SCALING LIMITS OF SELF-CONFORMAL MEASURES

BALAZS BARANY, ANTTI KAENMAKI, ALEKSI PYORALA, AND MENG WU

ABSTRACT. We show that any self-conformal measure p on R is uniformly scaling and
generates an ergodic fractal distribution. This generalizes existing results by removing
the need for any separation condition. We also obtain applications to the prevalence of
normal numbers in self-conformal sets, to resonance between self-conformal measures
on the line, and to projections of self-affine measures on carpets.

1. INTRODUCTION

Taking tangents and studying an object through its small-scale structure is a classical
approach in analysis. Such an idea also finds applications in geometric measure theory:
For a Radon measure p on R?, a point z in its support spt i, and a number ¢t > 0, let
pz+ be the magnification of u at x by €', that is, the probability measure on the unit
ball given by

e tA+ )
pat(A) = w(Blz,e D)

for every Borel set A C B(0,1). The family (pz,¢)¢>0 is called the scenery of p at x. The
statistical properties of the scenery have substantial implications on the local geometry
of p at x and to capture these statistics, we define the scenery flow of u at x as the
one-parameter family ((¢)z 7)r>0, where

1 T
Wor =7 | et (1.1)

and 0, denotes the Dirac mass at v. The accumulation points of (1.1) in the weak*-
topology are called tangent distributions of p at x. If there exists a measure P such
that for u-almost every x, P is the unique tangent distribution at x, we say that u is
uniformly scaling and generates P.

The notion of uniform scaling appeared first in a work of Gavish [12], where he
also showed that self-similar measures on R? with the open set condition are uniformly
scaling. Recall that a measure p is self-similar if there exist affine, contracting, and angle
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preserving maps fi, ..., f, and a probability vector (pi,...,py) such that
n
p="> pifu. (1.2)
i=1

The proof given by Gavish relied on the theory of Furstenberg’s CP-chains, and a more
direct ergodic-theoretic proof was introduced by Hochman [13] in his systematic study
of tangent distributions. Later, using a technique similar to that of Gavish, with the
additional machinery developed in [13], Hochman and Shmerkin [15] showed that also self-
conformal measures on R with the open set condition are uniformly scaling. Recall that
a measure is self-conformal if it satisfies (1.2) with f;’s being injective and differentiable
on some bounded open and convex set U C R?, with their differentials 2 +— D f;|, being
Hoélder continuous, sup,cy; || Dfilz|| < 1, Dfilz # 0, and || D f;].|| "t D f;|. being orthogonal
for every = € U. In this case, we say that ® = (f;);ea is a conformal iterated function
system. In [21], the third author showed that for a self-similar measure to be uniformly
scaling it suffices to assume only the weak separation condition.

Self-affine measures are measures that satisfy (1.2) with f;’s being affine maps. Re-
garding such measures in higher dimensions, Ferguson, Fraser, and Sahlsten [10] have
shown that self-affine measures on Bedford-McMullen carpets in R? are uniformly scaling.
This more or less amounts to what is currently known of the scenery flow of self-affine
measures. While Kempton [18] showed that self-affine measures with an irreducibility
condition are not necessarily uniformly scaling, the question of general reducible self-affine
measures remains open.

In this work, we obtain a complete resolution to the question of the scaling properties
for all self-conformal measures in R, removing the need for any separation conditions
from the assumptions of [12,15,21], and establish uniformly scaling property on R.
As a consequence, we obtain applications to the prevalence of normal numbers in self-
conformal sets and to the dimensions of convolutions of self-conformal measures on the
line, both of which are active research topics on their own. Furthermore, we prove that
self-affine measures on any carpet satisfying the strong separation condition are uniformly
scaling and, as a consequence, show that the dimension of every non-principal orthogonal
projection of the self-affine measure is preserved.

Before formulating the main results, let us introduce some notation. Let A be a finite
set having at least two elements and let ® = (f;);ca be a conformal iterated function
system on R? with attractor K. A measure ji on AV is called quasi-Bernoulli if there
exists C' > 1 such that

C (D3] < a((i3]) < Calli)adls)) (1.3)

for all finite words i and j formed from the elements of A. Here [i] denotes the collection
of infinite words with prefix i. If C > 1 above can be chosen to be 1, then i is a Bernoulli
measure. Let II be the canonical projection AN — K; see §2.1 for the definition. If fi is
quasi-Bernoulli, then, by slightly abusing notation, we also call the measure u = Il
on K quasi-Bernoulli. In particular, any self-conformal measure is Bernoulli. For the
definition of an ergodic fractal distribution, see §2.2.
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Theorem 1.1. Let ® be a conformal iterated function system on R with attractor K
and i be a quasi-Bernoulli measure on K. If d =1 or ® consists of similarities, then u
18 uniformly scaling and generates an ergodic fractal distribution.

In higher dimensions, self-conformal measures are in general not uniformly scaling. The
following counter-example is by Fraser and Pollicott [11]: The upper half of the boundary
of the umit circle in R? is a self-conformal set and the normalized one-dimensional
Lebesgue measure p on the semi-circle is a self-conformal measure. It is clear that for
any point x on the semi-circle all tangent measures of u at x are supported on lines
parallel to the tangent to the semi-circle at x. Thus for distinct x and y the collections
of tangent measures of u at x and y do not intersect and, in particular, the measure u is
not uniformly scaling. Nevertheless, we can state the following.

Theorem 1.2. Let ® be a conformal iterated function system on R® with attractor K and
u be a quasi-Bernoulli measure on K. Then there exists an ergodic fractal distribution P
such that for p-almost every x and any tangent distribution Q at x there exists a measure
¢ on the orthogonal group of R? such that Q = [ O, P d((O).

Alternatively, we can prove that for some diffeomorphism h, the measure h,u is
uniformly scaling along a subsequence.

Theorem 1.3. Let ® be a conformal iterated function system on R® with attractor K and
u be a quasi-Bernoulli measure on K. Then there exists an ergodic fractal distribution
P, a sequence (ny)ren, and a function b € C***(R9) such that

1
lim — / Oty At = P
0

k—ro0 N},
for hyp-almost all x.

The proofs of Theorems 1.1-1.3 are postponed until §3. We remark that the proofs
are somewhat indirect: Instead of studying the scenery (fiz.+):>0 directly, we rely on a
result of Hochman [13] that for any Radon measure p typical tangent measures, i.e., the
weak*-accumulation points of the sequence (f1.4)¢>0 are uniformly scaling and generate
ergodic fractal distributions. When g is self-conformal, its tangent measures have a very
special structure: they are of the form

/h*u dv(h) (1.4)

for some measure v in the space of diffeomorphisms R? — R?. This is almost the
case for quasi-Bernoulli measures as well, as will be seen in Lemma 3.5. Furthermore,
another general result of Hochman [13] states that many tangent measures have Hausdorff
dimension at most that of p. The proof is then concluded by the key technical result
of the paper, Proposition 3.4, which states that the sceneries of a measure of the form
(1.4), with dimension close to that of y, will be asymptotic to the sceneries of p at many
points. This will allow us to transfer the regularity of local statistics of typical tangent
measures back to the regularity of local statistics of u.

We will next discuss some applications of Theorem 1.1. For a contracting diffeomor-
phism f: R — R we define the asymptotic contraction ratio of f to be A(f) = Df|,,
where p is the fixed point of f. Recall that for 8 > 1 a real number z is called S-normal
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if the sequence (f"x mod 1),¢cy equidistributes for the unique absolutely continuous
X f-invariant measure on the torus. When 8 € N such an invariant measure is just the
Lebesgue measure. Let us also recall from Hochman and Shmerkin [15] that an iterated
function system ® = (f;);ea is said to be totally non-linear if it is not conjugate to a
linear iterated function system via C' maps, that is, there is no invertible g € C!(RR) such
that the iterated function system g® = (g o f; 0 g~ 1)ien consists only of linear maps.

Combining Theorem 1.1 with the methods of Hochman and Shmerkin [15], we obtain
the following result on normal numbers in self-conformal sets. The proof of the result
can be found in §4. We say that a conformal iterated function system ® = (f;)ica on R
is arithmetically independent of a real number 5 > 1 if zero is an accumulation point of
the set

{log A\(fi) + nlogB: i€ A" and n € N}.

For example, if lolgof;(gi) ¢ Q for some i € A, then ® is arithmetically independent of .

Recall that a Pisot number is a real algebraic integer greater than 1, all of whose other
Galois conjugates are less than 1 in absolute value.

Theorem 1.4. Let ® = (f;)ien be a conformal iterated function system on R with
attractor K, pu be a non-atomic quasi-Bernoulli measure on K, and 8 > 1 be a Pisot
number. If ® is arithmetically independent of B, then for any continuously differentiable
diffeomorphism h, hypu-almost every x is B-normal. Furthermore, if ® is totally non-linear
and consists of real analytic maps, then the statement holds for every Pisot number 8 > 1.

We remark that Theorem 1.4 generalizes the recent result of Algom, Baker, and
Shmerkin [1] into the self-conformal setting. In the case when pu is self-conformal,
is an integer, and ® has certain non-linearity, the conclusion of Theorem 1.4 can be
alternatively obtained by combining the results in [2—4] on Fourier decay of self-conformal
measures with the Davenport-Erdés-LeVeque criterion for pointwise normality. We note
that the Fourier decay results in [2-4] rely on p being the projection of a Bernoulli
measure on AN, and do not seem to have applications on S-normal numbers when 3 is
non-integer.

Combining Theorem 1.1 with a version of the local entropy averages of Hochman and
Shmerkin [14] found in [13], we obtain the following result on the resonance between
quasi-Bernoulli measures on self-conformal sets. We say that two exact-dimensional
probability measures u and v on R resonate, if

dim(p * v) < min{1,dim p + dimv};

otherwise they are said to dissonate. Two conformal iterated function systems ¥ = (f;);er
and ® = (g;)jea on R are called independent if zero is an accumulation point of the set

{log A(fi) —logA(g;) :1 €I and j € A"}

For instance, if {sgigi_; ¢ Q for some (i,7) € I' x A, then ¥ and ® are independent.
J

Theorem 1.5. Let V = (f;)icr and ® = (g;)jen be conformal iterated function systems
on R with attractors Ky and Kg, respectively. If ¥ and ® are independent, then for any
quasi-Bernoulli measures p on Kg and v on K¢ we have

dim(p * v) = min{1, dim p + dim v},
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that s, p and v dissonate.

The proof of Theorem 1.5 is postponed until §5. The question of resonance between
dynamically defined sets and measures has a long history, dating back to Furstenberg’s
conjecture on sums of x2 and x3-invariant sets from the 1960s: In a sense, the general
idea is that two dynamically defined objects should not resonate unless the objects
or the defining dynamics are arithmetically similar. Analogues of Theorem 1.5 have
been verified for various classes of dynamically defined sets and measures; for example,
see [8,14,19,20]. Very recently, Bruce and Jin [7] proved a version of Theorem 1.5 for a
rich class of dynamically defined measures on homogeneous self-similar sets, containing
canonical projections of ergodic measures. We remark that Theorem 1.5 does not easily
extend to ergodic measures, while the results of [7] do not appear to be extendable to
measures on self-conformal sets. Previously, Theorem 1.5 was known for self-conformal
measures only under the strong separation condition; see [13, Theorem 1.39]. It is also
an interesting question whether an analog of Theorem 1.5 holds in higher dimensions.
Very recently, the third author showed in [22] that this is the case for a class of planar
self-affine measures.

Finally, let us assume that the maps f;: R? — R?, fi(z) = A;x + a;, are affine such

that
_(pi O
=5 3)

for all i« € A. In this case, we say that ® = (f;)ica is a diagonal iterated function
system. The following projection theorem generalizes that of Ferguson, Fraser, and
Sahlsten [10] for measures with no grid structure, i.e., without any assumption on the
translation vectors a;. We say that ® satisfies the rectangular strong separation condition
if fi([-1,1]%) N £;([~1,1]?) = 0 whenever i # j. A diagonal iterated function system ®
has independent eigenvalues if zero is an accumulation point of the set

{logA\; —logp; :i,j € A"}

log \;
log p;

For instance, if ¢ QQ for some ¢ € A, then ¢ has independent eigenvalues.

Theorem 1.6. Let ® be a diagonal iterated function system on R? with attractor K
satisfying the rectangular strong separation condition. If ® has independent eigenvalues,
then for any self-affine measure u on K with simple Lyapunov spectrum, we have

dim 7 = min{1, dim p}
for all non-principal orthogonal projections .

The rest of the paper is organized as follows. In §2, we collect some preliminaries and
introduce notation. The proofs of Theorems 1.1-1.3 are given in §3, and the applications
to normal numbers and resonance, Theorems 1.4 and 1.5, are proven in §4 and in §5,
respectively. Finally, in §6, we show that self-affine measures on attractors of diagonal
iterated function systems are uniformly scaling and conclude the proof of Theorem 1.6.

2. PRELIMINARIES

For a > 0 we denote by C'**(R?) the family of functions f for which there exists a
bounded open and convex set U C R? such that f: U — R? is differentiable, injective, its
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differential x — Df/|, is a-Hélder continuous on U, Df|, # O forallz € U, | Df|.|| "' Df|.
is orthogonal for all z € U, and sup,c;; || D fle|| < 1. Such functions are called conformal
or, when d = 1, simply C***-functions.

The collection of all Borel probability measures on a metric space X is denoted by
P(X). For p,v € P(X) we use the Lévy-Prokhorov metric to measure their distance:

drp(p,v) =inf{e > 0: p(A) < v(A%) + ¢ for all Borel sets A},

where A€ is the e-neighborhood of A in X. Note that if X is separable, then the
convergence in Lévy-Prokhorov metric is equivalent to the weak convergence and also
the space (P(X),drp) is separable. Given a measure p and a measurable function f, we
denote the push-forward measure by f.u = o f~1. We let D, (R?) be the partition of R?
to dyadic cubes of side length 27" homothetic to [0,1)¢ such that the origin is a vertex.
We denote the unique element of D,,(R?) containing x € RY by D,,(x). For u € P(R?)
and x € spt . we define the dyadic magnification of u at x by

1
MD"(I) = m(fpn(x))*(ﬂ\pn(x)% (2.1)

where fi|p, () 18 the restriction of u to Dy (x) and fp, () is the unique homothety sending
D, () to [0,1)%. For Radon measures £ and v and C' > 1 we write p ~¢ v to indicate
that C~1 < 3—“ C, Where is the Radon-Nikodym derivative.

2.1. Symbolic space. Let A be a finite set with #A > 2. Let A* = J, .y A" be the
set of finite words and for each i € A* write |i| to denote the unique integer for which
i € Alil. For a finite word i = iy -+ -in_1in € A", write i~ = 4y -+ ip—1 € A" L. For
an infinite word j € AN and k € N let j|x € A* be the projection of j onto the first k
coordinates. Let o: AN — AN be the left shift defined by 0j = jajz--- forall j = jija---.
We equip AN with the topology generated by the cylinder sets:

1] = {5 eA™: jly =i}
for all i € A*. Given an iterated function system ® = (f;)iean with attractor K, the
canonical projection I1: AN — K is defined by setting

(i) = lim fi, 0---o f;,(0)

for all i = iyigiz--- € AN. Note that II is a continuous surjection. To simplify notation
we write fi = f;, o---0o f;, and, if p; € R for all i € A, also p; = p;, - - - p;,, for all finite
words 1 =141 ...1, € A*.

2.2. Tangent distributions. We recall some of the theory of tangent distributions
developed by Hochman in [13]. Let (S;);>0 be the flow in the space {uz € P(RY) : 0 €
spt 1} defined by
Stit = pot-

Given p € P(R?) and z € spt j, the scenery of 1 at = can thus be viewed as the orbit of
(T%)«p under the flow (S)i>0 as pgr = Si(Ty)«p for all ¢ > 0, where T, is the translation
Yy —x.

Let P be a Borel probability measure on P(B(0,1)). We say that P is a fractal
distribution if it is invariant under (S¢);>o and if for any A C P(B(0,1)) with P(A) =1
for almost every p € A, also ., € A for p-almost all x € B(0,1) and every t > 0 for
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which B(z,e™*) C B(0,1). Although the flow (S;):>0 is not continuous and the defining
property of the fractal distribution is not closed, the family FD of all fractal distributions
is closed in the weak*-topology; see [17, Theorem 1.1]. Furthermore, we say that P is an
ergodic fractal distribution if it is a fractal distribution and ergodic under (S;);>0. The
set of ergodic fractal distributions is dense in FD; see [17, Theorem 1.2].

Recall that tangent distributions of p at = are the accumulation points of the scenery
flow ((1)2,7)1>0 in the weak*-topology. In addition, x is uniformly scaling and generates
P if P is the unique tangent distribution of u at p-almost all x. The following result of
Hochman [13, Theorem 1.6] shows that typical measures drawn from fractal distributions
are much more structured than arbitrary measures.

Theorem 2.1. Let P be a fractal distribution. Then P-almost every v is uniformly
scaling and generates the ergodic component of P into which it belongs.

In fact, every fractal distribution is generated by some uniformly scaling measure;
see [17, Theorem 1.3]. In the other direction, Hochman [13, Theorem 1.7] has shown that
tangent distributions of any Radon measure have the structure of a fractal distribution.

Theorem 2.2. Let p be a Radon measure. Then for u-almost every x, every tangent
distribution of p at x is a fractal distribution.

We also recall the result of Hochman [13, Proposition 1.9] on the effect of pushing
measures forward under diffeomorphisms on the generated distributions.

Proposition 2.3. Let 1 be a Radon measure on RY. Then for any diffeomorphism
f: R = R% we have

. 1 M 1 [
nhﬁn;odLP(n/O (Df|af)*5lut dt,n/o 5(f*:u)f(z),t dt) =0

for u-almost all x.

For a Radon measure u the upper and lower pointwise dimensions of u at x € R? are

_ 1 B
dimye ('u’ x) = lim sup M
r—0 logr

: _ o logp(B(a, )
dim (p, ) = lim inf T logr

respectively. For a given measure, the pointwise dimensions naturally introduce four
different dimensions. For example, the lower Hausdorff dimension of u is dimgp =
essinfy., dimy (i, z). If there exists a constant s such that dimjee(pt, ¥) = dimyo,(p, ¥) =
s for p-almost all z € R%, then we write dim ¢ = s and say that p is ezact-dimensional.
For example, quasi-Bernoulli measures on self-conformal sets are exact-dimensional; see
Feng and Hu [9, Theorem 2.8]. Hochman [13, Lemma 1.18] showed that if P is a fractal
distribution, then P-almost every measure is exact-dimensional. This allows us to define
the dimension of a fractal distribution P to be
dim P = /dimydP(u) = /bg”(B(O’ ") apw)
log r

for all 0 < r» < 1. Although dimensions of measures are usually highly discontinuous, the
function P + dim P defined on FD is continuous; see [16, Lemma 3.20]. Furthermore,
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Hochman [13, Proposition 1.19] (see also the remark after [16, Theorem 3.21]) showed
that tangent distributions encode all information on dimensions:

Proposition 2.4. Let u be a Radon measure. Then

dimyge(p, ) = sup{dim P : P € FD is a tangent distribution of u at x},
dim, (4, x) = inf{dim P : P € FD is a tangent distribution of u at x},

for p-almost all x € R, In particular, if p is uniformly scaling and generates P € FD,
then u is exact-dimensional and dim p = dim P.

3. SELF-CONFORMAL MEASURES ARE UNIFORMLY SCALING

In this section, we prove Theorems 1.1-1.3. Let p € P(X) and A be a finite partition
of X. The Shannon entropy of p with respect to A is

H(p, A) ==Y pu(A)log u(A).
AeA
If, in addition, v € P(X) is such that v(A) = 0 implies u(A) = 0 for all A € A, then the
Kullback—Leibler divergence between v and p with respect to A is

v =— 0 v(4)
Dy (| v, A) = %u(A)lgu(A)-

If the partition in use is clear from the context, then we omit it in notation. We recall
the classical Gibbs’ inequality.

Lemma 3.1 (Gibbs’ inequality). Let Z be a finite set, and (p;)icz and (g;)icz probability
vectors such that q; = 0 implies p; = 0. Then

(1) Dxr((pi)iez || (ai)iez) = 0,
(2) Dxu((pi)iez || (gi)iez) < € implies Y ;1 |pi — qi| < /2e#T for all e > 0.

Proof. Tt is well known that —log(1 —z) > = + m for all < 1. Hence,

2
DKL((p’L)ZEI H qZ ZEZ Zpl Pi ~ i (plplqz)
p " {1 2]

i€l

L 0:)2
— ; (pl ql) ' > %Z(pl _ %)2;

7 2max{pi, g} = 2 &
which implies the claims of the lemma. U

If (p;)iez and (¢;)i;ez are probability vectors, then we write

diSt((pi)iela qz ZEI Z |pz - Qz
1€L

and observe that

dist((u(I))1ep,, (W(I))1en,) <27° = dip(p,v) <27° (3.1)

for all £ € N. Let us next state two technical lemmas.
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Lemma 3.2. Let n be a Radon measure with dimpn > 0. Then for n-almost every x
and every € > 0 there is p > 0 such that
N-1

. 1

lim sup — Z sup 1zx(B(0,7 +p) \ B(0,7 — p)) < e. (3.2)

N—oo k=0 p<r<l
Proof. Let us argue by contradiction: for some € > 0 and any p > 0, we find a sequence
(N?)ken along which the left-hand side of (3.2) exists as a limit, is at least €, and that

NI—1 . . .
the sequence N%f > ko On,, converges to a tangent distribution PP. Furthermore, by

adapting [13, proof of Proposition 5.5(3)], we see that fol S; PP dt is a fractal distribution
and, by applying Markov’s inequality, it gives mass at least £? to measures which further
give mass at least €2 to the p-neigbourhood of the boundary of a closed ball centered
at the origin. Let P be a weak® accumulation point of P? as p — 0 and notice that,
by [17, Theorem 1.1], P is a fractal distribution. Moreover,

log S, -1
dim P = // o8 tfogQI D arap(o)

log S:¢(B 1)) ) ‘
>
p—>0// 10g2 T dtdP*(¢) > dimyn > 0

since the inner Lebesgue integral is a continuous function of (. Recalling that P is
supported on measures which give positive mass to a boundary of a ball, we see that this
is impossible by [16, Theorem 3.22]. O

If y is a Radon measure on R? and A C R? is a Borel set with 0 < ;(A) < oo, then
we write pa = u(A)"1ula.

Lemma 3.3. For any r,7 > 0 the following holds for all small enough € > p > 0: If n
and \ are Borel probability measures on [—1, l]d and B = B(x,r) is a closed ball such
that

dip(n,A) <p

ANB(z, 7+ p)) < MB(z,r —p)) + ',
min{n(B), A\(B)} > 7

then

dip(nB, Ap) < O(€'/7).
Proof. For any measurable set A, the assumptions on n and A imply

np(A) =n(B) (BN A)

< (\(B(z,7 = p)) = p) " (A(BP N A?) + p)
< (A(B) —2¢)IA(B N AP) + 2/ (\(B) — 2¢) 7!
< g B AE A +

< Ap(A%ETT) + O )
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and, similarly,
AB(A) < np(A°E/M) + O /1)
which verifies the claim. |

The main ingredient in the proofs of Theorems 1.1-1.3 is the following proposition. We
remark that the proposition does not assume any condition on the smallness of entropy
or dimension of v. Write

Vo= /h*udu(h)

for all Borel probability measures p on [—1, 1]d and v supported on y-measurable R — R?
functions.

Proposition 3.4. Let u and v be Borel probability measures such that u is supported on
[—1,1]¢ and v supported on p-measurable R® — R functions. For any e > 0 there exist
N € N and 6 > 0 such that the following holds for alln > N: If

(1) hep({z : 2350 H((hop)P*® Dy) > a}) > 1 — 6 for v-almost all h,

(2) H(v- 1) < nla+9),
for some a > 0, then

1 n
// n/l dLP((l/ . M)y,t, (h*ﬂ)y,t) dt d(h*,u,)(y) dy(h) < €. (3_3)
Proof. By elementary properties of entropy, we can write
n—1
I
> > D nln)log 1i+1) (3.4)
k=0 I, €Dy Tkp1€D n(1k)
=0 I,€Dy, Tk+1€Pk+1
Tg41CIg

for all € P(R?). Applying (3.4) to v - pu, we get

B Py =5 Y Y [ (st tog “ 0y i

k=0 I.€Dy, I4+1€Dp41
Tgp1CTg

o hapt(Tg41) o v (1) 5
SIS /< i fe) henll) 8 v u(Ty) )d ()

k=0 I;,€Dj, Ik+1EDk+1

5 f(xo
—J[Z(ze

For simplicity, write

DuCo) (1) log(v - )P+ <I>) A(hugs) (&) ()

IGD

De) (1) log (v - 1)) (I)) A(hugs) () ().
I1eDq

pho(@) = ((hap)P*@(1)) e,
Gre(z) = (v - ) P*@(D)) rep,,



SCALING LIMITS OF SELF-CONFORMAL MEASURES 11

in which case

=z

S

==

—

—~

3
Il

= (ha) P (1) Jog (hapt) PH)(1),

1eD,y
v ) PeE) (T
Dy (o1 (2) || gia () = — IGZDIW*MD’C“’” )log W

This allows us to rewrite

H(v- D //Zﬂpm 11)(@) du(h)

(3.5)
<[ S Dra 00 1 (2) o)) ().
k=0
Recall that, by Gibbs’ inequality Lemma 3.1(1), we have
Dxr(pf1 () | qra () = 0.
Since, by the assumption (1),
n—1
|3 B @) dhop) (@) > nla - os(1), (36)
k=0
we get, by combining (3.5) with the assumption (2),
n—1
I3 Da@) gt o) @) v
h=0 (3.7)

— H(v-p,D //ZHpkl 1)(@) dv(h) < o5(1)n.
To simplify notation, write
n—1
- //;Z - d(hp)(z) dv(h).
k=0

Combining (3.7) and Gibbs’ inequality Lemma 3.1(2) with Markov’s inequality, we get
E(dist(p} (), gr1(2)))

= E(dist(p} 1 (), g1 (2))L{Dkr.(pp1 (@) || a1 (z)) > /os(1 }
+ E(dist(p}; (2), le( ))1{ DL (p}. 1( Hkal <Vos(1)})
2E(I1{ Dk (pf 1 () || ar1 () > V/os(1)}) + 2%/ 205(1) (3.8)
2E(Dxw(p}; (2) || g (2 ))) i/
< \/m + 2 205(1)

(2 1 2/2V/2) /o (1),
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where 14 is the indicator function of a set A C R Write o5(1) = (2 + 2%/21/2)/05(1)
and notice that o§(1) — 0 as § — 0. Simple calculations show that

J[ st (o). a0 (o) vy

-1
< dist (Pl 1 (2), Qs (2)) d(haps) dv(h)
mz::()// Pktm,1 Ak+m,1 H

for all £ € N. Hence, for every n > ¢ large enough, (3.8) implies

n—1
dist(p}! ,(), qr.e(2)) d(hups) dv(h)
kzzo// P Ak, H

n+l—1

St Z // diSt(pZ,l(iU),ka,l(x))d(h*u) dv(h) < 205(1)¢n.
k=0

Choose £ € N such that 2=+ < | /205(1) < 27¢ and combine the above inequality with
(3.1) and Markov’s inequality to obtain

E(dLp ((hep)PFW), (v - ) PEW)))
= E(dup((hap) W), (v - 1) PxO) 1 {dist (o] (). gre()) > 27})
+B(dup((hap) W), (v - ) PO I{dist (pf: (), gre(2)) < 27°})
< 2E(dist(p ,(2), gr.e(2))) + 27¢ < 2°020(1) + 27

< —/205(1) logz 1/205(1) + 1 /205(1).

In other words, denoting the above upper bound by 0f(1), we have obtained

5 3 e P, (b)) ) () < 1), &)
k=1

where 0§(1) — 0 as § — 0. To conclude (3.3), it therefore remains to transition from
dyadic magnifications to magnifications along balls.

To finish the proof, let us show how (3.9) implies (3.3). Fix § > 0 and m € N. By
randomly translating v - u with respect to the Lebesgue measure, we may assume that
v - p-almost every y equidistributes for the Lebesgue measure under the map

F:RY 5 RY F(zy,...,xq) = (217 mod1,...,2z4 mod1).

In particular, for v - u-almost every ¥, there exists a set N C N such that

lim inf %#(Ng no,n))=21-90

n—oo
and B(Fky,2=m+1) C [0,1]? or, equivalently,

B(y, 27" € Dy(y) (3.10)
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for all k& € Ns. For any Borel measure n and n-almost every v, it follows from Proposition
2.4 that

1 <1 B(0,27™
limsupfz Ogny,k( ( , ))

n m
n—00 =1

Applying this inequality, we see that for v-almost every h and for h.u-almost every y there
exists a number ¢ > 0 and a set A C N such that liminf, e 24 NjN[0,n]) > 1 -0
and

< dimloc(na y)

n(B(y,27"™))
n(B(y,27%))
for all k € N} and for both n € {v - u, hyp}. In particular, for each k € N5 NNj, we have
n(B(y,27*™))
n(Dk(y))

<1

<1 (3.11)

for both n € {v - u, hop}.

Let ¢’ > 0. By the assumption (3) and Lemma 3.2, there exists p > 0 such that for v- u-
almost every y, there exists a set N’ C N such that liminf, o 2#NY N[0,n]) > 1 -6
and

sup (v wyx(BO.r + )\ BO, 7 — p)) < & (3.12)
psr<l
for all k € N§. Replacing p by a smaller number, if necessary, and applying Lemma 3.3,
we conclude that for every y and k satisfying (3.10), (3.11), (3.12), and

drp((v - @) PR (hyp)Pr)) < p,

we have .
/ Ao (v - Wyesmtts (refyesm140) dt < O(E /)
0

for every 0 < ¢t < 1. Choosing &' small enough, the quantity O(¢'/c) can be taken
arbitrarily small independently of €. In particular, if we choose § small enough, then we
have the implication

1 n 1 n+m
=~ dip((v- )P, () PHO) <P = / dip (V- 1)yt (Papt)y,e) dt < &

n
k=1 m

for all large enough n. Since this implication holds for v-almost every h and h,p-almost
every y, the claim (3.3) follows from the already established (3.9). O

We will use Proposition 3.4 to show that a quasi-Bernoulli measure p shares the same
tangential behaviour with its tangent measures, that is, its weak*-accumulation points of
the scenery (fz.¢)¢>0. To that end, we will show in the following lemma that the tangents
of a quasi-Bernoulli measure p are equivalent with convex combinations of conformal
images of u itself.

Lemma 3.5. Let ® be a conformal iterated function system on R® with attractor K
and p be a quasi-Bernoulli measure on K. For p-almost every x and every tangent
distribution P at x, for P-almost every n there exists a measure v € P(C**(RY)) such
that n ~c (v - 1) po,1), where C' >0 is as in (1.3).
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Proof. Write ® = (f;)ica and let fi be a quasi-Bernoulli measure on AN such that IL.fi = p.
Define

CAT(B(0,1) = {f € CF(RY) : MY DSyl < | Dflall < MDSlyll
and [|[Df|.|| = p for all z,y € Dom(f),
and f(B(0,1)) N B(0,1) # 0}
for all p > 0 and M > 1. For the rest of the proof, fix p > 0 and M > 1 such that
C;JR?(B(O, 1)) contains the functions f; of the iterated function system ® and furthermore,
relying on the bounded distortion property, C(ﬁj(B (0,1)) contains all the compositions
of f;. We remark that, by the Arzeld-Ascoli theorem, the set C;JJ“V‘["(B (0,1)) is compact in
the topology induced by the norm || f{lc1 = || flloo + [|Df]co-
Define
Az, t) = {i € A*: diam(f;(B(0,1))) < 27" < diam(f;- (B(0,1)))
and f;(B(0,1)) N B(z,271) # 0}

for all x € spt u and t > 0. It follows from the quasi-Bernoulli property (1.3) that
plpean ~c Y B (f)el a2, (3.13)

i€A(x,t)

where C' > 0 is as in (1.3). Let g,; be the affine map y — 2¢(y — x) and write

v(z,t) = Cle, )™ Y [i)dg,.0n € PCHTRY),
i€A(x,t)

where C(2,t) = > ;e p (4,1 B([1]). Notice that, by (3.13), we have piz¢ ~c (v(2,t) 1) B(0,1)-
Define

E = {neP(B(0,1)):n~c (v-p)p,) for some v € P(C;W(B(O, 1))},
E,={neP(B(0,1)):v-uB(0,1)) > r and
n~c (V- 1)p for some v € P(C;W(B(O, 1))}

for all » > 0 and note that p,; € E for all x € spt 4 and ¢t > 0. Recall that our aim is to
show that for pu-almost every z and any tangent distribution P at x, we have P(F) = 1.
Notice that P(E) = P(UU,- Er) since P-almost every measure is supported on B(0,1).
We claim that the set F, is closed for all » > 0. Let (1), be a converging sequence in
E,, with limit 7. Using the compactness of P(C;jv?‘(B (0,1))) and by possibly passing
to a subsequence, we find a converging sequence (i), in P(C}J@(B (0,1))) such that
Nn ~c (Vn - 1) B(0,1) and vy, - p(B(0,1)) > 7; let v be the limit of this sequence. It follows
from Lemma 3.3 and the continuity of the map v+ v - u that (vn - 1) po,1) — (V1) B(0,1)-
It is readily verified that v - u(B(0,1)) > r and that n ~c (v - p) po,1), whence n € E,.
Thus FE, is closed.
By (3.13), we have
u(B(z,27"))

v(z,t) - u(B(0,1)) = C(x,t)

(3.14)
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On the other hand, by the definition of A(z,t) and the choice of p, we have
C(z,t) < u(B(z, p~'27"))
and, by Proposition 2.4,

1 /M B(xz,27t
limsup/ —log HB(, : )2 dt < dim p
n—oo T Jo M(B(ﬂ;pf 2~ ))
for p-almost every x. In particular, for py-almost every x and any d > 0, there exists
r > 0 and an open set I; C R such that liminf, o £} (I; N [0,n]) =1 — 6, where £ is
the Lebesgue measure on R, and

W(BE2Y) | u(Ba,2)
Cw.t) = uBlapiz) ~ "

for all t € Is. Now, for p-almost every x and any tangent distribution P at x, we have

P(E) > P(E,) > limsup — /%m

n—oo T

1

>liminf/ Opp, (Er)dt =21 -9
n=o0 N Jrnon

as I, is closed and ;¢ € E, for each t € Is. By letting § — 0, this concludes the

proof. O

If the conformal iterated function system satisfies the open set condition (or more
generally, the weak separation condition), then the measure v in Lemma 3.5 is a finite
sum of Dirac masses. In general, this need not be the case and v may even be non-atomic.

As indicated by Theorems 2.1 and 2.2, tangent measures of y possess much more regular
local statistics than p itself. The advantage of the representation given by Lemma 3.5 is
that using Proposition 3.4, we are able to transfer this regularity back to p. Combining
Theorems 2.1 and 2.2, Lemma 3.5, and the Lebesgue-Besicovitch differentiation theorem,
we deduce that for some 1 € P(C'+*(R%)), the measure 7 - x is uniformly scaling and
generates an ergodic fractal distribution. In order to apply Proposition 3.4 to deduce that
also  is uniformly scaling, we have to know that convolving p with n does not increase its
entropy. However, this is ensured by Proposition 2.4 together with exact-dimensionality
of u.

We are ready to prove Theorems 1.1 and 1.2, beginning with the latter and afterwards
restricting to the more special setting of the former. The proof of Theorem 1.3 is contained
in the proof of Theorem 1.2.

Proof of Theorems 1.2 and 1.3. We assume that dim pu > 0; otherwise p is uniformly
scaling and generates the distribution s, by [13, Corollary 6.6]. Let P; and P» be
ergodic components of tangent distributions of u, both of which satisfy the conclusion
of Lemma 3.5. Applying Theorem 2.1 and Lemma 3.5 to P; and P», we find measures
v1,ve € P(CHH2(RY)) such that (v; - p) B(0,1) 18 uniformly scaling and generates P; for
both i € {1,2}. In particular, by the dominated convergence theorem,

1 n
lim // d <Pi,/ d(v;- dt> du(x) dy;(h) = 0. 3.15
n—o0 h=1(B(0,1)) LP n Jo (vi l‘)h(x),t lu’( ) ( ) ( )
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By Proposition 2.4, the measures v and 1/2 can be chosen such that (v;- 1) g(o,1) are exact-
dimensional and limy, 0 = H ((v; - 1) 1) B(0,1)> Dn) = dim o > 0 for both i € {1,2}. Moreover,
by e.g. [13, Lemma 6.7], we have liminf, o = > ), H((haep)PE@) Dy = dim p for v;-
almost all A and h,pu-almost all x, for both i € {1,2}. In particular, the measures v; and
u satisfy the conditions of Proposition 3.4, and, by relying on that proposition, we see
that for any € > 0 and for all large enough n, we have

1 /M 1/
/ / dip (n / sy It / S, dt) du(z)dvi(h) <c.  (3.16)

Combining (3.15) and (3.16) and applying the triangle inequality, we obtain

lim // de< s / O(hett)n(a )tdt> dp(z) dvi(h) =0 (3.17)
n—0o0 h— 1 01

for both i € {1,2}. Choosing here a subsequence so that the integrand tends to 0
pointwise proves Theorem 1.3.

Continuing with the proof of Theorem 1.2, we may combine (3.17) with Proposition
2.3 and the dominated convergence theorem to we obtain

1 n
Jim / / de<(th);1pi, / (LLZ’tdt) dpu(z) dvi(h) = 0 (3.18)
no J Jh-1(m0,0) nJo

for both i € {1,2}. It can be seen from the proof of Lemma 3.5 that both v and vy give
positive measure to functions h with h(B(0,1)) C B(0,1). In particular, for v;-almost
every h for which h(B(0,1)) C B(0, 1) there is a subsequence (ny)gen such that

1
lim dpp <(Dh|z)*_1P1, / %tdt) =0
k—o0 Nk Jo ’

for p-almost all z, for both ¢ € {1,2}. Finally, an application of the triangle inequality
yields that, for vy X va-almost every (h, g) for which h(B(0,1)) C B(0,1) and ¢g(B(0,1)) C
B(0,1), we have

dip((Dhly); ' Pr, (Dgl.)y P Py)
1 ™
< lim d Dhl) ' P, — 5, ., dt
Jim LP<( lz)x P1 nk/o ot )
lim d D lp 1 nka d
I x ; y t -
+ lim. LP<( gle)i P2 nk/o ot > 0

or, equivalently,
Py = (Dhlo(Dgla) ™). Po. (3.19)

Let now @ be a tangent distribution of u which is also a fractal distribution, and let
Q = [P(w)dQ'(w) be its ergodic decomposition. By (3.19), for Q’-almost every w
there ex1sts an orthogonal matrix O(w) such that P(w) = O(w).P>. This induces a
@'-measurable function w — O(w), and if we let ¢ be the push-forward of ' under this
map, we have obtained @ = [ O, P, d¢(O) which is what we set out to prove. O

The proof of Theorem 1.1 is built upon the above arguments.
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Proof of Theorem 1.1. Let us first assume that d = 1. Since in this case h and g are
(orientation-preserving) real functions, we have Dh|, = S_jogp(z) and (Dgl.)! =
Slog g/ (x)- Thus, by (3.19) and the (S;)¢>o-invariance of tangent distributions, Py = P
and p is uniformly scaling.

Suppose then that d > 2 and ® consists of similarities. Then it is clear from the proof
of Lemma, 3.5 that the measures 11 and 15 in the proof of Theorem 1.2 are supported on
functions of the form h(z) = rOp(x) + a for some contraction r > 0, a translation vector
a € R4, and an orthogonal matrix Oy, € O, where @ is the topological group generated
by the orthogonal parts of the similarities in ®. In particular, if P; and P» are ergodic
components of tangent distributions of y outside a set of zero u-measure, then

Py =(0,0,"). P, (3.20)

by (3.19).

To conclude that p is uniformly scaling we reason as follows: Let ¢ > 0 and let A’ C A*
be such that {[i] : i € A’} is a partition of A, and the orthogonal parts of fi, i € A’, are e-
dense in O. Using the quasi-Bernoulli property of p to write v;-p ~c vi-(D -5 car B([1])0 7, - 10)
and “absorbing” the measure ) ;-\, fi([1])dy, into v, we may suppose that (v; - 1) g0 1)
still generates P; and that the set {Oy : h € sptv;, h(B(0,1)) € B(0,1)} is e-dense in
O. Thus, in (3.20), we can choose h and g so that |00, —1d|| < ¢ and, consequently,
drp(P1, P») < 2e. Letting ¢ — 0 completes the proof. O

4. NORMAL NUMBERS IN SELF-CONFORMAL SETS

In this section, we prove Theorem 1.4. We begin by recalling some of the definitions
and results of Hochman and Shmerkin [15] which are used to study spectral properties
of generated distributions. As in the proof of [15, Theorem 1.4], Theorem 1.4 is proven
through an application of [15, Theorem 1.1] combined with an analysis of the pure-point
spectrum of the generated distribution. Let P be a distribution invariant under (St)¢>0
and write e(z) = e?™® € C for all x € R. We call a number o > 0 an eigenvalue of P if
there exists a non-trivial measurable function ¢ : P(R?) — C such that

(Stu) = e(ta)p(u)

for every t > 0 and for P-almost all y. Such a function ¢ is called an eigenfunction for
the eigenvalue a.. The collection of all eigenvalues of P is called its pure-point spectrum.
Given a Radon measure p and tg > 0, we say that p top-generates a distribution @ at x if

We recall the following property of fractal distributions from [15, Lemma 4.9 and Propo-
sition 4.15].

Lemma 4.1. If P is a fractal distribution, then for any ty > 0, P-almost every n
to-generates an Sy, -ergodic distribution P, at n-almost every x. Furthermore, if ¢ is an
eigenfunction of P for some eigenvalue k/tg, then there exists ¢ € C such that () = ¢
for n-almost every x and P,-almost all C.
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We are now ready to prove Theorem 1.4. We will use Proposition 3.4 to relate the
sceneries of 1 and its tangent measures, and otherwise proceed exactly as in [15, proof of
Theorem 1.4]

Proof of Theorem 1.4. Let P be the tangent distribution generated by p almost every-
where. Let 8 > 1 be a Pisot number such that ® is arithmetically independent of 5.
We will show that "5 does not belong to the pure-point spectrum of P for any integer
k # 0. By [15, Propos1t10n 4.1], this is equivalent to P being ergodic under the map
Siog - The proof is then concluded by [15, Theorem 1.1 and Theorem 1.2].

Suppose for a contradiction that @ does belong to the pure-point spectrum of P

for some k # 0. Write ¢y for the eigenvalue blg“ 5 and let ¢: P(R?) — C be an associated
eigenfunction. By Lemma 4.1, there exists a constant ¢ such that, for P-almost every
n and for n-almost every z, n to-generates a distribution P, such that ¢({) = ¢ for
Py-almost all . Since, by Lemma 3.5, we can choose 7 so that n ~¢ (v - 1) g(o,1) for some

v € P(CH*(RY)), we see, arguing similarly as in the proof of Theorem 1.3, that for some
h € C'T*(R?), there exists a sequence (ny)ren such that

lim — Z 0 (hset) (@) et Ph(ff)

k—o0 nk

for p-almost all z. In particular, along the subsequence (ng)ken, h«pt to-generates almost
everywhere a distribution for which ¢ = ¢ almost surely. Since h,u is a quasi-Bernoulli
measure for the conjugated conformal iterated function system h® = {ho fioh™!: i € A}
for which A(h o f; o h™1) = A(/f;), without loss of generality, by switching the iterated
function system in the beginning, we may assume that this is the case for u, that is,

lim — Z 0 =
b oo nk} Mz, ktg x

for p-almost every x.

We now proceed to conclude the proof by relying on the assumption that & is arith-
metically independent of 3. Recall that tg = @. Using the independence assumption,
we find n € N and i € A* such that 0 < |log A(fi) + nlog 5| < 1/tg. Equivalently,
0 < [tolog A(fi) + kn| < 1. In particular, tolog A(fi) is not an integer, whence

e(—tolog A(f1)) # 1. (4.1)

Let ¢ be the fixed point of f; and let U be a small interval centered at xg. Since puy < i
and (fi)«puuy < p, it follows from the Lebesgue-Besicovitch differentiation theorem that
also puy and (fi).pu to-generate the distribution P, along the sequence (ng)ien, for
p-almost all . On the other hand, by Proposition 2.3 (more precisely, see [15, Lemma
4.16] for the version for to- generated distributions), the distribution ¢y-generated by
(f1)spu along the subsequence nk)ken at fi(y) is S_iog 1) Py- In particular,

/1 / ¢V dP() d(f)uni(y)

U)/U/‘P(S—logf{(y)o dPy(¢) du(y)
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/ / —tolog £1(1))6(C) AP, (C) du(y)

( tolog A(fi))c
as diam(U) — 0. In light of (4.1), this is a contradiction. With the same modifications,

the proof in the case that ® is totally non-linear goes through exactly as in [15, proof of
Theorem 1.5]. O

5. DISSONANCE OF QUASI-BERNOULLI MEASURES

In this section, we prove Theorem 1.5. Write Il for the set of linear maps from R4
to R*. If P is a fractal distribution, then, by [13, Theorem 1.22], for every m € 14 and
for P-almost every pu, the push-forward measure 7, is exact-dimensional. This allows
us to define

Ep(m) = /dimmde(,u)

for all fractal distributions P and linear maps 7 € Il;;. We denote the general linear
group of degree k by GLj(R). Notice that there is an action of GL4(R) on Il;y given
by U such that 7 — 7o U~! and an action of GLi(R) on Il given by V such that
7 — V om. These actions commute and hence, introduce an action on GL(R) x GL4(R).
If A C GL4(R) is a group of invertible linear maps, then A induces an action on measures
and hence also an action on distributions, which we keep denoting by A. We say that a
fractal distribution is non-singular with respect to the group A, if a,P ~ P for all a € A.

In this section, we are dealing with product measures and it is therefore convenient to
equip the Euclidean space with the maximum metric. In this metric, for measures p and
v on R, we have (1t X V)(gy)r = oy X Vyp. Fort,s >0, we let (S, SS) denote the maps
(x,y) = (2tx,2%y) and pu x v — Sy x Ssv. Let us next recall some facts from [13] on
pushing fractal distributions forward under linear or diffeomorphic maps. The first result
is [13, Proposition 1.38].

Proposition 5.1. Let P be an ergodic fractal distribution which is non-singular with
respect to a group A C GL4(R). Then Ep(-) is constant on A-orbits of 11y, where A
denotes the topological closure of A. In particular, if an orbit O C Iy of GLg(R) x A
has non-empty interior, then

Ep(7) = min{k, dim P}
for all ™ e O.

The next theorem is a consequence of [14, Theorem 1.10] and, translated to the
language of fractal distributions, it can be found at [13, Theorem 1.23].

Theorem 5.2. Let i be a Radon measure on R which generates an ergodic fractal
distribution P along a subsequence. Then

dim 7y > Ep(m)
for all m € Ilgy.

Before going into the proof of Theorem 1.5, we show that for any quasi-Bernoulli
measures g and v on the line, their product p x v generates an ergodic fractal distribution
almost everywhere, along a subsequence.
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Lemma 5.3. Let ® and ¥ be conformal iterated function systems on R, and let p and
v be quasi-Bernoulli measures associated to ® and V¥, respectively. Then there exists a
sequence (ng)keny and an ergodic fractal distribution P with dim P > dim(u x v) such

that
kl;nolo’nk/ 5u><l, (zy)zdt

for p x v-almost all (x,y).

Proof. Since (p X V)(z4)+ = Hat X Vyt, an application of Proposition 2.4 and Lemma
3.5 shows that there exists an ergodic fractal distribution P with dim P > dim(p X v)
and measures (1, (2 € P(C**T*(R)) such that the measure ((; - W) Bo,1) X (C2-v)B0,1) is
uniformly scaling and generates the distribution P. Arguing similarly as in the proof of
Theorem 1.2, we see that for some (h, g) € C***(R) there is a subsequence (ny)gen such
that

lim / O(hetX 92 (o).t O = (5.1)

k—o0 N},
for p x v-almost all (x,y). On the other hand, by Proposition 2.3, we have

. 1 /M 1/
lim dip (n/o O(ha X gt )i (1,9 U n/o (S-1og 1(2)) = log g/ (4))*O(1ux1) (4 4.0 dt) =0

n—o0

for p1 x v-almost all (x,y). Combining the above with (5.1) and (S, S¢)-invariance of P,
we see that

lim / 5(ux:/ ) (@)t dt = (Sm+1ogh’(x)’SmHogg’(y))*P

for u x v-almost all (z,y) and for every m > max{—logh'(z),—log¢'(y)}. Since linear
maps take ergodic fractal distributions to ergodic fractal distributions by [13, Proposition
1.8], this completes the proof. O

We are now ready to prove Theorem 1.5.

Proof of Theorem 1.5. Let P be the ergodic fractal distribution given by Lemma 5.3.
Let i € I'* and j € A*. For any open intervals U and V with u(U) > 0 and v(V) > 0,
we have
(fi)*MU X (gj)*VV < pXv.

In particular, by the Lebesgue-Besicovitch differentiation theorem, also (f;)«pr % (g;)«vv
generates P. On the other hand, since uy xvy = ((f1) 71, (95) 1)« ((fi)«piv X (g5) 51y ), the
measure py X vy generates at almost every (x, y) the distribution (Stog(f.)(2)> Slog(gj)/(y))*P
by Proposition 2.3. In particular, P is invariant under (Siog(f,)(2); Slog(gj)/(y)) for all
LeT,je A and (2,9) € (f)(U) % (g)(V).

Let now U and V' be small open intervals centered at the fixed points of f; and gj,
respectively. Taking diam(U),diam(V') — 0 and using the (.S, S)-invariance of P and
continuity of (Z,s) — (St, Ss)«P, we see that P is invariant under (Sioga(f;)—log A(g;): Id)
for all i € I'*,j € A* . Write D = {log A(fi) —logA(g;) : i € I'*,j € A*}. Recall our
assumption that for any € > 0, there exist i € I'*,j € A* such that 0 < |log A(fi) —
log A(g5)| < e. Using this, and the relation A(f o f) = A(f)A(f), we deduce that the set
D is dense either in [0, +00) or in (—o0,0]. Without loss of generality, let us suppose that
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D is dense in [0, 4+00). Let D' = DN 0, 400) and A = {(S¢,1Id) : t € D’'}. Write 7 for the
map (z,y) — = +y. Since the orbit of 7 under GL1(R) x A is {(z,y) — a2z +vy) : a >
0 and ¢ > 0} which has nonempty interior and contains 7, Proposition 5.1 asserts that
Ep(m) = min{1,dim P}. Since dim P > dim(p x v) = dim p + dim v by the choice of P
and exact-dimensionality of p and v, and dim(p * v) = dimm.u > Ep(7w) by Theorem
5.2, we have completed the proof. O

6. SELF-AFFINE MEASURES

In this section, we prove Theorem 1.6. Recall that if ® = (f;)iea is a diagonal iterated
function system, then the maps fi: R? — R2, f;(z) = A;x + a;, are affine such that

_(pi O
=5 3)

Proposition 6.1. Let ® be a diagonal iterated function system on R? with attractor K
satisfying the rectangular strong separation condition. Then any self-affine measure i on
K is uniformly scaling and generates an ergodic fractal distribution. Furthermore, if
has simple Lyapunov spectrum, then P = (S_1og p;, S—10g ;)P for all 1,3 € A*.

for all 7 € A.

Relying on Proposition 6.1, the proof of Theorem 1.6 is essentially identical to the last
paragraph of the proof of Theorem 1.5.

Proof of Theorem 1.6. Let u be a self-affine measure on the attractor of ® with simple
Lyapunov spectrum, and let P be the ergodic fractal distribution generated by p given
by Proposition 6.1. Let m € IIs1 be a non-principal orthogonal projection and write
m(x,y) = ax + by where we assume a, b > 0; the case a,b < 0 is identical. Choose N large
enough so that 27 < a,b < 2V, Recall our assumption that for any € > 0, there exist
i,j € A* such that 0 < [log p; —log A;] < e. It follows that set D = {—log p; +logA; :
i,j € A*} is dense either in [0, N] or in [—N, 0]. Without loss of generality, we suppose
that D is dense in [0, N]. Let A = {(S;,1d) : ¢ € DN[0, N]}. Since p has simple Lyapunov
spectrum, it follows from Proposition 6.1 that P is invariant under every map in A. On
the other hand, the orbit of 7 under GL;(R) x A contains 7 and has non-empty interior,
whence Ep(m) = min{1, dim P} = min{1, dim } by Propositions 5.1 and 2.4. The proof
is now finished as, by Theorem 5.2, we have dim 7, > Ep(m). O

The rest of the section is devoted to the proof of Proposition 6.1. By [13, §4.3], the
first statement is known when the Lyapunov exponents of u coincide and we may thus
assume that p has simple Lyapunov spectrum throughout the proof. Without loss of
generality, we assume y-axis to be the major asymptotic contracting direction. It follows
that for fi-almost every i € AN and every large enough n (depending on i), we have
Ai|, < pi|,- Recall that i is the Bernoulli measure whose canonical projection is u.

Let R = [a,b] X [c,d] be a rectangle. Recall that, if 4 is a measure such that
0 < u(R) < oo, then g = pu(R)~'u|r. With a slight abuse of notation, let u* = H,ug,
where H(z,y) = (h;(_b:a), 2y71(_(::d)) is the linear map translating and rescaling R onto
[—1,1]%. From now on, let 7 € Il2; be the orthogonal projection onto the z-axis. Let
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p = [ 0z X py dmep(z) be the disintegration of p with respect to 7, where p, is a measure
on R for each z. We also write us = () for all i € AN,

Lemma 6.2. Let u be a Borel probability measure on R?. Then, for m.p-almost every x,
we have

“H(B(x,277)

dLP(Mﬂ- 7(7T*N>I,T X Mx) —0

as r — 0Q.

Proof. By Lusin’s theorem, for every n € N there exists a set F,, C R with m.u(E,) >
1 —1/n such that x — pu, is continuous on F,. On the other hand, by the Lebesgue-
Besicovitch density point theorem, there is a set E/, C F,, such that m.u(E}) = mep(Ey)
and

mep (B, 0 B(x,277))

Tept(B(2,277))

as 7 — oo for all x € EJ,. Fix n € N and z € E},. If H, denotes the affine map which
translates and rescales 7= (B(z,27")) NR x [~1,1] onto [~1, 1]?, we have

dLP(Mﬂfl(B(IQ*T)), (W*M)x,r X ,uz) = de (/;( ’r) Hr(éy X ,uy) d(ﬂ—*ﬂ)x,r(y),

—1

[ ) d(mmm,r(y)) S0
B(z,27T)

as r — 00, since drp(py, 1) = o(r) for y € E}, N B(z,27"). Since mpu(Ur—y E) = 1,
this concludes the proof. [l

Combining Lemma 6.2 with the self-affinity of u, we deduce that outside a negligible
set of scales, magnifications of u also have a product-structure.

Lemma 6.3. Let ® be a diagonal iterated function system on R? with attractor K
satisfying the rectangular strong separation condition and p be a self-affine measure on
K. Then there exists ¢ > 0 such that, for fi-almost every i € AN, we have

n—1

1

n Z dLP(MH(i),flog As)y, o SCTH(U’“:L)((W*N)W(H(aki)),logp”kflog Atly X Naki)) -0
k=0

as n — o0.

Proof. Let ¢ = max{—logdist(¢;([—1,1]?),¢;([~1,1]%) : 4,5 € A such that i # j} and
recall that, for pi-almost every i and every large enough n, we have A;|, < p;|,. By the
choice of ¢, the ball B(II(1),2'°¢*I» =€) only intersects @1, ([=1,1]%). Writing

Ri,n = gpiiB(H(l)? 210g )\i|n*C)7

we see that R;, is the rectangle [—2108 Asjn —108 p1j, = 9log Aspy —log Py =€) 5 [_9—¢ 9€]
translated so that its centre is at II(¢™1i). Hence, by the self-affinity,

Ri,n

H11(i),~log A;, +c — M

In
Let € > 0 and notice that, by Egorov’s theorem and Lemma 6.2, there exists a set A ¢ AN
and N > 1 such that i(A) > 1 — ¢ and

ﬂ.—l i -7
(B2

drp Talb)Ti(1),r X M) < €
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for all i € A and r > N. Thus,
R;
dLP(:U’ ’k7SC(TH(O'ki))*((W*M)W(H(oki)),log/}i‘k—10g)\i|k X :u'aki)) <e

for every k sufficiently large such that o*i € A. Therefore,

1 n—1 -
- Z dip (HRl’kv SC(TH(O'ki))*((W*N)W(H(Uki)),logpi|k7log Atly X :uak’i))
k=0
14 2N
<= (1{o*i e A}e +1{co*1 ¢ A}) + —
ni~ n
1= 2N
e+ - I{orig Al +— e+ p(AV\ 4) <2
6+nkz—0 {oFi¢ Ab+ == = e+ (AT 4) < 2¢
as n — 00. Since € > 0 was arbitrary, the claim follows. O

We prove Proposition 6.1 by first showing that the product measures m,pu X pu; are
uniformly scaling along a subsequence for ji-almost every i € AN, and then apply Lemma
6.3 to transfer the property to the measure pu.

Lemma 6.4. Let ® be a diagonal iterated function system on R? with attractor K
satisfying the rectangular strong separation condition and p be a self-affine measure on K.
Then there exists an ergodic fractal distribution P with dim P > dim pu and a sequence
(nk)ken such that

N Y
lim — /0 O(mppixpis) oy A = P (6.1)

k—o00 N

for fi-almost all i € AN and m.pu x ps-almost all (z,y). Furthermore,
P = (S— log pi s S—logkj)*P
foralli,j € A*.

Proof. Let n' € Il 1 be the orthogonal projection onto the y-axis. Standard arguments
(see also [18, Theorem 4.2] for a more general result) using the relation

(113) rr(r1(2)),t = (Ho(a))w (T(o(2))),t+og As (6.2)

1

for all large enough ¢ show that, for ji-almost every i, the measure p; is uniformly scaling
and generates the ergodic fractal distribution

—log)\i|1 -
/ / St(Trr(mi(a)) )« s A dji(1).
A Jo

Since . is a self-similar measure on R and dim 7, p X g3 = dim g for i-almost every i
by [5, Theorem 2.7] (see also [6]), the rest of the proof of (6.1) is analogous to the proof
of Proposition 5.3. The final claim is easy to see by using (6.2), self-similarity of m,pu,
and the Lebesgue-Besicovitch density point theorem. O

We are now ready to prove Proposition 6.1. Since the ideas in the proof have already
appeared in the proof of Theorem 1.2, we will only provide a sketch.
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Proof of Proposition 6.1. Let () be an ergodic component of a tangent distribution of p.
Combining Lemma 6.2 with a minor modification of Lemma 3.5, we see that outside a
set of zero p-measure, (Q-almost every measure is uniformly scaling, generates () and is
of the form

(v Tep) X ps) (@),
for some i € AN, (r,y) € R%2, ¢t > 0, and v supported on the space of linear maps
h: R — R, h(y) = rpy + ap. It follows from Lemma 6.2 that rp is in the closure of
{pi)\j_l :1i,j € A*}. Similarly as in the proof of Theorem 1.2, Propositions 2.3 and 3.4
together assert that

. I
lim // drp <Q, / (S=10g 7 1) w0, pix 1) (0 4 dt> dmep X pi(z,y)dv(h) =0
n—00 n Jo ),

On the other hand, if P is the fractal distribution of Lemma 6.4, combining the above
with the dominated convergence theorem and applying the triangle inequality, we see
that

Q - (SflogT’;nId)*P - P7

where the last equality follows since 7y, € {pi)\j_l ti,j € A*) ]
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