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ABSTRACT. We prove that if p is a d-dimensional Ahlfors-David
regular measure in R*!, then the boundedness of the d-dimensional
Riesz transform in L?(u) implies that the non-BAUP David-Semmes
cells form a Carleson family. Combined with earlier results of
David and Semmes, this yields the uniform rectifiability of u.

1. INTRODUCTION

The brilliant 350-page monograph [DS] by David and Semmes, which,
like many other research monographs, has been cited by many and read
by few! is, in a sense, devoted to a single question: How to relate the
boundedness of certain singular integral operators in L*(u) to the geo-
metric properties of the support of p?. At the moment of its writing,
even the case of the Cauchy integral on the complex plane had not
been understood. This changed with the appearance of the pioneering
work by Mattila, Melnikov, and Verdera [MMV], which led to many
far-reaching developments culminating in the full proof of Vitushkin’s
conjecture by David [D1] in 1998. Since then, there was a strong temp-
tation to generalize the corresponding results to kernels of higher di-
mensions. However, the curvature methods introduced by Melnikov,
which were an indispensable part of every approach known until very
recently, fail miserably above the dimension 1. The development of
curvature free techniques is still an urgent necessity.

For dimensions greater than 1, connecting the geometry of the sup-
port of pu with the boundedness of some singular integral operators in
L?(p) is not easy in either direction. Passing from the geometric prop-
erties of the measure to the bounds for the operator norms is some-
what simpler. It had been known to David and Semmes already that
the uniform rectifiability of an Ahlfors-David regular (AD regular, for
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Else, as the saying goes.
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short) d-dimensional measure p in R™ suffices for the boundedness in
L?(u) of many reasonable d-dimensional Calderén—Zygmund operators
(more precisely, the ones with smooth antisymmetric convolution type
kernels).

It is the other direction that remains a challenging task. We do not
know what [DS] looked like to its authors when they were writing it, but
an unexperienced reader would, most likely, perceive it as a desperate
attempt to build a bridge in this direction starting with the destination
point. Formally, the book presents a variety of conditions equivalent to
the uniform rectifiability. Apparently, the hope was that one of those
conditions could be checked using the boundedness of the d-dimensional
Riesz transform in R", which is the natural analogue of the Cauchy
operator in the high-dimensional setting. David and Semmes did not
manage to show that much. Nevertheless, they proved that the uniform
rectifiability of u is implied by the simultaneous boundedness in L? (1)
of a sufficiently big class of d-dimensional convolution type Calderén—
Zyegmund operators with odd kernels.

The aim of the present paper is to fulfill that hope in the case
n = d+ 1 and to supply the missing part of the bridge, the part that
leads from the boundedness of the Riesz transform in L?(u) to one of
the equivalent criteria for uniform rectifiability in [DS]. Ironically, the
condition that we use as a meeting point is an auxiliary condition that
is only briefly mentioned in the David-Semmes book. The result we
prove in this paper reads as follows.

Theorem. Let j1 be an AD reqular measure of dimension d in R
If the associated d-dimensional Riesz transform operator

xz

f—= Kx(fu), where K(m):W,

is bounded in L*(p), then the non-BAUP cells in the David-Semmes
lattice associated with p form a Carleson family.

Proposition 3.18 of [DS] (page 141) asserts that this condition “im-
plies the WHIP and the WTP” and hence, by Theorem 3.9 (page 137),
the uniform rectifiability of p. Note that [DS] talks about AD regular
sets rather than AD regular measures, so the notation there is different,
and what they denote by E is the support of i in our setting. We want
to emphasize here that the current paper treats only the “analytic”
part of the passage from the operator boundedness to the rectifiabil-
ity. The full credit (as well as the full responsibility) for the other
“geometric” part should go to David and Semmes.
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There are two key ingredients of our proof that may be relatively
novel.

The first one is the Flattening Lemma (Proposition 6, Section 11),
which ultimately leads to the conclusion that it is impossible to have
many cells on which the support of the measure is close to a d-plane
but the measure itself is distributed in a noticeably different way from
the Lebesgue measure on that plane. The exact formulation of the
Flattening Lemma we use here is tailored to our particular approach
but it takes its origin in the earlier works by Tolsa [T1] and [T2] on
the relations between a-numbers and measure transportation costs and
the boundedness of the Riesz transform.

The second crucial ingredient is the Eiderman-Nazarov-Volberg scheme
from [ENV], which was later exploited by Jaye in [JNV] to show that
for the case of a non-integer s € (d,d + 1), the boundedness in L?(u)
of the s-dimensional Riesz transform associated with an s-dimensional
measure 1 in R4 implies the finiteness of some Wolff type potential
with an exponential gauge function. This scheme allowed one to fully
develop the idea of Mateu and Tolsa in [MT] and to turn the scales of
low density, which were the main enemy in most previous approaches,
into a useful friend.

Roughly speaking, the present paper uses the non-BAUP cells in-
stead of the scales of high density and the flat cells instead of the
scales of low density to introduce a Cantor type structure, which is
then treated similarly to how it was done in [ENV]. The most essential
deviations and additions are using the holes in the non-BAUP cells to
hide the negative part of R*(¢)m), the alignment of the approximat-
ing planes in the stopping flat cells, the quasiorthogonality estimates
based on flatness instead of smallness of the density, and the consider-
ation of only the d-dimensional part of the Riesz kernel aligned with
approximating planes.

The main limitation of our approach, which doesn’t allow us to ex-
tend our result to codimensions greater than 1, comes from the reliance
of the [ENV] scheme on a certain maximum principle, of which no ana-
logue is known in codimensions higher than 1. Extending or bypassing
this maximum principle could possibly lead to the full solution of the
problem.

It is worth mentioning here that shortly before our paper was fin-
ished, Hofmann, Martell, and Mayboroda posted a paper [HMM] on
arXiv that contains a result equivalent to ours under the additional
assumption that u is the surface measure on the boundary of a not too
weird connected domain in R4*!. They also expressed the hope that
their techniques may eventually provide an alternative approach to the
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full rectifiability conjecture. Unfortunately, their proof is also heavily
based on the harmonicity of the kernel, which seems to make it hard
to extend their techniques to the case of higher codimensions.

Including all the relevant definitions into this introduction would
take too much space, so if the reader has got interested enough at this
point to continue reading the paper, he will find them all in the main
body of the article (and if not, all we can do is to bid him farewell
now).
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3. THE STRUCTURE OF THE PAPER

We tried to make the paper essentially self-contained. The only thing
that the reader is assumed to be familiar with is the elementary theory
of Calderén—Zygmund operators in homogeneous spaces. Everything
else, including such standard for experts things as the David-Semmes
lattice and weak limit considerations, is developed almost from scratch.
The paper is split into reasonably short sections each of which is de-
voted to one step, one construction, or one estimate in the proof. We
tried to explain the goal of each section at its beginning and to give
each section some meaningful title. We hope that this will help the
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reader to easily separate topics he already knows well from those that
might be new to him. We also believed that it would make sense to in-
clude extra details or routine computations even at the cost of making
the paper longer if they may spare the reader some time and headache
when checking the argument. However, despite all our efforts, the text
is still fairly dense and the full logic of the proof will reveal itself only
at the end of the last section.

4. THE NOTATION

By ¢ and C' we denote various positive constants. We usually think
of ¢ as of a small constant used in a bound of some quantity from
below and of C' as of a large constant used in a bound from above. The
constants appearing in intermediate computations may change from
one occurence to another. Some constants may depend on parameters,
in which case those parameters are always mentioned explicitly and
often included in parentheses after the constant unless such dependence
is absolutely clear from the context like in the case of the dependence
on the dimension d: all constants we use do depend on d but, since d
is fixed throughout the entire paper, we hardly ever mention this.

Due to the fact that the Riesz transform operator maps scalar valued
measures (or functions) to vector valued functions, scalar and vector
valued quantities will be heavily mixed in many formulae. We leave it
to the reader to figure out in every particular case when the product is a
product of two scalars and when it is a product of a scalar and a vector
in R4, However, whenever the scalar product of two vector-valued
quantities is meant, we always use angular brackets (-, -). Whenever the
angular brackets are also used for the scalar product or duality coupling
in some function spaces, we indicate that by writing something like
(-, .>L2(u) or merely (-, ), .

We will always denote by B(z, ) an open ball of radius r centered at
x € R4 and by B(x,7) the corresponding closed ball. The notation
X Will always be used for the characteristic function of a set £ C RA+1,

By the support supp p of a measure p we always mean the closed
support. The same notation and the same convention apply to supports
of functions. We always specify the measure p in the notation when
talking about LP(u) norms in the usual sense. However, we also use
the notation ||f||L°°(E) for the supremum of |f| over the set E. If we

omit F and just write ||f||,, it means that the supremum is taken

over the whole space R%*!. The same convention applies to integrals:
if the domain of integration is not specified, the integral over the whole
space is meant. The Lipschitz norm of a function f on a set £ C Ré*+!
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is defined as
o V@ -fw)

HfHLip(E) zycb a#ty lz —yl

If £/ is omitted in this notation, we mean the Lipschitz norm in the
full space R, We use the letter m to denote the d + 1-dimensional
Lebesgue measure on R, The d-dimensional Lebesgue measure on
an affine hyperplane L C R4*! is denoted m I

We use the notation dist(z, E) for the distance between a point = €
R4 and aset £ C R4, Similarly, we write dist(E, F) for the distance
between two sets E, F C R4*!.

5. THE d-DIMENSIONAL RIESZ TRANSFORM IN R4*+1

The goal of this section is to remind the reader (or to acquaint him
with) the general notions of the theory of AD regular measures and the
associated Riesz transform operators.

Fix a positive integer d. Define the d-dimensional (vector valued)
Riesz kernel in R™! by K (z) = \xl% For a finite signed Borel measure

v in R define its Riesz transform by
RI/—K*I/—/K(x—y)dz/(y).

The singularity of K at the origin is mild enough to ensure that the
integral always converges absolutely almost everywhere with respect to
the (d + 1)-dimensional Lebesgue measure m in R and everywhere
if v is sufficiently smooth (say, has a bounded density with respect to
m). Moreover, the Riesz transform Ry is infinitely differentiable in
R\ supp v and, since

C(k
(V)@ < o
for all z # 0 and each k > 0, we have
dv|(y
) (R < o) [

for each x ¢ supp v, where |v| stands for the variation of v.
Note also that the finiteness of the measure is not so important in
these estimates, so the Riesz transform Rv can also be defined for any

measure v satisfying f Cllljr"‘ |3 < +00.
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Similarly, using the estimate
| 2 — x,/ll
(7] )7

K(«) - K@@")| < C

we also obtain
(R)e!) = (B < € [

An immediate consequence of this bound is that if v satisfies the growth
restriction |v(B(xz,7))| < Cr? for all z € R4 r > 0, and if F is any
subset of R separated from supp v, then

C
< .
Lin(E) = dist(E, supp v)

Note that this estimate does not follow from (1) immediately because it
may be impossible to connect x’, " € E by a path of length comparable
to |2’ — 2”| that stays far away from supp v.

In general, the singularity of the kernel at the origin is too strong
to allow one to talk of the values of Rv on suppr. The usual way to
overcome this difficulty is to introduce regularized kernels Kj (§ > 0).
The exact choice of the regularization is not too important as long as
the antisymmetry and the Calderén-Zygmund properties of the kernel
are preserved. For the purposes of this paper, the definition

x
Rslz) = max (0, |z|)4+!
is the most convenient one, so we will use it everywhere below. The
corresponding regularized Riesz transforms

Rsv = Ksxv = /K(;(x —y)dv(y)

o — z"| d|v|(y)
|IL" _ y" ’33” _ y‘)dJrl '

(2) |17V

are well-defined and locally Lipschitz in the entire space R4*! for any

signed measure v satisfying [ % < +400. In particular, if we have a

positive measure u satisfying u(B(x,7)) < Cr? for every z € R r >
0 with some fixed C' > 0, and a function f € LP(u), 1 < p < 400, then
Rs(fp) is well-defined pointwise for all 6 > 0, so it makes sense to ask
whether the corresponding operators R, sf = Rs(fp) are uniformly
bounded in LP(u).

The standard theory of Calderén-Zygmund operators® implies that
the answer does not depend on p € (1, +00). Moreover, if we know the

3Though the measure x is not assumed to be doubling at this point, we will
apply this theory only when p is an AD regular measure, so we do not really need
here the subtler version of the theory dealing with non-homogeneous spaces.
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uniform growth bound p(B(z,7)) < Cr? and an estimate for the norm

[R5l 0 ()= 170 for some pg € (1,400), we can explicitly bound the

norms ||Ru,5|| for all other p.

(W)—LP(p
These observations lead to the following

Definition. A positive Borel measure p in R is called C-nice if
w(B(z,r)) < Or? for every x € R*™! r > 0. It is called C-good if it is
C-nice and HR”’6HL2(N)—>L2(M) < C for every § > 0.

Often we will just say ‘“nice” and “good” without specifying C,
meaning that the corresponding constants are fixed throughout the
argument. A few notes are in order.

First, for non-atomic measures p, the uniform norm bounds

||RM75||L2(M)%L2(M) < C imply that p is C’-nice with some C’ depending

on C only (see [D], Proposition 1.4, page 56).

Second, it follows from the above remarks that despite “goodness”
being defined in terms of the L?-norms, we will get an equivalent def-
inition using any other LP-norm with 1 < p < +o0o. What will be
important for us below is that for any C-good measure p, the operator

norms || Ry, (oG XC also bounded by some constant C”.

We now can state formally what the phrase “the associated Riesz
transform is bounded in L?(1)” in the statement of the theorem means.
We will interpret it as “the measure p is good”. By the classical the-
ory of Calderon—Zygmund operators, this is equivalent to all other
reasonable formulations, the weakest looking of which is, probably,
the existence of a bounded operator T' : L*(u) — L*(u) such that
(Tf)(z) = [ K(z—y)f(y)du(y) for p-almost all = ¢ supp f.

A few words should be said about duality and the adjoint opera-
tor R*. The formal change of order of integration combined with the
antisymmetry of K yields the identity

[rwan = [ ( [ 5~ dvto),ante))
—— [ (J e vann) avie =~ [ (Z <eJ,R<n,eg>>> "

7j=1

leading to the formula

(3) Ry= =Y (e;,R(n,e;)) .
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where v is a scalar (signed) measure, 7 is a vector-valued measure, and
€1,...,€e4+1 1s an arbitrary orthonormal basis in R+,

This computation is easy to justify if both v and n are finite and
at least one of them has bounded density with respect to the (d 4 1)-
dimensional Lebesgue measure m in R4 because then the correspond-
ing double integral converges absolutely and the classical Fubini theo-
rem applies. This simple observation will be sufficient for us most of
the time. However, in a couple of places the adjoint operator R* has to
be understood in the usual sense of functional analysis in the Hilbert
space L?(u) for some good measure p. All such cases are covered by
the following general scheme (which is, perhaps, even too general for
the purposes of this paper).

The identity

<R,u,§f7 g>,u = <f7z<€j7RM75<ga€j>>>

holds for every locally finite measure p and any bounded functions
f (scalar valued) and g (vector valued) with compact supports. If p
is good, both sides of this identity make sense and define continuous
bilinear forms in L?(u) x L?(u). Since these forms coinside on a dense
set of pairs of test-functions, they must coincide everywhere. However,
the latter is equivalent to saying that

I

d+1

(Rus)"g = =D (€, Ruslg,e5))

j=1

in the usual sense of functional analysis.

Finally, if the operators R, 5 converge at least weakly to some oper-
ator R, in L?(u) as § — 0+, so do the operators (R, s5)* and, therefore,
the last identity remains valid for R, in place of R, s.

The upshot of these observation is that all reasonable properties of
or estimates for R, R, ;, or R, automatically hold for R*, (R, )*, or
(R,)* respectively due to one of the above identities, so we may (and
will) freely refer to the results formally obtained only for the operators
themselves when talking about their adjoints.

In what follows, we will mainly deal with measures u that satisfy not
only the upper growth bound, but a lower one as well. Such measures
are called Ahlfors—David regular (AD regular for short). The exact
definition is as follows.

Definition. Let U be an open subset of R4™!. A nice measure p is
called AD regular in U with lower regularity constant ¢ > 0 if for every



10 FEDOR NAZAROV, XAVIER TOLSA, AND ALEXANDER VOLBERG

x € supppu NU and every r > 0 such that B(x,r) C U, we have
w(B(z,r)) = erd.

The simplest example of a good AD regular measure g in R is the
d-dimensional Lebesgue measure m, on an affine hyperplane L C R+,
The next section is devoted to the properties of the Riesz transform
with respect to this measure.

6. RIESZ TRANSFORM OF A SMOOTH MEASURE SUPPORTED ON A
HYPERPLANE

Throughout this section, L is a fixed affine hyperplane in R4*! and
H is the hyperplane parallel to L passing through the origin.

The main results of this section are the explicit bounds for the L*°-norm
and the Lipschitz constant of the H-restricted Riesz transform R™v of
a measure v = fm, with compactly supported C? density f with respect

to m; .

If we are interested in the values of R,,, sf on the hyperplane L only,
we may just as well project the kernels Ks to H and define
H v
R = . o)
where 7, is the orthogonal projection from R to H. The correspond-
ing operators R will just miss the orthogonal to H component of the
difference x — y in the convolution definition. However, for x,y € L,
this component vanishes anyway.

Note that everything that we said about the full Riesz transform
R and its adjoint R* in the previous section applies to the restricted
Riesz transform R as well, except in the identities relating the adjoint
operator (RH)* to the operator R itself an orthonormal basis e1, . . ., eg
of H should be used instead of an orthonormal basis in the whole space
Rd+1.

The theory of the d-dimensional Riesz transform on a hyperplane L
in R is mainly just the classical theory of the full-dimensional Riesz
transform in RY. The facts important for us (which can be found in
any decent harmonic analysis textbook) are the following.

The operators RﬁL s are uniformly bounded in every LP(m,) (1 <

p < 4+00). Moreover, they have a strong limit as 6 — 0+, which we
will denote by RfiL. This operator is also bounded in all L?(m, ), is an

isometry in L*(m, ) (up to a constant factor), and

(RgL>*R,ZL — _cld
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for some ¢ > 0. Here, (Rﬁ) stands for the adjoint operator to the
operator R, . Note that (RfiL) can also be defined as the strong

limit of the pointwise defined operators (RﬁL 7 5) .

Lemma 1. Suppose that f is a C? smooth compactly supported function
on L. Then the functions R§'(fm,) converge to some limit R"(fm,)
uniformly on the entire space R™ as & — 0+, and R¥(fm,) coin-
cides with RfiL [ almost everywhere on L with respect to m, . Moreover,

RY(fm,) is a Lipschitz function in R**" harmonic outside supp(fm, ),
and we have

sup [R™(fm, )| < CD*sup| V7, f]
L

and

H 2
IR(fm,)ly;, < CDsup V2 ]

where D is the diameter of supp(fm,) and Vy is the partial gradient
wmvolving only the derivatives in the directions parallel to H.

Note that the second differential V?{ f and the corresponding supre-
mum on the right hand side are considered on L only (the function f
in the lemma doesn’t even need to be defined outside L) while the H-
restricted Riesz transform R (fm ) on the left hand side is viewed as
a function on the entire space R%*! and its supremum and the Lipschitz
norm are also taken in R+,

It is very important that we consider here the H-restricted Riesz
transform RY instead of the full Riesz transform R. The reason is that
the component of R(fm, ) orthogonal to H has a jump discontinuity
across L at the points of L where f # 0. This switch to the restricted
Riesz transform is rather crucial for our proof and is somewhat coun-
terintuitive given the way the argument will develop later, when we use
the boundedness of the Riesz transform R, in L*(u) to show, roughly
speaking, that almost flat pieces of u parallel to H must be aligned. It
would seem more natural to do exactly the opposite and to concentrate
on the orthogonal component of R for that purpose. However, the price
one has to pay for its discontinuity is very high and we could not make
the ends meet in that way.

Proof. The statement about the harmonicity of R (fm ;) follows from
the observation that K (z) = ¢V, E(x) where E(x) is the fundamen-
tal solution for the Laplace operator in R4 i.e., E(z) = clog|z| when
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d=1and E(z) = —c|z|~@"Y when d > 1. Thus, K is harmonic out-
side the origin together with F, so R¥v is harmonic outside supp v for
every finite signed measure v (and so is the full Riesz transform Rv).
To prove the other statements of the lemma, note that its setup is
translation and rotation invariant, so we can assume without loss of
generality that L = H = {x € R4 : 24, = 0}. We shall start
with proving the uniform bounds for the regularized Riesz transforms
R§(fm,). Since R§'(fm,) is a Lipschitz function in the entire space,
it is enough to estimate its value and its gradient at each point x €
R, By translation invariance and symmetry, we may assume without

loss of generality that z; = ... =24 =0 and x4, =t > 0.
We have
RE(my)lw) = [ K@ =) ) dm, o)

— / +/ == ]1 + Ig .
LNB(0,D) L\B(0,D)

Note that, for |y| > D, the integrand is bounded by D~¢ maXL |f| and
the m measure of the support of f on L is at most CD?%, s

|[Io] < C'max|f].

To estimate I, note first that
[ K=y, =0,
LNB(0,D)

so we can replace f(y) by f(y) — f(0) and use the inequalities | f(y) —
FO) <supp [V, fl- [yl and |z —y| > Jy| to get

dm, (y)

‘|d1

|[1’ Sup’va|

LNB(0,D)

CDsup IV, fl

Adding these bounds and using the inequality sup;, | f| < Dsup; [V, f],
we get
sup [R5 (f m;)| < CD sUp IV fl-

Note that we haven’t used that f € C*(L) here, only that f € C'(L).
Now we will estimate [V R (fm,)](z). Note that the partial deriva-

: 0
tives 9z,

passed to f, so we have

9 u _ pH(.0
8_:cj[R5 (me)] = R ([%jf] mL).

for j = 1,...,d that are taken along the hyperplane L can be
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Applying the above estimate to % f instead of f, we immediately
J

obtain
sup |V, By’ (fm,)| < CDsup V]

To get a bound for the remaining vertical derlvatlve a , note that
d

8xd+1K (x —y) = 0 for all z,y € L, so the case t = O is trivial.
Assuming t > 0, we write

[ 0 Rf(me)] (x):/L[ 0 Kf(w—y)} fy)dm (y)

0T g1
= / —l—/ =hL+1.
LNB(0,D) I\B(0,D)

For y € L, we can use the inequalities
0
Kj' (x —y)

0T q41
and |z —y| > t and note that the integrand in I is bounded by
sup; |f|D~@*D . Since the m; measure of the support of f on L is
at most C'D?, we arrive at the bound

|L| <CD™ sup |f].

t
|z — y|d+2

<C

To estimate I, note that we still have the cancellation property
0
K5 (x —y)dm, (y) =0,
/LmB(o D) 0T a1 ’ L

so we can replace f(y) by f(y) — f(0) and use the inequalities |f(y) —
FO) < supy [V, fI- |yl and [z —y| > |y| to get

tdm, (
|Il| CSUP|V f|/ | |d+1 ngp|va|
Adding these bounds, we get
sup| =2 RE (fm,)| < €D [sup /1 + Dsup |V, /]
O0Tq41 L L

To get only sup;, |V?{ f| on the right hand sides of our estimates, it
remains to note that

sup|f| < Dsup|V, f| < Sgplvi,fl-

Since the estimates obtained are uniform in 6 > 0 and since R§'(fm, )
coincides with R (f m,, ) outside the strip of width ¢ around L, we con-
clude that RY(fm ;) converges uniformly to some Lipschitz function
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in the entire space R! and the limiting function satisfies the same
bounds. Since they also converge to RanL f in LZ(mL), this limiting
function must coincide with R,ZL f almost everywhere with respect to

the measure m - O

7. TOY FLATTENING LEMMA

The goal of this section is to prove the result that is, in a sense, the
converse to Lemma 1. We want to show that if R{iL f is smooth in a
large ball on L, then f itself must be (slightly less) smooth in the 4
times smaller ball. The exact version we will need is

Lemma 2. Let f € L%(m )N L*(m ). Assume that z € L and Ry} f

coincides with a C? function F almost everywhere (with respect to m, )
on LN B(z,4A) for some A > 0. Then f is Lipschitz on L N B(z, A)
(possibly, after a correction on a set of m, measure 0) and the norm

Hf”Lip(LmB(z,A)) is dominated by

ANy, 19 |+ AIV2F|

L®(LNB(z,4A L®(LNB(2,4A))

up to a constant factor.

We will refer to this lemma as the “toy flattening lemma”. By itself,
it is rather elementary but, combined with some weak limit techniques,
it will eventually yield the full flattening lemma for measures that are
not necessarily supported on a hyperplane, which will play a crucial
role in our argument.

Proof. Write
/= fXB(z,4A) + fXL\B(z,4A) =L+
Note that 17 f, is smooth in L N B(z,3A) and

H -1
IV g Bin, Foll o 1pegayy < CAT I Nl oo

and
2 H -2
HVHRmLfQHLO"(LﬂB(z,?)A)) < CA ||f||Loo(mL)

To see it, just recall the estimate (1) and note that for £ > 1 and
x € B(z,3A), we have

/ |f(y)dm, (y) < C(h)
L\B(z,44) h

Ak,
|z — y|dTF

17 o,
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Thus, RﬁL f1is C*-smooth on L N B(z,3A) as the difference of F' and

RﬂL f2. Moreover, we have

H -1
IV i B, Fill e pnmepay S CA M ll ey IV F Nl e o an)
and
2 pH -2 2
||v R f1||L°°(LﬂB(z73A)) < CA Hf”LOO + Hv F||L°° (LNB(z,44)) *

Observe also that, by the L?*(m, ) boundedness of R | we have
L

[ 1rE fam, < ¢ [1aPam, <canp.

whence there exists a point in L N B(z,3A) such that |RgLf1| <

ClIfIl (m ) & that point. Combining this with the estimate for the
mr

gradient, we conclude that

1R, fil C Ul o,y + ANV E

L>®(LNB(z,34)) S L>®(LNB(z,4A))

Let now ¢ be a C? smooth function in R4*! supported on B(0,3
such that 0 < ¢p < 1 and ¢q is identically 1 on B(0,2). Put ¢(x) =
¢o (252). Then |V*p| < C(k)A~*. We have

—cfi= (R ) R fo= (R TeR pl+(RE ) [=9)RE A,

However, ngﬁL fi is a compactly supported C? function on L, the
diameter of its support is not greater than 6A and, using the above
estimates and the Leibniz formulae for the derivative of a product, we
see that its second gradient ViI [@RﬁL f1] is dominated by

-2 1 2
AT N o + ANV +IVLE

Lo (LNB(2,44)) Lo°(LNB(2,44))
up to a constant factor. Thus, by Lemma 1, (R,I,{LL> (R fi] is Lip-

schitz on L with Lipschitz constant dominated by the quantity in the
statement of the lemma to prove.

To finish the proof of the toy flattening lemma it just remains to
observe that, since (RﬁL> [(1— gp)RﬁL fi1] is a Riesz transform of a

function supported outside the ball B(z,2A) (or, rather, a finite linear
combination of such Riesz transforms), it is automatically smooth on
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B(z, A). Moreover, using (1) again, we see that
v, (RE) (0= @)RE fl| < |V (R 10— )R fi)m, ]|

1 I m
< / e [RE fu(y) dm, (y)

\B(z,24) |z — y[d+t

dmy (y) }1/2 [/ 1/2
s o RY fi(y)? dm y]
|:/L\B(372A) |z — y[20+2 L\B(z,2A)’ : ()] )

1/2
_ 1/2 _
< [cA )] {CAd”inm(mL)] <CA 1HfHLoo<mL)'

O

8. WEAK LIMITS

This section has two main goals. The first one is to define the Riesz
transform operators R, (and their H-restricted versions R]T) in L*(j)
for arbitrary good measures p as weak limits of the reqularized operators
R,s as 6 — 0+. The second one is to show that when a sequence of
uniformly good measures . tends weakly (over the space of compactly
supported continuous functions in R+ ) to some other measure i in
R then the limiting measure i is also good and for all compactly
supported Lipschitz functions f (scalar) and g (vector-valued) in R+,

we have [(R,, [,q9)dux — [(R.f,g) dp.

Our starting point is to fix two compactly supported Lipschitz func-
tions f and g in R, where f is scalar-valued and g is vector-valued,
and to use the antisymmetry of the kernels K to write the scalar prod-

uct (R, sf,9), as

Is(f,9) = //(Ka(x —y)f(), 9(x)) du(x) du(y)
— [[ (Ksta = ). Hlz,) du(o) duty

where
1

H(x,y) = §[f(y)g(x) — f(@)g(y)]-

The vector-valued function H(z,y) is compactly supported and Lips-
chitz on R4 x R+ 5o the integral I5(f,g) converges absolutely as
an integral of a bounded function over a set of finite measure for every



UNIFORM RECTIFIABILITY AND THE RIESZ TRANSFORM 17

0 > 0 and every locally finite measure . Moreover, since H vanishes
on the diagonal x = y, we have

|H(z,y)| < C(f,9)|lx -y

for all z,y € R4
If 14 is nice, then
d
B(z,r) |l’ - y|

for all x € R and r > 0. Therefore, denoting supp f U supp g by S,
we get

/ /x,wym % du(z) du(y)
o g)/s (/. % ) dp(x) < C(f.9)u(S)r-

In particular, taking » = diam S here, we conclude that the full integral

[ e = [ < v

Since |K(z)| = |z|7¢ and |Ks(z) — K(x)] < |z|~ dXB(O(S)( r), we infer
that the integral

1(f.g) = / / (K (x — ), H(z,y)) du(x) du(y)

converges absolutely and, moreover, there exists a constant C' depend-
ing on f, g, and the growth constant of p only such that |[I5(f,g) —
I(f,g)| < C6 for all 6 > 0.

This already allows one to define the bilinear form

(Ruf,9)n = 1(f,9)

and to establish the existence of the limit operator R, = lims_,o1 R,
as an operator from the space of Lipschitz functions to its dual for
every nice measure ji.

However, if p is good, we can say much more. Indeed, in this case
the bilinear forms

(Rusf,9)n = / (Ryusf.g)dp
make sense and satisfy the inequality

(Rusf, 9)ul < ClFIl 2 9 2,
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for all f,g € L?(u). Since the space of compactly supported Lipschitz
functions is dense in L?*(u), we can write any L*(u) functions f, g as
fi+ fo and g1 + g2 where fi,¢g; are compactly supported Lipschitz
functions in R4 and fs, g» have as small norms in L?(u) as we want.
Splitting

<Ru,6fa g)u = <R,u,6flygl>u + [(Ru,6f1a92>u + <Ru,5f279>u] )

we see that (R, s f, g), can be written as a sum of the quantity (R, s f1,91), =
Is(f1, g1), which converges to a finite limit I(f, ¢1) as § — 0+ and an-
other quantity that stays as small as we want as § — 0+ if the L?(u)
norms of fy and g, are chosen small enough. From here we conclude
that the limit of (R, 5f, g), as 6 — 0+ exists for all f,g € L*(u). More-
over, this limit is a bilinear form in L?*(x) and it is still bounded by
CllrIl . ) gl " By the Riesz-Fisher theorem, there exists a unique

bounded linear operator R, in L?*(u) such that this bilinear form is
equal to (R, f,g),. The convergence

(Rusf,9)y = (Ruf,9), asd— 0+

can be restated as the weak convergence of the operators R, s to R,,.

Similarly, one can consider the duality coupling of LP(u) and L9(u)
where p,¢g > 1 and p~! + ¢~! = 1 and use the uniform boundedness of
the operators R, s in L”(ut) to establish the existence of the weak limit
of the operators R, s in LP() as 6 — 0+. Note that if f € LP'(u) N
LP2(u), then for every g € L°°(u) with u(suppg) < +oo, the value
(Rusf,9), can be computed using the pointwise integral definition of
R, sf as Rs(fp), so it does not depend on whether f is considered as
an element of LP'(u) or an element of LP?(u). Thus

<Rufa g)u = 61_i>%1+<R/4,(5f7 g>u

also doesn’t depend upon that (note that g € L% () N L%2(p), so the
left hand side makes sense in both cases). Since g is arbitrary here, we
conclude that R, f (as a function defined p-almost everywhere) is the
same in both cases.

Another important observation is that if the pointwise limit lims_,o4+ R, 5 f
exists on a set E with u(E) > 0, then R, f coincides with that limit
p-almost everywhere on E. To prove it, just observe that, by Egorov’s
theorem, we can exhaust F by sets of finite y measure on which the
convergence is uniform.

At last, if R, 5 converges strongly in L?(y), then the limit is still the
same as the weak limit we constructed.

The analogous theory can be built for R, R*, and (R¥)". We built
it only for the full operator R because projecting everything to H is
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trivial and R* doesn’t really require a separate theory due to relation
(3), which shows that, at least in principle, we can always view R* just
as a fancy notation for the right hand side of (3). From now on, we
will always understand R(fu) on supp p as R, f whenever p is good
and f € LP(u) for some p € (1,400). As we have shown above, this
convention is consistent with other reasonable definitions in the sense
that when some other definition is applicable somewhere on supp u as
well, the value it gives coincides with R, f except, maybe, on a set of
ZEero jL measure.

The idea of defining R, as a weak limit of R, s goes back to Mattila
and Verdera [MV]. They prove its existence in a slightly more general
setting and their approach is somewhat different from ours. They also
show that R, f can be defined pointwise by some formula that is almost
the expression for the principal value

lim Kz —y)f(y) du(y)

6—=0+ y:lz—y|>8

but not quite. Note that Mattila, Preiss, and Tolsa showed that the
existence of the principal value u-almost everywhere is strong enough
to imply the rectifiability of u (see [MP] and [T2]), so for a while there
was a hope that the Mattila-Verdera result would eventually lead to
the proof of the rectifiability conjecture. However, as far as we can tell,
nobody still knows how to get a proof in this way and we will use a
different route below.

We have just attained the first goal of this section: the construction
of the limiting operator R, for one fized good measure pi. Now we turn
to the relations between the operators R, corresponding to different
measures .

We start with the case when a positive measure v has a bounded
Borel measurable density p with respect to a good measure p. Since
v(B(z,7)) < ||10||LOQ(M),u(B(az:,7“))7 we see that v is nice. To show that v

is good, note that for every f € L*(v), we have pf € L*(u). Moreover,
we have the identity

Rs(fv) = Rs(pfu)

pointwise in R, whence

/ Rs(f)? d = / Rs(pf1)|p di

<Clpllyy [0t dn < ClplE, [ 15700
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due to the goodness of p. Thus, both operators R, and R, exist. Now
take any f,g € L*(v) and write

<Ru,5f7 g>l/ = <R,u,5(pf)7 (pg)># :
Passing to the limit on both sides as § — 0+, we conclude that

(Ruf,9) = <Ru(pf)a (pg>>u = <Ru(pf)=g>u

(note that the function R,(pf) is defined p-almost everywhere, so it is
also defined v-almost everywhere). However, the mapping f — R,(pf)
is a bounded linear operator from L?(v) to L?(u) C L?*(v), so we con-
clude that

R,f = R,(pf) v-almost everywhere.

This identity is, of course, by no means surprising. Still, since we will
use it several times without mentioning, we decided it would be prudent
to include a proof. The next property we need is a bit subtler.

Suppose that py (k > 1) is a sequence of uniformly nice measures
that converges to some locally finite measure y weakly over the space
Co(R¥*1Y) of compactly supported continuous functions in R4, We
shall start with showing that p is also nice. Indeed, take any ball
B(x,r). Then u(B(z,r)) can be found as the supremum of all integrals
[ f dp with continuous functions f such that 0 < f < 1 and supp f C
B(x,r). However, for every such f, we have

[ =i [l < sl BGa) < 0
— 00 k

where C' is the uniform growth constant of py, so we have the same
bound for p(B(z,r)).

Fix two compactly supported Lipschitz functions f and g. The bi-
linear form (R, f, g), can be defined as I(f,g) for every nice measure
1. Once we know that p is nice, we can say that

|<Ruk,6f> g>,uk - <Rukfa g>uk| < Co
for all £k > 1 and also

|<RN,5f7 g>u - <Rufa g>u’ <0

with some C' > 0 depending only on f, g, and the uniform growth
constant of u. Note, however, that for every fixed § > 0,

(R sf. G — / / (s — 9) F (), 9(x)) dpn(z) dsa(y)

and the integrand is a compactly supported Lipschitz function in R4+ x
R which is more than enough to ensure that

<Rﬂk75f’ g)Hk - <Ru,5f7 g>u
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for every fixed § > 0 as k — +o00. Since the convergence (R, 5f, 9)u. —
(Ru.f:9)u, as 6 — 0+ is uniform in k, we conclude that

(R fs D = (Buf, 9)u

as well.

It remains to show that if y are uniformly good, then p is also good,
so all the bilinear forms in question can be also interpreted as L?(1)
couplings. Return to the regularized operators I, s and note that the
uniform C-goodness of py, implies that

[(Busf Ol < O g N6

Since | f|* and |g|? are compactly supported Lipschitz functions, we can
pass to the limit on both sides and get

‘(Ru,éfa g>u’ g OHfHLQ(“)Hg||L2(“) :

However, the operators R, ;f are well-defined pointwise for every f €
L?*(p) and are bounded from L?(u) to L2 (i) as soon as p is merely
nice. Using the fact that, for every bounded open set U, the space of
compactly supported inside U Lipschitz functions is dense in L*(U, )

and this a priori boundedness, we conclude that || Ry, s (W= L2 (U <C

regardless of the choice of U. The monotone convergence lemma then
shows that || Ry . (L2 (0 < C as well, finishing the story.
9. THE FLATNESS CONDITION AND ITS CONSEQUENCES

Throughout this section, we shall fix a linear hyperplane H C R+
Let z € R A o, 0 > 0 (we view A as a large number, o as a
small number, and ¢ as a scale parameter). We will be interested in
the situation when the measure p is close inside the ball B(z, A¢) to
a multiple of the d-dimensional Lebesgue measure m, on the affine
hyperplane L containing z and parallel to H.

Definition. We say that a measure p is geometrically (H, A, «)-flat at
the point 2z on the scale ¢ if every point of supp uN B(z, Af) lies within
distance af from the affine hyperplane L containing z and parallel to
H and every point of L N B(z, A¢) lies within distance af from supp .

We say that a measure p is (H, A, a)-flat at the point z on the scale
¢ if it is geometrically (H, A, a)-flat at the point z on the scale ¢ and,
in addition, for every Lipschitz function f supported on B(z, A¢) such
that || fllLp < 7' and [ fdm, =0, we have

'/fdu’ < al?.
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Note that the geometric (H, A, o)-flatness is a condition on supp p
only. It doesn’t tell one anything about the distribution of the mea-
sure y on its support. The latter is primarily controlled by the second,
analytic, part in the full (H, A, «)-flatness condition. These two con-
ditions are not completely independent: if, say, u is AD regular, then
the analytic condition implies the geometric one with slightly worse
parameters. However, it will be convenient for us just to demand them
separately.

One may expect that, for nice enough functions, (H, A, «)-flatness
of p at z on scale ¢ would allow one to switch from the integration
with respect to u to that with respect to m, in various integrals over
B(z, Af) making an error controlled by «. This is, indeed, the case
and the following lemmata provide all the explicit estimates of this
type that we will need in the future.

Lemma 3. Let pu be a nice measure. Assume that p is (H, A, «)-flat
at z on scale { with some A > 5, a € (0,1). Let ¢ be any non-negative
Lipschitz function supported on B(z,5() with fgodmL > 0. Put

-1
a= (/gpdmL) /gpd,u, v =apm,

Let U be any function with ||¥||

'/\Ifdsou—V)

As a corollary, for every p > 1, we have

< 400. Then
Lip(supp )

Cat™?|u]

Lip(supp ¢) HSDHLiP ’

<Ot wly o1l

L (supp ¢) Lip(supp ¢) HSOHLIP

[ 1paton-v)
Lemma 4. Assume in addition to the conditions of Lemma 3 that
o € C?, pu is nice and that the ratio of integrals a is bounded from
above by some known constant. Then

‘/‘I’SD[RH(SOM —v)] du‘

< Camze? [ ol el

where C' > 0 may, in addition to the dependence on d, which goes
without mentioning, depend also on the growth constant of u and the
upper bound for a.

L% (supp ¢) Lip(supp ¢) Lip
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Note that we can use both scalar and vector-valued functions ¥ in
both lemmas (the product in Lemma 4 should be replaced by the scalar
product in the vector-valued version) and it is enough to prove only
the scalar versions because the vector case can be easily obtained by
considering each coordinate separately.

Though we have combined all powers of ¢ into one wherever possible
to shorten the formulae, the reader should keep in mind that the scaling
invariant quantities are in fact || - ||, and £[| - ||Lip, so all inequalities

actually compare the integrals on the left with ¢

Although we require ¢ € C? in Lemma 4, only the Lipschitz norm
of ¢ enters the estimates. The additional smoothness will matter only
because we will use Lemma 1 to show that the integral on the left hand
side can be made sense of.

At last, we want to emphasize that only the norm of ¢ is global
and all norms of ¥ in the bounds are computed on supp ¢ only. We
can even assume that W is not defined outside supp ¢ because only the
product W¢ matters anywhere (don’t forget that v contains the factor
¢ in its definition too).

Proof. We shall start with proving Lemma 3. Since the signed measure
op — v is balanced (i.e., [d(pp —v) = 0), when proving the first
estimate, we may subtract any constant from W, so without loss of
generality we may assume that [Udv = [ Uy dm, = 0.

Note now that

1260l < 10 o 191+ 190 o 10 -

Indeed, when estimating the difference |W(x)p(x) — ¥(y)p(y)|, it is
enough to consider the case when at least one of the points  and y
belongs to supp ¢ because otherwise the difference is 0. By symmetry,
we may assume without loss of generality that x € supp . Write

(W (@)e(z) = (y)e)| < V()] [e(x) = e(y)] +[¥(z) =V ()] IsO(y)\ :
The first term is, clearly, bounded by ||\I/||Loo (supp ) ||g0||Llp| -yl

y ¢ supp p, then the second term is 0. Otherwise, it is bounded by

10 ey I 2 — ol
The definition of (H, A, «)-flatness at z on scale £ now implies that

‘/‘Pd(w— V) /\Ifsodu’ <l Pol|,

ol |,

ol oo 4 T e (qupp iy 191

Lip(supp ) (supp ¢)
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To get rid of the L* norms, recall that ¢ is supported on a ball of
radius 5¢. Thus o] . < 5l]¢l[,, (within the distance 5¢ from any

point x € R4 we can find a point where ¢ vanishes).

Since [ Wy dm, = 0 and the diameter of supp ¢ does not exceed
104, we have ||\I/||LOO (supp ) S 104)| || . Plugging these bounds
in, we obtain the first estlmate.

The second estimate immediately follows from the first one and the
elementary inequality

Lip(supp ¢)

7] < plvlr,

Lip(supp ) L°°(supp ©») “ HLiP(SHPP w)

Lemma 3 is thus fully proved.

We now turn to the proof of Lemma 4. First of all, we need to en-
sure that the integral on the left can be understood in some reasonable
sense at all. To this end, split it as [ Wo[R” (pu)] du— [ Wp[RHv]dp.
Since Ry = RH(agme) and ¢ € C? and is compactly supported,
Ry is well defined and can be viewed as a Lipschitz function on the
entire space R%! by Lemma 1. Thus, integrating it against a com-
pactly supported finite measure Wy presents no problem. However,
if p is merely nice, the first integral may fail to exist as an integral
of a pointwise defined function. Still, by the discussion in the Weak
limits section (Section 8), we can define it at least as the bilinear form
(ngp, V), = I(p, ¥y) because both ¢ and Wy are compactly sup-
ported Lipschitz functions in the entire space R*!, and this defini-
tion agrees with any reasonable stronger definition whenever the latter
makes sense too.

To show that the estimate holds, fix § > 0 to be chosen later and split
R¥ = RE + [R¥ — Rf]. Note now that the kernel K{! is Lipschitz on
the entire space and satlsﬁes the estimate ||KZ ) A G
Thus

s

IREWomly < IKE I, 0],
< 05—(d+1 —(d+1) H\I/H
< C(S_(d+1 1H\D”

Lo (supp o) || Pl poe 1B (2, 50))
Oy

Lo (supp ) HSOHLOO L (supp ¢) ”SOHLlp

Note that the niceness of y was used here to bound u(B(z,5¢)) by C¢4.
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Now using the antisymmetry and the (already proved) Lemma 3, we

’/\1’90 (R (o — )] du‘ ‘ /RH(‘PW) d(pp —v)

< CCYEdHHRM(‘I’SO#) Cag— "+ €d+2“\p”

HLip||90”Lip Lo (supp @) HSOHLIP

Next observe that (again, by Lemma 1) (R” — RE)v is the uniform
limit of (RY — RE)v as A — 0+. The kernel K& — K is a continuous
function dominated by |z|~¢ and supported on the ball B(0,d¢) for
every A € (0,0¢). Moreover, the cancellation property

J 14 = Kl =y dm, (5) =0
holds for all z € R, Thus, for 0 < A < §¢, we can write
(RY - R <a [ D=0 gy ) < ot
yily—z| <ol ’]}' - y’ P

Passing to the limit as A — 04, we conclude that the same estimate
holds for (R¥ — RE)v, so

H H H H
[ el = RO ] < 1R = Rl |9,

< CO i, 1] oo (qupp i) |9l oo (B (2, 56))
< OS50y

2
L (euppo) 1Pl -

Finally, to deal with the integral [ Wp[(R” — R®)(op)] du, we will use
the same trick as in the Weak limits section and use the antisymmetry
to interpret it as the absolutely convergent integral

1

3 [ = Ko = (@) — W)e(@)e(w) due) duty).

Since the domain of integration here can be trivially reduced to supp ¢ x
supp ¢ and since |(K — Ki)(z —y)| < o —y|™x .5 (r — ), we get

‘/ To[(R" — Ryy) (o)) du‘

< 1ol [[ SN
2 p(supp ¢) z,yEsupp p,|z—y| <ol ’l’— ’

< Cot|| o ellf, -

Lip(supp ¢) Lip *
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Bringing these three estimates together, we finally conclude that

‘/‘I’SORH(SOM —v) du‘

< C<Oé5f(d+1) + 5)€d+2 |:H\IJH 2

Lip *

] el

L% (supp Lip(supp w)]

To get the estimate of Lemma 4, it just remains to choose § = a2 . [

10. TANGENT MEASURES AND GEOMETRIC FLATTENING

Fix some continuous function vy : [0, +00) — [0, 1] such that ¢y = 1
on [0,1] and 1y = 0 on [2,+00). For z € R 0 < r < R, define

o) = o (222 o ().

The goal of this section is to prove the following

Lemma 5. Fiz five positive parameters A, «, 3, ¢, C > 0. There exists
p > 0 depending only on these parameters and the dimension d such
that the following implication holds.

Suppose that p is a C-good measure on a ball B(x, R) centered at a
point x € supp p that is AD regular in B(x, R) with lower regularity
constant ¢. Suppose also that

IR,y a i) (2)] < 8

forall p < 6 < A < % and dll z € B(z,(1 — 2A)R) such that
dist(z,supp 1) < SR.

Then there exist a scale { > pR, a point z € B(xz, R— (A+a)l), and
a linear hyperplane H such that u is geometrically (H, A, a)-flat at z
on the scale (.

Proof. Replacing p by R~%u(z + R-) if necessary, we may assume with-
out loss of generality that + = 0, R = 1. We will start with show-
ing that the absence of geometric flatness and the boundedness of
[R(wz’& AM)](2) are inherited by weak limits. More precisely, let vy

be a sequence of C-good measures on B(0,1) and AD-regular there
with lower regularity constant ¢. Assume that v is another measure
on B(0,1) and v, — v weakly in B(0,1) (i.e., [ Fdy, — [ Fdv for
every continuous function F' with supp F' C B(0,1)). We have seen in
Section 8 that then v is also C-good and AD regular in B(0,1) with
the same lower regularity constant ¢. Our first task will be to prove
the following

Claim.
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e If for some A” > A and 0 < o < «, the measure v is ge-
ometrically (H, A’,a/)-flat on the scale ¢ > 0 at some point
z € B(0,1 — (A" + a)l), then for all sufficiently large k, the
measure v is geometrically (H, A, a)-flat at z on the scale /.

o If for some 0 < 6 < A < 1 and some z € B(0,1 — 2A) with
dist(z,suppr) < 2, we have |[R(1pz75’AV)](z)| > f3, then for
all sufficiently large k, we also have dist(z,suppvy) < g and

| [R(iﬁz,(m v)](2)] > B.

Proof. The reason is, of course, that we can check both conditions in
question by looking at integrals of finitely many continuous functions.
It is completely obvious for the second claim because

RO, g u2))(2) = [ P = lim [ P = Jim (R, ym)(2)
where F(z) = K(z — x)wz,(m (x). Note that F' is compactly supported
in B(0,1) and continuous because 1/1Z767A(x) = 0 when |z — z| < ¢
or |[v — z| > 2A. To ensure that dist(z,suppry) < 2, take F(z) =
max (% — |z —z[,0). Then [ Fdv >0, so [ Fdy, > 0 for all sufficiently
large k, but the latter is possible only if B(z, %) N supp vy # 9.

Expressing the geometric flatness condition in terms of integrals
of continuous functions is only slightly more difficult. To test that
B(z, A¢)Nsupp vy, is contained in the strip of width ol around the affine
hyperplane L containing z and parallel to H, consider any continuous
function F' : R4 — [0,1] such that F(z) = 0 whenever |z — 2| > A/
or dist(z,L) < o/f and F(x) = 1 whenever |z — z| < AJFTAIK and
dist(z, L) > O‘ZO‘,E. Note that supp F' C B(0,1) and [ Fdv = 0. Thus
[ F dv, < ¢(el)? for all sufficiently large k where ¢ = 1 min(A’'— A, a —
o). However, for every x € B(z, Af) such that dist(z, L) > af, we
have F' = 1 on the ball B(z,ef). On the other hand, if any such = were
contained in supp vy, we would have [ Fdv, > vy(B(z,el)) > ¢(el)?
by the AD-regularity of v.

At last, to check that every point of LN B(z, A¢) lies within distance
al from supp v, take any finite a;alﬁ—net Y in L N B(z, A¢) and for
every y € Y choose any continuous function Fj(x) that vanishes for
v — y| > 2£2¢ and is strictly positive for |z — y| < 2£<¢. Then
[ EF,dv > 0 for all y € Y and, thereby, for all sufficiently large k, all
the integrals [ F, dvy are positive as well. Take any x € L N B(z, A().
Choose y € Y so that |z —y| < "“T"‘/é. Since [ F, dvy, > 0, there exists

2’ € supp vy, such that |2/ — y| < ¢3¢, But then |z — 2/| < af. O
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Our next aim is to prove the following

Alternative. If v is any good measure on B(0,1) that is AD regular
there, then either for every A ,a > 0 there exist a scale { > 0, a
point z € B(0,1 — (A + a)¢) and a linear hyperplane H such that v is
geometrically (H, A, a)-flat at z on the scale ¢, or

sup (R, , \)](2)] = +oo.
0<6<A<}
z€B(0,1-2A),dist(z,supp 1/)<%

Proof. We will employ the technique of tangent measures developed by
Preiss in [P].

Definition. Let v be any finite measure on B(0,1). Let z € B(0,1).
The measure v, \(E) = A%u(z + AE) (E C B(0,1)), which is well-
defined as a measure on B(0,1) whenever A < 1 — |z]|, is called a
A-blow-up of v at z. A tangent measure of v at z is just any measure
on B(0, 1) that can be obtained as a weak limit in B(0, 1) of a sequence
of A-blow-ups of v at z with A — 0+.

Note that if v is C-good and AD regular in B(0, 1) with lower regu-
larity constant ¢, then so are all blow-ups of v and all tangent measures
of v. Note also that in this case, if z € supp v, then all blow-ups and
tangent measures of v at z have the origin in their supports. At last,
the observations above imply that the (quantitative) negation of either
condition in the alternative we are currently trying to establish for v is
inherited by all tangent measures of v (because it is, clearly, inherited
by all blow-ups by simple rescaling and we have just shown that we
can pass to weak limits here).

Now assume that a good AD regular in B(0, 1) measure v contain-
ing the origin in its support satisfies neither of the conditions in the
alternative. Since v is finite and AD regular in B(0, 1), its support is
nowhere dense in B(0,1). Take any point 2z’ € B(0, ) \ suppv. Let z
be a closest point to 2z’ in supp v. Note that since 0 € supp v, we have
|z — 2| < |7|, so |z| < 2|2/| < 1. Also, the ball B = B(2, |z — 2/|)
doesn’t contain any point of suppr. Let n be the outer unit normal
to 0B at z. Consider the blow-ups v, of v at z. As A — 0, the
supports of v, ) lie in a smaller and smaller neighborhood of the half-
space S = {z € R¥! : (. n) > 0} bounded by the linear hyperplane
H = {z € R™!: (x,n) = 0}. So, every tangent measure of v at z must
have its support in S. On the other hand, such tangent measures do
exist because the masses of v, ) are uniformly bounded. At last, the
origin is still in the support of every tangent measure of v at z. Thus,
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starting with any measure v that gives a counterexample to the alter-
native we are trying to prove, we can modify it so that it is supported
on a half-space. So, we may assume without loss of generality that v
was supported on such a half-space S from the very beginning.
Now fix A < % and note that under this assumption,
{z,n)

(R aOL) > [ o ().

Since the quantity on the left should stay bounded as § — 0, we con-

clude that ( >
T, mn
2L du(x) < 400
/B(O,A) ||+ (@)

B(0,A)\ B(0,26) |z

and, thereby,
/ Mdl/(:L‘)—>0as)\—>O.
B

o ||

Let now F(z) = (z,n)(1 — 2[z|) for |z| < 3 and (z,n) > 0, and

F(z) = 0 otherwise. Then F' is a continuous function supported inside
B(0,1) and

/ Fduy = A~ / Fz/\) dv < / <“"d72 dv (),
B(0,)\) ||

so the integral of F' with respect to any tangent measure of v at 0 must
vanish. Since those tangent measures are still supported on S, this is
possible only if they vanish on B(0, 1)\ H. Taking a 3-blow up of any
such tangent measure at 0, we see that we can just as Well assume that
our counterexample v is supported on H.

If we had H N B(0,1) C suppv, then for any A,a > 0, V would be
geometrically (H, A, a)-flat at the origin on the scale ¢ = 2(A+ 7 which
contradicts the assumption that the first part of the alternative doesn’t
hold for v.

Thus, we can find 2’ € (B(0,3) N H) \ suppr. Again, let z be the
closest point to 2’ of supp v, and let n’ be the outer unit normal to the
boundary of the ball B(z/, |z —2'|) at z. Note that n’ € H. Now repeat
all the above steps with this new choice of z. The condition supprv C H
will be preserved at each step but by the end of the whole process we
will also restrict the support of v to some other linear hyperplane H’
with the unit normal n’. Since n’ is perpendicular to n, the support of v
is now restricted to the (d—1)-dimensional linear plane HNH’. However
a (d — 1)-dimensional linear plane cannot carry any non-zero measure
v satisfying the growth bound v(B(z,r)) < Cr?. This contradiction
finishes the proof of the alternative. O
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Now we are ready to prove Lemma 5 itself. Suppose that such p
does not exist. Then for each p > 0, we can find a C-good measure
p, on a ball B(0,1) that is AD regular in B(0, 1) with lower regularity
constant ¢ and which satisfies 0 € supp p, and

HR(wz,(S,AMP)] (2) <8
5

forallp <6 < A < andall z € B(z, 1-2A) with dist(z, supp p,) < ¢,
but is not geometrically (H, A, «)-flat at z on any scale £ > p at any
point z € B(z,1 — (A + a){) for any linear hyperplane H.

Then we can find a sequence p; — 0 so that the measures j,, con-
verge weakly to some limit measure v in B(0,1). This limit measure
would satisfy

B¢, s a)(2) < B

forall0 <6 <A < % andall z € B(x,1—2A) with dist(z, suppv) < 2
but would not be geometrically (H, A, «)-flat on any scale ¢ > 0 at any
point z € B(z,1 — (A + «a)f) for any linear hyperplane H. But this
combination of properties clearly contradicts the alternative we have
just proved. 0

11. THE FLATTENING LEMMA

The goal of this section is to present a lemma that will allow us to
carry out one of the major steps in our argument: the transition from
the absence of large oscillation of R ;1 on supp p near some fixed point
z on scales comparable to ¢ to the flatness of p at z on scale /.

Proposition 6. Fiz four positive parameters A, o, c,C. There exist
numbers A', o’ > 0 depending only on these fized parameters and the
dimension d such that the following implication holds.

Suppose that H is a linear hyperplane in R¥, » € R [ s
the affine hyperplane containing z and parallel to H, £ > 0, and p
is a C-good finite measure in R that is AD regular in B(z,5A'()
with the lower regularity constant ¢. Assume that p is geometrically
(H,5A’,&/)-flat at z on the scale { and, in addition, for every (vector-
valued) Lipschitz function g with suppg C B(z,5A'(), HgHLip <0t
and [ gdu =0, one has

](Rfl,g)u\ < al?.
Then p is (H, A, «)-flat at z on the scale (.

Before proving this proposition (which we will call the “Flattening
Lemma” from now on), let us discuss the meaning of the assumptions.
In what follows, we will apply this result to restrictions of a fixed good
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AD regular measure p to open balls at various scales and locations.
The restriction of a good AD regular measure to a ball may easily
fail to be AD regular in the entire space R, which explains why we
have introduced the local notion of Ahlfors-David regularity. Every
restriction of a good measure to any set is, of course, good with the
same goodness constant as the original measure.

The first step in proving the rectifiability of a measure is showing that
its support is almost planar on many scales in the sense of the geomet-
ric (H,5A’, o/)-flatness in the assumptions of the Flattening Lemma
implication. This step is not that hard and we will carry it out in Sec-
tion 15. The second condition involving the Riesz transform means,
roughly speaking, that Rf 1 is almost constant on supp pu N B(z, A'Y)
in the sense that its “wavelet coefficients” near z on the scale ¢ are
small. There is no canonical smooth wavelet system in L?*(u) when u
is an arbitrary measure but mean zero Lipschitz functions serve as a
reasonable substitute. The boundedness of Rf in L?(p) implies that
RI'1 € L?(p) (because for finite measures y, we have 1 € L*(u)), so an
appropriate version of the Bessel inequality can be used to show that
large wavelet coefficients have to be rare and the balls satisfying the
second assumption of the implication should also be viewed as typical.

Finally, it is worth mentioning that the full (H, A, o)-flatness condi-
tion is much stronger than just the geometric one in the sense that it
allows one to get non-trivial quantitative information about the Riesz
transform operator Rﬁl . The Flattening Lemma thus provides the
missing link between the purely geometric conditions like those in the
David-Semmes monograph and analytic conditions needed to make ex-
plicit estimates.

Proof. Note that the geometric (H, A, o)-flatness of p is ensured by
the geometric (H,5A’, o/)-flatness assumption of the Flattening Lemma
implication as soon as A’ > A and o/ < «. The real problem is to prove
the analytic part of the flatness condition.

To this end, note first that the setup of the Flattening Lemma is
invariant under translations and dilations, so, replacing the measure p
and the test-functions f and g by ¢~ u(z +¢-), f(z +¢-), and g(z + ¢-)
respectively, we can always assume without loss of generality that z = 0
and ¢ = 1.

Now fix A > A. Since the set £ of all Lipschitz functions f with
Lipschitz constant 1 supported on B(0, A) and having zero integral with
respect to m, is pre-compact in Co(R4FY), for every 8 > 0, we can find
a finite family F in £ so that every function f € £ is uniformly S-close
to some f' € F. Since we have the a priori bound u(B(0,A)) < CA4,
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this p-closeness implies that
‘/fdu‘ < ‘/f’du' 0B,

so choosing 8 < %5_114_‘104, we see that in the proof of the (H, A, «)
flatness, we can consider only test functions f € F if we don’t mind
showing for them a stronger inequality with « replaced by 3. Since
F is finite, we see that if the Flattening Lemma is false, we can find
one fixed test function f and a sequence of measures p; satisfying the
assumptions of the Flattening Lemma implication with our fixed A’
and of =  such that [ fdu, > § for all k.
Split each py as

e = Xp(o,5an M + Xaray g(os.an Fh = Ve T 1Tk -

Note that v are still C' good and AD regular in B(0,54’) with lower
AD-regularity constant ¢. Moreover, supp v, lies within distance %
from L and every point in LN B(0,5A" — %) lies within distance % from
supp v,. Passing to a subsequence, if necessary, we can assume that vy
converge weakly to some measure v. By the results of the Weak limits
section (Section 8) this limiting measure v is C-good and, obviously,
suppr C LN B(0,5A").

Fix a point w € L N B(0,5A4") and r > 0 such that B(w,r) C
B(0,5A"). Take any r’ < r and consider a continuous function A :
R4 — [0, 1] that is identically 1 on B(w,r’) and identically 0 outside
B(w,r). Since w € B(0,54" — 1) for all sufficiently large k, we can
find a sequence of points wy € suppry so that |w — wy| < % for all
sufficiently large k. Note, however, that B(wy, " — %) C B(w,r"), so
for all large k, we have

[ iz (Bl > (Bl = 1) > 30 - b

Passing to the limit, we conclude that v(B(w,r)) > [hdv > ¢(r')%
Since this inequality holds for all " < r, we must have v(B(w,r)) >
¢rd. Combining this with the upper bound v(B(w,r)) < Cr? and
the inclusion supp v C L, we see that, by the Radon-Nikodym theorem
applied to v and m  , the limiting measure v can be written as v =pm
for some Borel function p on L satisfying wd’IE <p < w;lé almost
everywhere with respect to m, on L N B(0,5A"), where wq is the d-
dimensional volume of the unit ball in R?.

Fix some non-negative Lipschitz function h with supph C B(0,4A")
and [ hdv > 0. Take any Lipschitz vector-valued function g supported
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on B(0,4A') and satisfying ||gll;,, < 1, [gdv = 0. Since [hdyy —

hdv > 0 as k — oo, the integrals | hdvy, stay bounded away from 0
J g y y
for sufficiently large k.

Put .
ak-(/hdyk> /ngk; gL =g — aph.

The functions g, are well-defined for all large enough k and satisfy

/gk dpu, = /gk dvy, =0, suppg C B(0,44").
Since [ gdv, — [ gdv =0, we conclude that a, — 0 as k — 400, so

”ngLip <1
for large enough k.
Since py satisfies the assumptions of the Flattening Lemma implica-
tion, we must have

1
‘<Rﬁi17 gk‘)/ﬁk} < E

for large k. Taking into account that suppgr C B(0,4A4"), we can
rewrite this as

| =

(RIL gi)u, + (R0, gi)u | <

Note that
<RH1 gk)% = <RH1 g>Vk - <RH1 akh>vk

V) Vi 7 Vi )

and that Ri 1 and RH1 coincide with Ri ¢ and RY ¢ respectively for
any compactly supported Lipschitz function ¢ that is identically 1 on
B(0,5A"), say. Thus, by the results of the Weak limits section (Section

8), we get
(Riy 1, 9)ue = (Ry, 9w = (R0, 9)0 = (R)1,9)s .
Similarly,
(RI1, he),, — (RI'1, he),
for every vector e € H. Since

<R1{i,;17 akh>l/k = Z<ak’ €j><R1{1,:17 hej>l/k

J
for every orthonormal basis e, ...,eg in H and a; — 0 as k — +o0,
we conclude that
(RI1,axh),, —0
and, thereby,
<RII/{C17 gk>l/k - <R111-117 g>1/
as k — —+oo.
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Note now that the measure 7 is supported outside B(0,5A4"). To-
gether with the cancellation property [ gi dv, = 0, this yields

<RH77ka gk>l/k = <Uk7 gk)%
where
vp = Ry — (RMn)(0)
is a C'™ function in B(0,4A") satisfying v;(0) = 0 and
dni(y)
|z — y|¢t

whenever x € B(0,4A’) and j > 0.

Since the set of functions vanishing at the origin with 3 uniformly
bounded derivatives is compact in C?(B(0,4A4’)), we may (passing to a
subsequence again, if necessary) assume that v, — v in C?(B(0,4A")),
which is more than enough to conclude that

(Vi) ()] < € <C(O/AY

<Uk7 gk‘)llk — <U7 g)ll

(all we need for the latter is the uniform convergence (v, gx) — (v, g)).
Thus, we found a C*-function v in B(0,4A’) such that

<Rz{{179>l/ = —(v,9)v
for all Lipschitz functions g with suppg C B(0,44") and [ gdv = 0.
Moreover,

, SCC/(AY

for j = 1,2. The condition ||g||Lip < 1 can be dropped now because

0,4A’

both sides are linear in g. This equality can be rewritten as
H —
Ry, P, PG}, = —(0,DG)m,

for all Lipschitz functions g with supp g C B(0,4A") satisfying [, pg dm L=
0. Since p is bounded from below on L N B(0,4A’), the set of such
products pg is dense in the space of all mean zero functions in L*(L N
B(0,4A"),m ) and we conclude that RﬁL p differs from —v only by a
constant on LN B(0,4A"). By the toy flattening lemma (Lemma 2) ap-
plied with A’ instead of A, this means that p is Lipschitz in LN B(0, A")
and

~ /Al
HpHLip(LﬂB(O,A’)) <oo/A.

But then for the test function f € F introduced at the beginning of
the proof, we have

/fdu

< COAH A < %

_ ‘ [ o= pi0)) dm,
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if A" was chosen large enough. On the other hand, we have

‘/fduk :‘/fduk

/fdl/k—>/fdy as k — +00.
This contradiction finishes the proof. U

(e}
=)

for all £ and

12. DAVID-SEMMES LATTICE

Let u be a d-dimensional AD regular measure in R¥!. Let £ =
Supp fi-

The goal of this section is to construct a family D of sets Q C R+!
with the following properties:
o The family D is the disjoint union of families Dy (families of
level k cells), k € Z.
o IfQ),Q" € Dy, then either Q' = Q" or Q' NQ" = .
e Fach )) € Dyyq is contained in some Q) € Dy (necessarily
unique due to the previous property).
o The cells of each level cover E, i.e., Ugep, @ D E for every k.
e For each Q) € Dy, there exists 2o € QN E (the “center” of Q)
such that

B(ZQ, 27 cQc B(ZQ, 2 4k F2y
e For each QQ € Dy, and every € > 0, we have
p{r € Q : dist(x, R\ Q) < e27%} < Ce™u(Q)

where C,;y > 0 depend on d and the constants in the AD-
reqularity property of p only.

Since all cells in D, have approximately the same size 274 it will be
convenient to introduce the notation £(Q) = 274 where k is the unique
index for which () € Dy. This notation, of course, makes sense only
after the existence of the lattice D has been established. We mention
it here just for the readers who may want to skip the construction and
proceed to the next sections where this notation will be used without
any comment.

We will call D a David-Semmes lattice associated with p. Its con-
struction can be traced back to the papers of David ([D3]) and Christ
([C]). There are several different ways to define them, some ways be-
ing more suitable than other for certain purposes. The presentation
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we will give below is tailored to the Cantor-type construction in our
proof, where it is convenient to think that the cells are “thick” sets in
R 1 not just Borel subsets of F, so they can carry C?-functions, etc.
We use the name “David-Semmes” for this lattice because it is short
enough and emphasizes the link between this paper and their mono-
graph. However, if one wants to be historically accurate, the full name
for this construction (as well as the title of this section) should include
the surnames of a few other mathematicians as well, of which that of
Michael Christ would be the first to add.

Despite our ultimate goal being to construct the cells @), we will
start with defining their centers. The construction makes sense for an
arbitrary closed set E and the only place where p will play any role is
the last property asserting that small neighborhoods of the boundaries
have small measures.

For each k € Z, fix some maximal 2~ *-separated set Z, C E.
Clearly, Z; is a 27%-net in E (i.e., each point in F lies in the ball
B(z,27%) for some z € Z;). For each z € Z, define the level k
Voronoi cell V, of z by

VZ:{;EEE:]a:—z|:z/Héin}C\:B—z’|}.

Note that U,ez V. = E, V. C B(z,27%), and dist(z, Uyez\ (3} Var) =
2-4=1 The first property follows from the fact that every ball contains
only finitely many points of Zj, so every point z € Z; has only finitely
many not completely hopeless competitors 2z’ € Zj, for every given point
x € E and, thereby, the minimum min,.¢z, |z — 2/| is always attained.
The second property is an immediate consequence of the inequality
min, ez, |z — 2| <274 which is just a restatement of the claim that
Zyis a2 %._net in E. The last property just says that if |z —z| < 274!
for some z € Zy, then, for every other 2’ € Z, we have

274]{: o 274/671 — 274]{:71

e =2 >z =2 |—|z—x| > > |z — 2|,

so the inclusion x € V,/ is impossible.

Observe also that for each z € Z, there are only finitely many w €
Zj—1 such that V,NV,, # & (here, of course, V,, is a level k£ —1 Voronoi
cell constructed using Zj_,). Indeed, if |z — w| > 274 4 274 =1 then
even the balls B(z,27%) and B(w, 27**~Y) are disjoint. However, only
finitely many points in Z,_; lie within distance 27%F 4274+~ from 2.

Let now 2z € Zy, w € Z;, £ > k. We say that w is a descendant
of z if there exists a chain 2y, 2p41,..., 2 such that z; € Z; for all
Jj=k. .. b=z z=w and V, NV,  #FSforj=Fk, .. (-1
Note that each z € Zj, is its own descendant (with the chain consisting
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of just one entry z) according to this definition. Let D(z) be the set of
all descendants of z. Put
V.= (J Ve

weD(z)

Note that IN/z contains V, and is contained in the 2 Zbk 2-4 — %2*4’“—
neighborhood of V. Thus,

dist(2, Uyrez,\ (o Var) = 27871 — %2—4k > 9 4h=2

Our next aim will be to define a partial order < on U, Z;, such that each
7y is linearly ordered under < and the ordering of 7, is consistent
with that of Z; in the sense that if 2/, 2" € Z, .1 and 2z’ < 2, then for
every w' € Zj, such that V,, NV, # @&, there exists w” € Z, such that
Vir NV £ @ and w’ < w”. In other words, the ordering we are after
is analogous to the classical “nobility order” in the society: for A to
claim being nobler than B (which would correspond to B < A in our
notation), he should, at least, be able to show that his noblest parent
in the previous generation is at least as noble as the noblest parent of
B. Only if the noblest parents of A and B have equal nobility (which,
in the case of linear orderings can happen only if they coincide), the
personal qualities of A and B may be taken into account to determine
their relative nobility. This informal observation leads to the following
construction.

First, we fix kg € Z and construct such an order inductively on
Uksko Z- Start with any partial order - that linearly orders every Zj
(the “personal qualities” order). On Z,, put <=-. If < is already
defined on Zy, for each z € Zj,1, define w(z) € Z; as the top (with
respect to <) element of Z; for which V,, NV, # @&. Note that w(z)
always exists because V, intersects at least one but at most finitely
many Voronoi cells V,, with w € Z;,. Now we say that 2z’ < 2" if either
w(z') < w(z"), or w(z') = w(z") and 2’ 4 2. It is easy to check that
the order < defined in this way is a linear order on Z;,; consistent
with the order defined on Z,.

To define an order on the full union Ugez 2y, consider any sequence
<, of orders on Ug>p, 2 defined above. Since the set of comparisons
defining an order on UgeczZ, is countable, we can use the diagonal
process to extract a subsequence of <y, with kg — —oo so that for
every finite set Z C UgezZk, the ordering of Z by <y, is defined and
does not depend on kg if kg < K(Z). Now just define < as the limit of
~<k,- Note that the linearity and the consistency conditions are “finite”
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ones (i.e., they can be checked looking only at how certain finite subsets
of UpezZy are ordered), so they will be inherited by the limit order.

At this point everything is ready to define the David-Semmes cells.
For z € Z, we just put

B, =¥\ ( U v) |
2 €2y ,z=<z"
It is clear that F.. and E.. are disjoint for 2/, 2" € Z, 2/ # 2". Also,
the remarks above imply that

B(z,27* )N E C E, C B(z,27*)
for all z € Zy. _

Since U,ez, V. D U.ez, V> D E and each point x € E is contained
only in finitely many IZ, we have U,ez E, = E (x is contained in E,
with the top z among those for which = € IZ) Thus, for each fixed
k € Z, the sets E,, z € Zy, tile E.

Now fix z € Zjy1 and let w be the top element of Z; among those
for which V. N'V,, # @. Clearly, D(z) € D(w), so V. C V,,. Take
any w' € Zp with w < w’. Let Ch(w') = D(w'") N Zx11 be the set
of “children” of w’. The consistency of < implies that z < 2’ for all
2" € Ch(w'). But then Ch(w') C {7 € Zgy1:2 < 2"}, so

U %o U
2 €2y 11,2<2" z'eCh(w’)

However, we clearly have

Dw)={w}u |J D)

z'eCh(w’)
and B
veco | we U v
z'eCh(w’) z'eCh(w’)
SO " " _
vec | we U W
z'eCh(w’) 2 €Zy41,2<2"
Thus,
U vwc U W,
w' €Zy w=<w' 2 € 241,22
so B, C E,,.

This shows that the tiling at each level is a refinement of the tiling
at the previous level and we have a nice dyadic structure on E (except
the cell sizes are powers of 16 instead of the customary powers of 2).
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We will now expand the cells E, C E to spatial cells Q, C R*! by
adding to each cell E, (z € Z;) all points x € R¥1\ E that lie in
the 27%* neighborhood of E, and are closer to E, than to any other
cell £, with 2’ € Z,. Note that (), defined in this way are disjoint at
each level, Q, N E = E,, and we have ), C @), whenever £, C E,,
2 € Ziy1, w € Zy,. To see the last property, just note that the 2-4(*+1
neighborhood of E, is contained in the 27 neighborhood of E,, and
if x ¢ E is closer to E, than to any other level k£ + 1 cell, then it is
closer to E,, than to any other level k cell as well (every level k cell is
a finite union of level k + 1 cells). Moreover, for every z € Z;, we have

B(z,27%%) c Q, C B(z,27%%?%).

The right inclusion follows immediately from the inclusion E, C B(z,27%+1)

while the left one follows from the fact mentioned above that the ball
B(z,27%*72) doesn’t intersect any cell £, with 2’ € Zy, 2/ # z.

The construction of the David-Semmes lattice D is now complete and
all that remains to prove is the “small boundary” property. Assume
that p is a C-nice measure that is AD regular in the entire R*! with
the lower regularity constant ¢ and that F = suppu. We shall use
the notation Dj, for the family of the level k cells () and the notation
0(Q) for 27 where Q € Dy, from now on. We will also write z = z
instead of Q) = ()., so from this point on, the David-Semmes cells will
be viewed as primary objects and all parameters related to them (like
size, center, etc.) as the derivative ones.

Since p is AD regular and the cells @) are squeezed between two balls
centered at 29 € E = supp p of radii comparable to £(Q)), we have

cl(Q)" < p(Q) < CU@),

where ¢,C > 0 depend only on d and 5,6. We will now use the
induction on m > 0 to show that

p(Bn(Q)) < (1—¢)"u(Q)

where

B, (Q) = {x € Q : dist(x, R\ Q) < 1672™¢(Q)}

for some ¢ > 0. This will yield the small boundary property with
_ log(l—e¢)
T== leog 16 °

The base m = 0 is trivial regardless of the choice of ¢ € (0,1). To
make the induction step from m —1 to m > 1, consider the cell )’ that
is two levels below ) and contains 2o Its diameter does not exceed

80(Q") = 55(Q). Since B(z,, £0(Q)) C Q, the whole cell ' lies at the
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distance at least (§ — 35)0(Q) > 167>™((Q) from the complement of Q.
Thus, B,,(Q)NQ’" = &. For every other cell Q" that is two levels down

from () and contained in (), we, clearly, have

Bm(Q) N Q” C Bmfl<Q//) .

Hence, applying the induction assumption, and taking into account
that those cells Q" are disjoint and contained in @ \ @', we get

#(Bu(@) < 3 (Bt Q7))

Q//

_ ol " _ -l _M(Q,)
<=0 S @) <=9 (1 M(Q))u@»

However, u(Q') > c(Q)¢ = cl(Q)? > cu(Q) (all three ¢ here are dif-

ferent but depend on d, ¢, and C only). If we choose ¢ in the statement
to be the last ¢ in this chain, we will be able to complete the induction
step, thus finishing the proof.

13. CARLESON FAMILIES

From now on, we will fix a good AD regular in the entire space
R+ measure p and a David-Semmes lattice D associated with it. All
constants that will appear in this and later sections will be allowed to
depend on the goodness and the lower AD regularity constants of u in
addition to the dependence on the dimension d. This dependence will
no longer be mentioned explicitly on a regular basis though we may
remind the reader about it now and then.

Definition. A family F C D is called Carleson with Carleson constant
C > 0 if for every P € D, we have

> u@Q) < Cu(P)

QeF,

where

F,={QeD:QC P}.

Note that the right hand side can be replaced with C¢(P)? because
p(P) is comparable to £(P)? for every P € D. The main goal of this
section is the following property of non-Carleson families.

Lemma 7. Suppose that F is not Carleson. Then, for every M € N,
n > 0, we can find a cell P € F and M +1 finite families Ly, ..., Ly C
Fp so that

o Ly ={P}.
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e No cell appears in more than one of the families Ly, ..., L.
e The cells in each family L,, (m = 0,..., M) are pairwise dis-
joint.

e Fach cell Q" € L, (m = 1,...,M) is contained in a unique
strictly larger cell Q € L,,_1.

o« > wQ) =1-nuP).

QeLpy

We will usually refer to these £,, as non-Carleson layers.

Proof. Note, first of all, that, when checking the Carleson property of
F, it is enough to restrict ourselves to cells P € F. Indeed, suppose
that the inequality

> ul@Q) < Cu(P)

QeF,

holds for every P € F. Take any P € D and consider the family
F, p of maximal cells in F, (i.e., the cells that aren’t contained in
any other cell from F,). Then the cells P' € F , are disjoint and

fp = UP,G‘FO,PFP" Thus

douwl@= > D w@<C > wP)<CurP),

QEF, P'eF, p QEF,, P'EF, p

so we automatically have the desired estimate for all cells P € D with
the same constant.

Next, observe that if every finite subfamily ' C F is Carleson with
the same Carleson constant C, then the entire family F is Carleson
with the same constant. Indeed, if

> @) > Cu(pP)

QeF,

for some P € D, then we can restrict the sum on the left to a finite
one and still preserve the inequality.

Now fix M,n and assume that F is not Carleson. Then we can find
some finite subfamily F' C F whose Carleson constant is as large as
we want (note that every finite family is Carleson with some Carleson
constant).

Take any P € F' and define the families F 7’n » of cells inductively as

follows: F7 P {P} and, if F p are already defined for k£ < m, then

}_7/71 b I8 the set of all maximal cells in ]—";D \ Uk<mf;€ o Observe that

)
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for every m > 0, we have

m—1
m-Us U 7

1 T/
P EFm,P

and that for each m, the cells in ]-";1 p are pairwise disjoint and (if

m > 0) each of them is contained in some unique cell from Fo

Thus, the families .7-"7’n p have all properties of the non-Carleson layers
L,, except, maybe, the last one. If we can find a starting cell P € F’
so that

> u@Q) = (1 —nuP),

!
QE}—NI,P

we are done. Let C'(F’) be the best Carleson constant of F’ (it exists
because, to determine the Carleson constant of F’, we only need to
look for the best constant in finitely many inequalities corresponding
to all cells P € F' ). Take P € F' for which this Carleson constant is
attained and write

M-—1
CHFMMP) =D w@ <> > w@+ > Y wQ.
QeF, k=0 Qe]—‘]’cﬂp P’e}‘MP Qe]—‘;,

However, the first sum on the right is at most M u(P) and the second
one can be bounded by

C(F) Y. wP)

e Tl
P G}—JW,P

using the Carleson property of F'. Thus,

M
PYy>(1—-—— P)y>(1- P),
> uP) > (1= g ) uP) > (- ()
PeFyp
provided that F’ was chosen so that C'(F') > Mn~'. O

It is worth mentioning that though we stated and proved our lemma
only in one direction (non-Carlesonness of a family implies the existence
of non-Carleson layers in that family for arbitrary M,n > 0), it is
actually a complete characterization of non-Carleson families. We leave
it to the reader to formulate and to prove the converse statement (which
we will not use in this paper).
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14. RIESZ SYSTEMS AND FAMILIES

Let 1, (@ € D) be a system of Borel L?(p) functions (either scalar
or vector-valued, as usual).

Definition. The functions wQ form a Riesz family with Riesz constant

C>0if
Z“Q% <CZ“Z

QeD
L2 ()

only finitely many of which are non-zero.

2

for any real coefficients a 0

Note that if the functions 1/1Q form a Riesz family with Riesz constant
C, then for every f € L*(u), we have
2 2
St < CISIE,
QeD

Indeed, let F C D be any finite collection of David-Semmes cells.
Let a, = (f, ¢Q># for @ € F. Put g = ZQGIaQwQ. Then

1/2
Y wQ>i] ,

QeF

D i = g < Il g 19l oy < UFN o
QeF
SO

2 2
D Al < CII,, -
QeF
Since F was arbitrary here, the same inequality holds for the full sum
over D.
Assume next that for each cell Q € D we have a set Ug of L*(u)
functions associated with Q).

Definition. The family Vg (Q € D) of sets of functions is a Riesz
system with Riesz constant C' > 0 if for every choice of functions
z/JQ € Uy, the functions wQ form a Riesz family with Riesz constant C'.

The goal of this section is to present two useful Riesz systems: the Haar
system Wi (N) and the Lipschitz wavelet system W, (A), and to show
how Riesz systems can be used to establish that certain families of cells
are Carleson.

We shall start with the second task. Suppose that Uq is any Riesz
system. Fix any extension factor A > 1. For each @) € D, define

4) €@ inf sup p(Q) 2 [(Rux o V)l

| BiB(ag AUQ)CE(E) <+ ewg
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Then, for every § > 0, the family F = {Q € D : £(Q) > ¢} is Carleson.

Indeed, if P € D is any cell, then the set E = B(z,, (4 + A){(P))
satisfies B(zQ, AL(Q)) C E for all cells Q C P. Choosing Y, € Vg so
that

)
|<RuXE7 wQ>u’ > 5”(@)1/2

and recalling that p is good and AD regular, we see that

9 2
S @< (3) X Mg vl < ORI,

QEFp QeD,QCP
<057 XEH;( | < OO 2(A+4)U(P) < C62(A+4)'u(P),
17

so F is Carleson with Carleson constant C§—2(A + 4)<.

Let now N be any positive integer. For each @) € D, define the set
of Haar functions W¢,(N) of depth N as the set of all functions 1 that
are supported on (Q, are constant on every cell Q' € D that is IV levels
down from @, and satisfy [ ¢ du =0, [¢?dp < C. The Riesz property
follows immediately from the fact that D can be represented as a finite
union of the sets DY = Ukik=j mod NDi (j =0,..., N—1) and that for
every choice of wQ € \I/ZQ(N ), the functions 7,DQ corresponding to the

cells Q from a fixed DY form a bounded orthogonal family.
In the Lipschitz wavelet system, the set \Ifg(A) consists of all Lip-
schitz functions 1) supported on B(ZQ,AE(Q)) such that [¢du = 0

and [, < Cl(Q)~%" . Since p is nice, we automatically have

[P dp < C(A)(Q) (@) < C(A) in this case.
The Riesz property is slightly less obvious here. Note, first of all, that
if Q,Q" € Dand ((Q") < 4(Q), then, for any two functions Y, € UhH(A)

and wQ, € \I/é,(A), we can have <wQ, wQ/>u # 0 only if B(zQ, AL(Q))N

B(zQ,, Al(Q")) # @, in which case,

(gl < CCA) |
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Now take any coefficients a,, (Q € D) and write

2

Z ao¥q

QeD

<2 Z |CLQ"’aQ/"|<wQ>le>N‘
L2(p) Q,Q'eD, L(Q)<UQ)

< C(A) > V(Q/)} - lag| - lag|

e T (Q)
Q.Q'€D, UQ)<UQ)
Blzq AUQ)NB (2, ALQ ) #2

QN L, w@),

Q

Q.Q'eD, ((Q")<U(Q) (Q) Q)
B(zQ,AE(Q))ﬂB(zQ,,AE(Qf));s@

It remains to note that the sums

d
3 (™ 3 (Q)
(Q) (Q)
Q'eD:4(Q)<U(Q) QED: £(Q")<A(Q)
B(zq AU @)NB(z,,, AUQ"))#2 B(zq AU @)NB(z,,, AUQ"))#2

are bounded by some constants independent of ) and Q' respectively.

15. ABUNDANCE OF FLAT CELLS

Fix A,a > 0. We shall say that a cell Q € D is (geometrically)
(H, A, «)-flat if the measure p is (geometrically) (H, A, a)-flat at z, on

Q
the scale ((Q).

The goal of this section is to show that there exists an integer N, a finite
set H of linear hyperplanes in R¥, and a Carleson family F C D
(depending on A, «) such that for every cell P € D\ F, there exist
H e H and an (H, A, «)-flat cell Q C P that is at most N levels down
from P.

We remind the reader that the measure i has been fixed since Section
13 and all constants and constructions may depend on its parameters
in addition to any explicitly mentioned quantities.

Fix A" > 1,0/ € (0,1),8 > 0 to be chosen later. We want to show
first that if N > Ny(A',’, ), then there exists a Carleson family
F1 C D and a finite set ‘H of linear hyperplanes such that every cell
P € D\ F, contains a geometrically (H,5A’, o/)-flat cell Q C P at
most N levels down from P for some linear hyperplane H € H that
may depend on P.
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Let R = c/(P). According to Lemma 5, we can choose p > 0 so
that either there is a scale £ > pR and a point z € B(z,, R —16[(5A" +
5)+2]¢) C P such that p is geometrically (H’, 16(5A'+5), % )-flat at 2
on the scale ¢ for some linear hyperplane H’, or there exist A € (0, %),
0 € (p,A) and a point z € B(z, (1 — 2A)R) with dist(z,supp u) <
SR such that \[R(wz’5R7ARu)](z)| > [ where p_;. .\, is the function
introduced in the beginning of Section 10.

In the first case, take any point 2’ € supp g such that |z — 2’| < %/E
and choose the cell @ with ¢(Q) € [¢,16/) that contains z’. Since
2" C B(zp, R) C P and £(Q) < {(P), we must have @ C P. Also, since
|25 — 2/ S46(Q), we have |2 — z,| < 44(Q) + S < 50(Q).

Note now that, if i is geometrically (H, 16 A, «)-flat at z on the scale
¢, then it is geometrically (H, A, a)-flat at z on every scale ¢’ € [¢, 16¢).

Note also that the geometric flatness is a reasonably stable condition
with respect to shifts of the point and rotations of the plane. More
precisely, if p is geometrically (H', A + 5, a)-flat at z on the scale ¢,
then it is geometrically (H, A, 2a+ Ae)-flat at 2z’ on the scale ¢ for every
2" € B(z,5¢) Nsupp p and every linear hyperplane H with unit normal
vector n such that the angle between n and the unit normal vector n’ to
H’is less than €. To see it, it is important to observe first that, although
the distance from z to z’ may be quite large, the distance from 2z’ to the
affine hyperplane L’ containing z and parallel to H' can be only af, so
we do not need to shift L' by more than this amount to make it pass
through 2’. Combined with the inclusion B(z/, A¢) C B(z, (A + 5)¢),
this allows us to conclude that p is (H', A, 2«)-flat at 2z’ on the scale
0. After this shift, we can rotate the plane L’ around the (d — 1)-
dimensional affine plane containing 2z’ and orthogonal to both n and n’
by an angle less than ¢ to make it parallel to H. Again, no point of
L' N B(z, A¢) will move by more than Aef and the desired conclusion
follows.

Applying these observations with ¢ = £(Q), 2/ = Zg) € = %,
choosing any finite e-net Y on the unit sphere, we see that p is geo-
metrically (H,5A’, o/)-flat at 2, on the scale 0(Q) with some H whose
unit normal belongs to Y. Note also that the number of levels between

P and @ in this case is logg % <logsp '+ C.

and

In the second case, let 2’ be a point of supp p such that |z —2/| < %R.
Note that 2’ € B(z,,2R) C P. Let now @) and Q" be the largest cells
containing 2’ under the restrictions that £(Q) < £ R and /(Q') < SR.
Since both bounds are less than ¢(P) and the first one is greater than
the second one, we have Q' C Q C P.
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Now take any set £ D B(z,2R) with u(FE) < 400 and consider the
difference of the averages of R,y over @) and Q)" with respect to the
measure .

We can write X, = ¥_;p p + fi + fo where |fi],|f2] < 1 and
supp f1 C B(2,206R), supp f» N B(z,AR) = @.

Note that

/ A2 d < ju(B(=,26R)) < COR)* < CHQ) < Cul@) < Cu(Q).

so we have the same bound for [|R,fi|*du, whence the averages of

R, fi over @ and () are bounded by some constant.
Note also that @ C B(2,8((Q)) C B(z',R) C B(z,5R), so the
distance from @) to supp f> is at least %R > ((Q). Thus,

||R(f2:u) ||Lip(Q) < CE(Q)_l

so the difference of any two values of R(fou) on @ is bounded by a
constant and, thereby, so is the difference of the averages of R, f, over

Q@ and Q.

To estimate the difference of averages of R note first that

F‘wz,(SR,AR’
1Rut sl < Ol spanls,, < CAR) < CHQY < Cu(Q),

so the average over () is bounded by a constant. On the other hand,

Q' C B(,80(Q")) c B(#, ZR) C B(z, gR) :

Since the distance from B(z, gR) to supp s A p 18 at least gR, we
have o

-1
IR, s sty sy < CORT

Thus, all values of R, p ., on @ C Bz, 8R) can differ from
[R(¢, 55 api)](2) only by a constant and the average over Q' is at
least B — C in absolute value.

Bringing all these estimates together, we conclude that the difference
of averages of R, X, over @ and Q" is at least 5 —C' in absolute value for
every set I/ O B(z,2R) and, thereby, for every set £ D B(z,,5((P)).
Observe now that this conclusion can be rewritten as

W(P) 2 RuX o )l = ep? (B — O)

where

[NlisH

| 1
on = WP (g% = )



48 FEDOR NAZAROV, XAVIER TOLSA, AND ALEXANDER VOLBERG

and that ¢, € W5 (N), where, as before, U%(N) is the Haar system of

depth N, with N = log % < logy p~! + C (the normalizing factor

p? in the definition of Y, is just enough to make the norm ||¢P||L2(u)
bounded by a constant and all the other properties of a Haar function

are obvious).

Thus, we conclude that for such P, the quantity &(P) defined by
(4) using the Haar system of depth N and the extension factor 5 is
bounded from below by a fixed positive constant, provided that § has
been chosen not too small. Consequently, the family F; of such cells
P is Carleson.

As we have seen, for P ¢ Fi, we can find a geometrically (H,5A’, o)-
flat cell Q C P at most log;sp~t + C levels down from P with H
from some finite family H of linear hyperplanes (depending on the
choice of A’, o/, of course). If we use the parameters A’ and o de-
termined by the Flattening Lemma (Proposition 6), then the only
case in which we cannot conclude that this cell is (H, A, a)-flat is
the case when for every set £ D B(z,, (A + a + 54"+ o/){(Q)) with
u(E) < 400, we can find a mean zero (with respect to u) Lipschitz
function g supported on B(ZQ,E)A’E(Q)) with ||g||Lip < 4(Q)~! such
that [(R.x 5 9)ul = [(Ryynls 9)x,nl > @/€(Q)? (otherwise the Flatten-
ing Lemma is applicable to the measure x,pu whose (H, A, a)-flatness
at z , on the scale £(Q) is equivalent to the (H, A, a)-flatness of u itself).

Q
However the last inequality can be rewritten as

_1
/“L(P) 2|<RMXE71/JP>/L| > de+10/
where
_d
Y, = pl(P) 2g.

Note that ¢, < CUP)"27" and suppeh, C Blz,,54(Q)) C
Bz,
¢(P) bounded from below by a fixed constant, but now with respect
to the Lipschitz wavelet system W (5) and the extension factor A +
a+ 5A"+ o’ + 5, say. Thus the family F» of such exceptional cells is

Carleson as well and it remains to put F = F; U F; to finish the proof
of the main statement of this section.

R) C B(z,,5((P)), so we see that in this case we again have

16. ALTERNATING NON-BAUP AND FLAT LAYERS

Recall that our goal is to prove that the family of all non-BAUP
cells P € D is Carleson. In view of the result of the previous section,
it will suffice to show that we can choose A, a > 0 such that for every
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fixed linear hyperplane H and for every integer IV, the corresponding
family F = F(A,«, H, N) of all non-BAUP cells P € D containing an
(H, A, a)-flat cell @ at most N levels down from P is Carleson. The
result of this section can be stated as follows.

Lemma. If F is not Carleson, then for every positive integer K and
every n > 0, there exist a cell P € F and K + 1 alternating pairs of
finite layers By, Q. CD (k=0,...,K) such that

[ ] f/BO = {P}

o Py CF, forallk=0,..., K.

o All layers Qy, consist of (H, A, «)-flat cells only.

e Each individual layer (either By, or Q) consists of pairwise
disjoint cells.

o If Q) € Qy, then there exists P' € Py, such that Q C P’ (k =
0,....,K).

o [f P € By.1, then there exists ) € L such that P C Q
k=0,... K1)

® D gea, MQ) = (L=n)u(P).

In other words, each layer tiles P up to a set of negligible measure
and they have the usual Cantor type hierarchy (due to this hierarchy, it
suffices to look only at the very bottom layer to evaluate the efficiency
of the tiling for all of them). The construction in this section is rather
universal and does not depend on the meaning of the words “non-
BAUP” in any way. All that we need to know here is that some cells
are BAUP and some are not. Note that we do not exclude here the
possibility that the same cell is used in several different layers. This
will never really happen because the non-BAUPness condition is, in
fact, just a particular quantitative negation of the flatness condition,
so, when finally choosing our parameters, we will ensure that no non-
BAUP cell can be an (H, A, a)-flat cell as well, thus guaranteeing that
we always go down when moving from each layer to the next. Also our
construction will be done in such a way that no two different B8 layers
can contain the same cell. However, the disjointness of layers is not
a part of the formal statement we have just made and the results of
this and the next sections remain perfectly valid even if all layers we
construct here consist of the single starting cell P, which, in that case,
must be simultaneously non-BAUP and (H, A, «)-flat.

Proof. Suppose F is not Carleson. By Lemma 7, for every n > 0 and
every positive integer M, we can find a cell P € F and M + 1 non-
Carleson layers Lo, ..., L, C F, that have the desired Cantor-type
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hierarchy and satisfy ZP,ELM w(P") = (1 —n")u(P) (see Section 13 for

details).

We shall start with describing the main step of the construction,
which will allow us to go from each layer 3, to the next layer Pyiq
creating the intermediate layer 9 on the way. Let m be much smaller
than M, so that there are as many available non-Carleson layers down
from m as we may possibly need. Fix a large integer S > 0.

Let £ C L. We shall call a cell P" € L, v (s = 1,...,95)
exceptional if it is contained in some cell P’ € L/ but there is no
(H, A, a)-flat cell @ € D such that P” C @ C P’. We claim that for
each s = 1,...,95, the sum of py-measures of all exceptional cells in
Lo+ sny does not exceed (1 — c16-V)*u(P).

The proof goes by induction on s. To prove the base s = 1, just recall
that every cell P’ € L] C L,, contains some (H, A, a)-flat cell Q(P') €
D at most N levels down from P’. Since every cell P” € L,,. ny that
is contained in P" € L], must be at least N levels down from P’ (the
non-Carleson layers constructed in Section 13 cannot have repeating
cells), we conclude that every cell P” € L, contained in P’ is either
contained in Q(P’) or disjoint with Q(P’). In the first case P” is,
certainly, not exceptional, so the sum of the measures of all exceptional
cells in L,y that are contained in P’ is at most u(P’) — u(Q(P’)) <
(1 —c16=N4)y(P’) whence the total sum of measures of all exceptional
cells in L4 is at most (1—c16™Y) 375, p(P') < (1167 u(P).

To make the induction step, assume that we already know that the
claim holds for some s. Note that every exceptional cell P € L, (s41)n

is contained in some cell P” € Lonisy- We claim that P must be
exceptional as well. Indeed, let P’ be the cell in L] containing P”.
Then P" N P’ # &, which, due to the hierarchy of the non-Carleson
layers, is possible only if P” C P’. If there had been any (H, A, a)-flat
cell Q) satisfying P” C @ C P’, we would also have P” C Q C P’, so
the cell P” would not be exceptional. Now it remains to note that P’
must also be disjoint with Q(P") and to repeat the argument above to
conclude that the sum of measures of all exceptional cells in L, 1 (s41)n
is at most (1 — c167"4) times the sum of measures of all exceptional
cells in £,,,sn. It remains to apply the induction assumption and to
combine two factors into one.

Now let L] . ¢y C Lmysny be the set of all cells in £, gx that are
contained in some cell from L] but are not exceptional. Then, for
every cell P" € L . ¢y and the corresponding cell P’ € £/, containing
P" there exists an (H, A, a)-flat cell @ € D such that P’ cQcPr.
Let £ be the set of all cells () that can arise in this way and let Q* be



UNIFORM RECTIFIABILITY AND THE RIESZ TRANSFORM 51

the set of all maximal cells in £ (i.e., cells that are not contained in any
larger cell from £). Then the cells ) € Q* are pairwise disjoint and
form an intermediate layer between £ and L], , ¢y in the sense that
every () € Q* is contained in some cell ' € L] and every P" € L] . oy
is contained in some cell ) € Q*.

Moreover,
)N EID DD DI DD
PNE‘C':nqLSN PIIELm+SN P//E£m+SN:PN¢P/ P,,e£m+SN5
for any P'eL], P’ is exceptional
> (1=1)u(P) = [w(P) = > u(P)] = (1 =16~V pu(P)
PeL,
= > u(P) = [0+ (1= 16V u(P).

Pec

m

Now assume that M > (K +1)SN. Then we can start with £ = Lo =
{P} and apply this construction inductively with m = 0, SN,2SN, ..., KSN.
The resulting layers L)y (k =0, ..., K) will satisfy all properties of
P and the intermediate layers Q* (one of those will arise during each
step) will satisfy all properties of £y except, perhaps, the measure
estimate.

However, since L{, covers P completely and during each step the total
measure loss is bounded by [/ + (1 — ¢167V9)]u(P), we have

Su@ = Y wP) = pP)—(K+1)[n+(1—c167)u(P)

QeQx PeLi 1ysn

and it remains to note that for any fixed K, we can always make
(K + 1) + (1 — c167Y9)%] less than 7 if we choose 7’ small enough
and S large enough. O

17. ALMOST ORTHOGONALITY

Fix K. Choose ¢ > 0, A,a > 0, n > 0 in this order and run the
construction of the previous section. In this section we will be primarily
interested in the flat layers 9 ignoring the non-BAUP layers ;. almost
entirely.

For a cell Q € D and t > 0, define

Q: = {r € Q : dist(z, R\ Q) > t£(Q)} .

Note that pu(Q \ @Q:) < Ct"'u(Q) for some fixed v > 0 (see Section
12). Let ¢y be any C'* function supported on B(0,1) and such that
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[ podm =1 where m is the Lebesgue measure in R*!. Put

1 .
%0 =Y. * gy @)
Then Py = 1 on (3. and supp vy C Q.. In particular, the diameter of
supp ¢, is at most 80(Q). In addition,

C C
<1 o < ——,\ 2 o < S
lpoll~ <1, Vgl 200) a2 =0Q)

From now on, we will be interested only in the cells ) from the flat

layers ;. With each such cell () we will associate the corresponding

approximating plane L(Q) containing Zq and parallel to H and the

approximating measure v, = @, @ where ag, is chosen so that
I/Q<Rd+1) = /goQ du .

Note that since B(z,, (3 —39)0(Q)) C Q3. and Q C B(z,,4((Q)), both
integrals [ ©o dmL(Q) and fgoQ dp are comparable to £(Q)?, provided

that € < ﬁ,

are bounded by some constant.
Define

say. In particular, in this case, the normalizing factors a 0

Gy = Z @QRH[goQu—VQ], k=0,...,K.
Qe

We remind the reader of our convention to understand R¥ (goQ i) as
Rf Pp ON SuUpp p (see Section 8) and of Lemma 1 that shows that

RH v, can be viewed as a Lipschitz function in the entire space R+,

In what follows, we will freely integrate various expressions including
both RH<QDQIM) and RH(I/Q) with respect to p, which makes sense in
view of what we just said. However, we will be very careful with the
integration of expressions involving RY (gpQ 1) with respect to Vo and
always make sure that for each point x in the integration domain, x is
not contained in the support of any function ¢ 0 for which R? (gpQ,u) in
the integrand is not multiplied by some cutoff factor vanishing in some
neighborhood of .
Now put

Fk:Gk—GkHwhen/{::(),...,K—l, FK:GK
Note that

K
> Fn=Gy.

m=k



UNIFORM RECTIFIABILITY AND THE RIESZ TRANSFORM 53

The objective of this section is to prove the following

L

Proposition 8. Assuming that € < A>5, and a < €, we have

187
[(Fk, Gri1)| < o(e, a)p(P)
forallk =0,..., K — 1, where (e, ) is some positive function such

that
lim [ lim o(e,a)] =0.
e—0+ a—0+
In plain English, the double limit condition on (e, ) means that
we can make (e, ) as small as we want by first choosing € > 0 small
enough and then choosing v > 0 small enough. The exact formula for
o (g, a) will be of no importance for the rest of the argument, so we do
not even mention it here despite its being explicitly written in the end
of the proof.
The assumptions € < % and A > 5 are there to ensure that all the
results of Section 9 can be freely applied with ©o in the role of ¢ and

Vo in the role of v. The assumption o < €% is just used to absorb some
expressions involving o and ¢ into constants instead of carrying them
around all the time.

Several tricks introduced in this section will be used again and again
in what follows so we suggest that the reader goes over all details of
the proof because here they are presented in a relatively simple setting
unobscured by any other technical considerations or logic twists. Also,
there is a technical lemma in the body of the proof (Lemma 9) that
will be used several times later despite the fact that it is not formally

proclaimed as one of the main results of this section.

Proof. We start with showing that, under our assumptions, ||Gj||?, w <
Cu(P) for p=2,4and all k =0,..., K. Since
Ge= ) PR lpgn =]
Qe
and the summands have pairwise disjoint supports, it will suffice to
prove the inequality

for each individual @ € Qj and then observe that >, g #(Q) < u(P).
Since we shall need pretty much the same estimate in Section 20, we
will state it as a separate lemma here.
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Lemma 9. Let p =2 orp = 4. For each k = 0,..., K and for each
cell Q) € Qy, we have

oo B gl < xR VlE,. < Cu(@).
As a corollary, we have
”SOQRH(SOQM_VQ)Hip(#) < HXQRH(()OQM_ )HLp( (Q)

Proof. As we have already mentioned in Section 5, Rf is bounded in
both L?*(u) and L*(u), so we even have

p p
IR gl < Cllogll,,, < CH(@)

LP (1)
for both values of p we are interested in and the cutoffs ¢ 0 and y o can
only diminish the left hand side. Thus, we only need to prove the first
chain of inequalities in the lemma.
The left inequality is trivial because ©o < Xo pointwise. To prove

nPq

the right inequality, fix any Lipschitz function @ : R4t — [0, 1] such
that o = 1 on B(0,4) and ¢y = 0 outside B(0,5), put

_ _ [Tz
‘PQ(Z’?) = %o (TQ)) ;
and write

a0l = [ IR g < [ olR gl dn

-1
g = (/% dmL(Q)) /‘ZQ i

Note that both integrals in the definition of ZZQ are comparable to £(Q)?,
SO 5Q < C. Put

Let

l/Q = anL(Q) .

. H . . p
Since RmL(@ is bounded in L (mL(Q) , we have

H ~ H
/]R VQ]pdVQ SC/|R l/Q|pdmL(Q)

< p < d < )
<Cliggllty g, ) < CHQ' < Cu(Q)

On the other hand, the C*-estimates for ©o in the beginning of this
section combined with Lemma 1 imply that

C C
H H
IR IJQHLOO < = and ||R VQHLip < 200)
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In addition, we clearly have ||<,5Q||Lip < . Thus, when o < &% < 1,

c
(Q)
Lemma 3 immediately yields

1 1 1
e2r=1) e20(Q) ¢(Q)

= Cac Q)" < Cp(Q)

[ 1Rt P (G - ) < Cati@)?

for p = 2,4, so
[ #alRvgPdn= [ 1R rol dZom)

= IR P g + [ 1R d(Fgn - 7) < CH(@).
as required. O

Now represent Fj, as

Fe=| D eoliieg— X ¢oRivg

QEQy Q€11
= R, + > e Ry, = RY - FY + FY.
Qe QEQk+1
Note that
”Rf((ﬁQ - XQ)HZL)/Z)(M CH@Q - XQ”]ZJ’(/L (Q \ Q3e) Cgﬁf'u(Q)

for p = 2,4. Also

H 2
L4( )|| lu‘XQHL‘l
1

< Cllieg = xql, X2, ) < Cr@\ Qa)2p(@)F < Cu(Q).
Thus,

H 2
”(90(2 - XQ)Ru XQHLQ(H) < ||90Q XQH

H 2
”SOQRM SOQ XQRM XQHLZ(M)
2 |l0g Bl (0g = xg)I%, , + g = X)RIXGI,
< ClE" +e2]u(Q) < Ce?p(Q) .

If we now denote

BV = 2 xoRig = 2 Xoftixg | -

Qe Q€41
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we immediately see that

(1) (1) 2
IFY — KPR, < Cea(P).

Combined with the estimate ||Gk+1||i2( < Cu(P), this yields

©)
(1 1 (1 1 ol
(Y = B, Gl NEY = BN o Gl o,y < CF ().

Now we can write
<Fk€1)7 Gk+1>,u

= > (X Bl = X RiX g 2 B (0t = 1))

QE,Q'EQ11,Q'CQ .

because all other scalar products correspond to pairs of functions with
disjoint supports, and, thereby, evaluate to 0.

Fix Q € Q. For each Q' € Qi1 contained in @, we have Xg =
Xg = 1 on supp ¢ o 50 when writing the scalar product as an integral,
we can leave only the factor ¢ o in front of the product of Riesz trans-

forms, which allows us to combine two of them into one and represent
the scalar product as

H H _
<R (XQ\Q“U)7 SDQ/ R (SOQ//*L VQ/ )>M
The next estimate is worth stating as a separate lemma.

Lemma 10. Suppose that F is any bounded function, and Q € Q.
Then

H H
Y. HRT(xq o F1) e o R (01— vyl
Q€9 41,Q'CQ
1
< Cadze 3||FHLOO(Q),LL<Q> )

Proof. Let W, = RH( Fu). By Lemma 4, we have

o
H —
|<\IIQI @QH R (@Q//'L VQ’)>,“4’

/ 2
Q' HL“(suppsoQ,) +4@Q >||\IIQ’ HLip(SllppsoQ,) HQOQ’ ”Lip ’

< Camz (@)™ |||v
Note now that by (2),
Pl ClFll g

v . < = <
o i o) < TstGuppoy, @\ Q) S Q)
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and

C
< ———.
1o lin < 2o

Thus, in our case, the bound guaranteed by Lemma 4 does not exceed
i nd,.—2 -1
Cam QY [ ey + Pl
so, taking into account that £(Q")¢ < Cu(Q’), we get

H H _
Q'€Qy+1,Q'CQ

L _
< Camze? Z {H\I/Q,HLOO(SUPP@Q/) +e 1||F||Loo(Q)} Q')

Q/egk+l7QlcQ
1
< COf‘“’QZ‘: 2 1||F||Loo Q)ILL(Q) + Z ||\IIQ/||LOO(SUPPSOQ/)M(Q,)
QIEQkJrlyQ/CQ

Since the L* norm of a Lipschitz function on a set does not exceed
any average of the absolute value of the function over the set plus
the product of the Lipschitz norm of the function on the set and the

diameter of the set, we have
1
-1 2
2
( / Por du) / Vo Peq du]

= Ol gy + (@).

[ CeH|F|

Q’HLO" (supp o, ) < L°°(Q)

However,
[ o duz @)= (@)

and
2 H 2 H 2
1w, @thi$§2{/glRM(FXQH dnct | IR ) dy
Since R/T is bounded in L*(y), we have

H 2 2
B (Fx ) din < CIFXG I, u(@)

Q' ( LOO(Q
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for each Q' C @, and

) /Q,|R,?<FXQ>|2du</Q|R;I<F><Q>|2du

Q'€Qk+1,Q'CQ
< 2 < 2 :
< OIFxglE,,, < CIFIZ. o (@)
So we get
> IQPQ) < CIFI. (@)
Q'€9,+1,Q'CQ
Now it remains to apply Cauchy-Schwarz to conclude that
Yo J@QWQ) S CIF poe o 1(Q)
Q'€9Qk+1,Q'CQ
thus completing the proof of the lemma. O

Applying this lemma with F' = 1, we immediately get
1
S R (g1 2y BT (Pt = Vi Dhul < Camze™u(Q).
Q'€Qk4+1,Q'CQ

It remains to sum these bounds over ) € £ and to combine the

result with the previously obtained estimate for (F; k(l) —F ,51), Grt1)p to
conclude that

(Y, Gl < O + amze)u(P).
To estimate <F,§2), G'i41) 4, DOte once more that by Lemma 1, RHVQ is
a Lipschitz function in R with ||RHVQ||LOO < £ and ||Rfy <
WC(Q)‘ Since for any two Lipschitz functions f, g,

19l oo < NN poo gl oo and ([ fgllps, < AF M gl oo + 1A oo gl

we get

ol

C C
H H
HSOQR VQHLOO < 8_2 and "@QR VQHLip < €3£(Q) .

Using Lemma 4 again and taking into account that ¢(Q’) < ¢(Q) for
Q' C Q, we get

H H

Q@ ()42 1 Nt . 2
< Cam2l(Q)" | 5 ”(QW(QJ (d(Q’))

< Caire Q) < Carepu(Q)).
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riting (F,”, Gi41), as

H H
Z <(;0QR VQMPQ/R (@QHUJ_VQ/)>M
Q€QK,Q'€Qk4+1,Q'CQ
(all other scalar products correspond to functions with disjoint sup-
ports) and summing the corresponding upper bounds for the absolute
values of summands, we get

|<Fk(2)= Gri1)ul < Oaﬁg_Su(P) )

Finally, we can write (F,i?’), Git1)p as

Z <SDQ/ RHVQM QOQ/ RH(QOQ/N - VQ/)>H
Q' €Qk 41

The argument we used to estimate (F) ,52), Gk+1), can be applied here as
well. The only essential difference is that we will now have ¢(Q’) instead

of /(@) in the denominator of the bound for ||¢ o RH Vo HLip, so instead
«Q)

of the lax cancellation -%¢ < 1 in the main bound for individual

2(Q)
summands, we will have to use the tight cancellation % = 1. The

final inequality
1
(FY, Gl < Camize ™ u(P)

has exactly the same form and it remains to bring all three inequalities
together to finish the proof of the desired almost orthogonality property

with o(e,a) = Cle + aﬁa_"’]. O

18. REDUCTION TO THE LOWER BOUND FOR HFkHiQ( )
w

At this point, we need to know that the non-BAUPness condition
depends on a positive parameter 9. We will fix that ¢ from now on
in addition to fixing the measure u. Note that despite the fact that
we need to prove that the family of non-BAUP cells is Carleson for
every 0 > 0, the David-Semmes uniform rectifiability criterion does
not require any particular rate of growth of the corresponding Carleson
constant as a function of 9.

We have the identity

IGoll’,

K K-1
o 2
= kZ:O HFkHLQ(u) + 2 kZ:O<Fk, Gk+1>,u

L?(p)
< Cu(P) under the conditions of Propo-

HQLz(u)
sition 8 and the scalar products can be made arbitrarily small by first

As we have seen, |Gy
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choosing € > 0 small enough and then taking a sufficiently small o > 0

depending on . So we will get a contradiction if we are able to

bound HFkHiQ( : for k = 0,...,K — 1 from below by 72u(P), with
“w

some 7 = 7(J) > 0 (as usual, the dependence on the dimension d and
the regularity constants of u is suppressed) under the assumptions that
A > Ap(d),e < e0(d),n < mo(e),ax < ap(e,d). We will call any set of
such bounds “restrictions of admissible type”. Note that we may im-
pose any finite number of such restrictions and we will still be able to
choose some positive values of parameters to satisfy all of them.
Assuming that we have this lower bound, we will start with choosing
K so that K72 is very large. Then we will fix A > Ay(d) and choose
£ < g(0) and a < ap(e, ) in this order to make sure that the sum of
the scalar products is significantly less than K72, for which it would
suffice to make each individual scalar product much less than 72. If
we are allowed to choose ¢ first and « afterwards, the restrictions ¢ <
£0(0),a < ap(e,0) can never cause us any trouble. Finally, we can
choose n < ny(e), thus completing the formal choice of parameters.
Since the constructions of Sections 15-16 can be carried out with any
choices of K, A, o, 7 under the only assumption that the family of non-
BAUP cells is not Carleson, we will end up with a clear contradiction.

The proof of the uniform lower bound for ”FkHi?( : is rather long

o
and technical and will be done in several steps. We shall start with
an elementary reduction that will allow us to restrict our attention to
a single cell Q € Q, that is tiled with its subcells Q' € Qi1 almost

completely.

19. DENSELY AND LOOSELY PACKED CELLS

Fix k € {0,1,..., K — 1}. We can write the function F} as

F, = ZFQ

QEQk
where
FO= g Rl (pgn—vg) — Y, vy R (0yn—v,).
Qe QcQ

We shall call a cell @ € Qj densely packed if }°qcq, ., 0cq @) =

(1 —e)u(Q). Otherwise we shall call the cell @ loosely packed. The
main claim of this section is that the loosely packed cells constitute a
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tiny minority of all cells in £, if n < 2. Indeed, we have

Yoo ou@ <ty p|Qn U «

Qe Qe Q'€Qk4+1,Q'CQ

Q is packed loosely
= D@ - D> @)

Qe Q€41

<)~ S0 w@)] < Lu(P) <en(p).
Q' €9k 11

We can immediately conclude from here that

> w@) =Y u@) - D ETI(e)

Qe Qe Qe
Q is densely packed Q is loosely packed

> (1 =n)u(P) —eu(P) = (1 —2e)u(P).

From now on, we will fix the choice n = £2. We claim now that to
|2, from below by 72u(P), it suffices to show that for

estimate || Fj 2
o
every densely packed cell Q) € Qy, we have HFQH;( : > 272u(Q). To
m
see it, just write

| 5|2 FQ? FQ|?
IE2,, = > 191, > IF,,

QEDk Qe
Q@ is densely packed

> Y 27%u(Q) = 2(1 - 260)72u(P) > 2 u(P),
Qe
Q@ is densely packed
: 1
provided that ¢ < ;.
20. APPROXIMATING MEASURE

From now on, we will fix k € {0,..., K—1} and a densely packed cell
Q € Q. We denote by Q the set of all cells @)’ € Q.1 that are con-
tained in the cell Q). We will also always assume that the assumptions
of Proposition 8 are satisfied.

The goal of this section is to show that there exists a subset Q' of Q
such that 3 ocq (@) = (1 — Ce)u(Q) and

1
1F9,., 2 5IB@ — v, — o6 0)V/i(Q),
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where V=3 ncq v, and o(g, ) is some positive function such that

lim. 04 [limy—04 o(e, )] = 0.
Proof. The proof is fairly long and technical, so we will split it into
several steps.
Step 1. The choice of Q'.
For Q' € 9, define
E(Q”) d+1
= 3[40
where

D(Q/,Q//) — g(@/) —'—E(Q”) + diSt(Ql,Q”)
is the “long distance” between @' and Q”.

We have
/ N o_ 200" d+1 N(Q/)
%}g(Q)M(Q) Q/@Z@ @ by oyt
md+1 d,u(x)
<02, /Q [6(Q") + dist(, QI

1md+1 dp(x)
<¢ 31" [ marT e

Q"eNn

<C Y UQY'<C Y Q) <Cu(Q).

Qren Q"en
Let Q. ={Q' € Q:¢9(Q) > e '}, Q' =9\ Q.. Then, by Chebyshev’s

inequality,

> w@Q) < Cep(Q),
Qe
SO

> @)= (1-Cou@),

Qe
as required.
Put

Qe Q'esy

Step 2. The first modification of FQ: from ¢ to x.
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Our next aim will be to show that
jd ol
1E9 a0 2 179, — C=F Vi@
where
R _ apHP _ H H, H
F? =Rl - ) oy Bil oo + > Xg BTy = xRy -
Qe Qe

Recall first that, by Lemma 9, we have

H 2 /
o SR (g —vg )l <Ou@)

H o 2
||SDQ/R (SOQ//’L VQ/)H L2(<PQ,M) ~

L?(
for all @' € Q. Thus

2

Z @Q/RH(SOQ/# - VQ/)
(OS2

_ H _ 2
- /Z HQDQ/R (SDQIPJ I/Q/)”LQ(/L)
e T

<C ) Q) < Cep(Q).
Q'eN.

This allows us to drop the terms ¢ o RH(p ot VQ,) corresponding to

Q' € Q. in the definition of F¢ at the cost of decreasing the L?(u)
norm by at most Cez+/u(Q).

Next we bound the norm [/, R}/ ¢, — &DRECDHLZ(M). First, note that

for p > 1, we have

() lleg—2I2,,
< (Q\ Qs2) + 1(Q\ (Ugrear @) + n(Ugrear (' \ Q4.))

< Ceu(Q) + Cep(Q) + Ce” Z w(Q) < Ce'u(Q),
Qe

and the same estimate holds for [|¢ 0= 5”2 e Using the boundedness
of R/l in LP(u) for p = 2,4, we get

He o &)1 _ B2 < O
R (2q )2, < Cllog — 32, < C (@)
and

A \PRHF!2 _ HI2 H |2
leq — DIRIPIE, < leg — 2, IRV,

L2 (p)
< — B2, |2, < Ceru(Q).
< Clle, ||L4(M)|I ||L4(u) < Cezp(Q)
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Bringing these two estimates together and using the triangle inequality,
we get

i~ J
This allows us to replace the term ¢, R (gpQ 1) in the definition of F%

by the term E)Rf ® appearing in the definition of FQ at the cost of

decreasing the L?(y) norm by at most Cei+/pu(Q).
Next note that for every @' € ', we have

H o 4 /
g B (P =g I, < Cnl@)

by Lemma 9, so
_ H _ 2
1o =X ) B (e = vl

. 2 H . 2
< HSOQ/ XQZ: HL4(M) HXQ/R (SOQ//’L VQ,)||L4(M)

<Ou@Q\ Q)2 n(@)? < Ce3p(Q) .
Thus,
2

Qe

L2 ()

_ _ H _

||i2(u)
Q'eqy

<Ce? Y (@) < Cerp(Q) .
Qe

This allows us to replace all the remaining terms ¢ o RH(p ot~ I/Q,)

(Q" € Q') in the definition of F? by the terms Xo RH(gpQ,u — I/Q,)

appearing in the definition of FQ at the cost of decreasing the L3(p)
norm by at most Cei+/u(Q) again.
At last, using the bound ||XQRHVQ||‘24( : < Cp(Q) (the same Lemma
w

9), we get

H 2 2 H 2
H(SOQ - XQ)R VQ”LQ(’LL) < HSDQ - XQHLAL(“)HXQR VQ)||L4(;L)

< OuQ\ Qs)2u(Q)7 < Ce2p(Q) .

with Xo Ry at

So, we can make the final replacement of goQRH v 0

Q
the cost of decreasing the L?(u) norm by at most Cei/u(Q).

Step 3. The second modification of FQ: from R (ou) to R7v.
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Recall that we finally want to switch from p to the measure

Our next goal will be to show that

IFQ — (@R — xR0l ) < Cae™/u(Q)

Note first of all that

& PH H _ H
PRI® — > Xo Bilvg = Y xg B (Qp1)
Q'GD/ Q'ED'

(IDQ,: Z P -

Q//ED/:Q//#Q/
Fix some Q' € Q. Let z € Q.. Then, for every Q" € Q' \ {Q'}, we
have

where

(R oot = v @) = [ Wadipgun = v)
where
7TH (ZL‘ - y)
|z —y| T
Since |r —y| = eD(Q', Q") for all y € supp Por C " we have
C

H\I,zHLip(suppch,,) < €d+1D(Q/’Q//>d+1

U.(y) = K (x—y) =

whence, by Lemma 3,

[ et )| < Cati@ il

Lip(supp P ) H gOQ” HLiP

e [ Q) r“
< Cas {D(Q’, o )

Therefore, for every Q' € ', we have

R, pu)— Y Ry, |<Cas"?g(Q) < Cas™?
Ql/eﬂ/,QN#Ql
on (. Thus, making a uniform error of at most Cae™%3, we can
replace

& PH H _ H
PRI~ Y xo Rilvgy = D X BT (@4 m)
Q/GD/ QIGD/
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with

> X ( > RH”Q”) = D Xg R =vy).

Qlte Q//GQ/,Q//#Q/ QIGQI

Combining each term in this sum with the corresponding term y o Ry o

we get the sum
Z X Ry = ®RM"y
QIED/ €

It remains to note that the uniform bound we got is stronger than the
L?(u) bound we need.

Step 4. The final effort: from L*(u) to L*(v).

It remains to compare HEI;RHV—XQ Ry, | . ” with [|[R7 (v—v,)

Since 0 < & < 1 and both ® and X, are identically equal to 1 on

HLQ(V) N

supp @, we trivially have

||EIV)RHI/—XQRHV

Q||L2(N) 2 ||®RHV_XQRHV

Q ||L2(<I>u) - HRH(V_VQ)

To make the transition from L*(®u) to L?(v), we will use the following
comparison lemma.

Lemma 11. Let F' be any Lipschitz function and let p > 1. Then

p _ p / p
[ 1Fp a0 < Cora 171, ,,) + s €O Pl FH@)
Proof. Denote M = maxgregy ﬁ(Q’)HFHLip(SWWQI), S(@Q) =|IF HLoo(supWQ
We have
Jirrden—n =3 [1rpde,n-r,).
Q'eqy
By Lemma 3,
FIP (i, — v,,)| < CR)al(@)H2S(Q P o |
QOQ//L / ~ E(Q,) SDQ/ Lip

< Cp)acs™'S(Q)P'MUQ)" < Clp)ac™' Q)™ Mu(Q)

<
< C(plae[S(Q) + M"|(Q)
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for each Q' € Q'. Thus,
<Cpas™ Y [SQ) + M (@)
Q'eqy

< C(p)as™ [MPM(Q) + > S(Q’)”M(Q’)] :

Qe

] JECT

It remains to note that, for each Q" € Q’', we have [ Por du > cl(Q)? >

cu(Q') and
P
( min \F\) + MP
Supp @,
Q
S0

> S(@QYu@) < Z(mwﬂ @) +Cp)M” > u(@Q)

Qe AN Qe

Z ( min |F|
Supp @,

Qe

p

<C
supp ¢ , Lip(supp <PQ /) = (p) ’

S(Q) < [ min |F| +8((Q)||F|
Q

sDQ, dp+ Cp) MP1(Q)

v

crﬂwmwa>wm
]

Thus, we need to get a decent bound for the Lipschitz norm of R (v—
V,) on Supp Py We already know (Lemma 1) that ||[R¥v

QHLip <
< and |R™v Now note that

c
e2(Q) = 52£ (@) Q’HLip = 62E(Q’)

H _
R —vy)= 3 /\1; v, ()
Q//ED/ Q//#Ql

where ¥, (z) = K¥(z — y). Since for every x € supp Por and every
y € supp @, we have |x —y| > eD(Q’,Q"), we have

0 < 2
| yHLip(Supp‘PQ/) = eH1D(Q, Q")d+1
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for all y € suppv_,,. Thus

H
170 = UQ’)HLip(SUPDsDQ,) S Z /”\IJyHLip(SUppsoQ/) dVQ”<y)
QIIGDI’Q//#QI
UQ// (Q”>

S D
+1l) / 11\d+1
Q”EQI,Q”#Q/ 5 (Q ) Q )

_ C Z ,LL(Q”)

d+1 T AN ATl
oreirage €T D@, Q)
~d- du(y) o

< d-1 _ .
= / [0(Q") + dist(y, Q)]dH1 Ce Q")

Bringing these three estimates together, we conclude that

QIR (v —v,

Q) ||Lip(supp SOQ/) <

/ H H H
Q) [IR" =) IRy, IR

. . 14 .

Lip(supp SOQ/) Lip(supp P Q HLlp(8upp wQ,)
—d—1

< Ce

for all Q" € Q'. Lemma 11 applied with p = 2 and F = R¥(v — VQ)
now yields

[ 18 = v de )

< Cas™! [||RH(V ~ )

2 —d—172
12, g+ (€= 0(Q)
< Cac R = Q) +Cosu(@).

whence

IR (v =r)I,, < (1 Cas )[R (w=ry)I2, . +Cas™u(Q)

2
V) HL2(<I>
1 _ 2d+3

2
< (14 Cas™) [|R7 (2 = vg)l 1y, + Cade™ V@)

Assuming that Cae™! < 3, which is a restriction of the type o < ap(e),
and taking the square root, we finally get

1 2d+3

1 1

Combined with the bounds from Steps 2—3, this yields the result stated
as the objective of this section with

IR (v — v,)

ole,a) = Clet + aze ™7 +ac~ 9.
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21. REFLECTION TRICK

For A > 0 to be chosen below, fix a hyperplane L parallel to H at
the distance 2A/(Q) from supp N Q. The reader should think of A as
small compared to ¢ and large compared to a. Let S be the (closed)
half-space bounded by L that contains suppu N Q. For x € S, denote
by z* the reflection of x about L. Define the kernels

and denote by R the corresponding operator. We will assume that
a < A, so the approximating hyperplanes L(Q') (@' € Q) and L(Q),
which lie within the distance a/f(Q) from supp N @ are contained in S
and lie at the distance Al(Q) or greater from the boundary hyperplane
L.

The goal of this section is to show that, for some appropriately chosen
A = A(a,e) > 0, and under our usual assumptions about €, A, and «,
we have

HRH(U - VQ)HL2(U) > ||§HV||L2(U) - 0-(5,04) M(Q)

where, again, o(e,a) is some positive function such that

61—1>I(I)1+[041i>%l+ 0-(8’ Oé)] =0

Thus, if ||R7 (v — VQ)”LQ(V) is much smaller than \/u(Q) and € and

a are chosen so that o(e,a) is small, then ||}N2HVHL2(V) must also be

small. Again, the exact formula for o(e,«) is not important for the
rest of the argument.

Note that the correction kernel K# (x* — ) is uniformly bounded
as long as x or y stay in S away from the boundary hyperplane L,
so it defines a nice bounded operator in LQ(,uQ), where 1, = X1,

and we can define the operator }N%EQ with the kernel K (z,y) as the
difference of the operator RfQ and the integral operator 7' with the
kernel K (z* —y). N

Our first observation is that the norm of the operator Rfj@ in LQ(,uQ)

is bounded by some constant depending only on the dimension and the
goodness parameters of p. Indeed, all we need is to bound the norm of
the integral operator T'. Note however that

K (2" —y) = Kﬁle(Q) (x —y)+ [K7 (2" —y) - KgZ(Q)(I —y)].
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The first term on the right corresponds to the operator Rf@ AUQ) whose

norm is bounded by some constant independent of A according to our
definition of a good measure. On the other hand, we have

CALQ)
[AUQ) + [ =yl

for all z,y € S with dist(z, L), dist(y, L) € (Al(Q),4A4(Q)), and all
points z,y € supp Ie satisfy this restriction, provided that o < A.

(K (2" —y) = KRyg(z —y)| <

Since this bound is symmetric in x,y and since

AUQ)
/ [ALQ) + |2 — y[]dH du(y) < C

independently of the choice of A, we conclude that the norm of the
operator corresponding to the second term in the decomposition of
K2 (z* —y) in L*(u o) is bounded by some fixed constant as well.

Note now that K (z,y) = 0 whenever z € L or y € L. We also have
the antisymmetry property:

[A{H(yvm) = _EH(xay) :

At last KH (x,y) is harmonic in each variable as long as z,y € S, = # v.

The next important thing to note is that the correction term
KH(2* — y) is uniformly bounded and Lipschitz in z € S as long as
y € S, dist(y, L) > Al(Q). More precisely, for all such y,

1 *
< s and K7y

HKH('*_Z/) AY(Q)?

HLOO(S Lip(s) S ATH(Q)dtT

To pass from the smallness of || R (v — vg) HLQ(V) to that of HEHI/HLQ(V),
it suffices to estimate the norm [|[R"v, — TI/HLQ(V).

We start with showing that R Vo — TZ/Q is uniformly bounded by
CAe™? on S. Indeed, using the identities K (z* —y) = K (x — y*)
(x,y € S)and y* =y—=z (y € L(Q)) where z is the inner normal vector
to the boundary of S of length 2dist(L(Q), L) < 6AL(Q), we get

[Trga) = [ K9 = i) dvly)

- /KH(;c+z—y) dVQ(y) = [RHVQ]<£L‘+Z>>

whence, by Lemma 1,

CA
2| < —

]RHVQ(x)—TVQ(x)\ = ]RHUQ(x)—RHVQ(:U—l—z)] < | RY o

Vol
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Now we will estimate ||T1/Q - Ty||L2(V). Note that

1T~ )l
< s KT =yl (RS o (RE)

yE(supp v Usupp Vg )

< ¢ < ¢
\WM(Q)\MH—K(Q).
Similarly,
17wy = )l s
< s KT = ) (R 4 (RE)

yE(supp v Usupp Yo )

C C
< Wﬂ(@) < A
Thus, by Lemma 3,
1 1 1
T d < / Nnd+2 _~
[T = 0P dle i )| < CatlQV™ i st i

< CoéAf2d71871£(Ql>d < COZAiQdilgil,u(Q/) )

Summing over Q' € ', we get

/ Ty, - v)Fdv < / Ty, - V)P d(@p) + Cad2114(Q)

2d+1 1

IT(v, < Ty, L Cat A Q).

On the other hand, applying Lemma 3 again, we see that for every
T € SUpp fi,,,

V)HLZ(V) V>HL2(<I>

(g = v@)| = | [ K" = Jilequs - vg)

< Cat QK" (@* — )y, o 190 s

1 1
< A—d—l -1
AT(Q) T 0(Q) Ca €

< CO(E(Q)dJ'_Q

because

< C
n )”Llp (5) = Ad+L(Q)d+!

as long as x € S, dist(z, L) > Al(Q) (this is the same inequality as we
used before only with the roles of # and y exchanged).

[
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Similarly, for every Q" € ', we have

H
/ K A1 —vy,)

Tlpgn—vy))@)| =
< Cal(Q) 2| KH (z* — )|

gmywqmm

/ 1 1
< Cal(Q)™? AGHLY(Q) 1 e0(Q")
LU 49
Ad1 < A—d-1-1 .
< Ca QT S0 (@)

Summing these inequalities over (' € Q’, we get
[T(®p —v))(z)] < Car™ 1™

for all x € supp I -
Relaxing the L> bounds to the L? ones, we conclude that

1Ty~ )l g <
IT((0q = Dl ) + 1Tt = Q) +IT (@ =0l

< T((0g = P, | +Cad ™1 /u(Q).

However, since the operator norm of T in Lz(uQ) is bounded by a
constant, we have

— < _ < 1
I7((0q ~ B, < Clieg = Bl 5, < O V()
by (5). Thus, we finally get
1B = vl
> “EHVHL%)_C [5%+A8 24 a2 AT e oA e } 1w(Q).

Putting A = €2, say, we obtain the desired bound with

o(e,a) =C [5% + e+ 3 o302 + a€—3d—4} .

22. THE INTERMEDIATE NON-BAUP LAYER

Until now, we worked only with a flat cell Q € Q, and the family
Q' of flat cells Q' € Qy41 contained in @), completely ignoring the non-
BAUP layer By, 1. At this point, we finally bring it into the play. We
will start with the definition of a §-non-BAUP cell.
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Definition. Let 6 > 0. We say that a cell P € D is 6-non-BAUP if
there exists a point x € P N supp p such that for every hyperplane L
passing through z, there exists a point y € B(z,¢(P)) N L for which
B(y,0(P)) Nsupppu = @. *

Note that in this definition the plane L can go in any direction. In
what follows, we will need only planes parallel to H but, since H is
determined by the flatness direction of some unknown subcube of P,
we cannot fix the direction of the plane L in the definition of non-
BAUPness from the very beginning. For every non-BAUP cell P’ €
Pr+1, we will denote by x, the point z from the definition of the non-
BAUPness for P’ and by Ypr the point y corresponding to x = x P and
L parallel to H.

The goal of this section is to show that under our usual assumptions
(¢ is sufficiently small in terms of 6, A is sufficiently large in terms
of 0, a is sufficiently small in terms of € and &), there exists a family
B C Pr1 such that

o Every cell P' C P’ is contained in Q. and satisfies ((P") <

2067 H(Q).

i ZP’e‘B/ u(P') = cp(@Q).

o The balls B(z,,,10((P")), P' € P’ are pairwise disjoint.

e The function

) o) d+1
h(z) = Z {g(p/) + dist(z, P’)

Pley
satisfies [|h] . < C.

Proof. We start with showing that every d-non-BAUP cell P’ contained
in @ has much smaller size than (). Indeed, we know that supp p N
B(z,, Al(Q)) is contained in the af(Q)-neighborhood of L(Q) and that

B(y, al(Q))Nsupp p # @ for every y € B(ZQ, Al(Q))NL(Q). Suppose
that P’ C @ is 0-non-BAUP. If A > 5, then

B, ((P")) € Blz,,50(Q)) C Blzg, AUQ))
Moreover, since Yp —Tp € H, we have

dist(y ., L(Q)) = dist(z,,, L(Q)) < al(Q) -

4The reader should compare this definition with Definition 3.14 in Section 3.2
(page 139) of [DS] where the BAUP (Bilateral Approximation by Unions of Planes)
condition is introduced.
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Let y; be the projection of y ,, to L(Q). Then |y; —yP,| < al(Q) and
|y; = 25| < lyp — 2ol < AUQ). Thus, the ball B(y,,,2al(Q)) O
B(y;,aé(Q)) intersects supp u, so 0(P') < 2ad(Q), i.e., {(P) <
2067 1(Q).

Let now B = {P’' € P41 : P’ C Q}. Consider the function

E(P//) d+1
P') = —_—
g( ) Z |:D(P/,P//)
Presp
(the same function as the one we used in Section 20, only corresponding

to the family P instead of Q). The same argument as in Section 20
shows that

> g(PHu(P') < Cip(Q)

pPe
for some C'; > 0 depending on the dimension d and the goodness pa-
rameters of p only. Define

P ={P eP:P CQ.,g(P)<3C}.

Note that
douPy=d uwP)— > wP)— Y u(P).
Prep> Pep P eP:P' 7Qe P’'epB:g(P')>3C
However,

S uP) =Y @) = (1—9)u(@).
Pey Qe
Further, since the diameter of each P’ € P is at most 8/(P') <

8ad~1(Q), every cell P' € P that is not contained in Q. is contained
in @\ Q2, provided that o < éed Thus, under this restriction,

> ulP) <@\ Q) < CaMp(Q) .

PIeP:P'¢ Q.
Finally, by Chebyshev’s inequality,

> P < Be)

PrepB:g(P)>3C 3

Bringing these three estimates together, we get the inequality > gy p(FP') =
% 1(Q), provided that A, e, a satisfy some restrictions of the admissible
type.

Now we will rarefy the family 3* a little bit more. Consider the balls

B(z,,,10((P")), P' € PB*. By the classical Vitali covering theorem, we
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can choose some subfamily " C B~ such that the balls B(z,, 10{(F')),
P’ € ¥ are pairwise disjoint but
U Bz, 300P) > | Bz, 100P)) > | P
Plem/ Plem* PIG(B*

Then we will still have

YouP)yze ) (P

Prep Pres

> e 3 uBl 30PY) > e 3 (P > anl@).
Plem/ Plem*

It remains only to prove the bound for the function h. Take any z €
RI*L. Let P’ be a nearest to x cell in 3’. We claim that for every cell
P" €', we have
1
dist(z, P") + ¢(P") > ZLD(P/’ P").

Indeed, if P' = P”, the inequality trivially holds even with % in place of
1. Otherwise, the disjointness of the balls B(z,,,10((P")) and B(z,,,, 10¢(P"))
implies that

P// )

dist(P', P") > |z, — 2, | — 4(L(P") + L(P"))
> 10(6(P") + L(P")) — 4(¢(P") + L(P")) = 6(L(P") + £(P")) ,
S0
D(P', P") = dist(P', P") + £(P') + ¢(P") < 2dist(P', P") .
On the other hand,
dist(P’, P") < dist(x, P') + dist(z, P") < 2dist(z, P") .
Thus

dist(x, P") + £(P") > dist(w, P") > 7D(P', P") .

o |

Now it remains to note that

) () d+1
hz)= ) {e(P")erist(%P")}

Pl/e(p/

a(py 1

<)) { B P,,} < Cg(P)<C.
P/Iem/
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23. THE FUNCTION 7

Fix the non-BAUPness parameter 6 € (0,1). Fix any C'* radial
function 7y supported in B(0,1) such that 0 < 7y < 1 and 79 = 1 on
B(0, 3). For every P’ € ', define

1) =0 (5070 = 7)) =m0 (550 = 9 ) -

Note that 1, is supported on the ball B(z,,,6((F")). This ball is con-

tained in @, provided that 12ad~! < e (recall that {(P") < 26~ 1(Q)

and P’ C Q:). Alson,, > 1 on B(z,,, 3¢(P'")) and the support of the

negative part of Ny s disjoint with supp p. Put
Presy
Since even the balls B(z,,, 10((F")) corresponding to different P € P’

are disjoint, we have —1 <7 < 1.

The goal of this section is to show that, under our usual assumptions,
we have suppn C S, dist(suppn, L) > AUQ) = £30(Q), and

/ ndv > o(S)u(Q)

with some ¢(6) > 0 (we remind the reader that we suppress the depen-
dence of constants on the dimension d and the goodness parameters of
the measure 1 in our notation).

Proof. The first part of our claim is easy because for every P’ € P’, we
have suppn,, C B(z,,,6((P')) and

dist(z,,, L) — 6((P") = 2AL(Q) — 1206 4(Q) = AU(Q)
as long as 12a < 6A = §&3.
To get the second part, recall that, by Lemma 3, for every Q' € £,
we have

[ nitoqu =] < cati@) =l

Lip(supp ) H(‘OQ’ HLiP

< Casu(QHYQ)|n||

Lip(supp wQ/)

So our first step will be to show that for every Q' € ', we have

[l <5
n Lip(swppe )~ §ef(Q')
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Since the building blocks 7, (P" € B') of the function n have disjoint

supports, it suffices to check this inequality for each 7 - separately.
Since ||, |, < WCP/)? the inequality is trivial if 20(P") > ££(Q)").
Otherwise, we cannot have ' C P’, so we must have Q' N P’ = &.
However, suppn,, is contained in the 2((P")-neighborhood of P’, so it
cannot reach supp ¢ o C Q). and, thereby, Np =0 on supp ¢ o in this
case.
Now, we get

/ndu:Z/ndu,

Q' e’
>y [/nd(%,u) —0045‘16‘2/1(62’)} > /nd(@ﬂ)—CM‘le‘Qu(Q)-
Qe
On the other hand, since suppn C @) and suppn_ Nsupppu = I, we

have
/nd@u):/md(@ﬂ) >/n+du—/(xQ—<I>)du~
However,
[eduze 3 GUP) > e 3 u(P) > (@),
Preyy Preyy

while, as we have seen in the beginning of Step 2 in Section 20,

[0 = D= lxg ~ 0, < C0(@Q).

So, we end up with

[ v (o5 = € a8 BI(Q) > e8(@),

provided that we demand that € > 0 is small in terms of § and o > 0
is small in terms of § and ¢, as usual. 0

24. THE VECTOR FIELD

Let m denote the Lebesgue measure in R+
The goal of this section is to construct a Lipschitz compactly supported
vector field ¢ such that

Y = ) picw ¥, suppy C S, dist(suppe), L) > AUQ) =
Q).
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® ¢, is supported in the 20(P")-neighborhood of P' and satisfies

C C
/¢P, 0, ||¢P,||LOO < SU(P’ ||1/1P/HL1P 520(P")2

o [lldm < C6 Q).
o (R")*(ym) =n.
o [T () gy < Cd 26575,

o [RE(lm)],u,, < CO /(@)

Proof. Fix P' € P, Lete P be the unit vector in the direction Ypr =T -
Note that K = —¢;V ;U where U is the fundamental solution of the
Laplace operator in R4 so for every Cg°-function u in R4 we have

K" s (Au) = =gV , [U * (Au)] = —¢4V ,u.

In particular,
(RH[(Au)m], ep) = —CaVe u.

Note that for every reasonable finite vector-valued measure o, we have

(RH)*U == Z <RH<07 ej)? €j>

where eq, . .., eq is any orthonormal basis in H. If we apply this identity
to o = —cgl(Au)eP,m and choose the basis eq, ..., eq so that e; = ¢,
we will get
(RH>*[—CC;1(AU)€P,TI’L] = _C;1<RH[<Au)m]’ 6p/> = ve U.
P/

We will now define a function u,, € C§° for which V., w =17,. To
P/

this end, we just put

0
uP,(x)—/ N (@ +tey,)dt.

—00

Since the restriction of 7, to any line parallel to e, consists of two
opposite bumps, the support of u P 18 contained in the convex hull of

B(z,,,6((P")) and B(y,,,5¢(P")). Also, since [|[VIn,, |, < C(j)[66(P")]™

P/ Y
and since supp 1, intersects any line parallel to e P over two intervals

of total length 46¢(P’) or less, we have
: A ()
V@) < [ (P +tey,)]de < et

—0o0
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for all 5 > 0. Define the vector fields
—1
¢Pl = _Cd (Aup/)ePIJ w = Z wp/ *
Prey

Then, clearly, (R)*(¢yrm) = 1 and we have all other properties of the
individual vector fields ¥, we need (the mean zero property holds
because the integral of any Laplacian of a compactly supported C°

function over the entire space is 0 and the support property holds
because even the balls B(z,,,6((F")) lie deep inside S). We also have

/ ldm= " / 6 1dm < C S [P tm(B(z,,, 66(P')))

Presyp’ Pey’
SO Y UPY <O Y (P < C5T u(Q).
Plefn/ P/Em/

To get the uniform estimate for 7%(¢)m), note that for every vector-
valued Lipschitz function F' in S and every P’ € ', we have

’/(F, ?ﬂp,)dm‘ = '/(F _ F(pr>:¢p/>dm‘

<Ol 5P [ 16l < O 6P

Since the kernel of T is still antisymmetric, we have

7 @pml@) = | [ (57" = .0, am)

f(P/)d'H
g(Q)d-ﬁ-l

< C’0z5_2A_d_1ﬂ

Q)

for every x € suppv (we remind the reader that ¢(P’) < 2ad~1(Q)).
Adding these estimates up and recalling our choice A = &3, we get

< 05_1||KH(:)3* . )” E(P,)d—H < C(S_IA_d_l

Lip(S)

_9 _34_ M(Pl) —2_—3d-3
Y| < Cad 2g—3d=3 —2> < Cad e .
H ”L (suppv) P’ZG;B’ M(Q)

It remains to bound R (|¢)|m) in L%(v). As usual, we will prove the
L?(i) bound first and then use the appropriate Lipschitz properties to
switch to the L?(v) bound.

Recall that for every P’ € 9, we have [[¢,,[dm < Co~H0(P')%.

Hence, we can choose constants b, € (0,C67') so that [¢,,[m —
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b X p 1 1s & balanced signed measure, i.c.,

[1epldm=b,, [ dn.

f= Z bpXpr -

Preyy
Note that Hf”i?( : < C62u(Q). For each P' € ', denote by V(P')
o
the set of all points z € R such that dist(x, P') < dist(x, P") for
all P” € P’. Note that the sets V(P’) are closed and cover the entire

space R possibly, with some overlaps. Introduce some linear order
< on the finite set B’ and put

Let

V’<P’>ZV<P’>\< U V<P”)).

P/l Eml,P//<P/

Then the Borel sets V/(P') C V(P') form a tiling of R4
Let z € V'(P'). We have

[R™([y|m — fu))(x)
= [R*(|, [m))(2)—[R (b, x i) (@)+ > (R, Im—b,x p)](@).

P//Em/7P//¢P/
We have seen in Section 22 that for every P” € '\ {P’}, we have
1 1

dist(z, P") >

D(P',P") = ~((P").

Thus,
R 10 = by pil0)| = | [ B =) 000 )

- ‘/[KH(x =) = KM(w =z, d([¢,, [m = b, X o bt)

2R (o =) = Ko = 2oy [ 16l dim

copP")
= Qist(z, P+

g(P//) d+1
0(P") + dist(z, P”)] ’

571£(P//>d g 0571 l

and the same estimate (with the same proof) holds for T'(|¢,, [m —
bP//XP///‘l’)](x)’
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Hence,

> R (W m = b, x )] (@)] < CO7 () < C67F

Prey PI£P!
for all z € V/(P’) (here h is the function introduced in Section 22).
Note also that N
IR ([ Im) | oo < OO
(this is just the trivial bound C¢(P’) for the integral of the absolute

value of the kernel over a set of diameter 12¢(P’) multiplied by the
bound 55 P, for the maximum of [¢ ).

Thus, we have the pointwise (or more precisely, p-almost every-
where) estimate

[BH (elm)| < €6~ 4 (B (F)] + 32 Xy B by x )]

Plep
which converts into
EH 2
IR (lm)I?,
<C|0720@ + 11, + D Mopxpll, | < CO°1(Q).
Pey

Due to Lemma 11, it only remains to bound the quantities
K(Q’)HRH(hﬂm)||Lip(supwJ ) Q' € Q', by some expression depending
Q/

on ¢ and € only (plus, of course, the dimension and the goodness con-
stants of p, which go without mentioning).
Note first of all that for every P’ € ', we have

1B ([¢ )|y, < CO20(P)

because [V, || < |V, | < CO2((P")~* and supp ey, C B(z
We also have another estimate

DH
<
R 1 ) sy < i

because [ |¢,,|dm < Co~1(P")?.
To estimate || R ([¢)|m)]| , we fix @ € Q' and split

60(P')).

Pl7

5P
L,supp e, )

Lip(QL)
R¥ (j¢p|m)

= > Buam+ 3 R(lm).

PhQLNB(z,, 8U(P)#2 P1:QLNB(z,, 8U(P)=2
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Notice that each P’ in the first sum satisfies /(P’) > £/(Q’). Indeed,
if £(P') < £(Q'), then we must have P’ N Q" = @ and 2, ¢ Q" whence
8((P') > dist(z,,,Qr) > /(Q'). On the other hand, if the cell P’
in the first sum satisfies ¢(P') > 2((Q’) then 2y € B(z,,,100(F")).

However, the balls B(z,,,10((F')) are pairwise disjoint, so there may
be only one cell P’ in the first family with this property. Thus, the
total number of cells P’ in the first sum is bounded by Ce~?. Since
cach corresponding function R¥ (|¢,,Im) has Lipschitz norm at most
Co~2(P)™t < C5271(Q")™", we conclude that the Lipschitz con-
stant of the first sum on Q. is bounded by Ce=4"15724(Q") L.

For each P’ in the second sum, we have

. €5 p(P) O~ ()
H <
MW line:) S Gz swp v, )77 S ED@, P

Thus, the Lipschitz constant of the first sum on @’ is bounded by

051€(d+1)/ T +‘Clllfs(ti)x g < Céilef(d“)ﬁ(Q’)*l,

25. SMEARING OF THE MEASURE v

The goal of this section s to replace the measure v by a compactly
supported measure U that has a bounded density with respect to the (d+
1)-dimensional Lebesgue measure m in R4, More precisely, for every
7 > 0, we will construct a measure v with the following properties:

e v is absolutely continuous and has bounded density with respect
to m.

e suppv C S and dist(suppv, L) > Al(Q).

o (S) = v(S) < 1(Q):

o [ndv = [ndv — 5.

o [IRE([lm)2dv < [ |R¥(Jm)| dv + ».

o [|RFDPd < [|RFVdy + .

It is important to note that this step is purely qualitative. The
boundedness of the density % will be used to show the existence of
a minimizer in a certain extremal problem and the continuity of the
corresponding Riesz potential but the bound itself will not enter any
final estimates.

Fix some radial non-negative C'*°-function ¢, with supp ¢ C B(0, 1)

and [ 1 dm = 1. For 0 < s < 1, define

d—1

ps() = s~ (s )
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and
Vg = U % Qg

Clearly, all the supports of the measures v, are contained in some
compact set and v, converge to v weakly as s — 0+. If s is much
less than A¢(Q), we have suppv, C S and dist(suppvs, L) > AL(Q).
Also, the total mass of v is the same as the total mass of v for all s.
Note that both n and |R¥ (|¢)|m)|? are continuous functions in S, so
the weak convergence is enough to establish the convergence of the
corresponding integrals. What is less obvious is that the integrals
[ |R*v,|* dvg also converge to the integral [ |R¥v|*>dv because for-
mally it is a trilinear form in the measure argument with a singular
kernel. _
Note, however, that for every finite measure o, we have Rfo =
R (o — ¢*) where o* is the reflection of the measure ¢ about the
boundary hyperplane L of S, i.e., 0*(E) = o(E*) where E* = {z* :
x € E}. Moreover, R¥ commutes with shifts and, since ¢, is radial (all
we really need is the symmetry about H), we have (v * pg)* = v* % p;.
Hence,

Ry = R s o, — v x o) = R (v = v") 2 0] = [R" (v = v")] % o,

However, by Lemma 1, R¥ (v — v*) is a bounded Lipschitz function, so
the convergence [RY (v — v*)] * s — R (v —v*) as s — 0+ is uniform
on compact sets and so is the convergence |[R”(v — v*)] x p4|? —
|RH (v — 1*)|2. Thus, despite all the singularities in the kernel, |[R¥ v, |2

converges to | R v|? uniformly, which is enough to ensure that
/ |R7v,|? dv, — / |R7v|? dv
as s — 04. So, we can take v = v, with sufficiently small s > 0.

26. EXTREMAL PROBLEM

Fix A = A(d) € (0,1) to be chosen later (as usual, the dependence
on the dimension and the goodness parameters of p is suppressed) and
assume that

/]éHy|2dl/ < (@) .

Then, choosing sufficiently small 2z > 0, we can ensure that the measure
v constructed in the previous section, satisfies

[R5 i < @), [ndvzou@. 1R (oim @ < 0n(@Q)
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where 0, © > 0 are two quantities depending only on ¢ (plus, of course,
the dimension d and the goodness and AD-regularity constants of p).
Our aim is to show that if A = A(J) > 0 is chosen small enough,
then these three conditions are incompatible. Then, since the last two
inequalities hold, the first one should fail, that is, we must have

1R = 2@,
We can next deduce from the estimates in Section 21 that
H 2
_ > () —
IR = v, > - ol a)u(@).
Combining this inequality with the results from Section 20, we obtain
the estimate

2

for every densely packed cell Q € i, where the last identity is the
definition of the constant 7. As explained in Sections 18 and 19, this
finishes the proof of our theorem. So, the rest of the paper will be
devoted just to the proof of the incompatibility in question.

For non-negative a € L>(m), define v, = av and consider the ex-
tremal problem

=(a) = Au(Q)llall /|RHVG| 47, — min

17, > |5 - o] 1@ = 2@

under the restriction [ 7ndv, > Q,u(Q). Note that since v is absolutely
continuous and has bounded density with respect to m, the measure
v, is well defined and has the same properties.

The goal of this section is to show that the minimum is attained and

for every minimizer a, we have ||a||Loo( ) <2 and

|RY 7,2 + 2(RTY[(RPD,)7,] < 6MA0

everywhere in S.

Take any minimizing sequence a, € L*(m). Note that we can as-

sume without loss of generality that [|a| . (m) S 2 because otherwise

E(ax) > 2 u(Q) > Z(1). Passing to a subsequence, if necessary, we can
also assume that a, — a weakly in L>(m) (considered as [L*(m)]*).
Then R¥7, — R, uniformly on supp 7, because the set of func-
tions K (z — )42 (1 € suppD) is compact in L'(m) as it is the im-
age of the compact set suppv under the continuous map S 2 = —

KMz — )9 ¢ [Y(m).
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Thus
/|§Hﬁak|2dﬁak —>/|§Haa|2daa.

Also a > 0, HaHLw(m) < liminfy o0 HakHLw(m), and [ ndv,, — [ ndv,.

Combining these observations, we see that a satisfies all restrictions
of the extremal problem and

Z(a) < liminf Z(ay) .
k—ro0

Since a; was a minimizing sequence, we conclude that a is a minimizer
of the functional =.
Note that for every a in the domain of minimization (admissible a),

the function RH v, is continuous in S. Moreover, its maximum and
modulus of continuity are controlled by |lal|, . m) (although the exact

constant in this control can be very large).

Let U C R¥*! be any Borel set with 7,(U) > 0. For t € (0,1),
consider the function a; = (1 —tx,,)a. In general, it is not admissible,
but it is still non-negative and satisfies ”atHLOO(m) < ||a||Loo(m).

Note that

/ \RPD,,|2dv,,
- / |RP D, [2dv,—t l / |R1,|2dv, + 2 / <§H;G,EH(XU;G)> dﬁa} +0(t?)
U

_ / RT,2d7, — 1 /U (1B 5,2+ 2B (B 5,)7) | diu+ O(2)

_ -1
as t — 0+. For small ¢t > 0, consider a; = (1 — tg;ggg) ay. Since a is

admissible and 1 < 1, we have

[t = gy (et [ nam)

(@) o
= QM(Q) _ t’ﬁa(U) [9/1,(@) - tVa(U)] - 0”(@) :

Hence, a; is admissible. On the other hand,

_ )
gy < (1= 050 ) el

~ -3
/ |RD. |2dv. = (1 —t gui?)) / |\R7D,, | dv,, .

and
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Thus,

[1]

7a(U) ] - (@)

Q)
Va(U)
0u(Q)

=(@,) < {1

< E(a)+t [35(@ - /U [|}~%H§a|2+2(§H)*[(}N%Hﬁa)’ﬁa]] dﬁa} +0(t?)

as t — 0+.
Since a is a minimizer, the coefficient at ¢ must be non-negative:

/ (IR0 + 2B (R7,)7] | o,
U

3E(a) - 6AUQ) =y
< QM(Q)Va(U) < 9#(@) a(U) < 6M0 a(U>'

Since this inequality holds for every set U of positive 1, measure, we
conclude that

|RP D, + 2(R™Y*[(R"7,)7,]) < 6MA0"

almost everywhere with respect to the measure v,. However, the left
hand side is a continuous function (another use of the fact that the den-
sity of v with respect to m is bounded), and, thereby, the last estimate
extends to supp v, by continuity. Since the left hand side is subhar-
monic in S\ supp 7,, vanishes on the hyperplane L, and tends to zero
at infinity, the classical maximum principle for subharmonic functions
allows us to conclude that the last inequality holds everywhere in the
half-space S.

27. CONTRADICTION

Integrate the last inequality against || dm, where 1) is the vector
field constructed in Section 24. We get

SR ol dm o+ 2 [ (R (R7)7)] -0l dm
< 6M0) / lldm < ON~10~ (Q) .

Rewrite the second integral on the left as

/<§Haa,EH(|¢ym)> i,
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Then, by the Cauchy inequality,

[ [z - ol dn

< [/@%Pd%]é U@Hdwm)?dﬁar

<z@? | (1R uim)far,

2

Recall that [|a]| m) S 2, so we can replace 7, by v in the last integral
losing at most a factor of 2. Taking into account that

/ R (g m)[? 45 < Ou(Q).

we get

[SIE

Thus,
J IR ol dm < CON (@),

Using the Cauchy inequality again, we obtain

[0y am < [ J dmr [ [ 10 dm}é < CON Q).

However, the integral on the left equals
[y @m) az,
~ [y @m v, ~ [ @m)d, > [, - ofe.am(s)

(see Section 24). This yields

/[(EH)*(%WL)] vy = Op(Q) =0 (e, @)va(S) = [0—20(e, )|u(Q) > gM(Q),

if € and « are chosen small enough (in this order). Thus, if A has been
chosen smaller than a certain constant depending on § only (so that

C(é))ﬁ < g, i.e., the upper bound for f(ﬁHﬁa,w) dm is less than the

lower bound for the same quantity), we get a contradiction. 0
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There, still, may be some other results one can obtain using these
and some additional (yet unknown) ideas, more wonderful than any
you can find in this paper; but now, when we try to get a clear view of
those, they are gone before we can catch hold of them. Even though we
part with even the most patient and the most faithful readers at this
point, it isn’t really Good-bye, because, as it was once said at the end
of another much better known tale, the Forest will always be there. . .
and anybody who is Friendly with Bears can find it.
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