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CHARACTERIZATIONS OF RECTIFIABLE
METRIC MEASURE SPACES

BY DaviD BATE aAND Sean LI

ABSTRACT. — We characterize n-rectifiable metric measure spaces as those spaces that admit a
countable Borel decomposition so that each piece has positive and finite n-densities and one of the
following: is an n-dimensional Lipschitz differentiability space; has n-independent Alberti representa-
tions; satisfies David’s condition for an n-dimensional chart. The key tool is an iterative grid construc-
tion which allows us to show that the image of a ball with a high density of curves from the Alberti
representations under a chart map contains a large portion of a uniformly large ball and hence satisfies
David’s condition. This allows us to apply modified versions of previously known “biLipschitz pieces”
results [8, 12, 10, 21] on the charts.

RESUME. — Nous caractérisons les espaces métriques mesurés n-rectifiables comme étant les
espaces qui admettent une décomposition borélienne dénombrable telle que chaque morceau admet
une n-densité finie et strictement positive, et vérifie I'une des conditions suivantes : c’est un espace
de Lipschitz-différentiabilité¢ de dimension # ; il admet n représentations d’Alberti indépendantes ; il
satisfait a la condition de David pour une carte de dimension n. L’outil essentiel est une construction
de grille itérative qui nous permet de montrer que I'image par une application de carte d'une boule ayant
une grande densité de courbes des représentations d’Alberti contient une grande proportion d’une
boule de grand rayon, et donc vérifie la condition de David. Cela nous permet d’appliquer des versions
modifiées de résultats connus concernant les « morceaux bilipschitz » [8, 12, 10, 21] sur les cartes.

1. Introduction

A metric measure space (X,d,u) is said to be n-rectifiable if there exists a count-
able family of Lipschitz functions f; defined on measurable subsets 4; C R” such that
wX\ U2, f(4:)) = 0and u < S#". We say that a metric space is n-rectifiable if it is
n-rectifiable when equipped with §#". Similarly to how rectifiable subsets of Euclidean space
possess many nice properties akin to those of smooth manifolds, rectifiable metric measure
spaces also satisfy many regularity properties. For these reasons, it is highly desirable to find
general conditions that describe when a metric measure space is rectifiable.
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2 D. BATE AND S. LI

Such conditions have been difficult to find. Classically (that is, when the measure is defined
on Euclidean space), this problem was first fully solved by Mattila [16] for Hausdorff measure
and more generally by Preiss [18] for an arbitrary Radon measure. Both of these results
consider the upper and lower n-densities of the measure defined by

O""(u;x) = llI;n_f(l)lp arn and OL(u;x) = l1£rl>1(§1f @
respectively. When these two values agree, we denote the common value by ©”(u; x), the
n-dimensional density of u at x. Precisely, Mattila shows that, if ®"(S#"LE;x) = 1

for #"-a.e. x € E C RN then E is n-rectifiable. More generally, Preiss showed that if 1 is a
Radon measure on RY for which ®” (u1; x) exists and is positive and finite z1-a.e. then (R, i)
is n-rectifiable.

In the metric setting, only partial answers are known. We first partially recall a theorem of
Kirchheim [13] that will be fundamental to our characterization of rectifiable metric measure
spaces.

THEOREM 1.1 (Kirchheim [13]). — Let (X,d) be an n-rectifiable metric space of finite
SH" measure. Then O™ (SH"; x) = 1 for S#" a.e. x.

Conversely, Preiss and Tiser [19] showed that, for dimension 1, a lower Hausdorff density
greater than (a number slightly less than) 3/4 is sufficient to ensure 1-rectifiability.

In a different direction, but with a similar goal, the work of David and Semmes [8, 21, 10]
found conditions under which a Lipschitz function defined on an Ahlfors n-regular space
taking values in R” is in fact biLipschitz. A metric measure space is said to be Ahlfors
n-regular if there exist C > 0 such that

1
o’ =B =Cr”

for each x € X and r < diam(X). One may consider this condition to be a quantitative
version of the property that the upper and lower n-densities are positive and finite. David
and Semmes showed that, if the image of every ball under a Lipschitz function contains a
ball of comparable radius centred at the image of centre of the first ball (that is, the function
is a Lipschitz quotient), then the function can be decomposed into biLipschitz pieces. In fact,
they only require that the image contains most (in terms of measure) of a ball of comparable
radius. We will discuss generalizations of this condition, now known as David’s condition,
below. In particular, our main tool of constructing rectifiable subsets of metric measure
spaces will be a generalization of the theorems of David and Semmes that are applicable when
the space only satisfies density estimates, rather than full Ahlfors regularity. See Theorem 5.3
for the statement of the generalization.

More recently, initiated by the striking work of Cheeger [3], there has been much activity
in generalizing the classical theorem of Rademacher to metric measure spaces. Most of all,
this departed from the existing generalizations of Rademacher’s theorem, for example that
of Pansu [17], by not requiring a group structure in the domain to define the derivative.
Let U C X be a Borel set and ¢: X — R” Lipschitz. We say that (U, ¢) form a chart of
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CHARACTERIZATIONS OF RECTIFIABILITY 3

dimension n and that a function f : X — Ris differentiable at xo € U with respect to (U, ¢)
if there exists a unique Df (x¢) € R” (the derivative of f at x¢) so that
o L) = f(x0) = Df (xo) - (p() = p(xo))| _

0.
Xox—>x0 d(x, XO)

A metric measure space (X, d, ) is said to be a Lipschitz differentiability space if there
exists a countable set of charts (U;, ¢;) so that X = |J; U; and every real valued Lipschitz
function defined on X is differentiable at almost every point of every chart. A Lipschitz
differentiability space is said to be n-dimensional if every chart map is R” valued.

Although the concept of a Lipschitz differentiability space is very general, it is known that
some additional structure must exist—it must be possible to decompose the measure into an
integral combination of 1-rectifiable measures known as Alberti representations. Define I' to
be the collection of biLipschitz functions y defined on a compact subset of R taking values
in X (known as curve fragments). We say that u has an Alberti representation if there exists
a probability measure I’ on I and measures p, < ' LImage y such that

u(8) = [y () ap

for each Borel set B C X. Further, for a Lipschitz function ¢: X — R”, an Alberti
representation is in the ¢-direction of a cone C C R” if

(poy)(t) e C\ {0},

for Pae y € I and puy a.e. t € domy. Finally, we say that a collection of n Alberti
representations are p-independent if there exist linearly independent cones in R” so that each
Alberti representation is in the direction of a cone and no two Alberti representations are in
the direction of the same cone. One of the main results of [1] is that any n-dimensional chart
in a Lipschitz differentiability space has n independent Alberti representations.

There are known examples of Lipschitz differentiability spaces that are not groups
(cf. [2, 5, 14]) and do not admit any rectifiable behaviour beyond the existence of Alberti
representations. Indeed, Cheeger also showed that for many of these spaces to possess a
biLipschitz embedding into any Euclidean space, the dimension of the chart must equal the
Hausdorff dimension of the space, which is not generally true. (More generally, a theorem of
Cheeger-Kleiner [4] proves the same result for a biLipschitz embedding into an RNP Banach
space.) However, there are very natural relationships between rectifiability and differentia-
bility. For example, Rademacher’s theorem easily extends to rectifiable sets via composition
of functions (this concept is at the heart of the relationship between Alberti representations
and differentiability). Further, the proof of Kirchheim’s theorem fundamentally relies on
a version of Rademacher’s theorem for metric space valued Lipschitz functions defined on
Euclidean space. Once this is established, the outline is that of the classical case.

In this paper we give precise conditions when the notions of rectifiability and differentia-
bility agree and hence obtain several characterizations of rectifiable metric measure spaces.
Specifically, we prove the following theorem.

THEOREM 1.2. — A metric measure space (X, d, ju) is n-rectifiable (which we denote by
Property (R)) if and only if there exist a countable collection of Borel sets U; C X with

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



4 D. BATE AND S. LI

w (X \ U; Ui) = 0 and Lipschitz functions ¢;: X — R" such that
0 <O (uLU;; x) < O (uLUs; x) < 0o
for pa.e. x € U; and every i, and one of the following holds:

(1) Each (U;,d, ) is an n-dimensional Lipschitz differentiability space;
(i1) Each u U; has n @;-independent Alberti representations;
(ii1) Each U; satisfies David’s condition a.e. with respect to the function ;.

See Section 2 for the precise definition of David’s condition that we use. We note that, for
each condition, a different countable decomposition is permitted. Further, in the case that
the space is rectifiable, the U; can be chosen to have finite $#" measure and so the Hausdorff
density exists and equals 1 at almost every point by Kirchheim’s theorem. Therefore, the
w density must also exist and equals the Radon-Nikodym derivative of u with respect to $#"
at i almost every point.

From this theorem we see that the density estimates force the curve fragments obtained
from Alberti representations to form rectifiable sets. This is not necessarily true without this
condition. For example, the Heisenberg group is a Lipschitz differentiability space consisting
of a single chart of dimension two and hence has two independent Alberti representations but
is purely 2-unrectifiable. (The Heisenberg group is Ahlfors 4-regular.) Furthermore, in [15],
Mathé constructs a measure on R3 with 2 independent Alberti representations that is purely
2-unrectifiable. Indeed, our results are new even for a measure defined on Euclidean space:
the only existing result is a corollary of Csoérnyei-Jones [7] that states that a measure on R”
with n-independent Alberti representations must be absolutely continuous with respect to
Lebesgue measure.

We point out the known and easy implications in our theorem. Firstly, as mentioned
above, by Kirchheim’s theorem we may take a countable decomposition of any rectifiable
metric measure space so that the n-dimensional density of i on each piece exists and is finite
and positive at almost every point of such a piece. Also from Kirchheim [13], we may suppose
that the Lipschitz functions that parametrize a rectifiable set are in fact biLipschitz. Further,
it is easy to see that f(A4), for f: A C R" — f(A) biLipschitz and A closed, equipped with
uw < SH" is a Lipschitz differentiability space (the chart map is simply the inverse of f),
so that (R) implies (i). Secondly, the existence of n independent Alberti representations of an
n-dimensional chart in a Lipschitz differentiability space is proved in [1, Theorem 9.5]. Thus,
within this paper we are interested in proving (ii) implies (iii) and that (iii) implies (R).

An immediate corollary of our theorem is the following.

COROLLARY 1.3. — Any Ahlfors n-regular n-dimensional Lipschitz differentiability space
is n-rectifiable.

This is a generalization of a result of G. C. David (this David is not the same person
who is the namesake of David’s condition) in [9] where it is shown that tangents of almost
every point of an n-dimensional chart in an Ahlfors n-regular Lipschitz differentiability
spaces are n-rectifiable (in fact he showed even more that they are uniformly rectifiable). In
addition, he showed that k-dimensional charts in Ahlfors s-regular Lipschitz differentiability
spaces for k < s are strongly s-unrectifiable. However, the rectifiability of Ahlfors n-regular
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CHARACTERIZATIONS OF RECTIFIABILITY 5

Lipschitz differentiability spaces themselves was still unknown. Indeed, this was the starting
point for our work presented in this paper.

The proof of Theorem 1.2 will follow the same outline as that in [9] although we will
need to make all the arguments effective. We quickly go over the general idea. There, for
any tangent Y at a point x € X, consider a limiting Lipschitz function f:Y — R” of ¢.
To show that Y is rectifiable, it is shown that f is a Lipschitz quotient and hence satisfies
David’s condition. Thus, by applying the machinery developed by David [8], it is concluded
that f can be decomposed into biLipschitz pieces.

We will seek to use the same biLipschitz decomposition machinery and to do so, we need
to show that images of balls contain large portions of uniformly large balls. G. C.David was
able to show that, when taking a tangent, the curve fragments from the Alberti representa-
tions become full Lipschitz curves of Y that are pushed through f to straight lines in R” and
that f isin fact surjective (see also Schioppa [20] for an earlier proof of this). By using these
straight lines further, it is possible to show that f is locally surjective in a scale invariant way.

As we cannot take a tangent, we do not have access to these full straight lines, but rather
fragmented biLipschitz curves. The heart of our argument is showing that if a ball B € X
has a high density of points that lie on dense long fragmented curves with some certain speed
relative to ¢, then the image of B under ¢ contains most of a uniformly large ball. This will
be sufficient to use the biLipschitz pieces decomposition of [10, 21].

Finally, we note that the decomposition of a rectifiable metric measure space into
Lipschitz differentiability spaces, rather than into a single Lipschitz differentiability space
with many charts, is necessary. This is because of the subtle point that a countable union
of Lipschitz differentiability spaces need not actually be a Lipschitz differentiability space,
as the pieces may interact in undesirable ways. This is relevant since, in the definition of the
derivative, we require convergence over the whole space. Of course, if the convergence were
only over the set defining a chart, then the union would trivially be a Lipschitz differentia-
bility space.

As an example, consider the subset of the plane defined by
(0} x [0, 1D U{(x, p/2"):neN, 1 < p<2"odd, £x € 27" —47",27"]},

equipped with S Thisisa compact metric measure space of finite measure that is a count-
able union of Lipschitz differentiability spaces and is rectifiable. However, the function |x|
is not differentiable at any point of the vertical segment. More generally, the functions
|x| and x cannot both be differentiable with respect to the same chart function and so
the space is not a 1-dimensional Lipschitz differentiability space. It cannot be a higher
dimensional Lipschitz differentiability space for several reasons. For example, it does not
have 2 independent Alberti representations or the fact that the vertical segment is a porous
set of positive measure. In fact, it is easy to see that a countable union of Lipschitz differ-
entiability spaces is a Lipschitz differentiability space if and only if every porous set has
measure zero. Finally, if we restrict the measure to the vertical segment, then we see that it is
also necessary to consider only the support of u, rather than the whole space, in our theorem.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



6 D. BATE AND S. LI
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2. Preliminaries

In this section, we introduce various properties of our metric space. Unless specified
otherwise, we will let B(x,r) denote the closed ball centered at x with radius r in X. For
simplicity, we will consider a metric measure space to be a complete and separable metric
space equipped with a finite Borel regular measure. However, our main theorem immediately
generalizes to any metric measure space with a Radon measure.

Our first goal is to show the existence of a set of dyadic cubes that we describe now. Unlike
previous versions of dyadic cubes, we do not require the full Ahlfors regularity of X, but
just Ahlfors regular estimates for X around a certain set K. The tradeoff is that we will only
guarantee good covering properties for K and we will only get cubes for small enough scales,
but this will be sufficient for our purposes. The proof is similar to that of Theorem 11 of [6]
with some modification. We will give a proof in Appendix A.

ProPOSITION 2.1. — Let K C X be a compact subset of a metric measure space (X, d, i)
that satisfies

1
€)) Er” < u(B(x,r)) <Cr", Vx € K,r <R,

Jor some R > 0 and C > 1. Then there exist constants a > 0, n > 0, kg € Z and a collection
of subsets A = {Qk c X : k < kg.w € It} so that 1652 < R,

Louw(K\U, 0¢) =0  Vk =kg, ,
2. If j > k, then either QK c QJ, or QX 0 Q) = 0, '
3. Foreach(j,a)andeachk € {j, j+1,... kg}, there exists a unique w so that Q3 < Q¥
4. For each Q](f,, there is some z,, € K so that
) B(zy. 16871 € O € B(z,.16FY).
5. Foreach k,a andt > 0, we have
(3) uix € 0F N K : dist(x, X\ QK) < r16F} < ar"pu(Q%).
6. Foreachk,a,

“) ém("—l)" < u(Q%y < c16+n,

By Properties 2 and 6 of Proposition 2.1, we see that for each Q{; € A, the number of
cubes Q’(f,_l that Q{; can contain is bounded by a number depending only on C and n. We
let A = {Qfo € A:w e I} Given a cube Qg, welet A(Qg) = {0 € A: Q C Qp}. A
similar definition gives us A (Qg). Note that if k is too big, then A;(Qy) can be empty. For
a cube Q, we let zg denote the point guaranteed to us to satisfy (2). We let j(Q) denote the
largest integer such that O € Aj(p). For convenience, we will also set £(Q) = 167(Q)

4¢ SERIE - TOME 50 — 2017 — N° 1



CHARACTERIZATIONS OF RECTIFIABILITY 7

A set of cubes € is said to be a Carleson set if there exists some constant C > 0 so that
the following Carleson estimate is satisfied:

>, wQ)=Cu(Qo).  VQoeA.
0e&,05Q0
Here, C is called the Carleson constant. Given some set A € X, we say that £ is an
A-Carleson set if

>, M(@NA)=Cu(Qo).  VQoeA.
0e&,0<00
Obviously, any subset of a (4-)Carleson set is also a (A-)Carleson set and any set of disjoint
cubes is a (A-)Carleson set with constant 1. Also, any Carleson set is an A-Carleson set for
any A C X.
Given some A > 1 and some cube Q € A, we let

AQ = {x € X : dist(x, Q) < (A — 1)diam(Q)}.
From now on, we will assume that (X, d, i) is a metric measure space with
0<O%(u;x) <O (u; x) < 00, pu-a.e.x € X,

and (U, ¢) is a chart of dimension n such that U has n ¢-independent Alberti represen-
tations and w(U) > 0. Note that the density conditions imply that X is asymptotically (or
pointwise) doubling, that is
lim sup #B(x,2r))
r>0  W(B(x,r))

for u-a.e. x € X. By a nearly identical argument to the standard one for doubling measures
(see[11, Theorem 1.6]), asymptotically doubling measures satisfy the Vitali covering theorem
and hence the Lebesgue density theorem. In particular, the upper and lower densities of u U,
for measurable U C X, equal the upper and lower densities of p at almost every point of U.
This allows us to freely restrict our attention to measurable subsets of X .

Let
1
U(j,R) = {x eU:—r" <u(Bx,r) <jr'*, Vr < R} .
J

It is easy to see that each U(j, R) is a Borel set and since X has positive and finite lower and
upper n-densities almost everywhere, we have that

wlo\NJ UG |=o0.

j=lk=1

Since a countable union of rectifiable metric measure spaces is rectifiable, it therefore suffices
to show that each U(j, R) is rectifiable. Therefore, by inner regularity of u, we may reduce
proving the rectifiability of (U, d, u) to proving the rectifiability of (K, d, i), where K is any
compact set for which there exist some constants C > 1 and Rx > 0, which we now fix, so
that

1
5) Er” < u(B(x,r)) <Cr", Vx € K,r < Rg.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



8 D. BATE AND S. LI

An immediate consequence of these bounds is

1
©) nC

Let A denote the collection of cubes covering K as given by Proposition 2.1.

SH' K < uLK <2"C SH' K.

Given a vector v € R” and an ¢ > 0, we can define the cone
C(v,e) ={weR": |lw—(w-v)v/|v]*| <elw|and w-v > 0}.

We call ¢ the width of the cone.

We now discuss the Alberti representations in X. Firstly, it is easy to see that the set
of L-Lipschitz curvesin I" is a closed subset of " (see [1, Lemma 2.7] and also for the topology
used in I'). Therefore we may rescale the domains of the curves in I" using a Borel function,
so that we may suppose I' consists of only 1-Lipschitz functions.

Suppose that we have an Alberti representation in the p-direction of a cone C and that
Cq,...,Cy are cones that cover an open neighborhood N of C. Then it is possible to find a
Borel decomposition X = X; U---U Xj such that each uLX; has an Alberti representation
in the g-direction of C;. This process is known as refining the Alberti representations, see
[1, Definition 5.10]. Therefore, we may suppose that the Alberti representations are in the
@-direction of cones of width 1/1000n2. Further, by applying a linear transformation to ¢,
we may suppose that these Alberti representations are in the g-direction of cones centered on
the standard basis vectors. Of course, this linear transformation may not be angle preserving.
However, the amount that the angles may increase is determined by the cones that we started
with, before any refining. Therefore, by making the initial refinement sufficiently fine, we
may suppose that the conditions on the centers and the widths of the refined cones are both
satisfied.

Finally, we may suppose that ¢ is 1-Lipschitz.

For R, v > 0 we define the set GP (v, R) to be those y € K for which, foreach 1 < j <n,
there exists a y € I" and a ¢ in the domain of y such that

Loy@) =y;

2. forevery 0 < r < 4RbiLip(y), |B(t,r) N y~Y(K)| > (1 —v/100000n2)|B(t,r)| ;

3. forevery s > s’ € domy, p(y(s)) — ¢(y(s")) € C(e;,1/1000n?) and

@) lo(y(s)) — @(y(s)] > vd(y(s). y(s")).

Since X is complete and separable and y is Borel regular, the results of [1, Section 2] show that
GP (v, R) is measurable for any v, R > 0. We remark that the final condition in the definition
of GP (v, R) is related to the speed of an Alberti representation: an Alberti representation has
@-speed §, for § > 0, if
(¢ o y)'(t) > 8 Lip(p, y(2)) Lip(y, 1)
for Pa.e.y € I' and puy a.e. t € domy. Although our Alberti representations may not
have a speed, it is easy to see that the space may be decomposed into pieces on which the
induced Alberti representations do have a certain speed (see [1, Corollary 5.9]). Further, [1,
Proposition 2.9] shows that GP (v, R) converges to a set of full measure in K as v, R — 0.
We also define

DP(v,e,R) ={x € K: u(GP(v,R) N B(x,r)) > (1 —e)u(B(x,r)),Vr < R},

4¢ SERIE - TOME 50 — 2017 - N° 1



CHARACTERIZATIONS OF RECTIFIABILITY 9

and
DC(B,e, R) ={x € K:|B(p(x),r) Ng(B(x,r) N K)| > (1 —¢)|B(p(x), Br)|, ¥Vr < R}.

For convenience, we let | - | denote the Hausdorff n-measure on R” rather than the Lebesgue
measure, although the definition of DC is clearly invariant under scalings of the measure.
Note that DC(B,¢,R) € DC(B',¢,R) and DC(B,¢,R) € DC(B,&,R’) when ' < B
and R’ < R.

The points of DC satisfy one of the two conditions of David’s condition. This is the
more important of the two condition that allows one to deduce biLipschitz behavior. See
Section 1 and in particular equation (9) in [8] or Section 9 and in particular Condition 9.1 and
Remark 9.6 of [21] for more information on David’s condition as it was originally introduced.

We can now specify what we mean in the statement of condition (iii) in Theorem 1.2. We
say that U satisfies David’s condition a.e. with respect to the function ¢ : U — R” if for
every ¢ € (0, 1),

plonU U DCayjen/i | =o.

j=lk=1

where the DC sets here are defined with respect to U and ¢.

3. David’s condition

The goal of this section is to prove the following proposition, which proves that Condi-
tion (ii) implies Condition (iii) of Theorem 1.2. Throughout this section, we will assume that
K satisfies the bounds (5) and (6).

PROPOSITION 3.1. — Foralle € (0, 1),

oo o0
wl KN U peasiet/i | =o.
j=1lk=1
We will need the following lemma, which is the heart of the iterative step needed for our
grid construction.

LEmMA 3.2. — Letx € K,v > 0and R > r > 0. Let Q be an axis-parallel cube in R" that
has sidelength 51 and whose center xg satisfies |p(x) — xg| < 1557 Let {pi 1221 denote
the centers of the 2" quadrant subcubes of Q. Then at least one of the following must be true:

1. There exists points in {qi}izil in B(x,r/2) N K so that |p(qi) — pil < 15007

2. There exists some y € B(x,r/2) N K so that B (y, ) N GP(,R) = 0 and

dist(¢(»), O°) = 1o0u"-
Proof. — Suppose the second alternative is false. We may suppose without loss of gener-

ality that xp = 0. Let us first assume that n = 2. Note then that the centers of the 4 quadrant
cubes are located at

v
1000073 r

v v v v
(:l:—r, :i:—r) , (:l:—l‘, :F—V) .
40n 40n 40n 40n

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE
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Consider the set B (x, Wr) N GP(v, R). As |p(x) — xg| < 1g6,7» the fact that the
second alternative is false means that this set is not empty and so there exist yo : Dy - K
and ty € dom y that satisfy the defining properties of GP (v, R) for the cone C(e;, 1/1000n?)

such that yo(t9) € B (x, WO N GP(v, R). Asr < R and ¢ is 1-Lipschitz, we get by
Properties 2 and 3 of GP (v, R) that there exist points 1, f, € B(tp,r/10n) such that

v v v
O Jeton+ | <t <
® oot + 35,71 = To000m2" 1000012

Indeed, Properties 2 and 3 along with the fact that r < R imply that there exist
11,1, € B(to,r/10n) so that

@1(yo(t2)) — o

v v
P1(yo(ty)) < “2on" @1(yo(t3)) > om"
One then uses Property 2 along with the 1-Lipschitzness of ¢ to find #; between ¢y and ¢/.
Now consider all points of B (yo(tl), mr) N GP(v, R). By (7) in the definition
of GP(v, R), we have
1 v 1
d(yo(t1),x) < d(yo(t1), yo(t d(yo(to), x) < — —7 < -,
(Yo(t1), x) = d(yo(t1), v0(t0)) + d(yo(to). x) Ton” T Toooon3” = 73"
where we used the fact that y is 1-Lipschitz to bound d(y(t1), yo(%o)). It is easy to see that
dist(p(yo(t1)). Q€) = 155, 7 Thus, as the second alternative is false, we can take such a curve

y1: D1 — K for the cone C(ey, 1/1000n2) and let y; (t19) € B (yo(tl), mr)ﬂK. Again,
by Properties 2 and 3 of GP (v, R), there exist points t11, 12 € B(t10,7/10n) such that
) v

t — —_—I.
‘(pz()’l( 12) = 20771 = Toooonz "

o200 + 7| < s

—r r,
P2 00" | = 1000012
As y; is traveling in the ¢-cone C (ez, m) and starts off at a point near yy(¢1), we get
that

“/)I(Vl(tll)) + Wr‘ lp1(y1(t11)) — @1 (y1(t10)| + @1 (¥1(t10)) — @1(Yo(11))]

+ )(01()/0(11)) + Wr)

(i) Y r+ r+ v r < v r.

— 10000#3 lOOOOn3 10000172 — 1000n2
The first term of the penultimate inequality comes from the fact that the curve is traveling in
a cone of width W in the direction of e, over a length of no more than ;-7 (in R"). The
second term comes from how we chose y1(t10) and the third term comes from (8). A similar
bound holds for |(p1()/1 (t12)) + 40n |

Thus, we see that ¢(y1(#11)) and ¢(y1(112)) are within 1555, 7 of the centers of the left two

quadrant subcubes of Q. One may do a similar construction startmg from yy(22) to get a
curve y, and points ¢(y2(f21)) and ¢(y2(t22)) that are within ——=—r of the centers of the
right two quadrant subcubes of Q.

lOOOn

In the case of general n, one continues using curves in the remaining directions in the
obvious way. That the width of the aperture of the cones is O(n~2) and the radius of the
balls in which we are looking for curves is O(n~3) allows us to guarantee that the errors
accumulated in finding new curves is controlled.
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CHARACTERIZATIONS OF RECTIFIABILITY 11

Consider one of these points p that we have found near the center of a quadrant subcube.
We will again assume n = 2 for simplicity. Let p = ¢(y1(t11)), for instance. Remember that
yo and y; both satisfy (7), we have that d(y; (s), yi (t)) < %|go(y,- (s))—@(yi(t))|. Thus, we have
that

d(y1(t11), x) < d(y1(t11), v1(t10)) + d(¥1(t10), Y0(11)) + d(yo(t1), yo(to)) + d(yo(to), x)
<Lr+Lr+Lr+Lr<lr.
~ 10n 10000#3 10n 100003 — 2
A similar estimate holds for the other quadrants. The case of general n follows completely
analogously. Thus, we have shown in the case that the second alternative of the lemma is false
that the first alternative must be true. O

We can now prove that points whose neighborhoods have a high density of points in GP
belong to some DC set.

LEMMA 3.3. — There exists some constant a > 0 depending only on K and n so that for any
g, v, R > 0such that R < Rg,

v
n
DP(v,ev",R) C DC (—zon,as, R).

Proof. — Let x € DP(v,¢, R) and let r < R. Since K is compact, so is ¢(B(x,r) N K).
v

Let O be the axis-parallel cube centered at ¢(x) with side length 1. It is sufficient to show,
for some constant oy depending only on K, that

|O\@(B(x,r) N K)| < agev” u(B(x,r)).

Indeed, we then get that there exists some o depending on «¢ and n so that for all » < R we
have

|B(¢(x),vr/20n) N @(B(x,r) N K)| > |B(p(x),vr/20n)| — agev” w(B(x,r))

(>i) |B(¢(x),vr/20n)| — Cagsv"r"
> (1 —asg)|B(p(x), vr/20n)|.

We will define the following stopping time process. In the first stage, we start off with
(x, @, r). If the first alternative of Lemma 3.2 is satisfied with this triple, we can apply it to get
{qi }izil C K, points which map close to the center of the quadrant subcubes {Q; }1‘221 of 0.
Otherwise, we terminate the process. Assuming the process continues, for our second stage,
we see if the first alternative of Lemma 3.2 applies to the triples {(g;, Q;, 7/ 2)}1'211 . Indeed, we
can apply the lemma again given the conclusions of the first alternative. We stop the process
at each subcube where the first alternative fails and continue in the cubes where it doesn’t,
making sure to divide r by a further factor of 2 at each stage. Note that all the points of Q
that the process discovers has a preimage in B(x, r) as the points discovered at each stage are
no more than 27¥~17 away from a point from the previous stage.

The cubes where the process terminates after finite time {S;}°2, are disjoint dyadic
subcubes of Q. We will upper bound their collective volume. If S; is a cube where the
process terminates, then by the failure of the first alternative of Lemma 3.2, the second alter-
native must be true. Thus, there exists a ball B; € X with center in K of radius comparable

to £(S;) completely contained in B(x,r)\GP (v, R). By (5), we then have that | S;| < aou(B;)

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



12 D. BATE AND S. LI

for some constant og > 0 depending only on K. Note that all these balls must be disjoint.
In.deed, let B; = B(x;, googwri) and B; = B(x;, {5500,3"7) be two suph balls and suppose
without loss of generality that r; < r;. Then by the second alternative, and the fact that
@ is 1-Lipschitz, d(x;,x;) > 5,7 It easily follows from the triangle inequality that
B; N B; = 0. Thus, we get that

o0 o0
©) D OISil @0 Y u(Bi) < aou(B(x, D\GP(v, R)) < aoev” w(B(x,r)).
i=1 i=1
In the last inequality, we used the fact that x € DP (v, ev”, R).
For almost every p € O\ U2, Si,

’B(p,s) N (Q\US,-)) >0,  Vs>0.

In particular, the process tells us that there must be some point y € B(x,r) N K that maps
into B(p,s). As this holds true for all s > 0, we see that p is a limit point of ¢(B(x,r) N K).
Thus, as ¢(B(x, r) N K) is compact, we get that almost every point of @\ | J S; is contained
in (B(x,r) N K). We then have that

©)

[O\¢(B(x,r) N K)| < < aoev" w(B(x,r)). O

o0
Us
i=1

We are now ready to prove the main proposition of this section.

Proof of Proposition 3.1. — First observe that
@(B(x,r) N K) C B(p(B(y.r) N K).d(y,x))

and so, since ¢(B(x,r) N K) is closed, x +— |p(B(x,r) N K)| is upper semicontinuous.
Therefore, since Lebesgue measure is continuous on balls, we see that DC(8, ¢, R) is closed
for any 8, ¢, R > 0 and hence measurable.

Secondly, we know that (K \U; U GP(1/j, 1/ k)) = 0. By the Lebesgue density
theorem, we have for each j, k € N and ¢ > 0 that

" (GP(l/j, 1/k\ |\ DP(1/j.¢/j", 1/14)) =0,
t=k

and so for any ¢ > 0 we have (K \U; Uk DP(1/],¢/j", l/k)) = 0. Therefore, Lemma 3.3

concludes the proof. O

4. BiLipschitz pieces

The main result of this section is Proposition 4.5, which will be the central step in showing
that Condition (iii) implies Condition (R) in Theorem 1.2. A good knowledge of [10, 21] will
be necessary in this section. Fix a cube Q¢ € A for the remainder of the section. We recall
some terminology from [21].

Given § > 0, the set &§7(8, Qo) are the subcubes Q € A(Qg) for which there is some
W e A(Qp) such that 0 € W and |e(W N K)| < su(W). We may drop the Q¢ from the
parameters list if it is obvious.
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Given A > 1, we say that two dyadic cubes are A-neighbors (or just neighbors) if
dist(Q, Q') < A(diam Q + diam Q)
and
%diam(Q) < diam(Q’) < Adiam(Q).

For some Q € A, we let

0 = (LUtS € Ay : dist(S. 0) = diam(0)}) N Qo.

Given A > 1 and ¢ > 0, the set M4(¢, Q) are the subcubes Q € A(Qy) that satisfy the
following properties:
- lp(@N K| = (1+)7'8u(0),
— if R € A is aneighbor of Q, then R € Qy, and
nkK RNK nkK
0 NK)| < lo( )] 5(1+§)|¢(Q )I’
n(Q) 1(R) n(Q)
— if R € A is a neighbor of Q,

1l9(@ NK)| < lo(R ﬁAK)I <(1+0) lp(Q N K)|
w(@) [L(R) @)

We will not actually use the first property of My (¢, Qo) cubes, but they are defined this way
in [21] (although without the intersection with K) so we keep it to reduce confusion.

Finally, for n > 0, we define the set Z)(n, Qo) to be the subcubes O € A(Qy) for which
there is some W € A(Qyg) such that Q € W and u(W N K) < nu(W). Again, we may drop
the Qo from the list of parameters of both M and Z2) if it is obvious.

We first prove that the measure of the cubes of &7 can be bounded by the measure of the
complement of DC.

(1+9"

LeEmMA 4.1. — There exists constants ¢,C > 0 depending only on K so that if § > 0,
E(cd") = Ugesi(esn.o @ and e € (0,1/2), then
(10) P(E(c8")) < Cpu(Qo\DC (8, e, 16£(Q0))).

Proof. — Let {Q;}{2, denote the set of maximal cubes of S.7(c$"), which are obviously

disjoint. Then %(c8") = ;2 Qi. Let 0 € Qy and suppose x € B(zg,£(Q)/32) N
DC(8,¢,16£(Q0)) # @. Then

(11

p(@ N K| = [p(B(x. £(2)/32) N K) N B(e(x).86(0)/32)| = 5 '8;2,, |B(p(x), £(Q))].

As B(x,£(Q)/32) € Q, we getfrom (2), (4), and (5) that Q is not a maximal cube of &.7(c5")
for some small enough ¢ > 0 depending only on K. Thus, foranyi € N, B(zg,,£(Q;)/32) C
Qi\DC(8,¢,16£(Qy)). As there exists some constant C > 0 depending only on K so that

p(Qi) < Cu (B(zg,.£(Q:)/32)), we have that

H(S(8) < 3 pu(Q:) < C Y i (Blzg; £Q:)/32)) < Ci(Qo\DC(5. £, 16£(Q0))).

i=1 i=1
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Note that, for the final inequality, we have used the fact that the balls B(zg,,£(Q;)/32) are
disjoint. O

We can also show that the space covered by Z:2) has small volume.
LEMMA 42 — Lel n > Oand A(r]) =KnN UQem(TI,QO) Q Then
p(A M) < nu(Qo).

Proof. — Let {Q;}$2, denote the set of maximal cubes of Z)(n), which are obviously
disjoint. Then A(n) = |J72, Q; and so

(AM) <D Qi NK) <Y (@) < nu(Qo). m

i=1 i=1

By Lemma 8.2 of [21] (or one can easily derive from (2)), we can choose some absolute
constant b € (0, 1) so that if x,y € K are distinct points and Q is the smallest cube in A
such that x € Q and y € 20, then

d(x,y) > 10b diam(Q).
LeEMMA 4.3. — There exist constants k > 0 depending only on B and o, Ap > 0 depending

onk and K so that the following holds. Let { < (o, A > Ay, € € (0,1/10), Q € My(¢, Qo). If
x,y€20N QoNDC(B,e,16£(Qy)) are such that d(x,y) > bdiam(Q), then

lp(x) = ()| = k™ d(x, y).
Proof. — Given a j € Z, we define
Tj(x) = (JIQ € 4j: 0 N B(x, 167) # 0}

It is clear then that B(x, 16/) € Tj(x) € B(x, 16/ 2).

The proof follows the proof of Proposition 9.36 of [21]. Let us suppose that the conclusion
does not hold, so that |p(x) —¢(y)| < d(x, y)/k for some k > 0 to be determined, and seek
a contradiction. Let j; be the largest integer at most j(Q) so that

Tj] (x)nN Tj1 (y)=90.

As d(x,y) > bdiam(Q), we get that there exists some absolute constant C > 0 so that

(12) 0=<j(@)—-n=C
We will show there exists some ¢ > 0 and k > 0 depending only on f so that
(13) lp(B(x.167) N K) Ng(B(y. 16") N K)| = cle(Q N K)|.

This then proves that

(14) lo(Tj, (x) N K) 0T, (y) N K)| = clp(Q N K,
which is equation (9.50) of [21]. The rest of the proof will just continue as in the proof of
Proposition 9.36 after Remark 9.56 of [21]. We quickly go over the idea of the argument
although we leave the details to the reader.

By choosing A4 large enough, we can find a neighbor Q4 of Q such that Q 1 contains both
T;, (x) and Tj, (y). By letting A be sufficiently large again, we can also ensure that the cubes
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CHARACTERIZATIONS OF RECTIFIABILITY 15

of A;, that make up Q 1 are all neighbors of Q. Thus, as Q € M4(¢), we have that each of
these cubes W € Aj, so that W C 0 satisfies

lp(W N K)| - lp(Q N K)|
(1) Ty SO Gy

We also have that

@K _ (@10 K|
W@ T w0y

If one chooses ¢ small enough, one can get that (16) is not consistent with (14) and (15).
This is because (14) says that the images of T}, (x) and T}, (y) overlap and eat up too much
of each other’s measure and (15) says that the other cubes of Q 1 cannot make up for this lost
measure. This will ensure that we cannot satisfy (16). We thus have a contradiction and so
our initial assumption that |@(x) —@(y)| < k~'d(x, y) was false. The reader can consult the
proof of Proposition 9.36 in [21] for full details.

We now prove (13). By the condition of My (¢, Qp), we have that Q € Q¢ and so
16/1 < £(Q) < £(Qp). Thus,as ¢ € (0,1/4) and x,y € DC(B, e, 16£(Qyp)), we get
that

(16) 1+¢

. . 3 .
|B(p(x), B16/1) N o(B(x,16’1) N K)| > ZlB(fﬂ(X)»ﬂw“)l,

. . 3 .
[B(p(y). B1671) N @(B(y,16'1) N K)| > ZIB(fp(y), B16/1)].
Note that

Al

: @A(12) co i
d(x,y) <3diam(Q) <  96-16°16.

Thus, if k is larger than some constant depending only on 8, then
. . 1 .
lp(B(x,16'') N K) N p(B(y,16’") N K)| = ZIB(fp(X),ﬁlﬁ"‘)l = (%).
By (2), Q has diameter no more than 32:16/(2) < 32.16€16/1. Thus, Q0 € B(x,3diam(Q)) C
B(x,96-1616/1). As ¢ is 1-Lipschitz, we have that
p" Crpj p"
>——+|B 96-16“16'1)| > ——+— N K)|.
() = sz Bo(). ) = Sgpreenle(@ N K|
This finishes the proof of (13). O

The following proposition says that the set of cubes not in $o7(8), Z(n), and M4 (¢, Qo)
satisfy a K-Carleson estimate. It is mostly proven in [21], but we will require some nontrivial
changes. The proof will be given in Appendix B.

ProprosITION 4.4, — Let ,8 > 0 and A > 1. Then there exists some o > 0 so that for
each ¢ < &y there exists some C > 0 depending only these constants and K so that

> 1(Q NK) < Cu(Qo).
0€A(Q0\(MA(,00)VUST(8,20)UZLD(n,Q0))

We can now prove the main result of this section. We are not keeping track of the number
of biLipschitz pieces or the biLipschitz constant—although they can be estimated—as they
are not necessary for our purposes.
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ProrosiTiION 4.5. — Let 1,8, > 0, and Q¢ € A and let ¢ : K — R" be a chart. Assume
(Qo N K)\(Z(c™) U A(n)) has positive measure where ¢ > 0 is the constant from Lemma 4.1.
Then there exists some C > 0 depending only on §, n, and K so that the following holds. There
exists a finite collection of compact sets {Fj}jle in Qo N K such that ¢|F; is biLipschitz and

1 ((Qo N KN F7) = &+ nit(Q0) + C(Qo\DC(. 1/10,166(Q0)).

Proof. — The proof will follow the usual biLipschitz decomposition method of [10, 12],
except we now use Lemma 4.1 and Lemma 4.2 to control the measure of X (c6"”) and A(n)
and we localize to a DC set. We proceed.

We choose A4, ¢,k depending only on 6 and K so that Lemma 4.3 applies to points
of DC(6,1/4,16£(Q)) in the cubes of M4 (¢, Qo) and so that ¢ is also small enough to apply
Proposition 4.4. For a cube Q, let Q denote the union of cubes in Q' € Aj0)(Qo) so that
Q' N2Q # @. For L > 1, we define the set

Ry = {x E(QoNKNEEMUAM): Y. x50 = L}.
QeA(Q0)\M4 (%)
As (Qo N K)\(XZ(cé™) N A(n)) has positive measure, by Proposition 4.4, there exists some
L’ > 0 depending only on A4, ¢, §, n so that

a7 n(RL) <e.

The usual coding argument from [12] or Section 2 of [10] required to decompose the set
(Qo N DC(8,1/10, 16£(QN\(S(¢8") U A() U Rer)

into the pieces on which ¢ is biLipschitz remains unchanged. Indeed, the fact that we take

points from DC(8,1/10,16£(Q)) allows us to get a weak k-biLipschitz behavior from the

cubes of M4(¢) by Lemma 4.3. For the convenience of the reader, we provide a quick sketch

of the argument at the end of this proof.
We now bound the measure of (Q¢ N K)\ | F;. We have that

1((Qo N KN\ F) < m(Re) + (M) + p(Z(c8")

+ 1((Qo N K)\DC(8,1/10,16£(Q0)))

(10)A(17)
< e+ nu(Qo) + Cu(Qo\DC(8,1/10,16£(Q0)))

+ 1(Qo\DC(8.1/10,16£(Q0)))
< &+ nu(Qo) + (C + Du(Qo\DC(8.1/10.16£(Q0))).

The dependencies for C are ¢, A, 8, n, but { and A depend on §, 7 and K so C depends only
oné, n,and K.

The only thing left is to give a sketch of the encoding argument for biLipschitz decomposi-
tion. Let £ be a constant large enough so thatif S € Agyy and Q € Ay, then diam Q < bdiam S.
For each k and Q € Ax(Qo), we let 7 (Q) denote the set of cubes Q' € Ar(Qp) so that
Q' # Qand 0,0’ C S forsome S € Ag4¢(00)\Ma(£). We get from the volume estimates
of the cubes that ¢#(Q) can contain at most 7 elements where 7' depends only on K.

We let A be a set of T + 1 distinct characters. We will associate to each O € A(Qy)
a (possibly empty) string of these characters a(Q), which we will call words. For Q € A,
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let Q* denote the unique parent of Q. The words will satisfy the following properties:

a(Qo) = 0,if F(Q) = @ then a(Q) = a(Q™*), if F(Q) # @ then a(Q) is constructed
by appending a letter on the end of a(Q*) so thatif Q' € £ (Q) then

- a(Q) # a(Q') ifa(Q) and a(Q’) are of equal length,
— if a(Q) is shorter than a(Q’) then a(Q’) does not begin with a(Q),
— if a(Q’) is shorter than a(Q) then a(Q) does not begin with a(Q’).

Such an encoding scheme can be done inductively. We omit the details although the reader
can consult [8] and [12] for full details.

If x € (Qo N K)\Ry/, then there are fewer than L’ cubes Q containing x for which
F(Q) # @. Thus, we see that there must be some Q € A containing x so that for all
Q' C Q containing x, a(Q) = a(Q’), i.e, the coding stabilizes. We let a(x) = a(Q)
for this Q. One can see that a(Q) is a word of at most L’ letters. We then have that
(Qo N DC(5,1/10,16£(Q))\(Rrs U X(cé"™) U A(n)) can be decomposed into at most
(T + 1)’ measurable sets based on what word each point is assigned.

Let x, y be two points of (Q¢ N DC(8,1/10,16£(Q)))\(Rr U £(c5"™) U A(n)) such that
a(x) = a(y). We want to show that |p(x) — ¢(y)| > kd(x, y) for some k independent of x
and y. This would show that ¢ is biLipschitz on the piece corresponding to a(x). We may as
well suppose x # y. Let S be the smallest cube such that x € S and y € 25. If S € M4(?),
then we get our needed bound from Lemma 4.3 once one recalls the definition of b as defined
right before the same lemma. Otherwise S € A(Qo)\M4({). Letting k be so that S € Ay
and 0,0’ € Apsothatx € Q and y € Q', we get that d(x,y) > bdiam S > diam Q
and so Q # Q’. Thus, Q' € &#(Q). But this is a contradiction of the fact that a(x) = a(y)
as the conditions of our encoding scheme ensures that such a situation cannot happen. This
finishes the sketch of the encoding argument. O

5. Proof of main theorem
We will need a preliminary lemma.

LemMA 5.1. — Let A be any bounded and finite measurable set in K and e, A > 0. There
exists some J < kg so that for every j < J there exists a finite collection of disjoint cubes

{Qk},iu=1 C Aj so that p(Qi\A) < Au(Q;) for each i and w(A\\J; Qi) < e.

Proof. — Let ¢ > 0 be some constant depending only on K with the following property:
if x € K is such that

w(B(x,r)NE) > (1 —cA)u(B(x,r)), vr e (0,R),
for some subset £ C K, and Q is a cube of diameter no more than R that contains x, then
(@ NE)>(1-2)u(Q).
That such a constant exists easily follows from (2), (4), and (5).

By Lebesgue’s differentiation theorem, there exists some R > 0 and some subset A’ C A4
so that p(A\A’) < ¢ and

w(B(x,r)NA) > (1 —c)u(B(x,r)), Vre(0,R),x € A'.
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We can then choose J < kg so that 32- 167 < R and forevery j < J,welet{Q;}}1, C A,
be the cubes that intersect with A’ nontrivially. O

We can now prove the main theorem.

Proof of Theorem 1.2. — As mentioned in the introduction, we simply need to prove that
(i) implies (iii) and (iii) implies (R) in the main theorem.

Recall that, after Section 2, we are reduced to proving that K is n-rectifiable. As discussed
in Section 2, after possibly taking a further countable Borel decomposition, Proposition 3.1
proves the implication of (iii) from (ii). It thus suffices to show that any DC(B, 1/10, R) of
positive measure is n-rectifiable. We now fix such a g € (0,1) and R > 0. We may suppose
without loss of generality that DC(8, 1/10, R) also is bounded and has finite measure.

Let ¢ > 0. By an application of Lemma 5.1, there exists some j < kg and a finite
collection of cubes {Q;}}, C A; so that 16/ 1 < R,

a8)  p(pc@a0.R\Joi) <

(19) m(Qi\DC(B.1/10, R)) <

&
47

& .
SCDC B 1/l0. Ry @) Vi

where C > 0 is the constant from Proposition 4.5. Assuming that we had initially chosen
e <4Cu(DC(B,1/10, R)), which we can and will, we then get from (19) that

M
(20) > 1(Qi) < 2u(DC(B.1/10. R)).

i=1
By choosing n = ¢/(8u(DC(B,1/10, R))) and applying Proposition 4.5, for every Q;, there
exists a finite family of compact subsets { F; ; };";1 of K so that ¢|F, ; is biLipschitz and

& I
am T 8u(DC(B, 1/10, R))

&
<
—4aM

1(Qi) + Cu(Q:\DC(B, 1/10, 16 1))

pl@in kN F
J

+ w(Qi) + Cu(Qi\DC(B.1/10. R)).

&
8u(DC(B.1/10, R))

We can apply Proposition 4.5 because we can use Lemma 4.1, Lemma 4.2, and (19) to prove
that (Q; N K)\(Z(cB™) U A(n)) has positive measure whenever ¢ is chosen small enough.

We let Fi”j = F;; N DC(B,1/10, R), which clearly also satisfies

@D p|inDbc@.1/10. R\ F,
J

& &
< 0 T SbCE 0 Ry (@) + CRQADC(E1/10. R)).

Thus, {Fl/, j }?i’;'f]':l are a finite collection of bounded subsets of DC(f, 1/10, R) on each
of which ¢ is biLipschitz. The last step is to bound the size of DC(B,1/10, R)\U; ; F ;. We
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have

w| De. /10 R\ F,

i,j
M
<pu (DC(ﬂ, 1/10. R\ Qi) + ;u (Qi N DC(B, 1/10, R))\ijF/,j

(18)AQ1) € &
2 Bu(DC(B,1/10, R))

M M
Y 1(Qi) +C Y u(Q:\DC(B,1/10, R))

i=1 i=1

M
(19)A(20) 3¢ g (20)
JR— . < .

< T Sumc. iRy M)

As e > 0 was arbitrary, this finishes the proof that DC(B, 1/10, R) is n-rectifiable, which,
as mentioned before, proves that K is n-rectifiable. Thus, we have shown that (iii) implies (R),
which finishes the proof of Theorem 1.2. O

REMARK 5.2. — Note that in the proof of (R) using (iii) (and in the proof of Proposi-
tion 4.4 to be proven in Appendix B below), the only property we used of the R” target to
get a biLipschitz decomposition of ¢ is that it is Ahlfors n-regular and so its balls satisfy
the estimate |B(x,r)| > Cr" for some C > 0. This is most crucially used in the proof of
Lemma 4.1 to prove that u(Qo\DC(8,1/10,£(Q)) bounds the measure of ¥(c§"). Specif-
ically, it is used when deducing that Q is not a maximal cube of &.7(c8") from (11). This
allowed to us show in the proof of Theorem 1.2 that the volume of the .7 cubes can be made
negligible. Ahlfors regularity was used again in Lemma 4.3 to prove (13). However, this use of
Ahlfors regularity can be completely avoided with a little more work. See the proof of Claim
9.49 and Remark 9.56 in [21] for more detail.

Thus, we have also proven the following theorem.

THEOREM 5.3. — Let (X, d, ) a metric measure space such that
0<O%(u;x) <O (u;x) < o0

fora.e. x and ¢ : X — (Y, p) Lipschitz such that (Y, p, S&") is Ahlfors n-regular. If X satisfies
David’s condition a.e. with respect to ¢, then there exists a countable number of Borel sets
U; C X such that u (X\ U; U,-) = 0and ¢|y,:U; — Y is biLipschitz.

Note that we really only needed one direction of the Ahlfors regularity assumption of /"
for ¢(X) (remembering that we do not need Ahlfors regularity in Lemma 4.3). Thus, we can
relax our conditions for Y in Theorem 5.3 to general metric space targets with the addition
of this assumption on ¢(X). We may further relax this condition so that, for almost every
x € X, ¢(x) has a positive lower n-density in ¢(X). This will only require one further
countable Borel decomposition of X into the sets where a lower n-density estimate holds
below a certain radius for a certain lower bound, as has been done above for other similar
properties.
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Appendix A
Proof of Proposition 2.1

In this appendix, we go over the outline of the proof of Proposition 2.1. The proof of
this theorem is essentially that of Theorem 11 of [6], which a good understanding of will be
helpful. In the areas where we need to make nontrivial changes, we will go over the changes
carefully. We may suppose without loss of generality that u(K) > 0. Our lemmas and
propositions will be numbered A. X’ where X is the numbering of the corresponding lemma
or proposition in [6]. Let kx € Z be maximal so that 16F5+2 < R.

We begin by defining a collection of nets {ng tk <kg,a € I} C K so that

d(ch.z§) 2 165 Vo #p
and for each k and x € K, there exists « € I} so that d(x, z{j) < 16k,

LeEMMA A.13'. — There exists at least one partial ordering of the set {(k,a) : k < kg.,a € It}
so that
(@ (ko) =(.p)=k =t
(b) For each (k,a) and l € ik, ..., kk}, there exists a unique B such that (k,a) < (£, B),
(©) (k—1,B) < (k,a) = d(zf,z57") < 16571,
(d) d(z{;,zg—l) <1165 = (k- 1,B) < (k. o).

This partial ordering is easily constructed by using the net properties of the z{j. There
may be some choices that need to be made, which would reflect the fact that there could be
multiple partial orderings, but these choices will not affect the result. We let the reader consult
the proof of Lemma 13 of [6] for the complete details.

Choose one such partial ordering. We then define

ok=|J B(5.16Y3).
(.8)<(k.a)
Properties 2-4 of Proposition 2.1 are easily verifiable by our construction of the Q{; and
so we omit the proofs. We actually get the improved estimate

(22) okcn (z{;, ; : 16k) .

For full details, consult the proof of Theorem 11 of Lemma 13. Property 6 follows easily from
Property 4, (1), and the fact that 16k +2 < R.

The proof of Property 1 is also easy. Let E = | J,, Q](f, for some k < kg and x € K\E.
Let n < k. Then there exists some z/ such that d(z}2, x) < 16". Note that B(z%, 16" /8) C E
by construction. Thus, B(z?, 16" /8) C B(x,16"*!) and as x, z* € K, we get that

W(ENB(x.16"))  p(B(z5.16"/8)) _

pw(B(x,16"T1)) 7 p(B(x,16"1h)) —

for some ¢ > 0 depending only on the constants of (1). As this holds foralln < kand x ¢ E,
we get by Lebesgue density theorem that u(K\E) = 0.

It remains to prove Property 5 (known as the small boundaries condition), which requires
more substantial changes to the proof of the analogous property of Theorem 11 of [6]. We
will need the following lemma:

c >0,
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LEMMA A.17'. — For any & > 0, there exists N € N such that for every Q¥,

pwix € 0F 130 € Ir_y so that x € QXN dist(QX™N, X\ 0K) < 50- 165"V} < epu(0F).

Proof. — The proof of the modified Lemma 17 is similar to the proof of the original.
Let x € Q=N N QK as above for some N to be determined. Then we have that there exists
a unique chain of cubes

k—N _ nHk—N k—N+1 k _ Nk
o =Qgq yC Q0k7N+1 CC Q=00

We let z; = z; be the points as in Property 4.

We claim that there exists some absolute constant ; > 0 so that d(z;, z;) > 2¢&; 167 when
k—N 43 <i < j<k.Supposenot. Then

dist(z;, X\ QF) < dist(x, X\ Q) + d(zj, x) <100- 165N 4+ d(z;,z) + d(z:. x)

22) .3 )

< 100- 165N 4+ 261167 + > 16! = ().
By choosing ¢; smaller than some absolute constant and using the fact thati > k — N + 3,
we get that

1 .
—-167.
() < g

But this is a contradiction of the fact that B(z;, 16/ /8) C Q’; .
Now for each x € [J{Q¥=N < 0k : d(Qk=N, X\ QK) < 50 - 16F=N}, we can construct
a chain of cubes and zg, ;) as above fork — N < j < k. Let S; be the collection of all
points zg(x, ) for all such x. Let G; = s, B(z.£1167). Then we have that the G; are
disjoint.
Let
E ={x € QK 130 € I} _y so that x € QK= dist(Q*~N, X\ 0¥) <50 1657V},

We have forany k < j <k — N + 3 that

W(E) < U B(z, 16KTN+1)

ZESk+N
=C' ) u(B(z.ed16Y))

ZE€Sk+N

=2 ) uBzel6th))

weS; z€Sk 4 N,z<w

C' Y m(Bw.167*h)

weSj

=C' ) n(Bw.er167) < C'p(G)).

weSj

IA

Here, the first inequality comes from Property 4 of the cubes. The second and fourth
inequalities come from the (1), the fact that the S; sets are in K, and the disjointness of
B(z,&116¥TN). The third inequality comes from Property 4 of the cubes.
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As the G; are all disjoint, one gets that

k—N+3
w(@) = > w(Gj)=(N—-3)C " u(E).
j=k
Thus, choosing N > C’e~! + 3 allows us to conclude that u(E) < eu(Q). O

The proof of Property 5 now follows the proof in Theorem 11 of [6]. One defines
k—j . k—j —j
Ej(Q) = {0y c 0F : dist(Qy ™, x\0¥) < 501687/}
andej(Q’;) = UQ€E/_(Q§) Q. One can verify thatif x € QéﬁKso that d(x, X\Q{;) < 116,

then x € e;(Q¥) where 16¢=/=1 > £16*. For full details, the reader can consult the second
paragraph of proof of Lemma 17 of [6].
Thus, to prove Property 5, it suffices to prove that there is some C’ > 0 so that

(e (05 N K) < 16777 u(Qk),  Va,k,Vj >0,

Lemma A.17 says that there exists some J > 0 so that

23) pes(08) < spu(0h). vk

Define F,(Q¥) to be a collection of all Q'E‘”J C QF as follows. Forn = 1, Fi(Qk) =
E;(QF). Then we define inductively

Fem(@H = |J  Es0F ).

0f~ eFu(06)

Letting f,,(QZ) = USan(Qg) S, we get by iteration of (23) that
w(fm(08) < 27" (Qh).

Thus, we get
wems (08) <27"u(Qg) = 167" (QF).  Ym = 0.
This finishes the proof. O
Appendix B
Proof of Proposition 4.4

B.1. Introduction

The proof of Proposition 4.4 closely follows the proof of Proposition 7.8 in [21], which,
needless to say, a good understanding of will be necessary. Most of the proof will only require
superficial changes. Thus, for convenience, we will not go into much details in these parts
although we will try to give a general overview of how the proof works. There are some
parts where we will have to make nontrivial modifications; most notably, we have to add
an extra condition to a stopping time process defined in [21]. We will go through these
modifications carefully. Our lemmas and propositions will be numbered B.X.Y’ where X.Y
is the numbering of the corresponding lemma or proposition in [21].
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Recall that we have K C X satisfying (5), a collection of cubes A satisfying Proposi-
tion 2.1, and a 1-Lipschitz map ¢ : K — R". We will recall further necessary concepts
from [21] in the relevant subsections below. Also recall the families of cubes Z)(n) from
Section 4, which was not in [21]. This family of cubes (or more precisely, the complement of
this family) will play a big role in establishing our K-Carleson bound.

Recall that a nonempty collection cubes S C A is called a stopping time region if

— there is a top cube Q(S) € S so that Q € Q(S) forevery Q € S and
—ifQeSand Q' e AwithQ C Q' C Q(S),then Q' € S.

The set of bottom cubes of a stopping time region S is
b(S)={0 €A:0CQ(S), 0 ¢ S,and Q is maximal with respect to these properties}.

Note that these are disjoint cubes contained in Q(S) if they exist (b(S) may in fact be an
empty set).

We quickly go over a general outline of this part of the appendix. In some of the subsec-
tions below, we will give an more in depth overview. Section B.2 establishes some important
technical lemmas that allows us to determine when a collection of cubes is K-Carleson. Most
of the proofs of the original lemmas can be superficially modified to get our needed result.

Sections B.3 gives our first preliminary decomposition of the set of subcubes of some
cube Qy into stopping time regions for which our map ¢ has good measure preserving
properties on each stopping time region. The stopping time regions are shown to not be
“too much” and, together with Z)(n), cover a large portion of Qq. This is only a partial
decomposition of the subcubes of a specified cube. See Proposition B.3.6’ for the precise
statement and Section B.3 for an overview of the proof.

In Section B.4, we iterate the partial stopping time decomposition of Section B.3 to get
a complete stopping time decomposition of the entire set of subcubes of Qy. As before, ¢
has good measure preserving properties on each stopping time region. It will be shown that
the number of stopping time regions will not be too large in the sense that all the top cubes
satisfy a K-Carleson condition. There will be a junk set of cubes that will be the cubes of ./
and 77 that satisfy a Carleson condition. See Proposition B.4.2’ for the precise statement
and Section B.4 for an overview of the proof.

Section B.5 refines the stopping time region decomposition of Section B.4 so that each
stopping time region becomes good (the definition of a good stopping time region is in the
beginning of Section B.5). This requires a decomposition of each stopping time region from
Section B.4 into a collection of good stopping time regions. This will increase the number
of stopping time regions so it will be necessary to show that the top cubes of the collection
of good stopping time regions still are K-Carleson. Note that ¢ still has good measure
preserving properties on the good stopping time regions because they are subsets of the
stopping time regions of Section B.4. The junk set of &7 and Z%) cubes remain untouched.
See Proposition B.5.5’ for the precise statement and Section B.5 for an overview of the proof.

In Section B.6, we improve on the measure preserving properties of ¢. See (30) for the
definition of {(0), the specific improvement on measure preservation that we use. We show
that most subcubes of Qg belong to {(o). Specifically, if we consider G, to be all the cubes
in all the stopping time regions of the decomposition of Section B.5, then we show that
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G,\ ((0) is a K-Carleson collection of subcubes. See Proposition B.6.13" and Section B.6
for an overview of the proof.

Finally, we give the proof of Proposition 4.4 in Section B.7 by showing that most cubes
of ((o) are in M4(¢) in the sense that {(0)\M4(¢) is K-Carleson. This together with the
result of Section B.6 and the fact that the junk set outside of G, is in &7 and Z) gives us
our needed result. See Section B.7 for an overview of the proof.

B.2. Section 2 of [21]: Lemmas

In this subsection, we recall some preliminary terminology and lemmas. Most of the
lemmas of Section 2 of [21] establish Carleson bounds. We will convert them to establishing
K-Carleson bounds.

Fix a cube Qg and let £ a family of cubes. For x € Oy, we let N(x) = N, (x) denote the
number of cubes in £ that contain x. Note that all such cubes are then subsets of Qg.

The following lemma will be very important in establishing Carleson bounds.

LEMMA B.2.28". — Let & be a family of cubes in A and suppose that there are positive
constants k, A such that

24) n@x € ONK :No(x)>L) <(1—Du(QNK), YQeA.

Then € is a K-Carleson set with constants depending only on L and \.

The estimate (24) allows one to show that the distribution function

A1) = u(fx € Qo N K : Noo(x) > 1)
decays exponentially, giving us a bound on the Carleson summation. The full proof of the

original Lemma 2.28 in [21] requires only superficial modifications to give us Lemma B.2.28’
and so is omitted. Note that following that proof actually gives the stronger statement that

Y wKNQ)sCu(KNnQ). VOEeA,
0’e€,0'cO
but we will not need this.

Let n > 0. If a family of cubes £ is a K-Carleson set with constant C and does not
contain any cubes for which u(Q N K) < nu(Q), then it follows easily from the definition
of (K-)Carleson sets that £ is actually a Carleson set with constant C /7.

Given a family of cubes &£, we let &4 denote the set of cubes Q such that Q is an
A-neighbor of some Q' € €.

We will need the original version of Lemma 2.32 of [21].

LEMMA B.2.32. — Let € be a Carleson set with constant C. Then € 4 is also a Carleson set
with some constant C' increased by a factor depending on A and K.

We will also need the following K-Carleson version.

LeEmMma B.2.32'. — Let >0 and & be a K-Carleson set with constant C so that
w(Q N K) > nu(Q) forall Q € £. Then E4 is also a K-Carleson set with some constant C’
increased by a factor depending on K, A, and n.
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Proof. — As £ does not contain cubes for which 1(Q N K) < nu(Q), we have that it is a
Carleson set of constant depending on 1 and the K-Carleson constant of £. We then apply
Lemma B.2.32 to get that £4 is Carleson with constant increased by a factor depending on A4,
K, and n. As Carleson sets are K-Carleson, we are done. O

Givena T € A, we let

Ca(T) = {Q € A : thereis a cube Q' € A such that Q and Q’ are neighbors,
andeither Q C T, Q' ¢ T, or Q' CT,Q0 € T}.

See (2.33) of [21].

LeMMA B.2.34'. — There is a constant D so that

Y. WQ@NK)=DuT).

QeCy(T)

where D depends only on A and K.

The proof requires only superficial modifications of the proof of the original Lemma 2.34
in [21] and so is omitted. The small boundaries property of the cubes (Property 5 of Propo-
sition 2.1) is used here. Note by (3) that our cubes have the small boundary property only
when restricted to K, but this is exactly what is needed for the lemma.

We now move to the Carleson set composition lemmas of [21]. Note that K-Carleson
conditions do not compose because the K-Carleson upper bound does not take into account
intersections with K. Thus, we will need that there exists some n > 0 so that all our cubes
in the following lemmas satisfy u(Q N K) > nu(Q). We call these cubes high density
cubes. They help us turn K-Carleson bounds into Carleson bounds, which will lead to nice
composition properties.

LeEMMA B.2.44". — Let n > 0 and & be a collection of cubes that is a K-Carleson set and
for which each Q € & satisfies n(Q N K) > nu(Q). Define 4 by
Ha = | Cam).

TeX
Then 56,4 is also a K -Carleson set, with a constant depending only on K, n, and the K-Carleson

constant for X.

Proof. — Fix some Qp € A. As in the proof of Lemma 2.44 of [21], we get that
Y. wRNK)= Y wRNK)+ Y Y wRNK).
Red4,RC00 ReC4(Qo) Ted(Qo) ReCA(T)

See the argument before equation (2.47) of [21]. Using Lemma B.2.34’, we can convert this
to

Y. WRNK)=Du@Qo)+D Y, wd).

Re X4, RSOy TeJ(Qo)
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As I is K-Carleson and does not contain cubes for which u(Q N K) < nu(Q), we get that

> WRNK) = Do)+ o Y TN K) = D'u(Qo).

RE/SKCA,RQQ() T€d(Qo)
where D’ depends on the previous D and 7. O

LeEMMA B.2.50". — Let n > 0 and &F be a family of stopping-time regions that are disjoint
as subsets of A. Assume that the collection of top cubes {Q(S) : S € &F} is a K-Carleson set
with constant Cy and does not contain any cubes for which u(Q N K) < nu(Q). Suppose for
each S € & we have a collection of cubes E(S) C S that is a K-Carleson set with constant
C,. Then the union

&= €
Sesf
is a K-Carleson set with constant depending only on Cy, C,, and 1.

The proof requires only superficial modifications of the proof of the original Lemma 2.50
in [21] once one takes into account that {Q(S) : S € ¢/} contains only high density cubes
and so is actually also a Carleson set. Thus, the proof is omitted.

LEMMA B.2.58". — Let n > 0 and &F be a family of stopping time regions that are disjoint
as subsets of A. For each S € of set

Sy =1{0Q €S :Q' €S8 whenever Q and Q' are neighbors },

and set

Ba = | (5\Sa).
Sesf
If the collection of top cubes T = {Q(S) : S € f} is a K-Carleson set and satisfies
w(ONK) > nu(Q) forevery Q € T, then By is also a K-Carleson set with constant depending
only on the K-Carleson constant for {Q(S)}seyg. n, A, and K.

The proof requires only superficial modifications of the proof of the original Lemma 2.58
in [21] once one takes into account that 7' contains no cubes of low density and so is actually
also a Carleson set. Note that the bottom cubes of a stopping time region b(S) are still
Carleson with constant 1. Thus, the proof is omitted.

B.3. Section 3 of [21]

The following gives our initial incomplete stopping time region decomposition of A(Qy)
on which ¢ has the good measure preserving condition of (c). There are not too many
stopping time regions in the sense of (¢), but the area covered by stopping time regions isn’t
too small in the sense of (a) and (b). Crucially, we require that all the stopping time regions
consist of cubes of high density.

ProrosiTiON B.3.6". — Let 1,8, > 0and Qg € A such that |p(Qo N K)| > 8u(Qo) and
w(Qo N K) = nu(Qo). There exist constants k, o > 0 depending only on t, §, and K so that
the following is true. There exists a family &f of pairwise-disjoint stopping time regions of A
and a measurable subset E = E(Qo) € Qo N K with the following properties:
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(@) n(E) = apu(Qo N K),

(b) if Q € Asatisfies Q C Qo and Q N E # @, then either Q lies in S for some stopping-time
region S € & or Q € Z0(n),

() ifQ € Sand S € &F, then Q C Qo, and

(1 +T)71|</)(Q(S) NK)I _ le(@NK) lp(Q(S) N K)|

woy - wo TP ues)
(d) lp(Q(S) N K)| = 8u(Q(S)) forall S € oF,
(e) for each x € K, there are at most k choices of S € &F such that x € Q(S),
(f) p(@NK)=nu(Q) forall Q € Sand S € ¢f.

Proof. — We run the stopping time process of Section 3 of [21] on the subcubes of Q but
with an extra stopping time condition. Specifically, we stop at a cube Q C Qy if any of the
following conditions are satisfied:

lp(Q N K)| _119(Qo N K)|
@) wo) T 00

lp(Q N K)| lp(Qo N K)|
(26 w0 T e
(27) w(K N Q) <nu(Q).

Note that the first two conditions may not necessarily be disjoint from the third. We start
with Q¢ and only keep the children of Qg that fail to satisfy each of (25), (26), or (27). We
then apply the process to the kept children and iterate the process on all the kept children.
This gives us one stopping time region So, which we put into the singleton family &7 ,. We
then look at the bottom cubes b(Sy). For each Q € b(Sy) that satisfies (26) but not (27), we
repeat this stopping time process to get another family of stopping time regions &7;. Here,
we replace the Qg in the stopping time conditions with the relevant cube of b(Sg). We repeat
again the process for the bottom cubes of all stopping time regions in of; that satisfy (26) but
not (27) to get another family of stopping time regions &/ ,. We keep repeating this process
over and over to more families 75, ¢¥ 4, of 5... Our final family of stopping time regions will
be F =UZo -

Properties (c) and (d) are immediately verifiable. Property (¢) comes from the fact as ¢ is
1-Lipschitz, we have that

28)  [9(ONEK) < FNONK) L CPuONK) < C2Pu(Q), VO eA.

Thus, if a point is contained in k stopping times regions for k large enough, then (26)
must happen too many times and, and, remembering |¢(Q¢ N K)| > §u(Qy), we will
contradict (28). Property (f) is also immediate from the condition of the stopping time. For
more thorough detail, see the analogous proof in [21].

To construct E, for S € &7, let b1(S) denote all the cubes of b(S) that satisfy (25) but not
(27). If we define

E=@onKN\|J U o
Sef Qebi(S)
then we see that E satisfies Property (b). Indeed, suppose that Q does not lie in any stopping-
time region § € ¢ and let Q' D Q be the maximal cube that contains Q that also does not
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lie in any stopping time region. Then one of (25), (26) or (27) is true for Q. If Q' satisfies (27)
then O € Z2(n). If not, then certainly Q' cannot satisfy (26) or else it would begin a new
stopping-time process. Therefore, the only other case to consider is if Q" does not satisfy (27)
but does satisfy (25). That is, Q’ € b1(S) and so Q is disjoint from E.

It remains to lower bound p(E) as in Property (a). We need the following lemma.

LeEMMA B.3.16". — Let Q be a cube in A and {Q;}; be a disjoint family of subcubes for
which

0(0: N K)| 00N K|
won ST T

Then

" ((Q n K)\Lij Q,-) > ﬁwg N K)l.

The proof requires only superficial modifications of the proof of the original Lemma 3.16
in [21] and so will be omitted.

Let S € ¢f and set Eo(S) = (Q(S) N K)\ Ugep, (s) R- We get from Lemma B.3.16' that

(29) 11(Eo(S)) > H%Iw(Q(S) nK)| > ﬁw(Q(S) N K),

where we used Property (d) in the last inequality. This is the analogue of equation (3.26) of
[21]. The rest of the proof of Property (a) only requires superficial modifications of the proof
of the original Property (a). We define

j
Ei=@oncNJ U U &
i=0SeF; Reb(S)

We get then that

Em=E\N |J U R

SEQ?J-_H RGbl(S)

and E = Ej by Property (e). The inequality (29) allows us to estimate (with a little work)

T
W(Ejy1) = mSH(E_i)

This easily gives us our needed lower bound for w(E) = w(Ey). See the proof of Lemma 3.6
in [21] for more details. O

As was proven in Remark 3.46 of [21], theset G = | g g S isitself a stopping time region.
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B.4. Section 4 of [21]

The following proposition gives our first complete stopping time decomposition of A(Qy).
The completeness is given in (b) where we are allowed a junk set as defined by (a), (f), and (g).
Crucially, there are not too many stopping time regions as expressed in (¢). As before, the
stopping time regions consist only of cubes of high density. We do this by essentially
repeating the stopping time decomposition of Proposition B.3.6” over and over until we have
exhausted all cubes.

PrOPOSITION B.4.2'. — Let Qo9 € A and fix §,t,n > 0. There exists a constant k,
depending only on K, §, and t, as well as a family &F of stopping-time regions in A and two
collections {Q;}ier and { P;}jey of cubes in M so that the following are true:

(a) the Q; ’sand P; s together are pairwise disjoint subcubes of Q¢ and the stopping time regions
o are pairwise disjoint subsets of A(Qy),

(b) if R € A(Qy) then either R € Q; for somei € I, R C P; for some j € J, or R € S for
some S € of (but not more than one),

(c) if Q € Sand S € &4, then

1 e(@S)NK)| _ le(Q@NK)| lp(Q(S) N K)|
Doy S owo ST uesy
(d) lp(Q(S) N K)| = 8u(Q(S)) forall S € F4,

(e) the family of cubes {Q(S) : S € of 1} is a K-Carleson set with constant ky,
® le(Qi N K)| < u(Q:). Viel,

(&) nw(PiNK) <nu(p),  Vjel,

(h) u(QNK)=nu(Q)forall Q € Sand S € ;.

Proof. — We may assume that |¢(Q¢ N K)| > Su(Qp) and u(Qo N K) > nu(Qo)
as otherwise there is nothing to do. As in [21], the union of all the stopping time regions
S € ¢F where o is the family of stopping time regions of Proposition B.3.6’ is a stopping
time region itself. Thus, we apply Proposition B.3.6’ to Q¢ to get a family of stopping time
regions &f (Qp) and let G denote the stopping time region that is the union of all cubes of 7.
Let 5(G) denote the bottom cubes of G. By construction, if Q € b(G), then Q has to satisfy
atleast one of (25) or (27). All the cubes that satisfy (27) we put into { P; }. For the other cubes,
we check to see if

(1+

lp(Q N K)| < du(Q).

If so, we put it into {Q;}. Any remaining bottom cube Q’ satisfies (Q’' N K) > su(Q’)
and u(Q' N K) > nu(Q’) and so we apply the stopping time process of Proposition B.3.6/
on each of these to get more families of stopping time regions 7 (Q’). We continue this way
forever or until we run out of cubes. We let &, denote the union of all these 7 (Q’). Note
that &f, is composed of stopping time regions of each ¢f generated by Proposition B.3.6/,
not the union of these stopping time regions.

By construction, all the properties besides (e) are satisfied. See the proof of Proposition 4.2
of [21] for more information if needed. The proof of Property (e) is also similar to the proof
of the analogous property in [21] and follows with only superficial modifications after the
following observation. Let { denote the set of cubes for which Proposition B.3.6' was applied
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in the above construction and Q(G) denote the set of cubes that make up the stopping time
process starting at G € . Thus, ( is a subset of {Q(S) : S € &} and does not contain
cubes for which u(Q N K) < nu(Q).

We also get the following claim.

CrLAaIM B.4.16'. — For each cube R € A, there is a measurable subset F(R) of RN K such
that u(F(R)) > au(R N K) and so that for each y € F(R) there is at most one Q € () that
contains y and is contained in R.

The proof requires only superficial modifications of the proof of the original Claim 4.16
in [21]. The set F(R) is constructed from the modified E(T;) sets of Proposition B.3.6'
where T; are maximal cubes of A(R) and  along with additional cubes. Property (a) of
Proposition B.3.6’ gives us our needed lower bound for u(F(R)). Note that the modified
set E of Proposition B.3.6" also has the cubes P;, but this is fine as the construction above
completely terminates at these cubes. For more information, see the proof of Claim 4.16
in [21].

As in [21], Claim B.4.16' and Lemma B.2.28" show that { is K-Carleson. The rest of
the proof of Property (e) requires showing that all the cubes of Q(S), not just the ones
in ¢, are K-Carleson. This follows completely analogously as in [21]. We use that each
{Q(S) € &1} N Q(G) is uniformly K-Carleson by Property (e) of Proposition B.3.6" and
each G € ( contains only cubes of high density cubes along with Lemma B.2.50' to establish
Property (e). The details are left to the reader. O

B.5. Section 5 of [21]

We recall Definition 5.1 of [21], which says that a stopping time region S is good if for each
Q € S, either all of its children are in S or none of them are.
We will need the following lemma for the next section.

LEMMA B.5.2'. — Suppose S C A is a good stopping time region. Let Q € S and {T;} C S
be a finite family of pairwise-disjoint cubes so that T; € Q for all i. Then there exists another
finite family of pairwise disjoint cubes {W;} C S so that W; € Q for all j, each W; is disjoint
from all the T;, and

ONK= (U(n N K)) U (U(W,- N K)).
i J

The proof requires only superficial modifications of the proof of the original Lemma 5.2
in [21] and so will be omitted.

The following proposition says that we can do the a stopping time region decomposition
as in Proposition B.4.2’, but we can further specify that all the stopping time regions we get
are good. The proof requires decomposing each stopping time region from Proposition B.4.2/
into a collection of good stopping time regions and then verifying that we didn’t violate the
K-Carleson condition of the top cubes.

PRrROPOSITION B.5.5". — Let Q¢ € A and fix §,t,n > 0. There exists a constant k,
depending on § and t, as well as a family &F, of stopping time regions in A and two collections
{Qitier and {Pj}jecy of cubes so that the following are true:
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(a) the Q;’s and P;’s together form a pairwise disjoint collection of subcubes of Q¢ and the
stopping time regions in of , are pairwise-disjoint as subsets of A(Qy),
(b) if R € A(Qo), then either R € Q; for somei € I, R C P; for some j € J,or R € S for
some S € of 5 (but not more than one),
() if 0.0 €SandS € of 5, then
lp(Q N K)|

QN K)| _le(QNK) >
— 1 My 2
w@ - w@ ST
(d) lp(Q NK)| = (1+1)7'8u(Q) when Q € S, S € >,
(e) the family of cubes {Q(S) : S € of,} is a K-Carleson set with constant k»,

() 1e(Qi N K)| < 8u(Q;) foralli €1,

(g8) each S € of, is a good stopping time region,

(h) w(P; NK) <nu(Pj)forall jelJ.

() w(Q@NK)=nu(Q) forall Q € S and S € of ,.

(1 + _L,)—Z |(p(

Proof. — We run the same exact stopping time region decomposition of the proof of
Proposition 5.5 of [21] on ¢F, of Proposition B.4.2’ to get a family of good stopping time
regions ¢f,. The decomposition is the obvious one where, for some S € &F;, we take a
maximal good stopping time region S¢ < S such that Q(Sp) = @Q(S). Then for each
R; € b(Sp), we take again take a maximal good stopping time region S; < S so that
0(S;) = R. We repeat forever on the bottom cubes that we get or until we run out of bottom
cubes. Thus, Property (g) is satisfied by construction and all other properties besides (e) are
satisfied by the properties of ¥, Q;, and P; of Proposition B.4.2’.

As in [21], we see that a top cube Q € {Q(S) : S € of,} cither belongs to {Q(S) :
S € ¢F;} or has a parent that belong to some S € f;, but one of the children of the
parent (a sibling of Q) does not belong to S. This comes from the good stopping time
decomposition of the stopping time regions in &7 ;. From the previous proposition, the cubes
that are contained in the former case are K-Carleson, so we do not have to worry about them.
For cubes from the latter case, we have that one of the siblings Q' of Q must either be a top
cube of some other S € of 1 or belong to one of the family {Q;}ies and {P;}jey.

In the first case, we have from Properties (¢) and (h) of Proposition B.4.2" that
{0(S) : § € f,} are K-Carleson and contain only high density cubes. Thus, by
Lemma B.2.32/, we get that this group of cubes Q’ is also K-Carleson. In the second
case, we have that {Q;};e; and {P;};cs are both Carleson sets because they are composed
of disjoint cubes. Thus, Lemma B.2.32 shows that this group of cubes Q’ are Carleson and
so also K-Carleson. This finishes the proof of Property (e), which finishes the proof of the
entire proposition. O

B.6. Section 6 of [21]

We keep the same notation as in the previous sections. We recall some more notation from
[21]. For acube Q € A, we let

xQ = {T € Aj(g) : dist(T. Q) < diam(Q)}.
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Thus, Q = %0 N Q. Given some o > 0, we let
(30)
L@ N K| _ 9@ N K)| lp(Q N K)|
Q0) =40 € A(Qo): (1 +0)7" < ~—— =(l+o)———
©(Q) w(0) w(Q)
Let t be a small number and 6,7 > 0. Then we can use Proposition B.5.5" to get a family
of , of stopping time regions in Qg along with two families of mutually disjoint subcubes

{Qi}ier and {P;}jcs. We set
Gy = U S.

Sedfo

The following property says that, by taking r small enough in Proposition B.5.5’, we can
get that most of the cubes in the good stopping time regions are also in {(0).

PRrROPOSITION B.6.13". — Let 0,8,n > 0. If we choose © small enough, depending on o
and K, then G\ ((0) is a K-Carleson set with constant depending only on t, 8,7, and K.

The fact that G, contains only cubes of high density allows us to transition from
K-Carleson estimates to Carleson estimates. Keeping this in mind, most of the proof
then requires only superficial modifications of the proof of the original Proposition 6.13
in [21].

We now go quickly over the four reductions of the proof of Proposition B.6.13'. For our
first reduction, we use Lemma B.2.50" and Property (e) of Proposition B.5.5’, to get that it
suffices to show that if 7 is sufficiently small, then for any S € &7,

S\ (o)
is K-Carleson with a bound depending only on K and 7.
Fora S € &F,, we define
S§"={0 €S :T € S whenever T € Aj(g) and dist(7, Q) < diam(Q)}.

For our second reduction, we use Lemma B.2.58" and our first reduction to get that it suffices
to show that if 7 is sufficiently small, then for every S € &5,

S"\((0)
is K-Carleson with constant depending only on z, K, and 7.
Fix an § € &f,. For our third reduction, we use Lemma B.2.28’ to get that it suffices
to show that if 7 is sufficiently small, then for every Q € S there is a measurable subset
D(Q) € O N K such that

w(D(Q)) = yu(Q N K)

and for each x € D(Q), there are at most m cubes R € S'\ {(o) suchthat R € Q and x € R.
Here m and y are positive constants that depend only on K.
As is the case in [21], there is one small point in that in Lemma B.2.28’, we require the
w(D(Q)) bound for all Q € A not just S, but the ones in S are the only ones we really need.
Fixing some Q € S, we set

Br={ReS"\ (o) : xR C 0},
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and
Br={ReS'\Co):RCQbut xR<Z Q}.

We have the following lemma.

LEMMA B.6.27'. — There is a constant C which depends only on K and 7 so that

Y. WRNK) < Cu(QNK).
Re B>

The proof follows easily from the proof of the original Lemma 6.27 and the fact that
QO € S has high density.

Using Lemma B.6.27', we get as in [21] that it suffices to prove the following modification
of the fourth and final reduction of the proof of Proposition B.6.13":

REDUCTION B.6.29". — It suffices to show for every Q € S that if t is small enough
depending on o, n, and K, then there is a measurable subset E(Q) of Q N K such that
W(E(Q)) > %,u(Q N K) and there are no cubes of B, that intersect E(Q).

To prove the third reduction from Reduction B.6.29’, one lets N, (x) for x € Q denote the
number of cubes R € B, such that x € R. One then defines
D(Q) ={x € E(Q) : N2(x) < 42}
where C, is as in Lemma B.6.27'. One then easily gets using Lemma B.6.27’ that u(D(Q)) >
1(Q N K) with m = 4C, for the third reduction.
For more details of these reductions, see the proof of Proposition 6.13 in [21].

The proof of Reduction B.6.29’ itself requires mostly superficial modifications of the proof
of the original Reduction 6.29 in [21]. For instance, we start off with the following Vitali type
lemma that is the original Lemma 6.39 of [21] unmodified:

LEMMA B.6.39. — There is a family {R;}je of elements of By such that
*R; N*R; =0, wheni # j,
and

L r< AR

Re B jer

where A depends only on K.

The proofis also unchanged and follows the basic structure of the original Vitali lemma.
We thus get that
(31) J ®RnK)c | JAR; nK).
Re B, jed
One easily sees that

@A)
(32) HARNK) = u(AR) = Cu(R), VR e By,
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where C depends on A > 1 and K. Thus, we get the following equation that is analogous to
(6.47) of [21]:

(33) u ( U ®n K)) S a0 k) Y Ry,

Re B4 jeJ jeJ

Note that if R € J3; then one easily gets that R = %R by the definitions. One can also
prove the following lemma.
LemMmA B.6.56'. — If R € B, and T < min{l,o/3}, then
RNK NnkK
p(*R) n(Q)

Proof. — This follows from Property (c) of Proposition B.5.5” and the fact that R and Q
are both in S once we prove that

lp(xR N K)| —1lp(RNK)|
(34) ——<(l+0)y ——
p(*R) w(R)
Assume this were not the case. Then as R ¢ ((o), we must have that
lp(xR N K)| lp(RN K)|
(35) ———>(1+0)—————
p(xR) K(R)

Let N(R) be the set of cubes in Aj(g) such that xR = Ureyr) T- As R € B1, R is also
in §’. Thus, by definition of S’, we have that N(R) C S and so

lp(T N K)| lp(R N K)|

(36) <(1+41)? , VT € N(R),
n(T) 1(R)

by Property (c) of Proposition B.5.5. Then
BN le(xRNK)| < Y |o(T NK)|

TeN(R)

(36) RNK RNK

TeNR) m(R) n(R)
As we have set T small enough, we see that (1 + )2 < 1 4+ ¢ and so this contradicts (35).
Thus, (34) must be true. O

Define
v =|J=*R;.

Using Lemma B.6.56” and an estimate similar to (37), we can easily get that

(38) WV N K)| < (1 +0)1(1+ r)z%um

We also have the following lemma.

LeEMMA B.6.61". — We have

(39) (0 N KN\V)| < (1 4+ 0?1 L 0Kl

1(0) w(Q\V).
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Proof. — Let Jo be any arbitrary finite subset of J and set Vo = (¢, *R;. Let N(R) be
as in the proof of Lemma B.6.56'. As before, as each R; € 31, we have that N(R;) < S.
Apply Lemma B.5.2" to the finite set {7;} = ;¢ ,, N(R;) to get a finite collection {W} of
disjoint subcubes of Q such that each W, lies in S and

(40) (QNK\Vo = JW nK).
¢
Note also that as the Wy, € Q and is disjoint from {7;}, we have
(41) we < 0\Ve.
¢
Because each W, lies in S, we get by Property (c) of Proposition B.5.5’ that
nK
@) oW n k)] = (14 02 L ORN gy,
n(Q)
This gives

(0 N K\l Z|¢(Wml<)| 21+ )2"”(Q )'Z (")

Ca+ r)z%mg\vo).
As Vp € V, we have shown that
0@ N KN\ = (1 + 02 DB o\,
(@)
As this holds for any finite subset Jy of J, we can then “pass to the limit” to prove the
lemma. 0

The two estimates (38) and (39) gives

-1 219(Q N K)| 219(Q N K)|
lp(@NK)=(1+0) (1+7) 10) p(V)+ 1+ 1) 10)

from which we can get (with a little work)

r(Q\V),

u(v) = =31+ 0)u(Q).

provided T < 1. One then gets

" ( U ®n K)) Y Ry =€ Y uxRy) = Cu(v)

Re B jeJ jeJ
C C
< 7’3(1 +o)u(Q) < n—;m +0o)u(Q N K).

In the last inequality, we used the fact that Q € S € ¥, has high density. Taking t smaller
than no/6C(1 + o) finishes the proof.
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B.7. Section 7 of [21]: Final proof
We keep the same notation as the previous sections. Choose o and 7 small enough so that
(I+0)(1+1)*<1+¢

and 7 is small enough compared to o for the hypothesis of Proposition B.6.13’. We need the
following lemma.

LeEMMA B.7.11". — A(Q¢)\G2 € $J(8) U ZD(n).

This follows directly from Properties (b), (f), and (h) of Proposition B.5.5". One then gets
from Lemma B.7.11’ that, to prove Proposition 4.4, it suffices to show that G,\M4({) is a
K-Carleson set.

We let {(o) be as before and so we get from Proposition B.6.13’ that G,\((o) is
K-Carleson. For each S € ¢f,, we let S4 denote the set of cubes Q € S such that
every neighbor of Q also lies in S. Then by Lemma B.2.58 and Properties (e) and (i) of
Proposition B.5.5', we have that (Jg¢ o, (S\S4) is K-Carleson.

Also note that if Q € Sy4 but there exists some neighbor of R € A(Qg) of Q such that
R ¢ C(o)(but R € S as Q € Sy), then Q is a neighbor of a cube in G,\ {(0). Thus,
Lemma B.2.32’ gives that this set of Q is K-Carleson.

As G is the union of &7 ,, we see from the previous two paragraphs that we reduce the
proof of Proposition 4.4 to proving the following:

RepucTION B.7.15. — Let Q be a cube in G, such that Q € Sy for some S € &f, and
R € ((0) whenever R € A(Qy) is a neighbor of Q. Then Q € M4 ().

This follows easily from the hypothesis of the reduction and the properties of Proposi-
tion B.5.5'. The first property of M4(¢) comes from Property (d) of Proposition B.5.5’. The
second property comes from the fact that since Q € Sy, then if R is a neighborof O, R € S
and so we get our needed property from Property (c) of Proposition B.5.5’. The final prop-
erty follows from the second property and the fact that R € {(o). This finishes the proof
Reduction B.7.15, which finishes the proof of Proposition 4.4.
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