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DIMENSION RIGIDITY IN CONFORMAL STRUCTURES

TUSHAR DAS, DAVID SIMMONS, AND MARIUSZ URBANSKI

ABSTRACT. Let A be the limit set of a conformal dynamical system, i.e. a Kleinian group acting on
either finite- or infinite-dimensional real Hilbert space, a conformal iterated function system, or a rational
function. We give an easily expressible sufficient condition, requiring that the limit set is not too much
bigger than the radial limit set, for the following dichotomy: A is either a real-analytic manifold or a
fractal in the sense of Mandelbrot (i.e. its Hausdorff dimension is strictly greater than its topological
dimension).

Our primary focus is on the infinite-dimensional case. An important component of the strategy of our
proof comes from the rectifiability techniques of Mayer and Urbanski (’03), who obtained a dimension
rigidity result for conformal iterated function systems (including those with infinite alphabets). In order
to handle the infinite dimensional case, both for Kleinian groups and for iterated function systems, we
introduce the notion of pseudorectifiability, a variant of rectifiability, and develop a theory around this
notion similar to the theory of rectifiable sets.

Our approach also extends existing results in the finite-dimensional case, where it unifies the realms
of Kleinian groups, conformal iterated function systems, and rational functions. For Kleinian groups, we
improve on the rigidity result of Kapovich (’09) by substantially weakening its hypothesis of geometrical
finiteness. Moreover, our proof, based on rectifiability, is entirely different than that of Kapovich, which
depends on homological algebra.

Another advantage of our approach is that it allows us to use the “demension” of Stan’ko (’69) as
a substitute for topological dimension. For example, we prove that any dynamically defined version of
Antoine’s necklace must have Hausdorff dimension strictly greater than 1 (i.e. the demension of Antoine’s

necklace).
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1. INTRODUCTION

Beginning with historical perspective, our problem has roots in Poincaré’s 1883 Mémoire sur les groupes
kleinéens, in which Poincaré famously described his investigations into the surprising geometric intricacy
of the “limit curves” of a certain family of discrete groups [59] §8]. These groups, generated by inversions
in a simple closed chain of circles externally tangent to each other, had been presented to Poincaré by
Klein in the course of their 1881-1882 correspondence [60, p.102], and their limit sets are notable for being
perhaps the first examples of “naturally occurring” fractals. For groups in this class such that the limit
curve is not a circle, Poincaré argued that at every parabolic point, the curve had a tangent line but no
osculating circlel] He went on to conjecture that no point of the limit curve which was not a parabolic
limit point could have a tangent lineld Both of these facts exemplify strong senses in which the limit curve
is not analytic, which were deduced from the assumption that the limit curve is not a circle. Thus they
are the prototype of dynamical rigidity theorems: a dichotomy between circles and fractals.

Another historically important source of fractals was the theory of rational functions, whose Julia sets
are in many ways analogous to the limit sets of Kleinian groups. In 1920, Fatou proved the following
dichotomy regarding these sets |28 p.250]: if some relatively open subset of the Julia set of a rational
function is a simple curve that has a tangent at every point, then the Julia set must either be a generalized
circle (i.e. a geometric circle or line) or an arc of a generalized circle. Recently, the hypothesis of Fatou’s

theorem was weakened as follows:

Theorem 1.1 ([26] Corollary 1 and Theorem 2J; see also [7, Theorem 2]). If a relatively open subset of
the Julia set J of a rational function is contained in a smooth curve (i.e. one that that has a tangent at
every point), then J is contained in a generalized circle C. Moreover, in this case either J = C, J is an

arc in C, or J is homeomorphic to the Cantor set.

Again this theorem can be viewed as a dichotomy: every Julia set is either contained in a generalized
circle or is not contained in any smooth curve. It is interesting to ask for a strengthening of the latter
case of the dichotomy by describing other fractal properties that the Julia set (or limit set in the case of
Kleinian groups) must have in that case. The first result in this direction was given in 1979 by R. Bowen
[16], who showed that the limit set of a convex-cocompact quasi-Fuchsian grou;ﬁ is either a generalized
circle or has Hausdorff dimension strictly greater than 1. Bowen’s result was improved by D.P. Sullivan
[74], P.J.Braam [17], R.D. Canary and E. C. Taylor [I8], and finally by C.J. Bishop and P. W. Jones, who
proved the following:

~

Theorem 1.2 ([I2] Corollary 1.8]). Let G < Mob(C) be a finitely generated Kleinian group, and let A
denote the limit set of G. Then either A is totally disconnected, A is a generalized circle, or the Hausdorff

dimension of A is > 1.

1In modern notation, an osculating circle for a set K at a point p € K is a circle C such that for all x € K, d(x,C) =
of|lx = pI?).

Poincaré writes, “De plus j’ai tout lieu de croire qu’il n’y & pas de tangente aux points de L qui ne font pas partie de P” [59]
p-79] (“Also I have every reason to believe that there are no tangent points of L that are not part of P”). Here L is the limit
curve and P the set of parabolic points. In the case of loxodromic fixed points, the conjecture was proven by Fricke in 1894
[31] (see also [32] pp.399-445]). Although it seems that there has been no interest in the conjecture for the last 120 years, we
give the full solution below (Remark [5.6]).
3A convex-cocompact Kleinian group G < Mob(@) is quasi-Fuchsian if it is conjugate to some cocompact Fuchsian group
(i.e. a uniform lattice) in Mob(S!).
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Since A is compact, an equivalent way of saying that it is totally disconnected is to say that its topological
dimension is equal to zero. So another way to phrase Bishop and Jones’ result is to say that if dimp(A) > 1,
then either A is a generalized circle or dimg(A) > 1[1 This way of looking at things suggests a natural
generalization, namely that the “second case” of the dichotomy may be described by the criterion that the
Hausdorff dimension is strictly greater than the topological dimension. This point of view was introduced

in [48], where the following theorem was proven:

Theorem 1.3 ([48, Theorem 1.2]; generalized by Theorem Z21below). Let (uy)acr be a (finite or infinite,
hyperbolic) conformal iterated function system (CIFS) on R (3 < d < oo) which satisfies the open set
condition, and let J denote the limit set of (uq)acr. Suppose that dimg(J \ J) < dimg (J)H Then either
dimy (J) > k := dimy(J), or J is contained in a generalized k-sphere.

Remark. If (uq)qck is a finite parabolic CIFS (see [46] for the definition) with limit set J, then there is an
associated infinite hyperbolic CIFS (u,), < Whose limit set J is equal to J minus a countable set of points
[46, §5]. So by applying Theorem[T3to the CIFS (u,) one can see that either dimg (J) > k := dimp(J),

or J is contained in a generalized k-sphere.

acE>

The proof of Theorem [[3] uses the tools of rectifiability theory. By contrast, the following rigidity

theorem due to M. Kapovich was proven using homological algebra:

Theorem 1.4 (|38, Theorem 1.3]; generalized by Theorem Bl below). Let G < Mob(R?) be a nonele-
mentary geometrically finite Kleinian group (d < 00), and let A denote the limit set of G. Then either
dimg(A) > k := dimgp(A), or A is a generalized k-sphere

Kapovich’s paper extended a number of earlier results. For more on the history of this result and for similar
results concerning isometry groups of negatively curved spaces, see [38] p.2].

Turning back to Julia sets, the first Hausdorff dimension result was proven by D.P.Sullivan in 1982,
as the result of an effort to establish a “dictionary” between Kleinian groups and rational functions [77}
p.405], about which we shall say more below. Sullivan showed that if the Julia set of a hyperbolic rational
map is a Jordan curve, then it is either a generalized circle or has Hausdorff dimension > 1. Sullivan’s

result was improved by D. H. Hamilton, who proved the following:

Theorem 1.5 ([34) Theorem 1]). If the Julia set of a rational map is a Jordan curve, then it is either a

generalized circle or has Hausdorff dimension > 1.

For polynomials, the assumption that the Julia set is a Jordan curve can be weakened to merely assume
that the Julia set is connected; see [78, p.168], where this is proven by combining the results of [23] 611 [82].

The parallels between Theorems harmonize well with many other similarities between the fields
of Kleinian groups, iterated function systems, and rational functions. The idea of systematically studying
the analogies between the limit sets of Kleinian groups and the Julia sets of rational functions is known
as Sullivan’s dictionary, since it was introduced by D. P. Sullivan [77), p.405] (see [51] 52| [74] [75] [76] [80] for

4Here and in the sequel, dim 7 (S) denotes the Hausdorff dimension of a set S and dim7(S) denotes its topological dimension.
The unsubscripted notation dim(S) will only be used when unambiguous, e.g. when S is a vector space.

5An easy-to-check equivalent condition for this inequality is described in [48].

6A subset of RY is called a generalized k-sphere if it is either a k-dimensional plane or a geometric sphere contained in a
(k + 1)-dimensional affine subspace of R9.
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Kleinian groups and

Conformal IFSes and

Rational and

their generalizations GDMSes’ meromorphic functions
Limit set Closure of limit set Julia set
Radial limit set Limit set Radial Julia set [66]

Poincaré exponent

Unique zero of pressure

Poincaré exponent [62]
Unique zero of pressure [64]
Hyperbolic dimension [65] p.320]
Dynamical dimension [65], p.320]
(these are all equal®)

Bishop—Jones theorem
[12] Theorem 1]

Bowen’s formula
[45] Theorem 3.15]
[44] Theorem 10.2]

Bowen-type formula
[6] [62] 64} [66]

Discreteness assumption

Open set condition

Convex-cobounded group

Finite IFS/GDMS [45] 47]

NCP map [79] with no parabolic points
Special case:
Hyperbolic rational map [0, §2]

Geometrically finite group
(5]

Finite parabolic IFS [40]

NCP map |80, Definition 4.1], [79]
Special cases:
Parabolic rational map [80] §3]
Geometrically finite rational map [53]

Patterson—Sullivan measure

56, 73]

¢-conformal measure
[45, p.10]

o-conformal measure

[80) Definition 1.4], [76], Theorem 3]

Patterson density of
a Gibbs cocycle [58] p.3]

Equilibrium/Gibbs state of
a potential function [47, §2.2]

Equilibrium/Gibbs state of
a potential function [39] [49]

TABLE 1. A three-way dictionary between the theories of Kleinian groups, dynamics of ra-
tional functions, and conformal iterated function systems, extending Sullivan’s Dictionary,
which consists of the first and last columns. We put the IFS column in the middle because
in some sense the theory of IFSes “interpolates” between the theory of rational functions
and the theory of Kleinian groups; for example, the fact that it extends to higher dimen-
sions is shared with Kleinian groups, while in the theory of rational functions it is often
useful to consider an infinitely generated IFS generated by inverse branches of iterates of

a rational function.

more discussion of Sullivan’s dictionary). Sullivan’s dictionary has been the inspiration for many theorems
both in the theory of Kleinian groups and the theory of rational functions, including the result of Sullivan

mentioned above. In many cases, similar proofs work to demonstrate theorems on both sides of Sullivan’s

dictionary.

Although the theory of iterated function systems is not traditionally considered to be part of Sullivan’s
dictionary, the similarities between it and the other two fields seem significant enough that we include it
as a column in our version of Sullivan’s dictionary, Table[Il Thus in our framework, Theorems [[.3YT5] can
all be regarded as variations of a more general “meta-theorem” which applies to all conformal dynamical
systems. In fact, in this paper we will prove such a meta-theorem (namely Theorem 4] and show that it
implies a sequence of theorems (namely Theorems [ZTH23]) which are similar in spirit to Theorems

7“GDMS stands for “graph directed Markov system”, a concept introduced and studied extensively in [47].
8see [65, Theorem 12.3.11] and [62, [64) [66]
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The main purpose of this paper is not just to unify these results, but also to extend them to infinite
dimensions. Such an extension can be made both in the Kleinian groups and IFS settings, although not in
the rational function setting (since holomorphic maps in several complex variables are not conformal). Some
motivation for studying the theory of infinite-dimensional Kleinian groups can be found in [21] §1.3]. The
strategy of our proof is to extend the rectifiability argument of [4§] to infinite dimensions by introducing the
notion of pseudorectifiability, a notion which agrees with the notion of rectifiability for finite-dimensional
sets but not for infinite-dimensional ones. We develop the theory of pseudorectifiable sets to the extent
of its applicability to our rigidity proof. As a side note, we also show that in infinite dimensions, the
notions of pseudorectifiablility and rectifiability already disagree in the realm of limit sets of conformal
iterated function systems satisfying the strong open set condition. It would be interesting to study the
pseudorectifiability condition further, in the context of nonlinear functional analysis and geometric analysis
in infinite dimensions.

Another important goal of this paper is to improve the finite-dimensional versions of these results by
replacing the topological dimension with the “demension” of M. A. Stan’ko [72]. The demension of a
set in Euclidean space is an integer which is always at least the topological dimension of that set and
is sometimes strictly greater. A standard example is Antoine’s necklace, which has demension 1 but
topological dimension 0. For more on demension see §3] in which we state a theorem which implies that
any “dynamically defined” version of Antoine’s necklace has Hausdorff dimension > 1 (Corollary B.6]).

Acknowledgements. The authors thank R.J.Daverman and G. A. Venema for permission to re-use
a figure from their book. The research of the first-named author was supported in part by a 2014-2015
Faculty Research Grant from the University of Wisconsin—La Crosse. The research of the second-named
author was supported in part by the EPSRC Programme Grant EP/J018260/1. The research of the third-
named author was supported in part by the NSF grant DMS-1361677. The authors thank the anonymous

referee for valuable comments.

2. STATEMENT OF RESULTS

Convention 1. Throughout this paper,

All measures and sets are assumed to be Borel.

For each § > 0, ##° denotes the d-dimensional Hausdorff measure.

‘H denotes a real separable Hilbert space (either finite- or infinite-dimensional).
d=dim(H) e NU{oo}, and 1 < k < d is fixed (k # 00).
If 41 is a measure on X and f: X — Y, then f(u) = po f~! denotes the image measure.

Convention 2. The symbols <, 2, and <, will denote coarse multiplicative asymptotics. For example,
A <y .k B means that there exists a constant C' > 0 (the implied constant), depending only on K, such
that A < C'B. In general, dependence of the implied constant(s) on universal objects such as those given
in the hypotheses of the main theorems will be omitted from the notation.

The notation A <y B should not be confused with the notation p < v, which as usual means that the

measures i and v are equivalent, i.e. each is absolutely continuous to the other.

Convention 3. N(A,¢) denotes the open e-neighborhood of A, i.e. N(4,¢) = {z:d(z, A) <e}.
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In the following theorems, we use somewhat unconventional notation: we use K to denote the first row
of Table [I, and we use L to denote the second row. The reason for this is that if we used a more standard
notation, such as A or L for the first row and A, or L, for the second row, then this notation would look
somewhat awkward when applied to the second column of Table[I} A or L would denote the closure of the
limit set and A, or L, would denote the limit set. So instead, we use the letters K and L, which hopefully
have less connotative baggage. (The fact that K suggests a compact set is a connotation we want to keep,
since in the hypotheses of our theorems we assume that K is compact.)

For definitions of the terms used in Theorems ZIH2.3] see the proof of Lemma below.

Theorem 2.1. Let G be a group of Mébius transformations of H, and let K and L denote the limit set and
the radial limit set of G, respectively. If d = oo, assume additionally that K is compact. Let 6 = dimp (L)

and k = dimr(K), and assume that
(2.1) H°(K\L)=0

(which holds, for example, if dimy (L) < dimg(K)). Then the following dichotomy holds: either 6 >k, or

K is a generalized k-sphere.

Theorem 2.2. Let (ug)ace be a (finite or infinite, hyperbolic) conformal iterated function system on
H which satisfies the open set condition. Let L denote the limit set of (uq)acr, and let K denote the
closure of L. If d = oo, assume additionally that K is compact and that (ug)ecp satisfies the strong open
set condition. Let 6 = dimg(L) and k = dimp(K), and assume that (21) holds. Then the following
dichotomy holds: either 6 > k, or K is the closure of a relatively open and relatively compact subset of a
real-analytic k-dimensional manifold M C H. If d > 3 (or more generally if (ug)acr consists of Mébius
transformations), then in the latter case M is a generalized k-sphere. If (uq)acr consists of similarities,

then in the latter case M is a k-plane.

Theorem 2.3. Let T: C — C be a rational function, and let K and L denote the Julia set and the radial
Julia set of T, respectively. Let 6 = dimpg (L) and k = dimyp(K), and assume that () holds. Then the
following dichotomy holds: either 6 > k, or K is either a generalized circle or a segment of a generalized
circle (if k = 1) or the entire Riemann sphere (if k = 2).

Remark. Theorem 2ZTlimplies Theorem [[.4] which in turn implies Theorem [[2lmodulo [12, Theorem 1.2].
Theorem implies Theorem [[.3] Theorem 2.3] doesn’t quite imply Theorem [[.5] due to the additional
hypothesis (1)), about which we will say more below.

Remark. It is worth noting that in Theorems ZIH2.3] the weaker inequality § > k follows directly from
1) and the classical Szpilrajn theorem:

Theorem 2.4 (Szpilrajn’s theorem, [37] Theorem VIIL.2]). Let X be a metric space and let k = dimy(X).
Then A%(X) > 0. In particular, dimy(X) > dimz(X).

Letting X = K, we get #%(K) > 0. On the other hand, if § < k then (ZI)) implies that J#*(K \ L) =
A% (L) = 0, a contradiction. So § > k.

Remark. When k = d, Theorems 21123 can be deduced as corollaries from the following classical result:
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Theorem 2.5 ([25] Theorem 1.8.10]). Let M be a k-dimensional topological manifold and suppose that
S C M satisfies dimp(S) = k. Then S has nonempty interior relative to M.

Theorems [2.4] and will both be used in the proof of Theorems ZIHZ.3]

Possible weakenings. We now discuss to what degree it is possible to weaken the hypotheses of
Theorems 2.TH2.3]

The hypothesis (2. For many examples, this hypothesis is satisfied trivially, since the set K\ L
has Hausdorff dimension zero. In particular, this is true for geometrically finite Kleinian groups (e.g. [21]
Theorem 12.4.5]), finitely generated conformal IFSes (trivially since K = L), topological Collet—Eckmann
rational functions [63, p.139, para.3], rational functions with no recurrent critical points [79, Theorem 6.1],
and certain more general classes of rational functions [67] Corollary 6.3]. However, the hypothesis cannot

be removed entirely, as the following examples illustrate:

e By modifying the construction of [57], one can show that for any € > 0 and for any compact nowhere
dense F' C H, there exists G a discrete group of Mobius transformations such that dimgy (L) < e
but K\ L = G(F). By letting F' be a rectifiable set which is not a generalized sphere, one gets
a counterexample to a hypothetical generalization of Theorem 21l A similar construction would
give a counterexample to a hypothetical generalization of Theorem

e In [5], a quasi-Fuchsian group is constructed such that K is rectifiable but not a generalized circle,
and in [10], another quasi-Fuchsian group is constructed such that dimgy(K) = dim7p(K) = 1 but
K is not rectifiable.

It is an open question whether the hypothesis (2]) can be replaced by the hypothesis that G is finitely
generated. The question is solved for d = 2 by Theorem [[.2], but higher dimensions are still open (cf. [38]
Conjecture 1.4] for a related conjecture).

It is also open whether Theorem 23] holds if the hypothesis [21)) is removed; cf. [9, p.207], where the
same question is asked but with the assumption dimz(K) = 1 replaced by the slightly stronger assumption
that K is connected. If this hypothesis is strengthened even further to the assumption that K is a Jordan
curve, then the question is solved by Theorem [I.El In the other direction, if “rational function” is replaced
by “transcendental meromorphic function” or “transcendental entire function”, then the answer is known
to be negative [35] [11].

The open set condition and strong open set condition. The only reason that these conditions are
needed in Theorem [2.2is to ensure that Bowen’s Formula holds (cf. [45] Theorem 3.15], [44] Theorem 10.2]).
S0 if (ug)aep is an iterated function system for which Bowen’s Formula holds, then the open set hypothesis
is not necessary. For example, this holds when (uq).cp is chosen at random from a family of iterated
function systems satisfying the transversality condition [7I]. Note that if d = oo, then a counterexample
to Bowen’s formula which satisfies the open set condition but not the strong open set condition is given in
[44, Theorem 11.1].

The assumption that 7 is a rational function. It is natural to weaken this assumption to the
hypothesis that T': C — Cisa meromorphic function. As it turns out, our proof is valid assuming that
T is a meromorphic function which admits a d-conformal measure. (We leave the details to the reader.)

Sufficient conditions for the existence of a -conformal measure may be found in [49].
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FI1GURE 1. The first- and second-level iterates of Antoine’s necklace construction. In the
IF'S version of this construction, the generators for the IFS are similarities that send the
large torus into the smaller tori. Since the IFS satsifies the strong separation condition,
its limit set K will be totally disconnected. On the other hand, if 7y is a loop through the
“hole” of the large torus, then « is not homotopic to zero in H\ K, and thus w1 (H\K) # 0
(see e.g. [13] §2]). Figure used with permission from [22] Figure 2.5].

3. DEMENSION RIGIDITY

This section concerns an improvement of Theorems [ZTH2.3] (in the finite-dimensional case) in which the
topological dimension is replaced by the “demension” (short for “dimension of embedding”) of M. A. Stan’ko

[72]. 1t can be skipped on a first reading, since it will not be used in the proofs of Theorem 2.TH2.3

3.1. Demension. Our rigidity theorems 2IHZ3] are in a sense motivated by Theorem 2.4 which shows
a pre-existing relation (independent of dynamics) between the Hausdorff dimension of a set S C H and
its topological structure. A natural question is whether Theorem 2.4l is a complete description of the
relation between Hausdorff dimension and topology. The answer is in a sense yes, and in a sense no.
The sense in which the answer is yes is that any set S C #H is homeomorphic to a set S’ C H such
that dimgy (S’") = dimz(S’) = dimp(S). This is the converse to Theorem 24] i.e. the other direction of
Szpilrajn’s theorem [37, Theorem VIL.5]. The sense in which the answer is no is that the homeomorphism
between S and S’ may not be extendable to all of H.

The best way to illustrate this is with an example. Consider Antoine’s necklace construction [4] (cf.
Figure [I), in which a torus in R? is replaced by a chain of linked tori, each of which is then replaced by
a smaller chain of linked tori, and so on infinitely until the intersection is a compact set S (a “necklace”)
homeomorphic to the Cantor set. If «y is a loop through the hole of the first torus, then ~ is not contractible
in R?\ S [13} §2]. On the other hand, if S’ C R? is the standard Cantor set, then R3\ S’ is simply connected.
Thus, the homeomorphism between S and S’ cannot be extended to all of R3. For this reason, S is sometimes
called a “wild” Cantor set.

Given a compact set S C H, what is the smallest possible Hausdorff dimension among sets homeomorphic
to S such that there is a homeomorphism extendible to all of H? This question was answered by J. Vaisala
[81]: it is the demension of the set S:

Definition 3.1. The demension of a set S C H, denoted dem(S), is the largest integer k such that there
exists a piecewise linear polyhedron P of dimension (d — k) and £ > 0 such that for every continuous map
F :H x[0,1] — H satisfying the following conditions:

(I) (Isotopy) For each ¢ € [0,1], the map F;(x) = F(x,t) is a homeomorphism, and Fj is the identity;
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(IT) For all ¢ € [0,1],
[ Fi|| := sup d(x, Fy(x)) < &
xXEH

(IIT) Fi(x) =xforallx e H\N(PNS,¢e)and t € [0,1];
we have F1(P) NS # &. Loosely speaking, dem(S) is the largest integer &k such that there is a piecewise

linear polyhedron P of dimension (d — k) whose sufficiently small isotopic perturbations all intersect S.

We remark that this definition of demension is not the usual one (which is less relevant for our purposes),
but is equivalent to the usual one by [24] Proposition 1.2].

Let us first address the question of how to compute the demension. The following observation is good
enough to compute the demension of Antoine’s necklace and its higher-dimensional generalizations (see
[13)):

Observation 3.2. If S C H is a compact set such that
(3.1) mi(H\S) #0,
then dem(S) > d — 2.

Proof. Let «y be a piecewise linear representation of a noncontractible loop in H\ 'S, and let P be a piecewise
linear (possibly self-intersecting) 2-simplex whose boundary is 7. Fix 0 < € < d(v,S). Then if F' is an
isotopy satisfying (I)-(IIT), then F(P) is a 2-simplex whose boundary is . Since + is noncontractible, it
follows that F1(P)NS # . O

In fact, a nearly complete characterization of the demension is known, but its proof requires deep

topological results.

Theorem 3.3 ([24] Theorem 1.4], [69, p.598]). Let S C H be a compact set.

e If S is locally homotopically 1-coconnected, then dem(S) = dimr(S).
e IfS is not locally homotopically 1-coconnected then dem(S) = d—2 > dimp(S) unless the following
case holds: d = 3, dem(S) =2 > dimp(S) = 1.

Here, the set S is said to be locally homotopically 1-coconnected if for every x € ‘H and neighborhood U
of x, there exists a neighborhood V' of  such that every loop in V' \ S is contractible in U \ S.

The “exceptional” case d = 3, dem(S) = 2 > dimp(S) = 1 can in fact occur, as demonstrated by
H. G.Bothe [I4] and independently by D.R.McMillan, Jr. and W.H. Row, Jr. [50].

3.2. Demension and Hausdorff dimension. As mentioned earlier, one characterization of the demen-
sion of a compact set S C H is that it is the infimum of the Hausdorff dimension of the image of S under
a homeomorphism of H [8I]. In particular, this implies that dimg(S) > dem(S). For completeness we

provide an elementary proof of a slightly stronger version of this assertion:

Theorem 3.4 ([40, Theorem 6.15]). Let S C H be any set, and let k = dem(S). Then s*(S) > 0. In
particular, dimg (S) > dem(S).

Proof. Let P C H and € > 0 be as in Definition 3] let Isom(#) denote the isometry group of H, and
fix g € Isom(H). If g is sufficiently small, then there exists an isotopy (F}): satisfying the requirements of
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Definition Bl such that F; = g on U = N(P N S,e/2) and ||F1|| < d(P\ U,S\ U). Since k = dem(S), we
have F1 (P)NS # & and thus g(P)NS # &.

Let Ay, ..., Ay, be a collection of (d — k)-dimensional affine subspaces of H such that P C [J;* A;. Then
for all sufficiently small g € Isom(#), there exists ¢ = 1,...,m such that g(4;) NS # &. By Fubini’s
theorem, for some ¢ = 1,...,m and for a positive measure set of h € SO(H), the set of v € H such that
(h(Ai)+v)NS # & is of positive measure. Equivalently, 7% (my (1, (S)) > 0, where V/(h) is the orthogonal
complement of the linear part of h(A;) (which satisfies dim(V'(h)) = k). It follows that s#*(S) > 0. O

Now we come to the main theorem of this section, which says that strict inequality holds in Theorem
B4l for “dynamically defined” fractals:

Theorem 3.5. The results of §2 are still true if dimp is replaced by dem.

Corollary 3.6. For a “dynamically defined” Antoine’s necklace K (cf. Remark below), we have

The proof of Theorem is given in the next section, following the statement of Theorem 4l The
idea: where Theorems [2.4] and are used in the proof of Theorems Z.IH2.3] instead use Theorem [3.4] and
Theorem [377] below. Actually, the proof requires a slight strengthening of Theorem [3.4] specifically in the
proof of Lemma [5.5], which is used to prove Theorem [£.4]

Theorem 3.7. Let M C H be a k-dimensional compact smooth manifold-with-boundary, and suppose that
S C M satisfies dem(S) = k. Then S has nonempty interior relative to M.

Proof. Let P C H and € > 0 be as in Definition Bl Without loss of generality, we can assume that
P intersects M only finitely many times, and that each intersection is transversal. (This is due to the
dimension relation dim(P) + dim(M) = d.) Write PN M = {x1,...,Xn}, and without loss of generality
suppose d(x;,x;) > ¢ for all i # j. Fix vq,...,v,, € X small; then there exists an isotopy (F}): satisfying
the requirements of Definition Bl such that Fy(x) = x + v; for all x € B; := B(x;,£/3) and such that
d(x, Fi(x)) < d(P\ U, Bi,S\ U, B:). Since k = dem(S), we have F;(P) NS # .

If vi,...,v,, are sufficiently small, then we can write F1(P) N M = {gi(v1),...,8m(Vm)}, where

g1,...,8m : U — M are smooth nonsingular maps from some neighborhood 0 € U C H. So for some i, we
have g;(v;) € S. Since vy,...,V,, were arbitrary, there exists ¢ such that for all v € U, we have g;(v) € S.
But then S contains the relatively open set g;(U) C M. O

Remark 3.8. It is not hard to see that in the construction of Antoine’s necklace, the small tori in the
first step may be chosen to be similar copies of the large torus. (The large torus must be chosen to satisfy
a certain inequality in order for this to work.) In this case, Antoine’s necklace is actually the limit set of
a similarity IFS, giving a nontrivial example of Theorem In fact, the optimality of Theorem (for
the case of necklaces) was proven by T.B. Rushing [69], who showed that for every ¢ € (1, 3) there exists a
similarity-generated necklace whose Hausdorff dimension is §. (He also showed that when § € {1, 3}, there
exists a necklace of Hausdorff dimension § which is not the limit set of a similarity IFS.)

One might wonder what other dynamically defined fractals have demension strictly larger than their
topological dimension. Examples of geometrically finite Kleinian groups acting on R whose limit sets
satisfy (B)) but have topological dimension zero are given in [8, B3, [42]. For such examples, dem(S) > 1
by Observation .21 and it seems likely that equality holds.
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It is interesting to ask whether the “exceptional case” d = 3, dem(S) = 2 > dimy(S) = 1 can occur for
S dynamically defined. In fact, the original construction of McMillan and Row [50] is essentially an IFS
construction, although their paper does not make that very clear (which is not surprising as IFSes had not

been invented yet). We hope to clarify this in future work.

4. A GENERAL RIGIDITY THEOREM

In this section, we state a general rigidity theorem and show that the four theorems of the previous
section all reduce to it. In this general theorem, there is no dynamical system mentioned explicitly in the
hypotheses, but the hypotheses concern a measure p on H which should be interpreted as the conformal
measure of some conformal dynamical system. To make this interpretation explicit, we include a hypothesis
that a certain set Rad(u) C Supp(u) has full g-measure, where Supp(p) denotes the topological support of
u. The set Rad(u) is supposed to represent the radial limit set of the dynamical system which generates
1, in a way made precise by Lemma below.

Definition 4.1. Let A be one of the following classes:
e Conf(H), the class of conformal homeomorphisms between open subsets of H,
e Mob(H), the class of Mébius transformations of H,
e Sim(?H), the class of similarities of H.
Note that by Liouville’s theorem, if d > 3 then Conf(H) = Mob(H)H Let p be a finite measure on H, let
U C H be a bounded open set, and fix § > 0. A point p € Supp(p) will be called (d, p)-radial (or more
properly (A, U, §, u)-radial) if there exists a sequence of maps g, : U — H of class A such that:
(a) For all n,
(1) llgnll == supxer [9n ()| =x infxev 940 1
(2) Forall x,y € U,
190 () = gn Gl =x Nlgnll - Iy — xI;
(3) Forall ACU,

(4.1) (gn(4)) > /A 1041° du

(4) d(P,gn(U)) Sx llgnll-
(b) llgnll — 0.
The set of (d, u)-radial points is denoted Rads(ut). If p € Rads(u), then Cp denotes the implied constant
of (a4) plus diam(U) times the implied constant of (a2). The significance of this is that for all n, we have

(4.2) gn(U) € B(p, Cpllgnll)-

Lemma 4.2. Every radial limit point of a conformal dynamical system is in Rads(u), where 0 is the
“natural” dimension of the conformal dynamical system and p is the §-conformal measure. More precisely,

if we are in any of the following scenarios:

9The classical proof of Liouville’s theorem by Nevanlinna [55] is valid in the infinite-dimensional setting. We note in passing
that the proof in [55] is incomplete as it stands, as the fourth displayed equation on [55] p.4] is only valid under the assumption
that o # 0: if @ = 0, then this equation should be replaced by the equation p(z) = (v,x) + 8, where v is a constant vector
and f is a constant scalar. However, this case can be analyzed in a straightforward way, assuming that the inner product
(+,+) is positive definite.

10We use the notation |g/, (x)| rather than ||g/,(x)|| because g/, (x) is a similarity, so |g},(x)| denotes its dilatation constant.
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(1) G < A=DMob(H) is a group whose limit set is compact, § is the Poincaré exponent of G, u is the
Patterson—Sullivan measure of G, and L s the radial limit set;

(2) (ta)ack s a regular conformal iterated function system on H satisfying the open set condition
whose generators are of class A, § is the Bowen parameter, p is the §-conformal measure, and L
is the limit set;

3 H=C, T: C — C is a rational function, A = Conf(H), 8§ is the hyperbolic dimension, u is the

d-conformal measure, and L is the radial Julia set;

then (possibly after conjugating in case (3)) there exists an open set U C H such that p(U) > 0 and
L C Rad(A,U, 6, u). Moreover,

(i) in case (1), any bounded open set U for which Supp(u) € U may be chosen;
(i) in case (2), the set U may be chosen so that Supp(u) C U.

The definitions of the terms used in this lemma will be given in the proof.

Remark 4.3. Lemma[£.2]informally says that “the radial limit set is always contained in the p-radial set”,
i.e. the inclusion L C Rads(u) always holds. On the other hand, the reverse inclusion Rads(u) € L may
fail. For example, suppose that d < oo, and let G < Mob(H) be a Kleinian lattice. Then pu is Lebesgue
measure, and Rad(u) = H contains the parabolic points of G as well as the radial limit points of G. This
is because it is impossible to distinguish parabolic points from radial points if one only knows what u is

and not what the group G is.

Proof in case (1). Let G < Mob(#H) be a group of Mébius transformations of H. We recall that for each
g € Mob(H), the Poincaré extension of g is the unique Mobius transformation g € Mob(R @ #H) such that
g1 H =g and g(H) = H, where H = (0,00) x H is the upper half-space model of hyperbolic space. The
limit set of G is the set
K={xeH:3g, € G Gnleo) — x},
where eg = (1,0) € H. The Poincaré exponent of G is the infimum of all s > 0 such that the series
,(G) = Z e—5dw(e0,g(eo))
geG

converges, where dy denotes the hyperbolic metric on H. Since, in the assumptions of this lemma, the limit
set K is compact, there exists a Patterson—Sullivan measure p (cf. [20, Théoreme 5.4] or [21] Theorem

15.4.6]), which is a measure on K satisfying the transformation equation

(4.3) 1(g(A)) = /A lg'° du (g € G, A CH).

Finally, the radial limit set L C K is the set of all p € K with the following property: There exists
a sequence (g,)7° in G such that if H : H — (0,00) denotes projection onto the first coordinate, then
Gu(eo) = p and

(4.4) 1gn(e0) — Pl Sx H(gn(eo)) Vn.

Now let U C H be a bounded open set such that K = Supp(u) € U. Let V C H be a bounded open
set intersecting K such that d(U,V) > 0; such a set exists by our assumption on U. Since VN K # &,
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there exists a loxodromic isometry h € G whose fixed points are both in V' [21I] Proposition 7.4.7], and by
replacing h by a sufficiently large iterate, we can assume that V U h(V) = H (cf. [21, Theorem 6.1.10]).

Fix p € L, and let g,(eg) — p be a sequence satisfying (£4)). For each n, choose h,, € {id, h} such that
h;1g1(c0) € V. Tt is not hard to see that if g, is replaced by g,h, in (4], then the inequality remains
valid after changing the constant C' appropriately. Thus, we may without loss of generality assume that
g, 1 (<) € V. We now proceed to demonstrate the conditions of Definition E.Tt

(al) Since U,V are bounded sets and d(U, V) > 0, the inclusion g, (c0) € V implies that
sup [[x — g, (00) || < inf [[x — g (c0)]|.
xcU xeU

Applying the formula
~ lleo — g, ' (o0
|9 (x)| = H(gn(e0)) ——25—"
% = gn ' (00)2
demonstrates that
(4.5) |97, (x)| =x H(Gn(eo)) vx € U.

(a2) This follows from (@3] and the geometric mean value theorem (e.g. [21I] Proposition 4.2.4] or [I
(15) on p.19)).
(a3) This follows from (@.3]).
(a4) This follows from ([@.5) and (@.4).
(b) This follows from (LX) and the convergence g,(eg) — p. O

Proof in case (2). Let (uq)acr be a (hyperbolic) conformal iterated function system (CIFS) on H satisfying
the open set condition (OSC). We recall (cf. [45] p.6-7] for the case d < oo and [44] p.17] for the case
3 <d < o) that this means that

1. E is a countable (finite or infinite) index set;

2. X C H is a closed bounded set which is equal to the closure of its interior;

3. (Quasiconvexity) There exists Q > 1 such that for all x,y € X, there exists a polygonal line v C X
connecting x and y such that length(v) < Q|ly — x||;

. (Cone condition) If d < oo, then

W~

0 M (X N B(x,r))
x€X,re(0,1) rd

>0,

where Ay denotes Lebesgue measure on H;
5. V C H is an open connected bounded set such that d(X,H \ V) > 0;
6. For each a € F, u, is a conformal homeomorphism from V' to an open subset of V;
7. (Open set condition) For all a € E, u,(X) C X, and the collection (uq(Int(X)))eer is disjoint
8. (Uniform contraction) sup,¢p sup |u,| < 1, and if F is infinite, lim,c g sup |u,| = 0;
9

. (Bounded distortion property) For all n € N, w € E", and x,y € V,

(4.6) gy (%) = Jug, ()],

Uy = Uy OO0 Uy,

HThe strong open set condition referred to in Theorem is the additional hypothesis that Int(X) N K # .
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For this proof, we assume in addition that the CIFS (ug)qcr is regular (cf. [45] p.21] (d < oo) and [44
p.472] (3 < d < x)), i.e.

10. (Regularity) There exists § > 0 such that

— 1 s
(4.7) P(5) = nlgrgonlog Dl =
weE™

The § which satisfies (A7) is called the Bowen parameter. The limit set of (uq)ack is the set L = 7(EY),
where 7 : EN — X is the coding map

m(w) = nlirrgo Ugn (P )-
Here w? denotes the restriction of w € EN to {1,...,n}, and p. € X is an arbitrary point. The regularity
of the CIFS (uq)aecr implies the existence of a d-conformal measure p (cf. [45] Lemma 3.13] for the case
d < oo and [44] Theorem 7.1] for the case 3 < d < o0), which is a measure on L which satisfies the

transformation equation

(4.8) Z/ W/ |° dp (a € E, ACL).

ack /ua (4)
Now let ¢ = d(X,H\V) > 0and U = N(X,e/3),s0o that K:=LC U CU CV. Fix p € L, and find
w € EN such that p = m(w). For each n, let g, = upp. We now proceed to demonstrate the conditions of
Definition LT}

(al) This is a restatement of (6.

(a2) Note that if d > 3, then this is a consequence of the geometric mean value theorem, but if d < 2 an
additional argument is needed. Fix x,y € U, and let «y : [0, tg] — H be the length parameterization
the line segment connecting g,(x) and g¢,(y). Let t; be the largest element of [0, o] such that
v(t1) € gn(N(X,2¢/3)). By the mean value theorem,

lgnt o v(t) — x| < ta max, (92 ) (YD = tallgn ™ < Mlgnll ™" - lgn(y) = gn()]I-

If t1 = to, then we get ||gn(y) — gn(X)|| Zx [lg4]l - [ly — x||. Otherwise, we have g, * o y(t1) €
ON(X,2¢/3), which implies [|g, " o y(t1) — x| > ¢/3 and thus [ga(y) — g.(X)]| Zx llgnl 2«
llgill - lly — x||. So the asymptotic ||gn(y) — gn(X)|| Zx llgnll - [ly — x|| holds in either case. The
proof of the other asymptotic ||gn(y) — gn(X)|| Sx lgnll - [y — x]| is similar.
(a3) This is immediate from (€.8]).
(a4) In fact, p € g, (L) C g, (U).
(b) This is immediate from (6] and the uniform contraction hypothesis. O

Proof in case (3). Let T : C — C be a rational function. The Julia set of T is the set

K=C\ U {Uc C: (T™ 1y)° is a normal family }.

The hyperbolic dimension § of T is the supremum of the Hausdorff dimensions of closed sets F' C K such
that T 1 F' is a conformal expanding repeller (cf. [65] p.320]). By [65] Theorem 12.3.11], there exists a

0-conformal measure p, which is a measure on K which satisfies the transformation equation

(49) JH#HANT ) dnt0 = [ 177 au (4 <X,



DIMENSION RIGIDITY IN CONFORMAL STRUCTURES 15

Finally, let L denote the radial Julia set of T, i.e. the set of points p € C such that there exist € > 0 and
a sequence n; — oo with the following properties (cf. [66, Definition 2.5]):

(I) For each j, there exists ¢; : Bs(T" (p),e) — C, an inverse branch of T, such that ¢; (T (p)) = p.

Here the notation Bgs means that the ball is taken with respect to the spherical metric.

(I1) diam(6; (B,(T™ (p),))) = 0.
Now fix p € L, and let £ > 0 be as above. By extracting a subsequence from (n;)$°, we may without loss
of generality suppose that 7" (p) — q € K. By conjugating if necessary, we can assume oo ¢ K and in
particular q # co. Let U be a bounded open set containing q such that U C By(q,/2), and for each j let
gi = ¢; 1 U. We now proceed to demonstrate the conditions of Definition [Tl

(al) This is a consequence of the Koebe distortion theorem [19] Theorem 1.4].
(a2) This is proven in the same manner as for case (2).
(a3) This is immediate from (4.9)).
(ad) In fact, p € g;(U) for all sufficiently large j.
(b) This is immediate from (al) and part (IT) of the definition of the radial Julia set. O

We are now ready to state our general rigidity theorem, and prove that it implies the results of §2H3t

Theorem 4.4. Let H be a separable Hilbert space, and let i be a finite measure on H whose topological
support S is compact. Let k = dimr(S) or k = dem(S), and suppose that #*-a.e. point of S is (A, U, k, u)-
radial, where A is as in Definition [{1] and U C H is a bounded open set such that (U) > 0. If d = oo,
we additionally assume that dimp(SNU) = k. Also suppose that Rady(p) is dense in S. Then there exists
a map h:U — H of class A such that h(SNU) is contained in a k-plane.

Proof of the results of §2 and of Theorem assuming Theorem [{4 Let A, ¢, 1, and L be as in Lemma
In the case of CIFSes, this requires some justification, since the CIFS (u,)qcr is not assumed to be
regular in Theorem 22 and regularity is necessary to ensure the existence of a d-conformal measure .
This justification comes from [45] Theorem 4.16] in the case d < oo, and from [44] Proposition 9.2] in the
case 3 < d < oo, since by Theorem 2.4] (or Theorem 4] if k¥ = dem(K)) ##*(K) > 0, and by hypothesis
dimy (K) = k. Thus by Lemma 2] we get L C Rads(u) after making an appropriate choice for U.

We claim that § = dimgy (L). Indeed, this has been proven for Kleinian groups in [2I, Theorem 1.2.1],
for CIFSes in [45] Theorem 3.15] (d < co) and [44) Theorem 10.2] (3 < d < oo and strong OSC), and for
rational functions in [66, Theorem 1.1] (see also [53] Theorem 2.1]).

Now by Theorem [2.4] (or Theorem BA4]if k¥ = dem(K)) we have § > k, and if § > k then we are done, so
suppose that § = k. Then L. C Rad(u). Since TheoremsZIHZ3 all include the hypothesis #° (K\ L) = 0,
we get % (K \ Rady, (1)) = 0. Moreover, it is obvious that K = S = Supp(u).

If d = oo, then we additionally need to verify dimp(K NU) = k. In the case of CIFSes this follows
from (ii) of Lemma In the case of Kleinian groups, it follows from the sum theorem for topological
dimension [25, Theorem 1.5.3] that there exists a closed set F© G K such that dimz(F) = k, so we get
dimp(KNU)=kforall U D F.

So by Theorem 4] there exists a map h : U — H of class A such that h(K N U) is contained in a

k-plane. In particular, KN U is contained in:

e a real-analytic k-dimensional manifold if A = Conf(H);
e a generalized k-sphere if A = Mob(H);
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e a k-plane if A= Sim(H).
We complete the proof by breaking into cases:

e To prove Theorem 2.1] let (U,)$° be an increasing sequence of open sets such that K ¢ U, for all
n but K\ {p} € J,, Uy for some p € K (and U,, O F if d = 00). For each n, by part (i) of Lemma
M2] there exists a generalized k-sphere \S,, which contains KN U,. Since the set S =y (),,>n Sn
is the increasing union of generalized spheres of dimension < k, it is also a generalized sph;re of
dimension < k. But K\ {p} C S, and so since K is perfect, K C S.

By Theorem (or Theorem B7if k¥ = dem(K)), K has nonempty interior relative to S. But
then the boundary of K relative to A is a closed G-invariant set which does not contain K, hence
it is empty. Thus K = S.

e To prove Theorem 22 let U be as in (ii) of Lemma Then K = KNU C M for some
real-analytic k-dimensional manifold M.

By Theorem (or Theorem B7if k¥ = dem(K)), K has nonempty interior relative to M. Let
I be the interior of K relative to M. Then [ is invariant under (u,)qep and is therefore dense in
K. So I is a relatively open relatively compact subset of M whose closure is equal to K.

e To prove Theorem 23] we divide into cases. If k = 1, then the conclusion follows from Theorem
[L1l If & = 2, then by Theorem 2.5 K has nonempty interior. But then the boundary of K is a
closed T-invariant set which does not contain K, hence it is empty. Thus K = C. 0

The proof of Theorem [£4] will occupy the remainder of this paper. We divide it into three cases:
d<oo;d=o00and k=1;d=o00and k > 1. We refer to these cases as Theorem [L.4(d < o0), Theorem
E4(d = 0o, k = 1), and Theorem [4(d < oo, k > 1), respectively, and we prove them in Sections Bl [6, and
[l respectively. Section [7l contains preliminaries needed for the proof of Theorem [4(d = oo, k > 1), and
Section [ contains the proof of a technical lemma needed in the proof of Theorem [4(d = oo, k > 1).

5. PROOF OF META-RIGIDITY THEOREM [L4](d < 00)

The basic structure of the proof may be summarized as follows:

Step 1: Show that we can without loss of generality assume u = % |g. In particular, this implies that
HF(S) < 0.

Step 2: Use the rigidity assumption k& = dimp(S) or & = dem(S) to prove that p-a.e. point has an
approzimate tangent k-plane (Definition [5.4] below), using results from geometric measure theory.
This is in some sense the key step, and generalizing it appropriately to infinite dimensions will be
one of the main themes in the proof of Theorem E4(d = o0).

Step 3: Choose a radial limit point p € Radg(p) which has an approximate tangent k-plane. Then use a

“zooming argument” to finish the proof.

We remark that Step 1 does not depend on finite-dimensionality and in fact the result of this step will be
used in the proof of Theorem [L4)(d = c0).
In the sequel we will often refer to the following well-known fact:

Fact 5.1. Let X and Y be metric spaces, and let f : X — Y be a K-Lipschitz function, i.e. a function for
which

d(f(2), f(y)) < Kd(z,y) VYa,y € X.
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Then for all A C X,
/ H(fYz)n A) dot (z) < KF % (A).
Y

In particular, if f is 1-Lipschitz then J#%(f(A)) < s#%(A) for all A C X.

Step 1: Without loss of generality, 1 = 7% 1s. In this step, we will prove that:

(i) v := " |g is finite and absolutely continuous to u;
(ii) Radg(u) C Radg(v);
(ili) Supp(r) =S = Supp(u).
From these three facts, it follows that if we can prove Theorem [£.4]in the case u = v, then it holds in the
general case as well. We remark that in fact, for the applications of Theorem [£4] used in §2] it is possible
to prove that p = av for some a > 0 using an ergodicity argument. But for a cleaner formulation and for
additional generality, we did not include an ergodicity-type hypothesis in Theorem [£.41
The main tool for this step is the Rogers—Taylor density theorem, which in some circumstances allows
one to estimate the Hausdorff measure of a set from the upper density function
Ei(ac) = lim sup %M(B(:v, 7))
™NOo T
of a finite measure u. Rogers and Taylor originally proved their result for finite-dimensional Euclidean

spaces [68], but it has subsequently been extended to arbitrary metric spaces.

Theorem 5.2 (Rogers—Taylor density theorem, [44] Theorem 8.2], [30, §2.10.19]). Let X be a metric space,
let u be a measure on X, and fix § > 0. Then for all A C X,

1
< H(A) S p(X) sup ——
A D (2) A D ()

In particular, if ﬁi is bounded from below on a set A C X, then s° 14< Cpu for some constant C > 0. If

-
D, is strictly positive on A, then A0 4 is o-finite and absolutely continuous to .

In our setting we take X = H, d = k, and
A = Radg(C, p) := {p € Radg(u) : the implied constants in Definition [d]are all < C'},

where C' > 0 is fixed. Fix p € A, and let (g,)5° be as in Definition Il Then for all n,

1 1 1
(B0, Cp|lg,l) > (9 (0)) 20— lgnlFu(U) = u(U) > 0.
Colg e (P Colshll) = gepryeon () Zox orpellnl i) = )
So Eﬁ(p) > 0, and thus by Theorem [5.2]
(5.1) V 1Rad,(C,p) is finite and absolutely continuous to p.

Let ¢ be the collection of maps g : U — H of class A such that for all A C U, ([@1]) holds.

Claim 5.3. If u(A) > 0 for some A C U, then v(S\ 9(A)) =0, where

9(4) = [ 9(4).

S
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Proof. Let v = j1 14 (a)- Fix p € Radg(u), and let (g,,)3° be as in Definition 1.1l Then for all n,

1 1
—— 51 (B®, Cpllgnl)) > =790 (4)) Zx p 1(A) > 0.
Collare PP Cellenll) = e <
So EZ(p) > 0, and thus by Theorem 5.2 v = % TRady (u) 18 o-finite and absolutely continuous to . So
since v(S \ ¥(A4)) = 0, we have v(S\ ¥4(4)) = 0. O

Let A = U in Claim 53l Since p(U) > 0 by hypothesis, we get v(S\ 4(U)) = 0. On the other hand,
by Theorem [2.4] (or Theorem BAlif k = dem(K)), v(S) > 0, so v(4(U)) > 0, and so by Fact B v(U) > 0.
We now demonstrate (i)-(iii):

(i) Since by assumption v(S\ Radg(u)) = 0, we have v(Rady () NU) > 0, so for some C' > 0, we have
v(Rady(C, p)NU) > 0. In particular, by (5.1, p(Radg(C, p)NU) > 0. Letting A = Radg(C, u)NU
in Claim B3] we get v(S \ 9(Radi(C, ) NU)) = 0. But since the elements of ¥ are conformal,
it follows that Rady(C, ) is ¥-invariant in the sense that ¥ (Radg(C,u) NU) C Radg(C, u). So
v(S \ Rad;(C, u)) = 0. Using (B again, we see that v is finite and absolutely continuous to pu.

(ii) Suppose that p € Rady (i), and let (g,,)$° be as in Definition Il Fix n andlet A = g, 1(H\S) C U.
Since p(gn(A4)) = 0, @I]) shows that p(A) =0, i.e. ANS = &. It follows that g,(SNU) C S, and
then Fact Bl and (a2) yield that (1)) holds with u replaced by v. Since n was arbitrary, we get
p € Rady(v).

(iii) Since v(U) > 0, it is obvious that Radg(v) C Supp(v), so this follows from (ii) together with the

hypothesis that Rady(u) is dense in S.
Step 2: Existence of approximate tangent planes. Let us recall the definition of an approximate

tangent plane:
Definition 5.4 (Cf. [43] Definition 15.17]). Let S be a subset of H, and let p € S satisfy

1
lim sup —k%k (SN B(p,r)) > 0.
rNOo T

A k-dimensional linear subspace Lo < H is called an approximate tangent k-plane for S at p if for all € > 0,

(5.2) }1{‘% Tik%k (S NB(p,r)\ (p + Noproj (Lo, a))) =0.

Here Nproj(Lo, €) denotes the projective e-thickening
Noroj(Lo,€) = {x € 1 : d(x, Lo) < el|x||}.

The existence of approximate tangent planes for a large measure set of points on suitably non—fracta

subsets of H is a combination of some well-known geometric measure theory results:

Lemma 5.5 (Non-fractality implies approximate tangent planes). Suppose that d < co, and let S C H be
a set such that #%(S) < oo, where either k = dimr(S) or k = dem(S). Then the set of points in S which

have an approzimate tangent k-plane has positive % measure.

Proof. The hypothesis implies that #*(m(S)) > 0 for a positive measure set of k-dimensional linear
subspaces V' < H, where my denotes orthogonal projection onto V: if k = dimp(S), then this follows from

12Here we use Mandelbrot’s terminology 41} p.38], in which a set S is called a fractal if and only if dimg (S) > dimp(S).
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[29, §9], and if ¥ = dem(S), then this follows from the proof of Theorem B4l Thus by the Besicovitch—
Federer projection theorem (Theorem below), S is not purely k-unrectifiable (cf. Definition [.TT]
below). The conclusion now follows from [43] Corollary 15.20]. O

Since in our context we get either k = dimr(S) or k = dem(S) by hypothesis, and the o-finiteness of
% 15 was proven in Step 1, we get that the set of points in S which have an approximate tangent k-plane
has positive .#* measure. In particular, there exists a point p € Radg(u) which has an approximate

tangent k-plane.

Step 3: Zooming argument. Let p be as above. Let Lo < H be an approximate tangent k-plane for
S at p, and let (g,)$° be as in Definition Il Then for all € > 0, by (G.2]) we have
o Hku( (P Cpllghl) \ (P + Noroj(Lo, £)) ) — 0.
Now by (a3),

1 (U 9 (b + Noroi(L0.9))) Sx T U\ (P Noros (Lo, €))) 0.

After extracting a subsequence along which this convergence is geometrically fast, we get p(U \ S:) = 0
and thus SNU C 5., where

= U ﬂ ggl(p‘FNproj(LO;E))-

NeENn>N
Now write T},(x) = p + ||¢,||x and h,, = T, ! o g,, € A; then

U ﬂ ha” (Nproj (Lo, ))

NeENn>N

But by (al), |hl,(x)] <x 1 for all x € U, and by ({2), h,(U) C B(0,Cp) for all n. In particular, by the

Arzela—Ascoli theorem, (hy,)$° is a normal family. After extracting a subsequence, let h be the limit. Then

Se © ™! (Nproj (Lo, ),

e>0 e>0

Since the class A is closed under normal limits, we have h € A, which completes the proof.

Remark 5.6. By slightly modifying the above argument, one can show: If y is a finite measure on H,
S = Supp(p), and U C H is an open set, then either SN U is contained in a k-dimensional real-analytic
manifold, or else no point of Rads(u) can have a tangent k-plane for S. Here a k-dimensional linear
subspace Lo < H is called a tangent k-plane for S at p if for all € > 0 there exists » > 0 such that
SNB(p,r) € p+Nproj(Lo,e). In particular, this proves Poincaré’s conjecture [59 Section VIII] mentioned

in the introduction, corresponding to the special case where S is the limit set of a certain Kleinian group.

6. PROOF OF META-RIGIDITY THEOREM . 4l(d = o0, k =1)

An analysis of the argument in Section [f] shows that the finite-dimensionality assumption was only used

in two places:

1. in the use of Lemma 53] (the “key step”) in Step 2, and
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2. in the use of the Arzela—Ascoli theorem in Step 3.

It turns out that when £ = 1, we can find “patches” for these arguments which work in infinite di-
mensions, keeping the overall proof structure of Theorem 4] the same. But when k > 1, a different proof
structure will be needed. However, a substantial portion of this section (namely Theorem [6.3]and Corollary
[6.5) will also be used in the proof of Theorem L 4(d = oo, k > 1).

We begin with a lemma which is the analogue of the first two-thirds of the proof of Lemma

Lemma 6.1. Let S C H be a compact set such that 7 (S) < oo and dimr(S) = 1. Then S contains a

rectifiable curve.

Proof. Since S is a compact set with dimy(S) = 1, there exists a connected component C' C S with at

least two points [25] Theorem 1.4.5]. By [T0, Lemmas 3.5 and 3.7], C is equal to a rectifiable curve. O

Remark 6.2. This lemma is the only place in this section where the assumption £ = 1 is used in a crucial
manner. (This fact will be important in the proof of Theorem [4{d = oo, k > 1).) It is not clear whether
the analogue of Lemma [6.1] for & > 1 holds or not.

Next, we would like to say that every rectifiable curve contains approximate tangent planes, but the
problem is that the usual version of the Lebesgue differentiation theorem does not hold in infinite dimen-
sions. Instead, we need a variant of this theorem, which we state and prove below. When we apply this
theorem to the problem of finding approximate tangent planes to rectifiable curves, it turns out that we
need to replace the limit (5:2)) with the limit taken along a certain sequence 7, N\, 0. The points that we
get do not necessarily have “approximate tangent planes” in the sense of Definition [£5.4] but they are good

enough to make the argument of Step 3 work.

Theorem 6.3 (Lebesgue differentiation theorem for general metric spaces). Let X and Y be separable
metric spaces, let v be a locally finite measure on X, and let f : X — Y be a bounded function. For v-a.e.
p € X, if (Bn)$° is a sequence of sets such that
(I) diam(B,) — 0,
(I1) p € By, for all n, and
(ITT) v(4B,) =« v(By) for all n, where

4B := N (B, 1.5diam(B)),

then
1

(6.1) lim B

/ dy (f(p), f(x)) dv(z) = 0.

Proof. This theorem follows from [30, §§2.8-2.9] but we write out the proof for clarity. For each §,C > 0,
let As be a countable partition of Y such that diam(A) < § for all A € As, and let

Cos = {Bﬂfl(A); BC X, v(4B) < Cv(B), A € As, }

v(B\ f71(4)) = ov(B)
Xes = {x € X :inf{diam(F) :x € E€Ccs} = O}.

Claim 6.4. Fiz p € X and a sequence (By)$° such that (I)-(II1) hold, and let C be the implied constant
of (III). If p ¢ X5 for all 6 > 0, then ([GI)) holds.
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Proof. Fix § > 0. Let A € As be the element which contains f(p). Since p ¢ X¢s, for all sufficiently large
n we have B, N f~1(A) ¢ Cc.s, so
v(B, \ fH(A)) < dv(B,).

In particular

/ dy (F(p). f(x)) dv(z) < / dy (F(p). f(2)) dv(z) + / dy (f(p). f(x)) dv(z)
B,

Bnnf=1(4) Ba\f~1(4)
< 0v(Bn) + diamy (f(X))v(Bn \ f~1(4)) < 6(1 + diamy (f(X)))v(Bn).
Taking the limit as n — oo gives
lim sup L
n—oo V(Bp)
and letting 0 — 0 finishes the proof. <

/ dy (f(p), f(z)) dv(z) < 6(1 + diamy (f(X))),

n

So to complete the proof, it suffices to show that v(X¢c ) = 0 for all §,C > 0.

By contradiction, suppose that v(X¢c ) > 0 for some §,C > 0. Then there exists A € A; such that
v(Xcs N f71(A)) > 0, and by the inner regularity of v, there exists a compact set K C X¢o 5N f~1(A)
such that v(K) > 0. Let U 2 K be an arbitrary open set. Then by the definition of X¢ s,

Cos.a(U):={BCU:v(4B) < Cv(B), BN f Y(A) € Cos}

is a cover of K. So by the 4r-covering lemma (e.g. [44] Theorem 8.1]), there exists a disjoint subcollection
D C Ccs,4(U) such that {4B: B € D} is a cover of K. But then

v(K) < Y vdB) =xc Y v(B) Sxs D v(B\fTH(A) <v(U\ fTH(A) <v(U\ K).
BeD BeD BeD

Since U was arbitrary and v(K) > 0, this contradicts the outer regularity of v. ]
Applying Theorem to our circumstance, we get:
Corollary 6.5. Let X =S and v = u = % |g be as in Theorem [{4, and let Y and f be as in Theorem
[6:3 For p-a.e. p € Radg(p), if (gn)5° is as in Definition [{.1], then
. 1
(62) i oy | v (7(8).760) G =0

n—oo [|gp ||

Proof. Let p € Radg (i) be a point for which

—=k . 1
(6.3) D, (p) = limsup —u(B(p,r)) < o0
™NOo T
by Theorem 5.2 (63) holds for u-a.e. p € Radg(p). Let (g,)3° be as in Definition Bl and let B, =
B(p, Cpllgnll)- Then pu(4Bn) Sx.p llgnll* by @3), but u(Bn) = u(gn(U)) Zxp lgnl* by @2) and @I).
By (b) of Definition 1] diam(B,,) < 2Cp||g,]| — 0, and by construction p € B, for all n. So by Theorem
63 (6.10) holds for the sequence (B,,)$° (assuming p is not in the p-nullset where Theorem [6.3 fails). Since

w(Br) =x p l|lg5]I*, @) finishes the proof. O
We can now prove an analogue of Lemma

Lemma 6.6. Let S and u = 5% |s be as in Theorem with k = 1. Then there exists a positive

oo

pu-measure set of points p € Radg(u) such that if (9,,)5° are as in Definition [{1], then there ezists a



22 TUSHAR DAS, DAVID SIMMONS, AND MARIUSZ URBANSKI

k-dimensional linear subspace Ly < H such that for all € > 0,

(6.49) tim, it (92(U)\ (B + AL ) ) = 0.

n—oo ||gr,|

Proof. By Lemma [G.Il S contains a rectifiable curve C. We recall that this means that there exists a
Lipschitz surjection v : [0,1] — C. By the infinite-dimensional version of Rademacher’s theorem [3]
Theorem 3.5], «y is differentiable Lebesgue-a.e. Let N be the set of points where - is either not differentiable
or has a zero derivative. By the metric change-of-variables formula [3] Theorem 5.1], 5#(y(N)) = 0.

Let f : C — [0,1] be a measurable partial inverse of 7, so that v o f(x) = x for all x € C. Extend
f to S by setting f =2 on S\ C. Let p € CNRadi(w) \ v(N) be a point satisfying the conclusion of
Corollary [65 we claim that p satisfies the conclusion of the lemma. Let (g,)° be as in Definition F1]
Since p € C'\ v(N), ~ is differentiable at ¢ := f(p) and 7/(¢) # 0. Let Lo = Ry (¢).

Fix € > 0, and let § > 0 be small enough so that for all s € [t — d,t + ],

[v(s) =) =~ ()(s = )| < ol @) - |s =1,

where ¢ = 2. Then
Y([t = 0,t +6]) € P + Nproj(Lo, €).

But by (6.2,
lim L‘ku ({xe€gn(U): f(x)¢[t—0,t+6]}) =0,

= [|gy,|

which implies (64)). O

Armed with this lemma, no changes are needed for Step 3 of Section [6] until the last paragraph. Instead
of using the Arzela-Ascoli theorem, we use Liouville’s theorem to extend h, to a Mdbius tansformation
acting on all of H, and then we use the fact that |k),| <, 1 on U to deduce that

hy (P + Nproj (Lo, €)) NU € N (hy, ' (Lo), Ce)

for some large constant C' > 0. So for every n € N, there exists a generalized 1-sphere S, such that
SNU C N(S,,27"). From this it is not hard to see that S N U is contained in a generalized 1-sphere,
since if the sequence (S,,)7° does not converge, then S N U will be contained in a point. (A more detailed

version of this argument is given in Step 5 of the proof of Theorem [£.4(d = oo, k > 1) below.)

7. PSEUDORECTIFIABILITY

We now begin the preliminaries to the proof of infinite-dimensional rigidity, i.e. Theorem B4 d = oo,
k> 1).

7.1. Definition and basic properties of pseudorectifiability. Our main tool in the proof of Theorem
E4(d = oo, k > 1) will be an analogue of Lemma based on the notion of pseudorectifiability, a gener-
alization of rectifiability. Thus, we begin by recalling the definition of rectifiability, and then introducing
the definition of pseudorectifiability:

Definition 7.1. A set R C H is called (k-)rectifiable if there exists a countable family of Lipschitz maps
f; : [0,1]* — H such that

A <R\ G £,([0, 1]’€)> =0.
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Obviously, any k-dimensional C' manifold is rectifiable, and the countable union of rectifiable sets is
rectifiable. For more on rectifiable sets, see [43].

Before defining pseudorectifiability, we need to introduce some notations:

Notation 7.2. For each ¢ € N, let Go(H) denote the set of {-dimensional linear subspaces of H, and let
G(H) = U Ge(H) ={V <H :V is a finite-dimensional vector space}.
=0

For each V € G(H), we let my denote orthogonal projection onto V. Moreover, if L : V — H is any linear
map, then det(L) denotes the metric determinant of L, i.e. det(L) = | detag(¢ o L)|, where ¢ : L(V) =V

is any isometry and detais is the standard (algebraic) determinant.

Definition 7.3. A set R C H such that s |y is o-finite will be called (k-)pseudorectifiable if there exist
a function Tg : R — Gi(#H) and a o-finite measure pup < % 1R such that for every V € G (H) and
ACR,

(1) [ )0 4) W) = [ det (1 Ta() dpn(x).
The function Tk will be called the tangent plane function of R with respect to ug.

Observation 7.4. It follows directly from the definition that any subset of a pseudorectifiable set is
pseudorectifiable, and the countable disjoint union of pseudorectifiable sets is pseudorectifiable. Thus, the

countable union of pseudorectifiable sets is pseudorectifiable.

Essentially, Definition says that a set is said to be pseudorectifiable if the “change-of-variables
theorem” holds for projections onto k-dimensional subspaces, if Tr(x) is interpreted to be the “tangent
plane of R at x”, and upg is interpreted to be an “idealized” version of k-dimensional Hausdorff measure
on R. In fact, this interpretation is what allows us to prove that any rectifiable set is pseudorectifiable, as

we now show:

Proposition 7.5. Any rectifiable set R C H is pseudorectifiable and satisfies pr = % 1r. Moreover, if
f:H — R* is any C' map then the the formula

(72 JHE 00 4 w) = [ det (€)1 o) dien(od

holds for all A C R.

Proof. By Observation [T4] it suffices to consider the case where R = g([0,1]¥) for some Lipschitz map
g : [0,1]* — H. By [3, Theorem 3.5], the derivative g’ exists .#*-a.e., and by [3, Theorem 5.1], the
change-of-variables theorem holds, both for g and for the maps fog (f : H — RF). Let h: R — [0,1]* be
a measurable partial inverse of g, so that goh(y) =y for all y € R. We then define Tg : R — G(H) as

follows:

Tr(y) = g'(h(y))[R"] (y € R).

13In finite dimensions, pp is actually equal to % | i (Propositions[Z-5land [ZI4), but in infinite dimensions only the inequality
pur < % 1R holds (Lemma [Z8); a counterexample to equality is given by Example [AT]ii).



24 TUSHAR DAS, DAVID SIMMONS, AND MARIUSZ URBANSKI
Then for all f: H — R* and A C R,
/# z)NA) dA*(z /# (fog)~'(z) Nh(A)) d#"(z)
-/ e (£ (0 1 B aor () = / et (P800 1 8 GOIR) det (00 1K) dr00

/ Z det (£ (g(x)) 1 & ()[RM]) Lngay (%) A5 (y) = /A det (£'(y) 1 Ta(y)) d*(y),

Xeg—
i.e. (Z2) holds with up = % 1. Since (1)) is just the special case of (.2)) which holds when f is linear,
this completes the proof. O

In finite dimensions, the converse to Proposition holds (Proposition [.T4)), but in infinite dimen-
sions there are pseudorectifiable sets which are not rectifiable (Example [A](ii)). However, we need more
background before we can prove these facts.

The next most important fact about pseudorectifiability is the essential uniqueness of the tangent plane

function.

Lemma 7.6. If R is a pseudorectifiable set, then the measure pr and the tangent plane function Tr are
unique in the sense that if (u1,Th) and (u2,T2) are two different pairs that both satify (1)), then p1 = ug
and py (T # Tz) = 0.

More generally, let u1, po be two o-finite measures on a measurable space X, and let Ty, To : X — Gi.(H)
be measurable functions. If for all V € Gi(H) and A C X

(7.3) /Adet (v 1 Th(x)) dp(z) = /Adet (mv 1 Ta(x)) dpa(z),
then py = po and py (Th # T2) = 0

Proof. Tf (p1,T1) and (u2,Ts) are two different pairs that both satify (ZI]), then two applications of ()
yield ([Z3). So for the remainder of the proof, we just assume that (Z3]) holds.
Let p = p1 + po. Then for all V' € G (H) and for p-ae. z € X,

(7.4) o (z) det (my 1 Ti(z)) = az(xz)det (7 1 Ta(z)),
where aq, as : X — [0, 1] are Radon—Nikodym derivatives of 1, ua with respect to p satisfying oy +ag = 1.

Let Q be a countable dense subset of G, (H), and fix © € X such that (Z4) holds for all V' € Q. Then by
continuity, () holds for all V' € Gi(H). Plugging in V = Ty (z) yields

(7.5) a1(z) = az(z) det (17, () 1 To(2)) < az(@);

similarly, plugging in V' = Ty(z) yields as(z) < ay(z), so a1(z) = as(z) = 1/2. Since equality holds in
[C3), we must have Ty (z) = Ta(x). O

Remark 7.7. It follows from Lemma [T.6] that if (u1,71) and (uz2,T2) are any pairs that satisfy (TI) on
a dense subset of Gy (#H), then p1 = pg and pi(Ty # Tz) = 0. Indeed, if (7)) holds on a dense subset,
then so does (Z3]), but the equation (T3] (unlike (1)) is continuous with respect to V, so it must hold

everywhere.
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The next result shows that when we are proving that a set R C H is pseudorectifiable, we don’t need
to check the absolute continuity ur < #* 1 which appears in Definition [[Z3l However, we note that the
reverse direction % | r< pug does need to be checked, since there are sets which would be pseudorectifiable
except for that condition (Example [ALiii)).

Lemma 7.8. Let R C H be a set, and suppose that (T1)) holds for some pair (ur,Tr). Then up < % 1g.

Proof. For each V € G(H), Fact 5. implies that for all A C R,
[ det (mv 1 Tro0)dunl) = [ ! (v) 01 4) ¥ () < M)

Let v be the absolutely continuous component of 7% |z with respect to ug. Then

dv
(7.6) d—(X) > det (my 1 Tr(x))

KR
for pp-a.e. x € R. Now fix x € R such that (Z.6) holds for a dense set of V' € G, (), and hence for all V.
Letting V = Tr(x) gives d‘ib—l;%(x) > 1. Thus pg < v < % |g. O

The next lemma is the main invariance property of pseudorectifiability. It is important for the proof of
Theorem [4.4d = oo, k > 1), since it implies the equivariance of the tangent plane function, allowing us to

generalize the “zooming argument” of Section
Lemma 7.9. Let Hy,Ho be separable Hilbert spaces, let R1 C Hi be a pseudorectifiable set, and let
L:Hy — Hs be a bounded linear transformation. Let Re = L[Ry].

(i) Suppose that Ra is pseudorectifiable. Then if T; : R; — Gi.(H;) are tangent plane functions with

respect to the measures u; (i =1,2), then

(7.7) / H(L(y) N A) dps(y) = /A det(L 1 Ty(x)) dus (x) for all AC Ry;

(7.8) Ty(L(x)) = LTy (x)] for p-a.e. x € Ry such that det(L | T} (x)) > 0.
(i) If

(7.9) det (L 1 Ty(x)) > 0 for py-ae. x € Ry

(e.g. if L is invertible), then Rs is pseudorectifiable (and in particular part (i) applies).

Remark. If the assumption (T3] is omitted then (ii) is false; see Example [AJ)iii,v). However, this
assumption can be replaced by the assumption that dim(Hsz) < oo; this will follow from Claim [Z.I8 below.

Before we begin the proof, we note that combining (ZI]) with the ordinary change-of-variables formula
for Lebesgue measure yields that if R C H is a pseudorectifiable set and if 7 : H — V is a linear map to a
k-dimensional Euclidean space V', then

[ #0004 4 5) = [ det (51 Ta) dun().

In particular, the case m = my o L will occur twice in the proof below.
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Proof of Lemma[T9(i). Let
fin(4) = /da(1 1 (x)) dpn (), Ti(x) = LITL ()]
A= [ #1304 dua), To(x) = To(L(x).
Then for all V € Gy(Hsz) and A C Ry,
/A det (my 1 Ti(x)) dfia (x) = /A det (my o L1 Ti(x)) dpi (%)

:/#((WVOL)_()QA)d%”k / Z #(L~(y) N A) dr(2)

yen, ' (z)
= [ det (v 1 7o) #(L 7 (3) 0 Al = Ammm<»wx>

So by Lemma [.6] j1; = fio and ji; (Tvl * TVQ) = 0. These assertions are encoded respectively in (7)) and

@3). O

Proof of Lemma[7.9(ii). This proof is similar to the proof of Proposition Let g : Ry — Ry be a
measurable partial inverse of L, so that Lo g(y) =y for all y € Ry. We then define ps and Ty as follows:

p2(A) = /(A) det (L1 T1(x)) dui(x) (A C Ry), Tr(y) = L[T1(g(y))] (v € Ra).
Then for all V € G (H2) and A C Ry,
/# z)NA) A (z /# (my o L)~ !(z) Ng(A)) A" (z)

- / det (my o L 1 T3 (x)) dyan (x) = / det (my 1 LITy(x)]) det (L 1 T (x)) dps ()
g(A) g(A)

/’Z<MW LIT00)) Ly () daly) = [ det (v 1 72(3)) da(y),

xeL— A
(1) holds. Now if A is any countable partition of H; such that pq(A4) < oo for all A € A, then
g !(A) is a countable partition of Hy such that uz(A) < oo for all A € g=*(A). Thus us is o-finite.
By Lemma [T8] py < #* |g,. To show that J#% |z, < po, fix A C Ry such that ##%(A) > 0. By Fact
Bl % (g(A)) > 0, so since 1 < 7 1r,, we get u1(g(A)) > 0. By (T9), this implies that us(A) > 0. O

Remark 7.10. Fix S C H such that #* |5 is o-finite. By Observation[7.4] there exists a pseudorectifiable
set R C S which s#*-almost contains any other pseudorectifiable subset of S. It is sometimes convenient

to define the extended tangent plane function Ts : S — Gi(H) := Gi(H) U {oo} via the formula

Ts(x) = flx) XES\R-

Then if L : H; — Hs is an invertible bounded linear map between Hilbert spaces, S; C Hi, and Se = L[],
it follows from Lemma [7.9] that

Ts,(L(x)) = L[Ts, (x)] for #*-a.e. x € Sy,
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where by convention L(co) = co.

7.2. Pseudorectifiability and pseudounrectifiability. The counterpart to the classical notion of rec-

tifiability is pure unrectifiability, defined as follows:
Definition 7.11. A set U C H is called purely (k-)unrectifiable if for every k-rectifiable set R C H,
HAH(RNU) =0.
It is easy to prove directly from the definitions that

Proposition 7.12 ([43, Theorem 15.6]). Every set S C H such that % 15 is o-finite can be written as
the disjoint union of a rectifiable set Rs and a purely unrectifiable set Us. This decomposition is unique
up to HA*-nullset.

The sets Rg and Ug in Proposition [Z.12] are called the rectifiable part and purely unrectifiable part of .S,
respectively.
The main theorem we will need regarding purely unrectifiable sets is the Besicovitch—Federer projection

theorem:

Theorem 7.13 (ﬁ’), Theorem 18.1]). Suppose d < oo, and let U C H be a purely unrectifiable such that
R ARIIEY o-ﬁnite Then for Lebesgue-a.e. V € Gi(U),

A (my (U)) = 0.

Using this theorem, we can give a short proof of a result mentioned above, namely that in finite dimen-

sions, pseudorectifiability is equivalent to rectifiability:
Proposition 7.14. Every pseudorectifiable subset of a finite-dimensional vector space is rectifiable.

Proof. By Proposition[7.12] it suffices to show that any pseudorectifiable purely unrectifiable set in a finite-
dimensional vector space has % measure zero. Indeed, suppose R C H is such a set; then by Theorem
I3} (1), —, holds for Lebesgue-a.e. V € Gp(H). By Remark [T7) this is sufficient to conclude that
pur = 0. Since pur < H#* 1R, it follows that s#*(R) = 0. d

We now turn to the definition of pseudounrectifiabilty. Rather than mimicking Definition [Z.11] and
defining pseudounrectifiability in terms of pseudorectifiability, it turns out to be more fruitful to give an
independent definition of pseudounrectifiability, and then to prove the analogue of Proposition [7.12] as the

limit of its finite-dimensional version.

Definition 7.15. A set U C H will be called purely (k-)pseudounrectifiable if it can be written in the form
U = ,, Un, where for each n there exists V,, € G(H) such that for all V' € G(H) with V' > V;,, the set
my (Up) is purely k-unrectifiable.

The following lemma demonstrates the “orthogonality” of the notions of pseudorectifiability and pure

pseudounrectifiability, which followed directly from the definition in the classical setup:

M Although [43, Theorem 18.1] is stated for the case #%(U) < oo, the generalization to the case where % {1 is o-finite is
trivial.
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Lemma 7.16. The intersection of a pseudorectifiable set and a purely pseudounrectifiable set is an H*-

nullset.

Proof. By contradiction suppose that R is a pseudorectifiable set and that U is a purely pseudounrectifiable
set such that ##*(RNU) > 0. Let U, and V,, be as in Definition [[.I5 then s#*(R N U,) > 0 for some
n. Let A= RNU,; then for all V € G(H) with V > V,,, my(A) is purely unrectifiable. It follows from
Theorem [7.13] that for a dense set of V € G (H), 5% (mv(A)) = 0. So by (T.I)), we have

(7.10) / det (my 1 Tr(x)) dur(x) =0

A
for a dense set of V' € Gi(H). By continuity, (CI0) holds for all V € Gi(H), and then by Lemma [7.6]
pr(A) = 0. But since s#%(A) > 0, this contradicts that ug =< H#* |g. O

We are now ready to prove an analogue of Proposition [[.12] for the notions of pseudorectifiability and

pseudounrectifability:

Proposition 7.17. Let S C H be a set such that % 1g is o-finite. Then there exists a pseudorectifiable
set R C S such that S\ R is purely pseudounrectifiable. Moreover, this set R is unique up to an €% -nullset.

Proof. The uniqueness assertion follows immediately from Lemma [[.T6] so let us demonstrate existence.
It follows from Definition [Z.I5] that there exists a purely pseudounrectifiable set U C S which .#*-almost
contains every other purely pseudounrectifiable set. To complete the proof, we just need to show that

R = S\ U is purely pseudorectifiable. We begin with the following:
Claim 7.18. For every V € G(H), mv(R) is rectifiable.

Proof. Fix V € G(H), and let Uy be the purely unrectifiable part of 7wy (R) (cf. Proposition [[.12); we aim
to show that J#%(Uy) = 0. Without loss of generality, we can assume that my (% 1g) 1v, < %, as
otherwise we can achieve this by decreasing Uy by an s#%-nullset.

We claim that the set Ug := m;' (Uy) N R is purely pseudounrectifiable. Indeed, fix W € G(H) such
that W >V, and let A C 7w (Ug) be a rectifiable set. Then 7y (A) is a rectifiable subset of the purely
unrectifiable set Uy, so 7% (m,(A)) = 0, and thus by our absolute continuity assumption,

0= 7% g omy (wv(A)) = A (x7 (7 (A) N B) > A% (31 (A) O R).

So by Fact 51}, 7% (A) = A% (mw (7 (A)NR)) = 0. Since A was arbitrary, 7w (Ug) is purely unrectifiable,
and since W >V was arbitrary, Ug is purely pseudounrectifiable.

By the definitions of of U and R, we get 2#*(Ug) = 0, so by Fact 5.1 s#*(Uy) = 5% (my(Ugr)) = 0,
i.e. my(R) is rectifiable.

Remark 7.19. By Lemma [Z.16] the result of Claim [Z.I8 holds for every pseudorectifiable set R C H.

Let (V,,)$° be an increasing sequence in G(H) whose union is dense in H, and for each n write 7, = my;,
and R,, = m,(R). By Proposition [[5] we may let T, : R, — Gi(V,,) be the tangent plane function with

respect to the measure p,, = #% |, . For each n let

Pa(4) = [ #(r,15) 1 4) dinly) (AC B, T(x) = Tu(ma(x)) (x € R).
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Then for all A C R and n < m,

i (4) = / H(my " (2) N A) dun(2) = / S #(m (v) N A)dun(2)

yem, ' (2)

- / det (7 1 Ton(y) #(m (v) 0 A)dpim (y) (by Lemma [Z3)

- / det (1 Ton(x)) iy, ().
A
Writing this in the notation of Radon—Nikodym derivatives yields
dn,
dn,,

In particular, @, < @, for all n < m, i.e. (G,)$° is an increasing sequence. On the other hand, Fact BT

(7.11)

(x) = det (7, | T (x)) -

automatically implies that 77,y < #* 1g. It follows that the measure

p= lim 7,

n—oo

is finite and satisfies u < A5 1R,
Define the function T': R — Gi(#) by the formula

T(x) = lim T,(x).

n—roo

Claim 7.20. T is well-defined p-a.e., and for each n, 7,[T(x)] = Tpn(x) for p-a.e. x € R such that
det (m, 1 T'(x)) > 0.

Proof. For u-a.e. x € R, we have

(x) = lim lim det (m, | Th(x))

du n—roo m—o0 dfi,,, N—00 M—00

and thus there exist infinitely many n such that
(7.12) cn(x) = "}E)nm det (mn, 1 Thn(x)) > 0.

Moreover, by Lemma [79] for each n and for fi,,-a.e. x € R,

(7.13) T [Te(x)] = Tn(x) for all n < m < £.
It follows that for p-a.e. x € R, there exists n such that both (12 and (I3]) hold. Fix such an x. Then

_det (wn 1T, (x)) cn (%)

= Gt (0 1 T(x)) trmoee calx)

det (WTM(X) 1To(x)) = det (mm 1 Te(x))

It then follows from an elementary geometric calculation that (T',,(x))$° is a Cauchy sequence, i.e. T(x)

is well-defined. Moreover, taking the limit of (ZI3) as ¢ — oo shows that m,[T(x)] = T, (x) for all
m > n. By Lemma [0 this implies that 7,/ [T'(x)] = Ty (x) for all n’ < m and for y-a.e. x € R such that
det (wn/ 1 T(x)) > 0. Since m was arbitrary, this equality holds for all n’, which completes the proof. <

Now we want to show that T is a tangent plane function of R with respect to p. Taking the limit of
(T11)) as m — oo gives us
dn,,

i (x) = det (wn 1 T(x))7
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i.e. the change-of-variables formula holds for the projections m,. The equation 7, [T(x)] = T, (x) then
allows us to verify that (ZI]) holds for all V' € {J,, Gx(Vn).

Fix W € Gr(H), and for each n let I~/n = W + V,,. Then the above argument yields a measure g and a
function T : R — Gy (H) such that (ZI)) holds for all V € U., Gr(Vn). By Remark[Z7, fi = pand T = T.
But since W € G(Vp), (1) holds when we plug in V = W. Since W was arbitrary, (Z.1) holds for all
Ve g(H).

To finish the proof, we just need to show that p =< #* 1g. We already know that u < % |, so it
remains to show that s#* {gp< p. Fix A C R such that pu(A) = 0. Then by (T1)), 5% (my(A)) = 0 for
all V e G(H). It follows that A is purely unpseudorectifiable, so from the definitions of U and R we have
HF(A) = 0. O

7.3. Pseudorectifiability and topological dimension. We now prove the main result of this section,

an infinite-dimensional analogue of Lemma regarding pseudorectifiability.

Proposition 7.21. Let S C H be a compact set, and suppose that #*(S) < oo, where k = dimr(S).
Then S 1is not purely pseudounrectifiable. In particular, by Proposition[7.17, S contains a pseudorectifiable

subset of positive % measure.

Proof. We use the following characterization of topological dimension (cf. [54, Corollary of Theorem II.8]
or [25] Theorem 1.7.9]): dimp(S) > k if and only if there exist closed sets Fi,..., Fr C S and relatively
open sets Uy, ...,U;r C S such that:

(i) F; CU; for all 4,
(ii) If Wy,..., Wy C S are relatively open sets such that F; C W; C U; Vi, then ﬂle OW,; # &, where
OW; denotes the boundary of W;.

For each i =1,...,k let F/ =S\ U;, and let
k
31 = mind(F;, F}) > 0.

Since S is compact, there exists a finite set A C S such that S C N(A,e1). Let Vo € G(H) be the linear
span of A, and let my = my,. Then

(7.14) [[mo(x) — x|| <&y forall x € S.
For each i = 1,...,k let F; = mo(F;) and F] = mo(F)); then by (T14)
d(F;, F]) > d(F;, F]) — 2e1, > 1 > 0.
So by the smooth version of Urysohn’s lemma, there exists a smooth function f; : V5 — R such that f; = —1
on F; and fizlonE’. Let f = (f1,...,fr): Vo — R~
Claim 7.22 (Cf. [54] Proof of Theorem IIL.1]). Ifg:S — R¥ is a continuous function satisfying
(7.15) max If oo — gl < 1/2,

then
[—1/2,1/2]" C g(8).
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Proof. Giveny € [—1/2,1/2]k foreachi = 1,...,k define W; = {x € S : gi(x) < y;}. The condition (7.I5])
implies that F; C W; C U;, so we have ﬂle OW; # &. After choosing x € ﬂle OW;, we have x € S and
g(x)=y,s0y € g(S). <

Now fix V € G(H) with V' > Vp, and let Ry and Uy be the rectifiable and purely unrectifiable parts of
7y (S), respectively (cf. Proposition [[12). Let M = maxxes ||x|| and g2 = 1/(2M), and let

S={AcL(V,R"): ||A|| < ea}.
Claim 7.23. There exists A € S such that
(7.16) A ((fomo + A)(Uy)) =0.

Proof. Since pure unrectifiability is preserved under bi-Lipschitz maps, the set

_ f
lﬁiom@b@ﬂ—l Tl wy)cRFeV

Iy

is purely unrectifiable. Moreover, for all A € L(V,R¥),
(fomo+A)(Uv)=| I A |@) CR:

Thus by Theorem [T.13] (Z.I6) holds for Lebesgue-a.e. A € L(V,R¥), so in particular (Z.I6) holds for some
AcS. <

Let A € S be as in the claim, and let g = fomg + A : V — RE. Then by Claim [[.22 g o 7y (S) 2
[-1/2,1/2]%, so

H*(Ry) Zx A% (g(Ry)) = A (gomv(S)) > s7([-1/2,1/2)%) =« 1,
where the first asymptotic comes from the fact that
max ||g'|| < max ||f']| + 2 S« 1.
S o (S)

So
23 := inf #*(Ry) > 0.
VeG(H)
V>V,
By contradiction, suppose that S is purely pseudounrectifiable, and let U,, and V,, be as in Definition
By choosing N large enough, we get %k(UnSN Up) > #%(S) — 3. Letting V = Vp + Ziv V,, and

A= Wv(UngN U,), we have
%k(AﬁRv) > f%ﬁk(Rv) - jfk(ﬂ'v(S) \A) >2e3—e3 >0,
contradicting Definitions [[.TT] and O

Remark. In the last step of this proof we used the hypothesis .7#*(S) < oo in a crucial way, namely to
guarantee the existence of N such that %k(UnSN Uyn) = A#(S) —es.

7.4. More invariance properties of pseudorectifiability. In the proof of TheoremL4(d = oo, k > 1),
we will need the class of pseudorectifiable sets to be closed under certain operations more general than
just images under linear maps (i.e. Lemmal[79)): specifically, we need to be able to do a cone construction,

and we need to be able to say something about subsets of the graph of a differentiable function. Note that
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more general properties such as the closure of pseudorectifiability under general differentiable maps, while

not entirely implausible, seem to be difficult to prove.

Lemma 7.24. Let L CH be an affine subspace such that 0 ¢ L, let Ry C L, and let Ro = RRy. Then Rs
is (k + 1)-pseudorectifiable if and only if Ry is k-pseudorectifiable. Moreover, in this case

pz(A) = /Ml(A) det (M'(x,t) 1 T1(x) D R) d(p1 x A)(x, 1),
Tr(tx) = Rx + T1(x),

where M (x,t) = tx. Here A denotes Lebesque measure on R.

Proof. First suppose that R; is k-pseudorectifiable. Fix V' € Gp11(H). By Claim [[I8, Rz = 7y (Ry) is
k-rectifiable. It follows that Ry = R3 x R is (k + 1)-rectifiable and Ty(z,t) = T3(z) ® R. Fix A C Ry. Then

/ #(ni (y) N A) Ao (y)

= / Y. #(Hry (@) N RN A) A () (since R, C L)
(2 EM1(y)
— /det (M'(z,t) 1 Tu(z, t)) #(t(ny, " (z) N Ry) N A) A% (z,1) (by ([2))

- //det (tI ® 21 T5(z) ©R)#(my ' (2) N (7 AN Ry)) A" (z) dA()
- //t*lAmR det (tI © 7wy (x) | T3(mv (x)) @ R) det (my 1 Th(x)) dpa (x) dA(2)
= // det (twv ® 7y (x) ] Ti(x) B |R) dpey (x) dA(t)
t—1ANR;
- / /H oy, 68 (v 1 T1() o+ Rax) det (1 @ x 1 Ta(x) © K) dpn (x) dA(?)

= / det (my 1 To(w)) dpa(w).
A

It is clear that yuo is o-finite, and by Lemma [T8, us < 2%+ 1x,. An elementary covering argument (cf.
[27, Product formula 7.3]) shows that J#%+! 1z, g < % 1g, xA. Since M is locally Lipschitz, Fact B.1]
shows that J#*! |, < M(py x ). Finally, since Ry C L, the determinant det (M’ (x,t) | Ti(x) ® R) is
always nonzero, so #*T1 g, < 2, completing the proof that Ry is (k + 1)-pseudorectifiable.

On the other hand, suppose that R; is not k-pseudorectifiable. Then by Proposition [[.I7, there exist
U C Ry and Vi € G(H) such that #%(U;) > 0 and such that for all V' > Vi, my(U;) is purely k-
unrectifiable. Let Uy = RUy, and fix V' > V. By Theorem [.13] we have #* (my (U;)) = 0 for Lebesgue-
ae. W € Gp(V). Since mw(Uz) = Rrw (U1) and %1 < M(#% x ) as proven above, we have
AP (1w (Us)) = 0 for Lebesgue-a.e. W € Gi(V). Thus 7y (Us) is purely (k + 1)-unrectifiable, and since
V was arbitrary, Uy is purely (k + 1)-pseudounrectifiable. On the other hand, an elementary covering
argument based on weighted Hausdorff measures shows that s#%*1(Uy) > 0 (cf. [43] Lemma 8.16]). Thus,
by Lemma R; is not (k + 1)-pseudorectifiable. O
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Lemma 7.25. Let f: H — R be a differentiable function, let F(x) = (x, f(x)) € H® R, fir R1 CH, and
let Ro = F(R1) CH®R. Then if R is pseudorectifiable, then Ry is pseudorectifiable, and

)= [ et (160 11) dn ), Ty(F(x)) = F'(x) T3 ().

Here det (F’(x) 1 ’H) is interpreted in the obvious way, i.e.
det (F'(x) 1 H) =1+ f(x)]>

Remark 7.26. It seems difficult to prove the converse (that if Ry is pseudorectifiable, then so is Ra).
Fortunately, it is not necessary for the proof of Theorem 4(d = oo, k > 1).

Proof. Fix V € G,(H ®R) and A C Ry. Then
/ det (my 1 T2(x)) dpz(x) = /#((Wv o F)~!(y) N A) dA#™(y) (by @1))
F(A)
< / det ((my o F)'(x)) do#%(x) (see below)
A

- /A det (my 1 F(x)[H]) det (F'(x) 1 H) dA* ().

To justify the inequality, let A be a partition of A into small pieces, and for each B € A, apply Fact Bl
to the map Lp omy o F, where L : V — R¥ is a linear map chosen so that Lp o my o F' is A-Lipschitz
on B for some A ~ 1, but det(Lg) ~ 1/det ((my o F)'(x)) for all x € B. (For example, we could let
Lp = [(my o F)(x)]7! for any x € B.)

Let v1 = 74 (pt2). Then we can write the above inequality in terms of Radon—Nikodym derivatives as
d" 1k
TI(X)
for v1-a.e. x € Ry. Note that the Radon-Nikodym derivative is well-defined since by FactB.1l, 7% 1 R K V1.
Since (Z.I7) is continuous with respect to V, for vq-a.e. x € Ry, it holds for all V' € Gi(£). Fix such an
x. Then for all V € Gy (L) such that det (my | F'(x)[H]) =0, we have det (my | To(F(x))) = 0. It follows
that To(F(x)) C F'(x)[H].

In particular, det (73 1 T2(x)) > 0 for ps-a.e. x € Rs. So by Lemma [T.9], Ry is pseudorectifiable and

(7.17) det (my 1 To(F(x))) < det (my 1 F'(x)[H]) det (F'(x) 1 H)

satisfies
i (A) = / det (s 1 Ta(x)) dua(x), Ti(x) = mn[To(F(x))].
F(A)

Since Tz(F(x)) C F'(x)[H], we must have To(F(x)) = F'(x)[T1(x)]. O

8. PROOF OF META-RIGIDITY THEOREM A.4l(d = oo, k > 1)

We just need a few more preliminaries before we can begin the proof. Since pseudorectifiability is defined
in terms of linear maps, it is not obvious what its equivariance properties are with respect to arbitrary
conformal maps. We resolve this issue by conjugating our set S into the projective model of conformal
geometry. Since conformal maps are linear after conjugation to the projective model, this will allow us to

use the tools of the previous section.
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We therefore recall the definition of the projective model of conformal geometry, see e.g. [2, [36]. Let £
be a Hilbert space and let Q be a nondegenerate quadratic form on £ of signature 1. For concreteness, we
let £ =R?® #, and we define the quadratic form Q by the formula

Qto, t1,%) = 2tots + |[x|*.
Let [£] denote projective space over L, and for each y € £\ {0}, let [y] denote the corresponding point
in projective space, so that [y] = [ty] for all ¢ € R\ {0}. Let Lg = {x € L : Q(x) = 0}. Then [Lg] is a
conformal manifold isomorphic to H Concretely, let
Ux) = (1, —[x[?/2,%) (x € H).
Then the map ¢ : H — [Lg] defined by the equation

W] xAoo
[(0,1,0)] x=00

is a conformal isomorphism between #H and [Lo]. The fact that ¢ conjugates conformal maps to linear

maps is expressed by the following well-known result:

Proposition 8.1 (Cf. [36, Theorem 1.3.14] or [2, §1.1]). For every Mdbius transformation g : H — H,

there exists a Q-preserving bounded invertible linear transformation gproj : L — L such that for all x € 'g,

?(9(x)) = [gproj] (P(x))-

The transformation gproj s unique up to a factor of —1.

Although the cited references assume that d < oo, there is no essential difference to the case d = oo; cf.
21] §2].
We are now ready to begin the proof of Theorem [ 4(d = oo, k > 1).

Step 1: Without loss of generality, i = 7% |g. This step proceeds in the same way as in the proof
of Theorem 4(d < 00).

Step 2: Comparing the extended tangent plane functions in the two models. Let
Seue =S CH, Spara = t(S) C {1} x R x H, Sproj = RSpara € L,

and let Teye : Seue — ék ("), Tpara : Spara — ék(ﬁ), and Tproj @ Sproj — §k+1(£) denote the extended
tangent plane functions (cf. Remark [I0). Let proue = pu = % 1s..., Hpara = HF 1Sparas a0 flproj =
SR 1Spro;- Then fieuc, fpara, and piproj are o-finite and satisfy ¢(jteuc) =< fparas Mproj < M (fipara X A),
where M is as in Lemma [Z.24] and )\ is Lebesgue measure. By Lemmas and [Z.25]

(s.1) Theoj(t2) = Tyaea(2) + B2 (2 € Spara, £ € RY),
(8.2) Tpara(L(x)) = 00 or /(%) [Teuc(x)] (x € H),
with the understanding in (81]) that Tpr0j(tz) = 00 if Tpara(z) = 00. The ambiguity in Thara(t(x)) comes

from the fact that we don’t have a converse to Lemma [[.25] so it may happen that Tpaa(t(x)) = oo

1576 be precise, we should give the conformal structure on [Lg]: for each function v : Lg — (0, 00) such that a(tx) = |t|a(x),
Q Q

the Riemannian metric gx(y) = a~2(x)Q(y) on Lg is invariant under scaling, and so it induces a Riemannian metric on

[Lo]; the conformal structure on [Lg] is the class of such metrics.
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while Teue(x) # oo. The solution is to apply Proposition [[2T] to Spara instead of to Seye, so we get

tpara(Tpara 7 00) > 0. For convenience of notation, let

T (x) = Teue(x) Tpara(b(x)) # 00
e 00 otherwise 7

so that we can write
(8.3) Toara(t(x)) = LI(X) [TeuC(x)] (x€H)

and fouc(Touc(x) # 00) > 0.
Step 3. A limit equation for Tuu.. Apply Corollary B3] to the function f = Towe : S — Y = Gk (H)
to get a point p € Rady(u) such that if (g,)5° is as in Definition {.I] then

1 ~
/ - dg (Teu(:(x)v LO) du(x) =0,
gn U

n—oo || g ||¥

where Lo = Tee(p) # 00. Then by @),

lim . dg (Teue(gn(x)), Lo) du(x) = 0.

n—roo

Passing to a subsequence along which the convergence is at least geometrically fast and using Markov’s

inequality, we get
(8.4) lim Teuc(gn(x)) = Lg for p-a.e. x € SNU.

We now rewrite ([8.4]) using equivariance of the extended tangent plane function. For each n, let gb™J :
L — L be as in Proposition 81l Then by Lemma [[.9]

gh TR (x)] = TR (95" (2)) for piproj-a-e. 2 € Sproj N Uproj,
where Uproj = Re(U). So by (1) and (83,

(8.5) G (%) [Teuc(x)] = Teuc(gn(x)) for p-a.e. x € SNU and for all n.

Fix x € SN U such that both (84 and (83) hold. Since g, is conformal, g/, (x) is a similarity, so

dg (Tcuc (x), g;z (X)_l(LO)) =dg (g;(x) [TCHC(X)L LO) =dg (Tcuc (gn(x)), LO) 7 0.

Letting
Ly (x) = g, (%)~ (Lo),
we have
(8.6) dg(L8"¢(x), Touc(x)) — 0 for p-a.e. x € SNU.

In particular, Teuc(x) # oo for p-a.e. x € SNU.
Step 4: Extracting a convergent subsequence. To continue the proof, we switch back to the
projective model. Let
Vo=(0) xRx Lo CL,
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and for each n let

(8.7) Vi = (gP7) Vg, LP)(z) = Rz + V,, Nz,

Here z+ denotes the Q-orthogonal complement of z. It is readily verified that
LR®(u(x)) = ¢ (x)[LE(x)] + Ru(x) Vx € K,

so by (B1]) and (B3], the pointwise convergence [8.6) implies that LE™¥(z) — Tproj(z) for pproj-ae. z €
Uproj- Equivalently,
dg(Tproj(2), Rz + V,, Nz") — 0 V¥9°iz € Sproj M Uprog.
Let
dc(V,W) =inf{e > 0: V C Npwoj(W, )}

Then we may weaken our state of knowledge as follows:

(
(

(We will use the equation number (8]) to refer to both lines of this formula, while (8] refers only to the

second line.)

8.8) X € G(L) WHrroiz € Uppoj \ X
89) dg (Tproj (Z)7 Rz + Vn) — 0.

The idea now is that if (V,)$° is not a Cauchy sequence, then we should be able to find another sequence
(V)$° satisfying (BS)), but with smaller dimension. The new sequence will be constructed as a sequence

of “almost-intersections” of members of the old sequence. Specifically, we will use the following lemma:

Lemma 8.2. Fize € (0,1) and V1,V2 € G(L). There exists V € G(L) with dc(V,V;) < e such that for all
weE L,
d(w,V) < (3/¢) maxd(w, V).

The set V' will be called an e-intersection of Vi and V,. Of course, it is not unique.

Proof. Let m; = my, (i = 1,2), and consider the positive-definite quadratic form R(v) = ||v||? —||ma(V)||* =

|[v —m2(v)||? on V4. Choose an orthonormal basis fi, ..., f, of V; with respect to which R is diagonal, say
n n
R (Z ’Uifi> = Zciv?
i=1 i=1
for some ¢y, ..., c, € [0,1]. Without loss of generality suppose that ¢; < --- < ¢ < €2 < epy1 < -+ < cp.

(The cases m = 0 and m = n are allowed.) Let V = > "Rf; < Vj. Then for all v € V, ||[v — ma(v)||* =
R(v) < &2||v]|?, so ||[v — ma(v)|| < ¢||v|. Thus dc(V,Vs) < e.
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Now fix w € £, and let v; = m;(w) (i = 1,2) and § = max?_, d(w,V;). Then

[w —vil| <6

[vi = ma(v)| < [[vi —val <26

16° 2 [[vi = m(vi)|* = R(vi) = ) ewi;
i=1

> e? Z v}, =e%d* (v, V)
1=m-+1
d(vy,V) < 26/e

dw,V)<26/e 4+ <3d/e. O

Claim 8.3. Let ( n(l))‘fo and ( 752))?0 be two sequences of bounded dimension satisfying (B)). Fiz e > 0,
and for each n let V,, be an e-intersection of Vn(l) and V7§2). Then the sequence (V,,)7° satisfies (B8).

Proof. Fix z € Upyoj such that [83),, _, ) holds, and without loss of generality suppose ||z| = 1. For each
n € N let

B = miax de (Tyuoj(2), Ra + V)

so that d,, = 0. Fix n € N and v € Tpy0;(z), and for i = 1,2 find a; € R and v; € V,gi) such that
[v = (aiz +vi)|| < dnllv].

Subtracting gives
[(a2 — a1)z + (v2 — v1)|| < 26, v||

and thus
s < — 2lvl
T dz, VY + V)

Since
d(v1,V?) < d((a2 — a1)z + va, V,P) 4 20, [|v]| < |az — a1 + 26,V
by Lemma B2 we get

Sn[ v

d(vi, Vo) < (3/e)(laz — a1| + 25, v]]) S
* Az, vV +v?)

and thus
nllv]

d(v,Rz + V) < [[v = (a2 + v1)[| +d(v1,V,) S
d(z, ViV + Vi)

~ X

Since v was arbitrary,
On

d(z, ViV + Vi)
so (B3] holds for all z € Upyj which satisfy both (IEQI)V _y and

dc (TprOj(z)v Rz + V,,) Sx

(8.10) liminf d(z, V(Y + V&) > 0.

n— o0
Now let
W= {z el dz vV +v®) - o} .

n
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Evidently, W is a vector space of dimension at most 2¢, where ¢ is the maximum dimension of the vector
spaces V" (n € N, i=1,2). But if there exists any z € £\ W such that (8I0) fails, then by passing to
a subsequence we may add z to W, thus increasing its dimension; thus by passing to a subsequence which
maximizes dim(W), we guarantee (8I0) for all z € £\ W. Letting X; be as in mw:vﬁ’ we get (89)
for pproj-a.e. z € Uproj \ (W + X1 + X3), i.e. (88) holds. a

Now let £ be the smallest number such that there exists a sequence (V,)$° of ¢-dimensional subspaces

which satisfies ([8.8]), and let (V},)$° be such a sequence.
Claim 8.4. (V,,)5° is a Cauchy sequence.

Proof. Suppose not; then there exist € > 0 and sequences n;, m; — oo such that for all j, dg(V,,, Vin,) > 3e.
Write Wj(l) = Wh, and Wj(2) = W, and let W; be an e-intersection of Wj(l) and WJ@). Then by Claim
R3] the sequence (W;)7° satisfies (88). But then the minimality of ¢ implies that dim(W;) = ¢ for all
sufficiently large j. For such 7,

dg(Vay, Vi) < de (Wi, WD) + de (W, W) < 2¢,

a contradiction. O

So write V;, — V for some V' € G;(L). Note that the sequence (V)$° also satisfies (8], i.e.
(8.11) IX € G(L) Y701z € Uproj \ X Throj(z) C Rz + V.

Step 5. Finishing the proof. We now break up into cases:
Case 1: proj(Uproj \ X) = 0. In this case, (8II) becomes trivial but we can get the conclusion anyway.

Namely, translating back to Euclidean space we get
/L(U \ XCHC) =0

for some finite-dimensional generalized sphere Xg,.. After increasing the dimension of Xeu. by one, we

can assume that Xeyuc is a linear subspace of H. But then the theorem follows from applying Theorem

EA(d < ) to
H = Xeu, A= 100X U =UnN Xeue.
Case 2. fiproj(Uproj \ X) >0, £ < k4 1. In this case, for pproj-a.e. z € Uproj \ X, we have
Toroi(z) C Rz + V
dim(Tproj(z)) =k + 1> 041 =dim(Rz + V),
Tproj(z) =Rz +V,
V' C Tiroj(z) C 2,
zc V™t
Hence Sproj N Uproj \ X C VL, whence it follows (e.g. from Lemma [T9) that Tproj(z) € V& for piproj-
a.e. Z € Sproj N Uproj \ X. But then from the above we have V' C VJ-, i.e. V is Q-isotropic. Since

dim(V) = ¢ = k > 1, this implies that V- N Lo C V, so Sproj N Uproj \ X C V. This contradicts the
hypothesis that fiproj(Uproj \ X) > 0, since pproj = S5+ 1

proj*
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Case 3. [iproj(Uproj \ X) > 0, £ = k + 1. Note that this is the last case, since £ < k + 1 because
our original sequence (V,,)5° was of dimension k + 1. In fact, this means that when £ = k + 1, then we
did not need to extract a subsequence, and (V;,)$° is our original sequence defined by (8. But each
element in this sequence satisfied #([V,, N Lg]) = 1, so the limiting subspace V' € Gi4+1 (L) must also satisfy
#([VNLg]) =1. Also, X = &, since the sequence defined by (81) did not require an X.

After conjugating, we can without loss of generality suppose that V' = (0) x R x Lg for some Ly € Gi(H).
Then for p-a.e. x € U,

Re(x) + V' 2 Tproj(e(x)) = Re(x) + ¢/ (%) [Teuc (%)),
which implies that Teye = Lo on U. On the other hand, by the hypothesis of Theorem 4] we have
dimy (SNU) = k. By the sum theorem for topological dimension [25, Theorem 1.5.3], we have dimp(K) = k
for some compact K C SNU \ {co}. So to finish the proof, we need the following lemma:

Lemma 8.5. Let K C H be a compact pseudorectifiable set with tangent plane function Tk = Lo such
that dimr(K) = k. Then there exists an affine k-plane z + Lo such that 2%(K N (z + L)) > 0.

The proof of this lemma will be given in the next section. Once we have it, then the argument of Section
finishes the proof, since S contains a rectifiable set. (Cf. Remark [6.2]).

Remark 8.6. To prove Theorem [Z] for the case of weakly discrete Kleinian groups (cf. [2I] Definition
5.2.1] for the definition of weak discreteness), Lemma is not necessary. Indeed, by Claim B3] the
intersection of any two subspaces satisfying (8.11]) also satisfies (8.I11)), so the minimality of ¢ implies that
V is the only (k+1)-dimensional subspace satisfying (811). Asin Step 1let ¥ = {g € G : g(U) CU}. Then
for all g € 9, g;r})j [V] also satisfies the criterion (8II]), s0 gproj[V] = V. In particular, gproi([V N Lo]) =
[V N Lgl,ie g(oo) =o00. Thus ¢ consists of similarities. But a weakly discrete Kleinian group cannot
contain two similarities with distinct fixed points |21 Proposition 6.4.1], so SN U \ {oo} is a singleton, a
contradiction.

On the other hand, the need for an additional lemma to complete the proof of Theorem is demon-
strated by Example [ATlii,iv), an example of a compact pseudorectifiable IFS limit set K satisfying
Tk = Lo. This example shows that the assumption dimp(K) = k in Lemma is necessary (and
cannot be replaced by the assumption that K is the limit set of an IFS).

9. PROOF OF LEMMA (ELIMINATING THE EXCEPTIONAL CASE)

We will need the following characterization of topological dimension for compact metric spaces:

Lemma 9.1. For a compact metric space X, the following are equivalent:
(A) dimp(X) > k.
(B) There exist closed sets Fy, ..., F, C X and open sets Uy, ..., Uy C X such that for each i, F; C U;,
and such that if F; C W; C U; for some open sets Wy, ..., Wy, then ﬂ]f oW; # &.
(C) There exist closed sets F,...,Fy, C X and F{,..., F, C X such that for each i, F; N\ F] = &, and
such that if G; 2O F; and G D F! are closed sets such that G; NG}, = &, then Ulf(Gi uG) S X.

The equivalence of (A) and (B) is proven in [54) Corollary of Theorem I1.8] (cf. [25] Theorem 1.7.9]).
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Proof of (B) = (C). Let F] = X \ U; for each i, and let G; O F; and G, O F] be closed sets such that
G; NG’ = &. For each i, let W; be an open set which contains G; such that W; N G} = @. By definition,
ﬂ]f OW,; # &. But by construction, ﬂlf oW, C X\ U]f(Gl UG,), so U]f(Gl UG) S X. O

Proof of (C) = (B). Let U; = X \ F! for each i, and let W1y, ..., W}, be open sets such that F; C W, C Uj.
By contradiction suppose that ﬂ]f OW; = &. Let Ny,..., N be open neighborhoods of W4, ..., dW} such
that ﬂlf N, = @. Letting G; = F; U(W; \ N;) and G}, = X \ W; finishes the proof. |

Now we begin the proof of Lemma B35 Let Fi,...,F; C K and FY,...,F] C K be as in Lemma [0.1]
As in the proof of Proposition [[.21] we let V3 € G(H) be a subspace large enough so that if m = my,,
then for all 4, m1 (F;) N7 (F!) = &. Foreach i = 1,...,k, we let g; : V1 — R be as in the smooth version
of Urysohn’s lemma, so that g; = —1 on F; and g; = 1 on F/. Let g = (g1,...,9%) : H — R*, and let
h=gom :H—[-1,1]"

Claim 9.2. Fix V5 € Q(L(J;), let mo = 7y, and let £: V) — R*=1 be a C' map. Then
J‘fk([(fo ) @wz](K)) =0.

In particular, by Theorem [2.4)
dimy ([(f o m1) & m2)(K)) < k.

Proof. Let V3 = Lo+ Vi + Vo, and let w3 = my,. Then by Lemma [7.9, K3 := 73(K) is pseudorectifiable
with tangent plane function Tk, = Lg. By Proposition [[[T4] K3 is rectifiable, so (2] is valid for sets
A C K3. But

[(fom)® m)(K) = [(fom)® m|(Ks),

SO

A ([(fom)®m](K)) < / det ((f'(m1(x)) omi) ®ma | Lo) dot(x) =0,

K3
where the last equality is because for each x € K3,

rank ((f'(71(x)) o m1) @& 72 | Lo) = dim ([(f'(71(x)) o 1) & 0](Lo))
< dim(RF1) =k — 1 < k = dim(Ly). O

Claim 9.3. The set
(9.1) (| (' (y)NK)
ye(=1,1)k

s nonempty.

Proof. By contradiction suppose not. Then by the intersection property of compact sets, there exists a
finite set F' C (—1,1)* such that

(9.2) () e (b (y)NEK) = 2.

yeF
By replacing h with ® o h, where ® : [~1,1]* — [~1,1]¥ is a diffeomorphism such that ® 1 9[—1,1]* = id
and ®(F) C Rei, we may without loss of generality assume that FF C Reg. Write F' = {t1eg,...,t,ex},
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where —1 <t; <...<t. <1 Foreachp=1,...,r let
Ap =7 (b7 (tper) N K),

so that ())_; A, = #. Then there exists Vo € G(Lg) such that () _, m(Ap) = &, where 73 = my,. Let
f = (7. o h) @ my, where 7, : R¥ — R*! is the natural projection sending ey, to 0; then () _, f(4,) = &.
Let By,..., B, be closed neighborhoods of f(A;),...,f(4,) such that ﬂ;:1 B, = &. Then since K is
compact, there exist neighborhoods Uy, ..., U, of tieg,...,t.ex such that for all p,

f(h™'(U,)NK) C B,.
Let 6 > 0 be small enough such that for all p=1,...,r,
tper +[—9,0]"

Let K’ = f(K); then by Claim [0.2] dimy(K’) < k. We proceed to use this fact to recursively construct
a sequence of 2k-tuples ((F}p, F; )Z 1)p=o Of closed subsets of K. The first 2k-tuple is defined by the

equations

Fi70:{(y,Z)EKliyi§—5} (izl,...,k—l), Fk)OZK/,
Flo={(y.z) e K :y; >0}, (i=1,....k—1), Flo=(\B =2

Now suppose that the 2k-tuple (F; p, F} ), satisfies F; ,nF/ = @ foralli=1,..., k. Since dimp(K') <
k, by Lemma [9.1] there exist closed sets Gip 2 Fip and G}, 2 F], such that G, , NG}, = & and

k
U@i,ua,) =K
=1
Then we let
Epy1 :Giyp (i: 1,...,k— 1), Fypi1 :GkﬁpﬂBp,
Floy=Gi, (i=1,...,k—1), F{p1=Gp,U [ By

g>p+1

We claim that Fj 1 N F} ., = & for all i. This is obvious for i < k, and

Frps1 0 F/é,p-l—l - Gk,p n ( ;C,p U m Bq) < Gk,p n ( ;C,p U F]é,p) = 4.
a>p
This guarantees that the recursion can continue.
Note that for i = 1,...,k — 1, we have F; o C F;, and F, C F; . Also note that Fj o = F,;T =K',
which implies that G;mO =Gp,r=45.
Now we define the sets G;,G; C K (i = 1,...,k) to get a contradiction to the fact that dimp(K) = k
using Lemma For each p=10,...,r let

T, =h " ([=0,6]F 1 X [ty tps1]) N K,
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with the convention that tg = —1 and ¢, = 1. Then let

Gi=f"YG,)NK (i=1,....k—1), Gr=F U (T, N7 (Gryp)).
p=0

Gi=fYG,,)NK (i=1,....k—1), w=Fu @0t (G )-
p=0

Then clearly, G; 2 F; and G} D F/ for all i. To get a contradiction, we must demonstrate the following

relations:

(9.3) GiNnG, =g (i=1,...,k),
k

(9.4) Uw@iva) =K.

i=1

Now, ([@.3) is obviously satisfied for ¢ = 1,...,k — 1. By contradiction, suppose that x € G, N G}.. First
suppose that x € FJ, i.e. hg(x) = —1. Since FyNF} = &, we have x € T,Nf (G}, ) for some p =0,...,r.
Since x € T}, we have p =0, so f(x) € G;c,o' But this contradicts that G;mO = &, as we observed above. A
similar argument rules out the case x € FJ.

Alternatively, suppose that x € T,Nf (G ,)NT,Nf (G}, ) for some p, ¢ =0, ..., 7. Since Gy ,NG}, , =
#, we get p # ¢, and since T,NTy, # &, we get |[p—g| = 1. Without loss of generality suppose that ¢ = p+1.
Then h(x) € T, N Ty C U, and thus f(x) € B,. Since

Grp N By © Grpi1, ;mp < G;c,p+1’
it follows that f(x) is in at most one of the sets G, UGy, pt1, G}, , UG} ;. This is again a contradiction,

so we get (@.3).
Similarly, fix x € K. If h(x) ¢ [~4,6]*1 x [~1,1]*, then there exists i = 1,...,k — 1 such that

h(x) € F; o U F} and thus x € G; UG}. So suppose h(x) € [—4,6]*~! x [=1,1]*; then x € T}, for some
p=20,...,r. Thus

k k
xeT,Nnf? <U (GipU G;p)) cJ@Giua).
=1 1=1

So (@) holds, contradicting that dimy(K) = k. O

Let z be a member of (@1]). Then for all y € (—1,1)*, we have h=!(y)N K N(z+ Lo) # 2. Equivalently,
(=1, 1)* Ch(K N (2 + Lo)).

So by Fact 51 ##*(K N (z + Lo)) > 0. This completes the proof of Lemma [8.5]

APPENDIX A. AN EXAMPLE REGARDING PSEUDORECTIFIABILITY

The following example conveniently combines counterexamples to several natural hypotheses about

pseudorectifiable sets:

Example A.1. There exist sets Ri, Ry C H such that

(i) Both Ry and Rj satisfy (1)), _, for some pairs (p1,71) and (u2,T2).
(ii) p1 < ' 1R, but uy # ' |r,. Thus R; is pseudorectifiable but not rectifiable.
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(iii) S (R2) < oo, but H#* 1g, & p2. Thus Ry is not pseudorectifiable despite satisfying (Z.1).
(iv) Both R; and R, are limit sets of similarity IFSes satisfying the strong separation condition.
(v) There exists a bounded linear map L : H — H such that Ry = L[R;].

Of course, k =1 is just for convenience and the examples can easily be extended to higher dimensions.

Proof. Let H, = ¢*(N?) and H = R® H., and let m, = 7y, . Define the function f : [0,1] — H. as follows:

oo

1
f@t) = Z ok Ok, [2¢1] -

k=1
Fix a > v/2 and let F(t) = (¢,af(t)). We may now define the sets Ry, Ry C H and their corresponding
pairs (1, T1) and (us2,T) as follows:
R, = F([0,1]), w1 = F[N, T) = Lo := R x (0)
Rzzm, pae =0, T, =0.
To demonstrate that (ZI]) holds, we first prove the following result:

Claim A.2. FizV € G(H.) and e > 0. Then there exists K = Ky C [0, 1] such that my o f 1k is piecewise
e-Lipschitz, and \([0,1] \ K) < e.

In what follows we will use the notation

Proof. We recall the trace formula for dim(V):

0o > dim(V) = Tr[ry] = Tr[rd] = Z Z |7y (er,q)]|>.

In particular, for each k,

# {z =0,...,28 —1: ||y (ens)|> > 231/4} < 23R4 dim (V).
Letting
By = {t € [0,1]: v ey, jzue)) 2 > 27271}
By = {t € [0,1]: d(2¥¢,2) < 2*’“/4}

we have
A(By) < 27%*dim(V), A(By) <2-27%4.

Letting K = [0,1]\ Uj>, (Bx U By) for some sufficiently large ko, we get A([0,1] \ K) < e.
We claim that for each interval of the form I = I(ko,), 7y o f 1knr is e-Lipschitz. Indeed, fix distinct
t1,to € K N1, and write

0D = 12%,] (i=1,2, k € N)
ky = min{k : £ # 62} > k.
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Since t1,ts ¢ By,, we have
|ty — ty| > 275k/4,

On the other hand, since t1,ts ¢ By for all k > ki, we have

o0

1
Iy o ft2) — mv o fE)] =D SRV (e o — ey )
k=k1
= Z max||7rv ke“ ) < Z V27t < 7 Selte —tl,
k= k71 k= kl
where the second-to-last inequality holds assuming ko is sufficiently large. <
Next, note that for each k € Nand i =0,...,2F — 1,
: . — l+a 1 ) )
diam (F(I(k,1))) < > S <x 35 = AI(k,3)) = pr (F(I(k,))).
f=k+1

So by Theorem 5.2, 771 |z, < Cpy for some constant C' > 0.

To show that (7)) holds, fix V € G(H). Then V C W := R& U for some U € G(H.). Fix e > 0, and
let K = Ky C [0,1] be as in Claim [A2l Since 7y o f |k is piecewise e-Lipschitz, my o F' 1k is piecewise
(1 4+ ae)-Lipschitz, so by Fact (1]

A (nw (Ry)) = A (w0 F([0,1])) < 7 (mw o F(K)) + 2" (F([0,1]\ K))
< (14 ae) A (K) + Cpuy (F([0,1]\ K)) < (14 ae) + Ce.
Similarly,
A (mw (Ra)) = at (mw o f([0,1])) < et (mw o f(K)) + ot (F([0,1] \ K))
< aeN(K)+ Cpa (F([0,1]\ K)) < ae + Ce.

Since ¢ was arbitrary, 7 (mw (R1)) < 1 and 2 (my (Rz2)) = 0. In particular, (ZI) holds for Rs.

Since S (mr, omw (R1)) = ([0, 1]) = 1, another application of Fact B.Ishows that " (my (R1)) =
1. On the other hand, Claim implies that mw (R1) = mw o F ([0, 1]) is rectifiable, and thus pseudorec-

tifiable by Proposition [[(Al Applying () with V' = Ly shows that the tangent plane function of my (R;)
is identically equal to Lg. Thus for all A C R,y

[#E @) a1y () = [ dettm 1 Lot ()04) 4w (5)
z/Adet(wV] Ty (x)) dpq (%),

i.e. (1) holds for R;.
Having proven (i), we proceed to (ii)-(v). For (v), we observe that Ry = m.(R1). To see (iv), note that
Ry and R, are the limit sets of the iterated function systems

co 2F—1

1
ulM (x) = 5(aeo +aeiq) + 5 | zoeo + SN wrieriigrari | (@=01)
k=1 i=0
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oo 2F—1
o 1
ul? (x) = 5CLa + 3 E E Th,i€k11,2kq+i (@ =0,1)
k=1 i=0

respectively. The strong separation condition is proven by observing that if W = (Rej o + Rey 1)*, then
’U,((lz) (Rz) - %el)a + W.

Next, since both these IFSes have Bowen parameter § = 1, by [44] Theorems 11.2 and 11.3], the Hausdorff

l-measures ! (R;) are positive and finite. This demonstrates (iii). In fact, an elementary calculation of
the Hausdorff 1-measure using the mass distribution principle shows that ' (R1) > a/v2 > 1 = ui(Ry),

SO

p1 # 1 R, Since we already showed that ! g, < u1, we get that Ry is pseudorectifiable, but by

Proposition [[.3] R; is not rectifiable. This demonstrates (ii) and completes the proof. a

10.
11.
12.
13.
14.

15.
16.
17.
18.
19.

20.

21.

22.
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