'~ for non-
negative F'* and F~, and we have F’ = F't — '~ where 't = 1, F* and
F'~ = 1pF~ are nonnegative, so that convergence for F'* and F’~ entails

that of F.
0

We now obtain a corollary analogous to Maker’s generalized ergodic the-
orem.

Corollary 4.3. Let (2, 4, T) be weak mixing, let a € [0,1) be irrational.
Let I € Z and (F)ren be some sequence of uniformly bounded measurable
functions on €2 such that Fj, — F almost surely.

Then there is a full measure ' C Q such that, for all ¢t € [0,1),

S L(Ra()THO(Fi)(w) > |1 E[F]

Proof. Write Gy(w) = supysy |[F(w) — Fi(w)|. We have

N
lim sup | — Z )TV (Fy)(w) — |I| E[F]| <
N k
1 N
< lim sup — TO (| F, — F)(w)+
< Nka; (|1Fyx — F[)(w)
N
- 1 4 (®)
+ lim sup NZL(Ra(t))Tk (F)(w) — |I| E[F)] (4.6)
N k=1

By Theorem the second summand is 0 on some full measure €, and
the first summand satisfies, for all M,

lim su Tl"(t F,—F <hmsu Th®| G
sz (IF - FI)(w) pz e

17



and since Gy is bounded the average on the right converges to E[G ] for all
w in a full measure set ;.

Taking ' = QN N Qs we get a full measure set such that for every M,
every w in ' and every ¢ € [0, 1)

hmsup Zle (|F, — F|)(w)| < E[Gu]

Since E[G/] — 0, this completes the proof. a
The following adapts the main result in [6] to our setting

Theorem 4.4. Let (€2, 11, T') be weak mixing, let a € [0,1) be irrational. Let
I €7 and F, G be functions in L>(2).

Then, for each ¢t € [0, 1) there is a full measure 2’ C Q such that for all
we

N
1
N > L(REE)T*O(E[F | T])(w)THE[G | T])(w) = 0 (4.7)
where T = (), T, and 7Ty, is the o-algebra generated by the measurable func-
tions T(F), T"(G) for i > k.

Proof. Equation (A7) can be expanded telescopically using multilinearity,
and is then equivalent to

hmsup Zﬂf RENT*O(F —E[F | T])(w)T*(G)(w)+
+% > L(REE)T*OEF | T])(w)THG — E[G | T])(w)| =0
- (4.8)
So it suffices to show
hmsup Zﬂf (RENT*O(F —E[F | T)(W)THG)(w)| =0  (4.9)
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and

lim sup | Z (R (0)T*O(ELF | T))(w >Tk<G—E[G|ﬂ><w>i=o

(4.10)
Write M for some common bound of F' and G. Notice T = [, T is
the limit of a monotone sequence of o-algebras, and is also T-invariant. By
Doob’s theorem, E[F | T;] — E[F | T] both pointwise and in L', and the
same is true for G.
By Theorem H.2, there is a full measure ' C €2 such that for all w €
and all t € [0,1)

i sup %i )THO(F ~E[F | T)()TH(G)(w)| <
s 1ém )THO (F — BIF | T))(@)THG)(w)| +
+hmsup—§;w (E[F | T] - E[F | T (@) T(G)) <
e ZL (R()THO(F — E[F | T2))(@)T*(C) (w)| +
MIELF | T ELF | Tl

and we can always choose a big enough n independently of w so that the last
term is arbitrarily small. Therefore, to prove (4.9) it will suffice to prove

hmsup Z]]_I RENT* D(F —E[F | T,)(w)THG)(w)| =0  (4.11)

almost surely and for all n.
Analogously, using Birkhoff’s ergodic theorem instead of Theorem (4.2,
we can show that to prove (4.10) it suffices to prove

%Z L(Re(t)T*(ELF | T))(w)THG ~ E[G | Ta))(w)

lim sup =0

(4.12)
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almost surely and for all n.

To prove both limits we will use Lyon’s Law of Large Numbers for the
following random variables (which depend on ¢, and hence the full measure
set will no longer be independent of t)

Xi = Li(Re(0) T (F — E[F | T.)TH(G)

and

Ve = L(REW)TH(E[F | T)THG - E[G | Ta))

Theorem 4.5 (Lyon’s Law of Large Numbers, [16]). Let X} be bounded,
zero mean random variables such that

2

Then (1/N) Zsz1 X — 0 as N — oo almost surely.

To see that X} and Y} satisfy the hypotheses of this LLN, notice first
that, by invariance of u, for any measurable f and o-algebra F we have

THE[f | F]) = E[T*(f) | T*(F)], and hence, for any f (recall (3.1)),
T (E[f | Ta)) = E[T*(f) | Tari] (4.13)

Let us show X has zero mean for large enough k. Define kg = |n/(1 —

a)| + 1 and by (£I3)

E [Xi] = Li(By())E [E[(T*(F) = E[T"(F) | Tosie o)) T(G) | Tosnio)]]
= 1;(Re(t))E [THG)ETO(F) | Tatio] — E [T (F) | Tovi])]
=0

since k > ko implies k& > n + [(¢) (and then T C T,q4, ), which implies
T*(G) is Tn+i,(n-measurable). Similarly,

E[Yi] = 1;(RE(0)E [E[E[TO(F) | TITNG) = E[TY(G) | Tasa]) | Tas]

= 1(RE())E [E[T*(F) | TIE[THG) | Tass] — E[TH(G) | Toss])]
=0

[A—

Finally, let us verify the summability condition in Theorem (4.5
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Consider k, k' such that k > ky and k' > k + |[n/a| + 1. We have that
lk’( ) > lk( )+n so that le’ ( [F | T]) [le'(t ( ) | 7;L+lk/(t):| 1S 7;1@(15)-1-
measurable and hence Xy is 7j, (4)4n-measurable. Then,

E [XXp] = L(RE(6)11(RE (6)E [ XeE[Xx | Tiy (t)4n]]
and given k such that R%(t) € I (for otherwise X}, is just 0)

E[X | Tiyyen] = THGE[TH O (F) = ET*O(F) | Tyty4n)) | Titoren] =0
Similarly, for any k' > k + n, Yy is Tpin,-measurable. Then
E [YiYy] =17 (R (1)) 11(RY (t)E YW EY, | Tos]]
and given k such that R%(t) € I (for otherwise Y} is just 0)

EYi | Tass] = E[T*O(F) | TIE [(TY(G) = E[T*(G) | Tas]) | Tase] =0

That is, for k& > ko and k' > k + |n/a] + 1 (resp. k' > k + n) the
correlation of X and X/ (resp. Yj and Yj) vanishes.
Since X}, Y, < 2M?, we get

1 N
RDIRC

k=1

_]\2,2 [M2N+ Z EXoXpl+ > E[Xka,]lg

ko<k<k'<N rest of k<k/<N

IN
5

B N
M’N + > #{k K <k+|nja) + 1} + 4k0NM2}] <

ko<k

— <0

N
2 2
M?N + 4k NM? + > " (In/a] +1)| < ¥

ko<k

IN
5

where K = 2(M?(4ko + 1) + |n/a] + 1) is independent of N, and we
conclude

— K
R ES 300 [P o
N=0 N=0
The condition for Y} is established &milarly. O
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Corollary 4.6. Let (2, 4, T), I, F and G be as in Theorem [£.4] and suppose,
in addition, that the system is Kolmogorov or exact. Then, for each t € [0, 1)
there is a full measure 2 C ) such that for all w € ¢

— Z 1;(RE()T*O(F)(w)TH(G) (w) — |I|E[F]E[G] (4.14)

Proof. Notice first that, by Theorem [4.4] (4.14)) is true when F' and G are
simple functions, since then 7 would be the tail event algebra of some finite
partition, and such algebras are trivial when the system is K or exact.

Now, simple functions are dense in L*°, so for each n we have a simple
F,, such that ||F — F,||oc < 27"™. And then, if G is simple, using Theorem [£.2]
and the boundedness of G we get, for every w on a full measure 2,

im s %Z 1 (RE(0) T (F)(@)TH(G)(w) — [TIB[FIEIG]| <
< limsup| 1 Z )50 (F,)(w)T*(G)(w) — [T|E[FIE[G]| <
IEF — FJJE(G) < |1]2~"E{C)

Which implies (d.14) for every F in L, every simple G and every w in the
full measure set Q' =, .

We then approximate any bounded G by simple functions G,, and prove
convergence in exactly the same way. O

Before ending this section, we recall another result we will use, a rather
trivial extension of Doob’s convergence theorem (a proof can be found in [4]
Theorem 2])

Theorem 4.7. Let (fi)ren be a sequence of functions bounded in absolute
value by some g € L' such that f, — f a.s. and let F, be a monotone
sequence of g-algebras such that F;, ' F or Fi \(F. Then

Elfel Bl =E[f| F] as.
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5 Gibbs measures

In this section we introduce Gibbs measures and their properties which are
most relevant for our needs.

Throughout this section 3 will denote any finite alphabet (not necessarily
A x A') and Y C XN will be a topologically transitive subshift of finite type
(see [2] for definitions). For any a € ¥* we will denote the cylinder of
sequences in X that have a as a prefix by [a] (note this set may be empty).
If w e XY and a € ¥* we will denote by aw the sequence that arises when
concatening a as a prefix of w.

For some fixed 0 < p < 1 we endow ¥V with the metric d(w,©) =
prin{ns wn#Gn)}t - The topology induced by this metric is the product topology,
which makes X (and hence Y) a compact space. Let C'(Y) denote the space
of real-valued continuous functions on Y. A function ¢ € C(Y) is called
Holder if there is some constant K > 0 such that |p(w) — ¢(@)| < Kd(w,®).
For any Holder ¢ € C(Y') define the transfer operator on C(Y') by

As usual, Lj will denote the dual operator on C(Y)*, the space of regular
Borel measures on Y, i.e., Lj(1)(f) = p(Lg(f))- )

Write S¢ (w) = Z;.”:_Ol #(T7(w)) and E? (w) = @ . Observe that E
satisfies the cocycle condition E‘q;' mlaw) = E&(aw)Eﬁ(w). The following
observation follows from the definition of the transfer operator.

Observation 5.1. L7'(f)(w) = > aesm f(aw)ES (w)

aweX

The following important theorem is the starting point for the theory of
Gibbs measures (for a proof, see [2, Theorem 1.5]).

Theorem 5.2 (Ruelle-Perron-Frobenius). Let ¥ C XN be a topologically
transitive subshift of finite type and ¢ € C'(Y') be a Holder function. There
exist a real number P, a regular Borel measure v with full support in Y and
a strictly positive function ¢» € C'(Y’) such that:

o Ly(ip) = e

o Li(v)=c"v
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o The measure y defined by p(A) = [, 1dv is shift-invariant.
Moreover, both i and v satisfy the following property.

Definition 5.3. A measure m supported on Y is said to have the Gibbs
property if there is a function ¢’ (called potential) and a positive constant P’
(called pressure) such that for some constant K > 0, all cylinders [a] and all
w' = aw €Y, the following holds:

K-l < m([a]) <K

T e lalPreSiy @) T
Lemma 5.4. The measures p and v provided by Theorem [(£.2] have the

Gibbs property for the potential ¢ and pressure P. Moreover, p is the only
shift-invariant measure supported on Y satisfying this property.

Observation 5.5. There is a constant K > 0 such that for all a,b € ¥* and
all w,w € X such that abw € Y, abw € Y, the following inequality holds

¢
% 1| < Kpl
Proof. By the mean value theorem
E&(abw) | et S&(abw) — S{Z‘(ab@)
E, (abi) B E, (abi)

for some & € [min(S?

o (@bw), S&(ab@)), max(S?
¢ is Holder we have

o (@bw), S& (abw))]. And since

|al

‘Sw(abw) o (abw) ’ Z (T (abw)) — ¢(T7(ab))| <
\al |al

< ST Kl = K p S < K/p|b|1__p
j=0 j=0
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Then, for ¢’ = maX(S&(abw), S&(ab@)) and for the constant K provided
by Lemma [5.4] we have

E&(abw) B 1' _ 65'K’p‘b‘(1 —p)!

E&(abdz) By, ‘(abw) N
([ ])K,p‘b‘( p)_l _ g bl
u(la]) - o
O

The following is a well-known property of Gibbs measures, and it is men-
tioned without a proof in [I5]. For the sake of completeness, we provide a
proof.

Write Y for the two-sided subshift of finite type that extends Y, and H!
(k,l € Z) for the o-algebra generated by the measurable functions w — w;
for k <i<I.

Lemma 5.6. Let p be the invariant Gibbs measure on Y for the Hélder
potential ¢ and let fi be its bilateral extension to Y. Then

| ) @)
= p{mmmm)(w)

—1|: A eHj, r<oo;wn:d)nVn,—m§n§O}

satisfies v, < Cp™.

Proof. We first make the following observation. Let v be the eigenvector
measure of L given by Theorem and P be the pressure of ¢. For any
a=aj...a, € X" we have

v(la]) = e P LI (W) () = P / Z 10y (o)™ ) dy (1) —

bGEm
:e—mP/‘esg’l(aw)dlj(w)

Let 1 be the eigenfunction of L,. Since dp = 1dv, we have

) =" [ S p@pine) = [ B w)i)dne)

25



Now take any b, c € ¥* such that [abc] is not empty (equivalently, v([abc]) >
0). Fix p = E o (abcw) for some @ such that abew € Y.

a(labe) €S (B (abew) — p) B (bew)b(w)dv(w) + ppa([be])

o) comie [ (B2 (abw) — p) B (bw)i(w)dv(w) + p([8)

_ (b)) M(abe.p) + 1
u([B) Ma,bp) + 1

(5.2)

where

B}, (abw)/p — 1) Ef () (w)dv(w)
(0]

From Observation and the fact that both E? and v are nonnegative
we get

M(a,b,p) = e“b‘Pf <

|M(a,b,p)| < Kp”
for some constant K independent of a, b or p (and similarly for bc instead of
b).
If we now take some ¢’ € ¥* and p' = e Bl
p([abe]) p(la'd]) — Na,d’,be,b,p,p) +1
p([ab]) p(la’de]) — N(a',a,b,be,p,p') +1

’\(a P9) e get

where
N(a,d',d,d'p,p) = M(a,d,p)M(d',d,p") + M(a,d,p) + M(d',d', p')

and then |N(a,d’,d,d’,p,p')| < K'pl*l for some constant K’ independent of
a,a’,d,d, porp. It follows that

p(labe] | [ab])
p([a'de] | [a'b])

for some constant K" independent of a, a’, b, ¢, p and p'.

Now, aset A € ‘H} with r < oo is actually a union of cylinders [c] of length
r, and since fi(A | H® ) is the sum of i([c] | H° ) for all those finitely many
¢, it suffices to consider A = [¢] . By invariance, for any two-sided sequence
w in Y the conditional probability of A = [¢] on the past of length k is

AA | HE) (W) = pfw—r - woc] | [w— ... wo))

— 1| < K"pl (5.3)
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So (5.3) implies that

p(lw_g—i. . w_gqw_p ... woc] | [W_g—i.. . W_p_qW_f ... wo))
|

_ _ — — _ 1 < K//p‘b‘
([0 W pqw_g .. woc] | [W—f—y . W_f—qW_f . .. Wo))

(5.4)

and that

A T H ) (W) = A(A | HY,,) (w)] < K pmintm)

and hence (A | H°,)(w) — (A | H° )(w) uniformly for all w and all
cylinder sets A. Combining this with (5.4]) we get the desired exponential
speed of convergence. O

6 Proof of the main result

In this section we will prove Theorem 8.3l The outline of this proof is the
following;:

1. First of all, we reduce the problem to a fixed subalgebra A of C'(X)
such that any f in A is the linear combination of products of some
characteristic functions of subsets of €2, times products of functionals
Praxp) that evaluate the P (€2, )-component of X on cylinder products
of the form [a] x [b] C §2,. The S-shifts of f will then have these
functionals evaluated on magnified versions of the original measure, a
magnification which amounts to a shift of the product cylinders and a
conditioning of the measure .

2. In the conformal case (see [12]) this conditioning is equivalent via in-
variance to a conditioning on a monotone sequence of o-algebras in
the natural extension of the system to a Z-shift, so that they may be
treated using Doob’s theorem and Maker’s generalized ergodic theorem.
The problem in our case is that cylinder products and the algebras on
which conditioning occurs are shifted at different speeds (k and [;(t),
respectively), so this cannot be done so easily. Our first task is then to
‘split’ those conditioned measures into two components, one shifted at
speed k, the other at speed [;(t).

3. We will then show that these components converge almost surely to
some fixed function on 2. For some of these components to converge
an “asymptotic memorylessness” or “asymptotic Markovianity” will be
needed. It is here that the Gibbs condition is used.
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4. Finally, our original averages will have been reduced to some multiple
ergodic average of two functions, one shifted at speed k, the other
at l;(t), and Theorem (4] is used to show convergence. Ergodicity is
proven in a similar fashion.

The proof will assume g = 1, even though Theorem ensures the con-
vergence of all g-sparse distributions. Yet convergence for ¢ > 1 is easily
implied by the following facts:

1. The g-length translation Y9 of a subshift of finite type Y C XN that
regards each sequence in Y as a sequence in (Zq)N (i.e. as a sequence
of symbols that are words of length ¢) is a subshift of finite type for
the shift transformation 7, = 7.

2. A T-invariant measure p supported on Y is TY-invariant and can thus
be regarded as a Tj-invariant measure i, supported on Y.

3. If u has the Gibbs property for a Holder potential ¢ with pressure P
then the measure p, has the Gibbs property for the Holder potential
Oq = ij with pressure ¢P (this can be checked directly from Definition

53).

4. Then by Lemma [5.4 y4, is the invariant measure provided by Theorem
5.2l so that Lemma applies and the following proof carries on for
the system (Y9, ug, T3).

6.1 From conditional measures to ergodic averages

Let u be any shift-invariant, weak mixing measure. We recall some notation
of Subsection ¢(v) = v(C) and also A = 7' (A) x A2 for A a mea-
surable subset of AN. When there is no additional subscript, E will denote
expectation with respect to the fixed, original measure .

Recall the definition of 1f; and notice that, if we extend y to the Z-system
Q and we take any & € 7! (w), we have, by (B.1),
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(A x B) = (TH(A mle@()\f’“vgl’““)():

g
E [T (1070 (15) | FE v ar0] @) =
E [T+ ()T~ (15) | Fior v 0| o T7(@) =
= (T @) N T OB | v GE) ) (17(@)
Thus, setting r = l;(t), when ¢, is evaluated on product sets it has the

form
1 (A x B) = F/P o T (1(w)) (6.1)

for any ¢(w) € Q such that 7(1(w)) = w (i.e. ¢ is a section of 7) and FﬁXB ;

) — R the measurable function given by

FY @) = p (T O @) B FA0 0V ) (@)

—E |Lpwomls | Fhion V& 0n] @ (62)
with sg(t) := k — li(t) (as with l;(t) we may write s, = s;(0)).
Notice that the fact that (6.1) is true for any «(w) such that 7(1(w)) = w
means FAXB T is F v G-measurable.
We Wlll also use the following measurable functions on €2, for measurable
Ax BCYN,
Gl P(w) = p (ANT=O(B) | Fopy v G0 (@)

and, again by invariance,

pin(A x B) = G o T*(u(w))

for any «(w) € 77 (w).
Now, consider the following set of measurable functions on X.

8 = f(t,,) = (1)1 )Ly ()Pt () - B ()
I €T, ca; € N, d,b; € A, for some r and i < r}

Let A be the linear span of S. A clearly is an algebra that separates points
and even though its functions are not continuous (1, is not continuous on T),
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it is well known that any continuous g € C(T) can be uniformly approximated
by functions in the linear span of {1; : I an interval} and this implies that
any f € C(X) may be uniformly approximated by functions in .A. Hence, it
is enough to show the convergence of ([B.2)) for functions in S.

Fix some f € S, that is,

ftw,v) = 11(t) 1y (W) g (@) dxp] ) - - - Pagxp(v)  (6.3)

As was hinted at the beginning of this section, we would like to somehow
‘split” the shifted conditional probabilities S*(@ja,jx(,))(t, w, ) = p([ai] x
[b;]) into the product of two conditional probabilities, one evaluating on a set
shifted by &, the other one evaluating on a set shifted by ().

Notice first that we have a family of orthogonal projections {II7, , } . nen
on L*(Q) that map f € L*(Q) — E[f | F™., vV G°,.,]. Thus, for any i, we
may then write

Iy = e (Ig) + Per(lgg)

where II, , = H’Sk(t“k(t) and ®;; = id — Iy, (similarly, we write I, = I
and ¢, = id — ). Then,

F il =g []l[ oo | Foh, vgglk(t)—i-l} =
=E [Ht,k(]lm)]l sk () (fa] | ]'—Sk(t a1 Y Gl |+
+E [q)t,k(]lm)]l ~sk(®) ([as] | J:SI;;Et(t 1V gglk(t +1]
= Il (1) E []1 1 ® (fa]) | }—Sk(t 1 Vv g—lk(t _ I
+ Uik (q’tk( o) Lo @ 1)) -

= T () (Lo ) + e (@er (U5 Lpso ) (6:4)

[bs]

The first summand, which we will denote by C}?,;]X , is our desired ‘split’

X [bi]

term. Denote the second summand by D[al . Next, we will show this term

can be ignored.

Lemma 6.1. Dta,;]x — 0 a.s. when k — oo

. _ 5k (1)
Proof. Notice that (I)t,k(]lm) =17—E []lm | ]—“_’;k(t)Jrl \Y% gﬁlk(tm]. So
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a.s. and in L? by the martingale convergence theorem and the fact that

Sk(t), lk(t) — OQ.
Then Lps. o) (Poo (Lgy) — Prie(lp)) — 0 ass., and if we write

Mlai] x[b; s
DLIJX[ '=E [RT*%W(@)@ ( ) | F~ k(t t)+1 N golk(t +1] =
=1L <]1T*sk(t)(m)q>oo(]lm)>
we have, by Theorem [4.7],
a;]x[b; Mlai] x[b; sk (t
plebbl _ pleb _ g [1 o) (P — Do) () | FAG L vGElk(tm}

which converges a.s. to II(0) = 0. Let us now show that [)t[?,i}x[bi] = 0.

Since conditional expectation is an orthogonal projection we have

|2

2
/‘E =51 ([aq]) (I) oo (1 [b])| ]:k(t +1\/golk(t +1” dp =
—/Q]]'T w0 @77 Poo (L) D dpp =

= <q)oo(]].m), ]]'Tfsk(t)(m)]:[tvk <:H'T75k(t)(m)q)oo(]lm)> >L2(Q)
Notice that the L* function @, (L) is orthogonal to any F2 Vv G2 -

measurable function, while at the same time II <1T75k(t>(m)<1>oo(]lm)> and
1, 7510 ([a]) L€ F \/g0 ~-measurable, since 11, ; conditions on a subalgebra
of F>_V gﬁoo and T—®) ([a;]) = T~*®([a;] x A'%) € F>_ is measurable in
the o-algebra generated by the first coordinate.

=0 for all k£ and Dl‘fgx[bi] — 0 a.s. O

Hence,

To simplify notation, we may write " (¢, w) = 1;(R¥ (¢ ))T'“(]l[c})( t(w)) for
any ((w) in Q such that 7(1(w)) = w.

Corollary 6.2. There is a full measure set €' C supp p C §2 such that for
all w e w(Q), all t € [0,1) and all ¢(w) € ', we have

LN
N2

k=1

F(S* (8,0, 1)) = @M (t,w) T (ﬂHH (Cifiﬁ*“’”)) <L<w>>] =0

1=1

31



Proof. For any w € suppu
F(S*(t,w, 1)) = Lr(Ra ()T (L) () THO (1) (w?) Hui‘fk([ai] x [bi])

so, recalling (61) and Observation B, we have,

N r
1 ;| X |04
V2 [f(Sk(t, w, 1)) = ¢ (8, w) T <%]H (chre ])) <e<w>>] <
k=1 =1
1 N r Jj—1
< < 2D )T O () w?) T (e x )
k=1 j=1 i=1
[tiellag] x o)) = 7O (I )] TT 740 (€l ) (uw))| <
i=j+1
~ 1 Y w 1 (t) la;]x[b;] _
<> D |l < b)) = O () uw))| =
j=1 k=1
r N
<N\ 1 3 [ ( plaslxib;] _ C[aj]X[bj]> (L(w))‘ _
= Z N t,k t,k
j=1 k=1
r N
_ i Z () (D[aj]x[bj}> (L(w))’ (6 6)
N t,k :
7j=1 k=1

By virtue of Corollary 3 and Lemma there’s a full measure 2 C
supp p € € such that the last term converges to zero when ¢(w) is in €,
and since the last term depends only on 7(¢(w)), the same will be true for
717 ()), and any w € 7(Q) satisfies (6.5]). O

Now Cl5P) = 11, (1), (1T,Sk(t)(m)), so writing i, = T4 (157)

and hy ;=TI (]leskm(@)) we then have

T

S LR O)TH (1) ()T (1)) TT 70 (€570 (1) =

k=1 i=1

_ % S QH(t w) T (%} T tk) (1(w)) (6.7)

i=1
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Write f;" = I (1p;). Then we have the following observation

Observation 6.3. There is a full measure Q' C supp p C € such that, for
allw e m(), all t € [0,1) and all t(w) € ' N7~ ({w}), the averages

37 |84, ) — )T <1M [Tt ) <L<w>>] (6.8)
converge to 0.

Proof. We use multilinearity to decompose the average telescopically and get

N T r
imsup |3 [ S5t ) — (1, )T (%H(ﬁ‘) ) <L<w>>] <
k=1 L i=1
N T r
imsup | 3 [ S0, ) — (1, )T <1MH<fz;k> ) ()| |+
k=1 i=1
r 1 N .
lim sup = OBt w) T (g (L(w))‘ (6.9)
2 2o T (ut)

where ¢}/ = I (Hf:_ll ffk%k) (ftjk - f;)h{,k (IT=j11 fi'hiy.) - Since the first
summand of ([6.9]) vanishes by (6.7)) and Corollary [6.2], we get that the whole
of ([6.9) is bounded by

Z Zle(t|ftk fil(ufw ))‘

To see that this average converges to 0 a.s. notice that | ffk — f¥ — 0 as.
by Doob’s convergence theorem and then convergence for the average follows
from Corollary .3] for some full measure " C 2, and, by dependence of the
last term only on 7(:(w)), also for 7=1(7(£2”)). So we deduce there is some
Q' Csupp p € Q such that ([6.8) holds for all w € 7(£2) and all ¢(w).

]
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6.2 Genericity

Notice that up to this point we have been working with quite general weak
mixing measures, without invoking any Gibbs property. We explain the
reason why we now need to do so. By this point our original averages have
been reduced to averages of some shifted conditional expectations, where
conditioning is on c-algebras that are “moving”, i.e., depend on k. The
problem is that the conditional expectations h;k are expectations of the
characteristic function of a set that is not fixed (namely, T~*®)(4;)), and if
we try to shift it, then we do get conditional probability of a fixed set, but
conditioning is on a nonmonotone sequence of g-algebras (so that we can’t
use Doob’s theorems). What we want to use, then, is some property that
ensures that, even though the set is not fixed, h; ; will be uniformly close to
the conditional probability with respect to some fixed, limit o-algebra, which
will be the whole past F°__ VvV G°__. In other words, we want conditioning on
the “recent” past to be uniformly close to conditioning on the whole past.
This is achieved, of course, by Markov measures, which are a strict subset of
Gibbs measures. Lemma could be read as saying that Gibbs measures
are “asymptotically and exponentially close” to a Markov measure. In fact,
we won’t be using the exponential speed, it is only the uniformity of the
convergence of the recent past to the whole past that will be essential, and
the proof is valid for any measure that satisfies that uniformity. Since we do
not know of any broader and widely used class of measures that satisfy that
uniformity, results are stated for Gibbs measures only.

Finally, while the following theorem does present a closed expression for
the limit of the averages when f is in our dense algebra, it is evident that
such an expression admits no natural generalization to any f € C(X) and
thus the task of providing a closed expression for the generated CP-chain
distribution () seems hopeless.

Theorem 6.4. Suppose that 4 is an invariant Gibbs measure for some Holder
potential supported on a topologically transitive subshift of finite type ¥ C
Q. Let f be as in (6.3)). Then for each t € [0,1) there is a full measure set
Y, C €y such that the averages

S ()
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converge for all w € €, to |I|E[f]E[g], where:

_ C]HIE ]mfemvg:;] and [ =1 [[(/7)
k=1 =1

In particular, when t = 0 y generates a CP-chain distribution ) on X.

Proof. 1t suffices to prove convergence of the averages

kz 1 (RE()T* (1) T ( [d]H ) ] (6.10)

for a.e. w' € Y (Y is the natural extension of YE since then we would have,
by Observation [6.3], a full measure ' C ©Q such that + Zk LSE(N(E w, )
converges for all w € 7(§’). And since by definition of the natural extension
of p from O, to Q we have u(A) = p(r~*(A)) for any measurable A C Q,
then

p(m () = p(n = (m())) = u(Q) =1
and we may define (¥, = 7(€?').
So let us write g;, = E[l7 | F2o V G20, hi, =T (g ,) and

2ip(@) = (T ([a]) 0 (fwr -y, ] X AP) [ FEV Gl ) (W)

2 (W) = pul[wy - -Wslk(t)] x N2 | FP v Gl )W)

We will use the following fact. For any finite measurable partition «
write, by abuse of notation, « for the g-algebra generated, and also a(w) for
the unique set in o to which w belongs. Then, for any o-algebra G we have

ElfLaw | Gl(w)
E[law) | 9(w)

Using this (for G = 7°__ v G°__ and a = F*) and (BI)), we see that

—E[f|aVvGh (6.11)

zi,k(w)

zt,k(w)

Bi(w) = T (G;,) = BIT*O (1) | F22) v G2 )(w) =

2The natural extension of Y is the support of the natural extension of the Gibbs measure
or, equivalently, the bilateral subshift defined by the same local rules that define Y.
3The proof of this simple fact is as follows. It suffices to consider a measurable set A,
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and, by Lemma [5.6, when w,w* € Y are such that w* € B ;(w), where
Big(w) ={w €V :¥i,0 <i < sp(t),wr = wh Vi, L (t)+1 < i < 0,w; = w!}
we have that ' . .

2 (W) = 2k (@) < W-1208 (W)
and

|Zt,k(w) - Zt,k(w*)| < ’Ylk(t)—lzt,k(w*)

and therefore

() = )] = | ) Zel)

Zt,k(w) 2tk (W*)

2 k(W) 2ok (W) = 20k (W) = 20k (W) (2 4 (W) — 2 (W)
2 (W) 2 (w*)

< 29, (1)1 (6.12)

Recall that hf,(w) = E[T*" (1) | ]-"s’“(t i1V G 5y4a]- Then, using
Rokhlin’s disintegration (see [10, Theorem 5. 8]) agamst the o-algebra H; ;, =
FHD v G0 we get

(@0 (fa]) N Buaw)) _
(

) =B W)

[T [a]) 0 Bs() | B
S e e

and then, since By ;(w) is H; p-measurable:

a G-measurable set G and an a-measurable set B. Then

(B9 _ 1alglp
B E[141¢ls | G wAna()|G)
= [ mre = e gy
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N PO [ Ho) @) ]
1 () — B ()] = | () / e dp(w)| =
ﬁikw hf&k * "
- / “ ’L(gﬂx >>( i) < -

Since ;, ) goes to zero, we have \ﬁ@k(w) — hj (W) = 0 as.
We now claim that convergence of (6.10)) will follow from convergence of

=]~
WE

1 (RE())T* (1) (w') T (Hh) ]
L (R ()T (F)( (dﬂgtk) ] (6.14)

e
Il
—

=]~
WE

B
Il

1

Indeed, to see this claim is true we just use multilinearity as in the proof
of Observation

N r
1 r 1
lim Sllp N Z ]lI(R];(t)) ( le(t ( d H ,k - fH ht,k)] ‘ =
k=1 =1
T 1 N .
= nmNsup > ~ > L(RE)TH(1g) T, (6.15)
7j=1 k=1
where

<H fihi ) (= i) ( 11 fi*ﬁi,k)
i=j+1
Then the fact that |ht,k — h§k| — 0 a.s. as k — oo implies that @Df’j — 0
a.s. as k — oo and convergence of (6.15)) follows from Corollary .3l
Now, to prove convergence of (G.I4)) notice that by Doob’s theorem g; , —

9i = E[lgg | Fgl for ae. W', where Fg = (2, F° o VG We then
obtain, usmg once more multlhnearlty and Corollary .3 as in the proof of
Observation [6.3] that the averages

T* <1HH g§7k> ~TF <1MHgi>] (w')]
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converge a.s. to 0.

Finally, from Corollary 4.6l and the fact (Lemma [3.5]) that Gibbs invariant
measures for Holder potentials on topologically transitive subshifts of finite
type are exact (and their natural extensions are K systems), we have, for
each t € [0,1), a full g-measure set Q' C Y such that for all ' € €,

3 (LB )T O ([CHgZ) ] — [E[]ELf

k=1

6.3 Ergodicity

Let @ be the CP-chain distribution generated by p according to Theorem
In this section we will show that @ is ergodic for the transformation S.

Let Q be the = component of Q and S be the functions in S not depending
on t (equivalently, I = T in the definition of S). For (w,v) € Z write

Sip(w,v) = (Typ(w), Spal(w, v))
Observation 6.5. Q = A x (), where \ is Lebesgue measure.

Proof. Any f € S can be written f = 1;f" where f' € S and I € 7 and by
the explicit limit in Theorem [6.4] it follows that Q(f) = A(1)Q(f") O

We will also write, for measurable f : = — R

Sin(f) = foSun

and we will also abuse notation and write S*( f) with f regarded as a function
on T x = rather than =.

Lemma 6.6. Let a € A*, b € A* and f(w,v) = v([a] x [b]) = Gaxp (V)
Then B . 5
S*(San ()t 1) = T (CEI L+ DG ) (@)

where w' is any element of 7—}({w}), (Z]: .tk is the function given by

—sk )+l (s —sk()+lp (s
E ]].Tsk(t) lh(s [b] |F k_,’_l\/g ki(1+}()i|E|:]]‘T h [a |‘Fhk+1vg—kﬁ-(l+}()i|

and

DEZ},;)[,I)(]t,k) —0 a.s. in
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Proof. We have that

S SNt 1) = £ (S5t Sonl, )
and
SH(L San(w, 1)) = (RE(E), (TH(wh), THOHO) (@2), S, (Ty(w), 12)
And from Observation B2 and invariance of j (that is, (3.1)
St (Tep(@), 124 ([a] x ) = B [T (1)) (1) | FEH v G0 ()
_ Tk (E [nw@ﬂ et gy | Flesn VO “)D () (6.16)

where lk h(t 8) lk( ) + lh( )
Now, recall that in Lemma [6.1] (and the preceding (6.4])) we managed to
write the conditional expectation

alX[b
Ft[,leH =K L Sk(t)(a] ol | F lk(t )+1 v gglk(t)—i—l

as a sum of two terms C't[fl,ix[b} and Df,lx[b], where Di‘f,lx[b] converged to 0 a.s.
and

la]x[b] _ s (t) 0 0
Ct,k =E [IT*Sk(t)(m) | ‘F—I;k(t)-l—l Vv g_lk(t } [l[bl | 7 -l (t )+1 v g—lk(t)-i—l

Using projections in exactly the same way as in (G.4]) we can write the
term that is being shifted in (6.16]) as

sk (t)+l a]x[b a
E [lT,h(m):ﬂ.Tsk(t) lh(s)( | .F k41 \/ g k‘i-(l + h ] C[ X[ ] + D(S]; (t k‘)

and then prove that D[a X)[b(] p — 0as. in Q. O

Theorem 6.7. Let (€2, 4, T) be as in Theorem [6.4, @ be the CP-chain dis-
tribution generated by p and f, f* € S, then

Eq | fSun(f")] “= EqlfIEqlf]
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Proof. Since f, f* € S, we may write

T

flw,v) = L") g @) [ ] bpagxpa ()

1=1

and
T/

Fr(w,v) = L@ Ly (@) [ [ Graziwien (v)

i=1

S C C(Z) so by Theorem [6.4] we have
_ 1 X _
Eq [£5.1(F)] =lim + >s' (£5.0(£9) 0.0,

for a.e. w, and by Lemma (writing, as before, I = [(0))

S* (fgs,h(f*>) (0,w, ) =T" (1[4 h(e *})) (w)T™ (1@1 *lh“‘)(ﬁ)) (w)
ﬁE [T’“(]l@)le(]lm) | f{fvg{} HS’“ (S n(Drasyxp:) (0,0, 1) =
i=1
_ Tk (]1[ Ly D) (w) T (1W1T,lh<s)@)) (w)

Tk <ﬁ (C[az]x[ }+D[az]x[ }) ﬁ (C(S]}lx(g*i) +DEZ;]L)X£ L))) W) (6.17)

=1 7j=1

for any w’ € 771 ({w}).
From here we follow the proofs of Corollary [6.2, Observation and
Theorem [6.4] to show that

zsk(fssh 1) (0.w.11) “* E[E[g)]

where, writing as before Fg = (-, 2 V Gk,
o= 1 I T [15]%] IT 2 2
7j=1
. - h - .
=1p HE {l[ail fg] T <]l[c*} [IE lﬂ[a ]
i=1 Jj=1

40

Th[a

A7ves]

A




and, writing Fo, = F>_V G°_ (compare to Theorem and recall that
oo (f) = E[f | Fxol)

!

00 I (s
Jr = Ygeg—ue @) HE []lm | foo] HE []lTlh(s)([Tﬁ) | F2ou V g—héo)]
=1

)

Hence, Eq [ F3un( f*)} = E[f,JE[Gn] = E[LT"®(£,)]E[g:T"(gs)], where

I _ ll(s) N _

=1z ][E [l[bi] | foo] ™ (%*1 [IE [l[bﬁ

i=1 j=1

fi =1 TTE |15 1 7 fo =1 [T E |15 | 7]
i=1 j=1

g =1g][E [11
i=1

Finally, since Gibbs systems are mixing,

@ ‘/—"g} go = IWHE []l@ ]:g}
j=1

Eq [£8.1(7)] = ELAT"O(H)|Elg.T" (92)] =% E £ E (] E [01] E g2

and again from Theorem [6.4] for every w in a full measure Q. C

Eo[f] = lim 1 3 §*(7)(0,.11) = EA]E[o
k=1
and N
Eqlf*] = lim 1 D S*(77) (0., 1) = E[]Elg]
k=1
So limy, Eq[£Sin(f*)] = Eo[f*|Eglf], as wanted. O

Corollary 6.8. () is an invariant and ergodic measure for the transformation
Son X.

Proof. Invariance follows from the definition of () as the limit functional of
the ergodic averages in ([B:2]). To show ergodicity take fi, fo € S and write
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fi=1,fl fori=1,2and f/ € S, I, € Z. Then, by Observation [6.5],
BolAS™ ()] = [ 1 (O1u(REOM (w5 )(w,v) dx Q)ft0)
— [ 1O (RE OB A5 £)] )

And then, by the dominated convergence theorem (recall f; and f, are
bounded) and Theorem

Eq[f15™(f2)] = M1y 0 R (1)) Eg [ f{1Eg[f5] = 0
So, by ergodicity of R,

hm—ZEQfl %; (11 RM (D) EgEqLf] =

Eq[AEG[fIAIA(L) = Eq[fi]Eqlf2]

By bilinearity this can be extended to any f1, fo € A, and since any function
in C'(X) can be uniformly approximated by functions in A it follows that

Eq[f157"(f2)] = Eo[fi]Eq[f.]
for all fi, fo in C'(X) and by density of C'(X) for all functions in L'(X). O

6.4 Proof of the projection result

To prove Theorem [[L.2]it suffices to invoke the following result, which is proven
in [8, Lemma 5.1]. Notice that even though it is stated there for Bernoulli
measures, the result holds in general, since their proof only uses Marstrand’s
projection theorem for measures (which holds in general), the fact that the
(@ distribution is a product of Lebesgue measure and its = component Q and
the fact that a distribution generated by u is supported on measures v that
satisfy dim v = dim g (this is proved in the second part of [13, Lemma 7.9]).

Lemma 6.9. For any p € P(X") that generates a CP-chain distribution on
T x = of the form @ = A x @ and for every 7 € Ily; \ {m, T2} we have

E(m) = min{1,dim 7}
Theorem then follows from Observation and part c¢) of Theorem
2.9
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7 Concluding remarks

Theorem [[L2 has a trivial corollary for sets, namely, that any subset of [0, 1]?
whose dimension may be approximated by the dimension of Gibbs measures
supported on it satisfies dimension conservation for one-dimensional projec-
tions. The most natural examples of such subsets are the images of subshifts
of finite type under the (m, n)-adic encoding. However, the dimension of such
sets may be readily approximated by the dimension of Bernoulli measures,
as shown in [I4], and hence dimension conservation for their projections was
a trivial corollary of the main result in [§].

It must be mentioned, nonetheless, that for the distance set result in [§]
related to Falconer’s conjecture our main theorem does imply a marginal
improvement. Given some K C [0, 1]? which arises as the pushforward of a
topologically transitive subshift of finite type as above, if we wanted to use
[8, Theorem 1.7] to ensure that D(K) (the distance set of K) is 1 it was not
enough to ask that dim(K) > 1 and H'(K) > 0. Indeed, for dim(K) = 1
the approximating Bernoulli measures p. that generate an ergodic CP-chain
would have dim(p.) < 1 so that clearly H'(supp p.) = 0, which falls short of
the conditions for [§ Theorem 1.7]. With our results, however, we now know
that the Gibbs measure p that K supports and which has full dimension (i.e.
dim(K) = dim(p)) generates an ergodic CP-chain so that if H'(K) > 0 we
must have D(K) =1 by [8, Theorem 1.7].

It would be interesting to extend our result on Gibbs measures to more
general systems, in particular to exact endomorphisms, for which the con-
vergence of the relevant multiple ergodic average is known (see [6]) and for
which all our reductions previous to the proof of Theorem may be carried
out. Yet, this is no easy task. To see why, notice that that if ;1 generates a
CP-chain then, for any cylinder a € A*, the averages

=2

T" (Eu[]l[a}xA’Z | f9k+1 v g:/iil]) (w)
0

1
N

B
Il

must convergence for p-a.e. w . In the Bernoulli case this convergence is
trivial, since independence from the past means the average is constantly
equal to pu([a] x A’Z). In the case of a product of two measures on A% and
A7 (as in [13]), the conditioning of G disappears, F°, ., VG ;% | becomes the
monotone sequence F°, ., which converges pointwise, and Maker’s theorem
ensures the convergence of the averages. In the general case, this monotonic-
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ity is lost, and the sequence of o-algebras Hy = F°, , V G_;*, need not even
satisfy the condition

wzﬁU%:Dﬂmzm

k=11>k k=11>k

which is sufficient (though not necessary) for the convergence of E[f | ;] in
L2-norm, but is not sufficient for its pointwise convergence (see [I]).

In the present work we managed to sort out this problem by showing
the sequence E[]lm | Hy] is asymptotically close to some other sequence
E[lg [ 7k for which the 7, are indeed monotonic. In the absence of the
Gibbs property, this approach looks rather ineffective.
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