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In relatively nice geometric settings, in particular, on Lipschitz domains, absolute continuity of elliptic
measure with respect to the surface measure is equivalent to Carleson measure estimates, to square
function estimates, and to e-approximability, for solutions to the second-order divergence-form elliptic
partial differential equations Lu = —div(AVu) = 0. In more general situations, notably, in an open
set 2 with a uniformly rectifiable boundary, absolute continuity of elliptic measure with respect to the
surface measure may fail, already for the Laplacian. In the present paper, extending and clarifying our
previous work (Duke Math J. 165:12 (2016), 2331-2389), we demonstrate that nonetheless, Carleson
measure estimates, square function estimates, and e-approximability remain valid in such €2, for solutions
of Lu = 0, provided that such solutions enjoy these properties in Lipschitz subdomains of €.

Moreover, we establish a general real-variable transference principle, from Lipschitz to chord-arc
domains, and from chord-arc to open sets with uniformly rectifiable boundary, that is not restricted to
harmonic functions or even to solutions of elliptic equations. In particular, this allows one to deduce the
first Carleson measure estimates and square function bounds for higher-order systems on open sets with
uniformly rectifiable boundaries and to treat subsolutions and subharmonic functions.
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1. Introduction

In the setting of a Lipschitz domain  C R"*!, n > 1, for any divergence-form elliptic operator L =
— div(AV) with bounded measurable coefficients, the following are equivalent:

(i) Every bounded solution u, of the equation Lu = 0 in €2, satisfies the Carleson measure estimate (see
Definition 1.9 with F = [Vu|/|lu|| L= (q))-
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(i) Every bounded solution u, of the equation Lu = 0 in 2, is e-approximable for every ¢ > 0 (see
Definition 1.11).

(iii) The elliptic measure associated to L, wr, is (quantitatively) absolutely continuous with respect to
the Lebesgue measure, w; € Ay (o) on 0€2.

(iv) Uniform square function/nontangential maximal function (“S/N’’) estimates hold locally in “saw-
tooth” subdomains of 2 (see Definition 1.15).

Historically, Dahlberg [1980a] obtained an extension of Garnett’s e-approximability result, observing
that (iv) implies (ii) in the harmonic case.! The explicit connection of e-approximability with the A
property of harmonic measure, i.e., that (ii) implies (iii), appears in [Kenig et al. 2000] (where this
implication is established not only for the Laplacian, but for general divergence-form elliptic operators).
That (iii) implies (iv) is proved for harmonic functions in [Dahlberg 1980b],2 and, for null solutions of
general divergence-form elliptic operators, in [Dahlberg et al. 1984]. Finally, Kenig, Kirchheim, Pipher
and Toro [Kenig et al. 2016] have recently shown that (i) implies (iii), whereas, on the other hand, (i)
may be seen, via good-lambda and John—Nirenberg arguments, to be equivalent to the local version of
one direction of (iv) (the “S < N” direction).?

The main goal of the present paper is to show that while (iii) may fail on general uniformly rectifiable
domains even for harmonic functions [Bishop and Jones 1990], or might be not applicable in the absence
of a suitable concept of elliptic measure (e.g., for systems), (i), (ii) and (iv) carry over from Lipschitz
domains to the complement of a uniformly rectifiable set. The novelty of the present work lies in the
fact that we develop a general transference principle, from Lipschitz domains to chord-arc domains and
thence to domains with uniformly rectifiable boundaries, that will allow us to carry out this program by a
purely real-variable mechanism. In particular, this both extends and clarifies our previous work [Hofmann
et al. 2016]. But let us start with more historical context.

In the past several decades, uniformly rectifiable sets have been identified as the most general geometric
setting in which many standard harmonic-analytic properties continue to hold. In particular, it was shown
in the early 90’s that uniform rectifiability of a set E is equivalent to boundedness of all sufficiently
nice singular integral operators with odd kernels in L?(E) [David and Semmes 1991], and, much more
recently, that uniform rectifiability is equivalent to boundedness of the Riesz transform in L?*(E) (see
[Mattila et al. 1996] for the case n = 1 and [Nazarov et al. 2014] in general).

However, it seemed to be vital for many standard boundary estimates for solutions of elliptic PDEs in
a domain €2 that, in addition to uniform rectifiability of its boundary, 2 should possess some additional
topological features, ensuring a reasonably nice approach to the boundary. In some respects, this is indeed
true. In particular, it has been known that (i)—(iv) hold for harmonic functions on chord-arc domains, that
is, nontangentially accessible domains with Ahlfors—David regular boundaries (see Definitions 1.1 and
1.6 below, and [Jerison and Kenig 1982; Dahlberg et al. 1984; David and Jerison 1990]). Such domains

I'This implication holds more generally for null solutions of divergence-form elliptic equations; see [Kenig et al. 2000;
Hofmann et al. 2015].

2 And thus all four properties hold for harmonic functions in Lipschitz domains, by the result of [Dahlberg 1977].

3We will prove this fact in much greater generality in this paper.
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satisfy an interior and exterior corkscrew condition (quantitative openness) and a Harnack chain condition
(quantitative connectedness). At the same time, the counterexample of [Bishop and Jones 1990] showed
that absolute continuity of harmonic measure with respect to the Lebesgue measure (iii) may fail on a
general set with a uniformly rectifiable boundary: they construct a one-dimensional (uniformly) rectifiable
set E in the complex plane, for which harmonic measure with respect to 2 = C\ E, is singular with respect
to Hausdorff H! measure on E. Much more recently, under the natural and rather minimal background
assumptions that €2 satisfies an interior corkscrew condition, and has an Ahlfors—David regular boundary,
quantitative absolute continuity of harmonic measure with respect to surface measure (either property (iii)
above, or the weak- A o, property, i.e., property (iii) in the absence of doubling), has now been characterized
in the harmonic case, thus establishing the necessity of some connectivity assumption in this context:
property (iii) (respectively, its weaker nondoubling version) is equivalent to uniform rectifiability of €2,
along with some version of accessibility to the boundary, either the semiuniformity condition of [Aikawa
and Hirata 2008] in the doubling case [Azzam 2021], or respectively, the “weak local John condition”,
which gives access to an ample portion of the boundary, locally, from each interior point of 2 [Azzam
et al. 2020]. Thus, while some connectivity is indeed required to obtain property (iii), in [Hofmann et al.
2016] the authors proved that, nonetheless, Carleson measure estimates (i) and e-approximability (ii) for
harmonic functions (and implicitly, for solutions of a certain more general class of elliptic equations)
remain valid on all domains with a uniformly rectifiable boundary, in the absence of any connectivity
assumption. Shortly thereafter, it was shown that, at least in the presence of interior corkscrew points,
each of the necessary properties (i) and (ii) is also sufficient for uniform rectifiability [Garnett et al. 2018].

The present paper introduces a new transference mechanism, which illustrates that for certain classes
of scale-invariant estimates (e.g., Carleson measure bounds, or square function/nontangential maximal
function estimates) the passage from such estimates on Lipschitz domains to analogous results on chord-
arc domains and further to the same bounds on all open sets with uniformly rectifiable boundaries is,
in fact, a real-variable phenomenon. That is, for a given function F defined in the complement of a
codimension 1, uniformly rectifiable set E C R*+1 if one has suitable bounds for F on Lipschitz domains,
then these automatically carry over to R"*!\ E. This immediately gives a series of new results in very
general PDE settings (for solutions of second-order elliptic PDEs with coefficients satisfying a Carleson
measure condition, for solutions of higher-order systems, for nonnegative subsolutions), but clearly the
power of having a general, purely real-variable scheme, goes beyond these applications. Let us now
discuss the details. We begin by defining several basic concepts.

Definition 1.1 (ADR). We say that a set E C R"*! is n-dimensional Ahlfors—David regular (or simply
ADR) if it is closed, and if there is some uniform constant C > 1 such that

C " <o (A(x,r)) < Cr" forall r € (0, diam(E)), x € E, (1.2)
where diam(£) may be infinite. Here, A(x, r) := ENB(x, r) is the surface ball of radius r, and o := H" | g
is the surface measure on E, where H" denotes n-dimensional Hausdorff measure.

Definition 1.3 (UR and UR character). An n-dimensional ADR (hence closed) set E C R"*! is n-
dimensional uniformly rectifiable (or simply UR) if and only if it contains big pieces of Lipschitz images
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of R" (BPLI). This means that there are positive constants 6, My > 1 such that for each x € E and each
r € (0, diam(E)) there is a Lipschitz mapping p = p,_, : R" — R"*!, with Lipschitz constant no larger
than My, such that

H'(ENBx,rNp({zeR": |zl <r}) =07"r".

Additionally, the UR character of E is just the triple of constants (8, My, C), where C is the ADR constant;
or equivalently, the quantitative bounds involved in any particular characterization of uniform rectifiability.

Note that, in particular, a UR set is closed by definition, so that R"*!\ E is open, but need not be
connected.

We recall that n-dimensional rectifiable sets are characterized by the property that they can be covered,
up to a set of H"-measure 0, by a countable union of Lipschitz images of R"; we observe that BPLI is a
quantitative version of this fact.

It is worth mentioning that there exist sets that are ADR (and that even form the boundary of an open
set satisfying interior corkscrew and Harnack chain conditions), but that are totally nonrectifiable (e.g.,
see the construction of Garnett’s “4-corners Cantor set” in [David and Semmes 1993, Chapter 1]).

Definition 1.4 (corkscrew condition). Following [Jerison and Kenig 1982], we say that an open set
Q c R™*! satisfies the corkscrew condition if for some uniform constant C > 1 and for every surface
ball A := A(x,r) = B(x,r)N3, with x € 3Q and 0 < r < diam(dK2), there is a ball B(Xa, C~'r) C
B(x,r)N 2. The point Xa C 2 is called a corkscrew point relative to A. We note that we may allow
r < C’diam(92) for any fixed C’ simply by adjusting the constant C.

Definition 1.5 (Harnack chain condition). Again following [Jerison and Kenig 1982], we say that an
open set 2 satisfies the Harnack chain condition if there is a uniform constant C > 1 such that for every
pair of points X, X' € Q there is a chain of balls By, B, ..., By C Q with

N <C(2+1ogf X - X'
(0] s
= 82 nin{dist(X, 99), dist(X’, 92))

X e€By, X' €By, BiNBy1 #I forevery l <k <N-—1, and C~!diam(By) < dist(By, 9Q2) < C diam(By)
for every 1 < k < N. The chain of balls is called a Harnack chain. We remark that in general, the estimate

for N can be worse than logarithmic, but as is well known, in the presence of an interior corkscrew
condition, it is necessarily logarithmic if it holds at all.

Definition 1.6 (NTA, 1-sided NTA, CAD, and 1-sided CAD). We say that an open set Q C R+ s
1-sided nontangentially accessible (or simply 1-sided NTA) if it satisfies the Harnack chain condition,
and Q satisfies the (interior) corkscrew condition. Additionally, the 1-sided NTA character of 2 is just
the collection of constants involved in the fact that €2 is 1-sided NTA, that is, the (interior) corkscrew
constant, as well as the constant from the Harnack chain condition.

As in [Jerison and Kenig 1982], we say that an Q C R"*! is nontangentially accessible (or simply
NTA) if it satisfies the Harnack chain condition, and if both € and Qe := R"*!\ Q satisfy the corkscrew
condition. The NTA character of 2 is the collection of constants involved in the fact that  is NTA, that
is, the interior and exterior corkscrew constants, as well as the constant from the Harnack chain condition.
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We say that an open set Q@ C R"*! is a 1-sided chord-arc domain, or simply 1-sided CAD, (resp. chord-
arc domain, or simply CAD) if it is 1-sided NTA (resp. NTA) and has ADR boundary. The 1-sided CAD
character (resp. CAD character) is the 1-sided NTA character (resp. NTA character) together with the
ADR constant.

Definition 1.7 (Lipschitz graph domain). We say that Q@ C R"*! is a Lipschitz graph domain if there is
some Lipschitz function ¢ : R* — R and some coordinate system such that

Q={(x",t): xX' eR", t >y
We refer to M = || V|| L wn) as the Lipschitz constant of Q.

Definition 1.8 (bounded Lipschitz domain). We say that an open connected set  C R"*! is a bounded
Lipschitz domain if there exist rq > 0, M, Co, m > 1, {x]}’" C o, {rj}" (R
for every 1 < j < m, such that the following conditions hold. First, 32 C | J" j=1 B(xj, rj). Second, for
each 1 < j < m there is some Lipschitz graph domain V;, with x; € 9V; and with Lipschitz constant at
most M, such that U; N Q2 = U; N'V;, where U; is a cylinder of height 8(M + 1)r;, radius 2r;, and with
axis parallel to the 7-axis (in the coordinates associated with V;). We refer to the triple (M, m, Cy) as the

~ -1
with C; 'rq <rj < Corg

Lipschitz character of Q.

As we pointed out above and as can be seen from the definitions, nontangentially accessible domains
possess certain quantitative topological features. One can show that a CAD satisfies a property analogous
to Definition 1.3, but using big pieces of Lipschitz subdomains, rather than big pieces of Lipschitz images
(see Proposition 3.20), the crucial difference being that in some sense a nice access to the boundary of a
Lipschitz domain is retained, contrary to the general UR case.

Finally, let us define the scale-invariant estimates at the center of this paper.

Definition 1.9 CME. Let Q C R"*! be an open set and let F € LIZOC(Q). We say that F satisfies the
Carleson measure estimate (or simply CME) on 2 if

IFllcmE@ :=  sup // |F(Y)|? dist(Y, Q) dY < oo. (1.10)
B(x,r)NQ

x€d2, 0<r<oo r’

Definition 1.11 (¢-approximable). Let  C R"*! be an open set. Let u € L>°(Q2), with lull L) < 1,
and let ¢ € (0 1). We say that u is e-approximable on Q if there is a constant C, and a function
p=¢°€ W1 () satisfying

lu—o@llLe@ <e (1.12)

sup // IVo(Y)|dY < C.. (1.13)
x€d2, O<r<oo rt B(x,r)NQ

Let 2 be an open set. The cone with vertex at x € 92 and aperture x > 0 is defined as

and

To():=Tq,(x):={Y € QNB(x,r): Y —x| < (1 +x)dist(Y, 3Q)}, x € I. (1.14)

Given r > 0, we write I' (x) := I'q(x) N B(x, r) for the truncated cone. With a slight abuse of notation
if 2 is unbounded and 92 bounded, our cones will be truncated. More precisely, in that scenario, we
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will write ' (-) to denote Fg diam(m)( -), where C > 2 is a fixed harmless constant. In this way, when
02 is bounded, so are the cones, all being contained in a C’ diam(92)-neighborhood of 2. We will
sometimes refer to these cones as “traditional” to distinguish them from some dyadic cones which will be
introduced later; see (2.23).

Definition 1.15 (nontangential maximal function, area integral, and square function). Let €2 be an open
set. For H € C(R2) (i.e., H is a continuous function in §2) we define the nontangential maximal function as
NiH((x) =Ny Hx):= sup |H)|, xe€d; (1.16)

Yelg c(x)

for G € LIZOC(Q), we define the area integral as

1
2
AQG(x) i= Ag G (x) i= (// IG (V)2 dist(Y, asz)‘"dY> L oxed:  (117)
FQ,K(X)

and, for u € WIL’CZ(Q), we define the square function as

1
2
Squ(x) := Sq cu(x) := (/f IVu(Y)|? dist(Y, 9€2)' " dY) . x €. (1.18)
FQ.K(-X)

For any r > 0, we write N o, Ag, and Sg, to denote the truncated nontangential maximal function, area
integral, and square function respectively, where I'q () is replaced by the truncated cone I'g,( - ).

Let us now list some highlights of the main results of this paper (see Corollary 3.1, Theorem 3.31 and
Theorem 3.6 for the precise statements in the body of the paper and also Notation 2.56). First, we have
that Carleson measure estimates on Lipschitz domains imply Carleson measure estimates in CAD, which,
in turn, imply Carleson measure estimates on the sets with UR boundaries, via the following formalism.

Theorem 1.19 (transference of Carleson measure estimates®). (i) Let D C R**! be a chord-arc domain
and F € LIZOC(D). If F satisfies the Carleson measure estimate on all bounded Lipschitz subdomains
of D then F satisfies the Carleson measure estimate on D as well.

(ii) Let E C R™! be an n-dimensional uniformly rectifiable set and let F € LIZOC([R”Jrl \ E). If F satisfies
the Carleson measure estimate on all bounded chord-arc subdomains of R"T'\ E, then F satisfies

the Carleson measure estimate on R"7!\ E as well.

(iii) Let E C R"*! be an n-dimensional uniformly rectifiable set and let F € LIZOC([R{”Jrl \ E). If F satisfies
the Carleson measure estimate on all bounded Lipschitz subdomains of R"*'\ E, then F satisfies
the Carleson measure estimate on R"7'\ E as well.

“In the statement we have omitted the dependence in the Carleson estimates on the various geometric parameters. The precise
statements (see Theorems 3.31 and 3.6) given in the body of the paper impose that the Carleson measure estimates hold for any
bounded Lipschitz (resp. chord-arc) subdomain with a bound depending on the Lipschitz (resp. CAD) character. The latter means
that for all subdomains with Lipschitz (resp. CAD) character controlled by some uniform quantity, say M, the corresponding
Carleson measure estimates hold with an associated uniform constant depending on M. The conclusions should also include
that the resulting Carleson estimates depend on the CAD character of D (resp. UR character of E), as well as on the Carleson
estimates of F' in the subdomains.
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We remark that Theorem 1.19(ii) was already implicit in our previous work [Hofmann et al. 2016],
although in the present paper we give a proof of this result that is simpler than the corresponding argument
there. The main new ingredient in Theorem 1.19 is part (i); part (ii1) is an immediate corollary of parts (i)
and (ii).

Next, in the class of open sets with UR or ADR boundary, or in the class of chord-arc domains or
1-sided chord-arc domains, the Carleson measure estimates are equivalent to local and global area integral
bounds (aka square function estimates).

Theorem 1.20. Let Q@ C R"*! be an open set with ADR boundary and suppose that we have a collection
{Q'}qex such that each Q' € X is an open subset of 2, 92’ is ADR boundary, and also that all of its

local sawtooth subdomains (see Section 2) belong to X. Let G € leoc(Q) and H € C(2) and assume that

1
(;»_n Il |G<Y>|25<Y>dY> < CllHlleoxan forall BX,2r) C Q.
B(X,r)

The following statements are equivalent:
() IGlleme@) S 1H 1 (g forall ' € X
(i) | A Glire@e) < ClIN«o HllLaoe) forall Q' € X and for some 0 < g < oo.
(iil) A Gllrepay < ClINyw o HllLi@e) forall Q' € X and for all 0 < g < oo.
This result is a particular case of Theorem 4.8 (and Remarks 4.20, 2.37, and 2.38), which actually
contains considerably more detailed statements, as well as equivalence to local area integral bounds.
Finally, we discuss transference for the converse bounds on nontangential maximal function in terms of
the square function and their connection with e-approximability. In this context, one has to tie up explicitly
the arguments of A and N,. Our first result is a reduced version of the combination of Theorems 5.1
and 5.24 stated in Corollary 5.50. We do not explain in detail conditions (5.2) and (5.25) now, but let us

mention that, generally, they are harmless bounds on interior cubes, which, in the context of solutions of
elliptic PDE follow from well-known interior estimates.

Theorem 1.21. Let D C R"*! be a chord-arc domain. Let u € Wla’cz(D) N C (D) so that (5.2) and (5.25)
hold for some p > 2. Assume that for every bounded Lipschitz subdomain Q@ C R"T!'\ E

INco —u(X )l 200 < CliSeull 200 (1.22)

holds with a constant depending on n and the Lipschitz character of 2, and where X ;g is any interior
corkscrew point of 2 at the scale of diam(9€2). Then, for every k > 0, if d D is bounded

INw D —u(X D Loy < C'ISpcttllLaopy forall0 < q < oo,
and if 9 D is unbounded and u(X) — 0 as | X| — oo then
IN«pscttll Loy < C'ISpttllLaopy forall0 < g < oo,

where C' depends on q, n, the CAD character of D, the implicit constants in (5.2) and (5.25), the
constant C in (1.22), and «; and where X g is any interior corkscrew point of D at the scale of diam(d D).
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We mention one further result that is stated in full detail below as Theorem 6.1. The interior bound (6.2)
is, again, a fairly harmless prerequisite which follows from known interior estimates in the context of
solutions of elliptic PDEs. We remark that the estimate (1.24) itself (see below) would not make much sense
for general uniformly rectifiable sets because of topological obstructions (there is no preferred component
for a corkscrew point in such a general context), and for that reason we pass directly to e-approximability.

Theorem 1.23. Let E C R™! be an n-dimensional uniformly rectifiable, and suppose that

ue WHRTN\E)YNCR™ N\ E)NL®R"\ E)

loc

satisfies (6.2). Assume, in addition, that

||VM ||CME(R”+]\E) < C(/)Hbl ”LOO(R”'H\E)

and that for every bounded chord-arc subdomain Q@ C R\ E

INwo@—u(XE200) < CllSaull 20 (1.24)

holds with a constant depending on n and the CAD character of 2, and where X g is any interior
corkscrew point of Q at the scale of diam(3S2). Then u is e-approximable on R"'\ E, with the implicit
constants depending on n, the UR character of E, the constant in (6.2) and in C|).

Theorem 1.23/Theorem 6.1 is simply a formalization of results that were implicit in [Hofmann et al.
2016], and we state it here, without proof, for the record.

Let us reiterate that the fact that our results provide a “black box” real-variable transference principle
allows one to use them considerably beyond the traditional scope. We can treat, for instance, subsolutions
and supersolutions of elliptic equations. Another example is higher-order elliptic systems. The best
available results to date in this context are restricted to Lipschitz domains [Dahlberg et al. 1997]. Here
we establish, for instance, the following estimates.

Let K, m eN. Let E be an n-dimensional uniformly rectifiable set and u be a weak solution to the system

K
Lu=Y" Y alg*sfu*=0, j=1,... K,

k=1 |a|=|B|=m
on R"*!'\ E. Here, ai/];, l<a,f<n+1, 1<jk<K, a=(ai,...,a4+) € Nj*" are real constant
symmetric coefficients satisfying the Legendre-Hadamard ellipticity condition (see (7.18)). Then u

satisfies the S < N estimates in R"*! \ E, that is,
—1 —1
[ Spre\ e (V" W)l Loy < ClINy g\ e IV uD ey, 0 < p <oo.

Furthermore, if D C R**! is a chord-arc domain with an unbounded boundary and V"~ !u vanishes at
infinity, we also have the converse estimate

[N« o (V" ')l Leopy < CIISH(V" ' u)llzaopy forall 0 < g < oo.

Similar results are valid locally and on bounded domains. We also obtain a version of e-approximability
and Carleson measure estimates in this general context. The reader can consult Section 7 for a detailed
discussion of these results and other applications.
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Let us conclude this introduction with an outline of the organization of the paper. In Section 2, we
develop some preliminary material, including notation and definitions, and we state some known results
that will be useful in the sequel.

In Section 3, we give the proof of Theorem 1.19, showing first that Carleson measure estimates
(“CME”) may be transferred from Lipschitz subdomains to chord-arc domains (part (i)), and then from
chord-arc subdomains to the complement of a uniformly rectifiable set (part (ii)). As noted above, the
first step is new, while the second step is a very general version of a result whose proof was implicit in
[Hofmann et al. 2016], established here by a simpler argument than in that work. These results, along with
those in Section 5, comprise the main new contributions of the paper (although some of our applications
in Section 7 are also novel).

In Section 4, we prove Theorem 1.20/Theorem 4.8, in which, using the well-known technique of
good-A inequalities, we show that abstract versions of CME are equivalent to abstract versions of so-called
“S < N” bounds (in the generality that we consider here, the notation A < N seems more appropriate),
which express the control of a square function by a nontangential maximal function, in L” norm.

In Section 5, we consider the reverse “N < S bounds (see Theorem 1.21 above), and show that these
may be transferred from Lipschitz subdomains to chord-arc domains.

In Section 6, we state a detailed version of Theorem 1.23.

We note that the results in Sections 3—6 are of a purely real-variable nature, and we do not assume,
per se, that we are dealing with solutions (or sub/supersolutions) of a PDE, although at certain points we
do impose abstract versions of Caccioppoli’s inequality and/or Moser’s local boundedness.

Finally, in Section 7, we present several PDE applications of our abstract results.

2. Preliminaries

We start with some further notation and definitions.

» We use the letters ¢, C to denote harmless positive constants, not necessarily the same at each occurrence,
which depend only on dimension and the constants appearing in the hypotheses of the theorems (which
we refer to as the “allowable parameters”). We shall also sometimes write a < b and a ~ b to mean,
respectively, that a < Cb and 0 < ¢ < a/b < C, where the constants ¢ and C are as above, unless explicitly
noted to the contrary. At times, we shall designate by M a particular constant whose value will remain
unchanged throughout the proof of a given lemma or proposition, but which may have a different value
during the proof of a different lemma or proposition.

« Given a closed set E C R"*!, we shall use lower case letters x, ¥, z, etc., to denote points on E, and
capital letters X, Y, Z, etc., to denote generic points in Rt (especially those in Rt \ E).

o The open (n+1)-dimensional Euclidean ball of radius » will be denoted by B(x, r) when the center x lies
on E, or B(X, r) when the center X lies in R"*!\ E. A surface ball is denoted by A(x, r) := B(x,r)NE
where unless otherwise specified we implicitly assume that x € E.

o Given a Euclidean ball B or surface ball A, its radius will be denoted rp or r, respectively.
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o Given a Euclidean or surface ball B = B(X,r) or A = A(x, r), its concentric dilate by a factor of
k > 0 will be denoted by k¥ B := B(X, kr) or k A := A(x, kr).
« Given a (fixed) closed set E C R"*!, for X € R*t!, we set §(X) := dist(X, E).

o We let H" denote n-dimensional Hausdorff measure, and let o := H"|g denote the “surface measure”
on E.

« We will also work with open sets 2 C R"*! in which case the previous notation and definitions easily
adapt by letting E := 0%2.

« For a Borel set A C R"*!, we let 14 denote the usual indicator function of A, i.e., lax)=1if x € A,
and 14(x) =0if x ¢ A.

« For a Borel set A ¢ R"t!, we let int(A) denote the interior of A.

« Given a Borel measure i, and a Borel set A, with positive and finite u measure, we set fA fdpu:=
WA, fdp.

o We shall use the letter / (and sometimes J) to denote a closed (n+1)-dimensional Euclidean dyadic
cube with sides parallel to the coordinate axes, and we let £(/) denote the side length of I. If £(1) = 27k
then we set k; := k. Given an ADR set E C R"*!, we use Q to denote a dyadic “cube” on E. The latter
exist (see [David and Semmes 1991; Christ 1990]) and enjoy certain properties which we enumerate in
Lemma 2.1 below.

Lemma 2.1 (existence and properties of the “dyadic grid” [David and Semmes 1991; 1993; Christ 1990]).
Suppose that E C R"™! is an n-dimensional ADR set. Then there exist constants ag > 0, y > 0 and
C| < o0, depending only on dimension and the ADR constant, such that for each k € Z there is a collection
of Borel sets (“cubes”)
Di :={Q% CE:j e},
where Jy denotes some (possibly finite) index set depending on k, satisfying:
: _ k
i) E _Uj Qj foreachk € Z.
(i) If m > k then either Qf* C Q% or Q1'N 0% = @.
(iii) For each (j, k) and each m < k, there is a unique i such that Qj c Q7"
(iv) diam(Q’J‘.) <C27k
(v) Each Qlj‘. contains some “surface ball” A(xf, ap27%) = B(xj?, a2 YN E.
(vi) H"({x Qj? s dist(x, E \ Qj?) <027F) < CIQVH"(Qf)for all k, j and for all o € (0, ag).
A few remarks are in order concerning this lemma.

« In the setting of a general space of homogeneous type, this lemma has been proved in [Christ 1990],
with the dyadic parameter % replaced by some constant § € (0, 1). In fact, one may always take § = % (see
[Hofmann et al. 2017b, proof of Proposition 2.12]). In the presence of the Ahlfors—David property (1.2),
the result already appears in [David and Semmes 1991; 1993].
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« For our purposes, we may ignore those k € Z such that 27% > diam(E), in the case that the latter is
finite.

o We shall denote by D = D(FE) the collection of all relevant Qf ,l.e.,
D= J D,
k

where, if diam(E) is finite, the union runs over those k such that 2% < diam(E). When E is bounded,
there exists a cube Q¢ € D(3€2) such that Qg =092 and Q € Dy, for any QO € D(3L2).

« For a dyadic cube Q € Dy, we shall set £(Q) =27, and we shall refer to this quantity as the “length”
of Q. Evidently, £(Q) ~ diam(Q).

e For a dyadic cube Q € D, we let kK(Q) denote the “dyadic generation” to which Q belongs, i.e., we set
k =k(Q) if Q € Dy; thus, £(Q) =27,

* Given Q € D we write é to denote the dyadic parent of Q, that is, the unique dyadic cube é with
QO C O and £(Q) = 2£(Q). Also, the children of Q are the dyadic cubes Q' C Q with £(Q") = £(Q)/2.

» Properties (iv) and (v) imply that, for each cube Q € D, there is a point xgp € E, a Euclidean ball
B(xg,r) and a surface ball A(xgp, r) := B(xg, r) N E such that c£(Q) < r < £(Q) for some uniform
constant 0 < ¢ < 1 and

A(xg,2r) C Q C A(xg,Cr) (2.2)
for some uniform constant C. We shall denote this ball and surface ball by
Bp :=B(xg,r), Ag:=A(xg,r), (2.3)
and we shall refer to the point x¢ as the “center” of Q.

Definition 2.4. Let E C R"*! be an n-dimensional ADR set. By MP = MP®) we denote the dyadic
Hardy—Littlewood maximal function on E, that is, for f € L (E)

loc

MPf(x)=sup ][Q )| do(y),

xeQeD(E)

and, for 0 < p < 0o, we also write ME’f =MP(| fI)V/P. Analogously, if Qg € D(E), we write MBO for
the dyadic Hardy-Littlewood maximal function localized to Qy,

Mg, f(x)=sup ][Qlf(y)lda(y),

x€QeDg,
where D, (E) = {Q € D(E) : Q C Qo}, and, for 0 < p < oo, we also write My f = Mg (1 f1")"/7.

Let Q c R"*! be an open set so that 92 is ADR. Let ‘W = W(R) denote a collection of (closed)
dyadic Whitney cubes of €2, so that the cubes in ‘W form a pairwise nonoverlapping covering of €2, which
satisfy

4diam(/) < dist(41, E) < dist(I, 02) < 40diam(/) forall I € W (2.5)



3262 STEVE HOFMANN, JOSE MARIA MARTELL AND SVITLANA MAYBORODA

(just dyadically divide the standard Whitney cubes, as constructed in [Stein 1970, Chapter VI], into cubes
with side length % as large) and also

1 diam(/y) < diam(l) <4 diam(/,),
whenever I and I, touch.

Next, we choose a small parameter 0 < 7y < 2~* (depending only on dimension), so that for any
I € W, and any t € (0, 79], the concentric dilate /*(t) := (1 4 7)1 still satisfies the Whitney property

diam I ~ diam I'*(7) ~ dist(I*(7), Q) ~ dist(I, 92), 0< 7t < 10. (2.6)

Moreover, for T < 7y small enough, and for any /, J € W, we have that I*(7) meets J*(7) if and only if
I and J have a boundary point in common, and that, if / # J, then I*(t) misses 3J /4.

Definition 2.7 (Whitney-dyadic structure). Let @ C R"*! be an open set so that Q2 is ADR. Let
W = W(2) denote a collection of (closed) dyadic Whitney cubes of 2 as in (2.5). Let D = D(3€2) be
the collection of dyadic cubes from Lemma 2.1 and given the parameters n < 1 and K > 1, set

W= 1{1 e W:nit(Q) <) < K2(Q), dist(], Q) < K24(Q)}, (28)

A Whitney-dyadic structure for Q with parameters  and K is a family {Wp}oep C W satisfying the
following conditions:

@) WQO # & for every Q € D.
(ii) WQO C W, forevery Q € D.
(iii) There exists C > 1 such that, for every Q € D,

C™'n20(Q) < £(I) < CK24(Q) forall I € Wy,

] (2.9)
dist(I, Q) < CK2£(Q) forall I € W,.

In principle, for the previous definition, n and K are arbitrary, but we will typically need to assume
that 7 is sufficiently small and K is sufficiently large. We will do so and as a consequence the constant C
will be independent of n and K and will depend on dimension, ADR, and some other intrinsic constants
depending on the different scenarios on which we work. In particular, it is convenient to assume, and we
will do so, that K > 40%n so that given any I € ‘W such that £(1) < diam(E), if we write Q7 for (one)
nearest dyadic cube to I with £(/) = £(Q7) then I € ‘W07 C (WQ;. Note that there can be more than one
choice of Q7, but at this point we fix one so that in what follows Q7 is unambiguously defined.

Below we will discuss a few special cases depending on whether we have some extra information
about 2 or d€2. The main idea consists in constructing some kind of “Whitney regions” which will allow
us to introduce some “Carleson boxes” and “sawtooth subdomains”. The construction of the Whitney
regions depends very much on the background assumptions, having extra information about €2 or 02
will allow us to augment the collections WQO to define ‘W) so that we gain some connectivity on the
corresponding Whitney regions and hence the resulting subdomains would have better properties. We
consider four cases. In the first one, treated in Section 2.1, we assume only that Q = R"*! \ E, where
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E is ADR (but is not necessarily UR) and we set Wy = Wg (here we do not gain any connectivity).
The second case is considered in Section 2.2 and deals with Q@ = R"*!\ E, where E is UR, in which
case we can invoke Lemma 2.42 below and use the Lipschitz graphs associated to the good regimes so
that the augmented collection W)y creates two nice Whitney regions, one each lying respectively above
and below the Lipschitz graph. Third, when 2 is a 1-sided CAD we can augment (Wg using that D is
Harnack chain connected so that the resulting collections Wy give some Whitney regions which produce
Carleson boxes and sawtooth subdomains which are 1-sided CAD; see Section 2.3. We repeat the same
construction in our last case in Section 2.4, where €2 is a CAD. The fact that Q2 satisfies the exterior
corkscrew condition allows us to conclude that Carleson boxes and sawtooth subdomains are as well.
To continue with our discussion let  C R"*! be an open set so that 32 is ADR. Let ‘W = W(Q) and
D = D(3£2) be as above and let {Wp}pep be a Whitney-dyadic structure for 2 with some parameters 7
and K (we will assume that 7 is sufficiently small and K is sufficiently large). Fix 0 < T < tp/4 as above.
Given an arbitrary Q € D, we may define an associated Whitney region Uy (not necessarily connected), as

Up=Ug-:= | J I"(®. (2.10)
IGWQ
For later use, it is also convenient to introduce some fattened version of Uy
Up=Ugar = | J I"2v). (2.11)
TeWy

When the particular choice of t € (0, 7g] is not important, for the sake of notational convenience, we may
simply write /* and Uy in place of I*(r) and Uy .
We may also define the Carleson box relative to Q € D, by

To=Tp.:= int( U UQ,,>, (2.12)
Q’EDQ
where
Do:={Q eD:Q c Q}. (2.13)

Let us note that we may choose K large enough so that, for every Q,
To.r CTo.r C By = B(xg, K{(Q)). (2.14)
We also observe that for any N > 1 we have
BoNQCTyn. (2.15)

To see this, let Y € Bop N Q2 = B(xg,r) N (see (2.2), (2.3)) and pick I € ‘W with I 5 Y. Note that
(1) <dist(1, 9Q)/4 < |Y —x¢|/4 <r/4 <£(Q)/4. Take y € Q so that dist(Y, Q) = |Y — y| and select
Qy >y with £(Qy) = £(I) < £(Q)/4. Thus, Qy € Dy and

dist(, Qy) < |Y — J| =dist(Y, Q) < |Y —xg| <r < £(Q).

All these show that I € (Wg C W)y and consequently Y € int(/*(z/N)) C Tp . n as desired.
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It is convenient to introduce the Carleson box Ta relative to A = A(x,r), withx € 9Q and 0 <r <
diam(dQ). Let k(A) denote the unique k € Z such that 27¥~! < 200r < 2% and set

DA :={Q € Dya): QN2A # o).
We then define
Ta =T :=int( U TQ). (2.16)
QehA
Much as in [Hofmann and Martell 2014, (3.60)] if we write Bo = B(x, r) so that A = B N E, we have
by taking K possibly larger
2BANQCTaCBx, Kr)NQ. (2.17)

For future reference, we also introduce dyadic sawtooth regions as follows. Given a family ¥ of
disjoint cubes {Q;} C D, we define the global discretized sawtooth relative to F by

Dy :=D\|_JDy,. (2.18)
F

i.e., D is the collection of all Q € [ that are not contained in any Q; € ¥. Given some fixed cube Q,
the local discretized sawtooth relative to F by

Dy.g :=Dp\| JDg, =Dy NDy. (2.19)
F
Note that we can also allow ¥ to be empty in which case Dy =D and Dy g = Dy.
Similarly, we may define geometric sawtooth regions as follows. Given a family ¥ C D of disjoint
cubes as before, we define the global sawtooth and the local sawtooth relative to F by respectively

Qf ::int( U UQ/), szgc,szint( U UQ/>. (2.20)
Q/EDT'Q

Q'eDy
Note that Q4 ¢ = Typ. For the sake of notational convenience, we set
Wr= | Wo. Wro= | Wo. (2.21)
Q'eDg 0'eD#r o

so that in particular, we may write
QF.p= int( U 1*). (2.22)
IEnyg
Finally, for every x € 92, we define nontangential approach regions, dyadic cones, as
rco= J o (2.23)
QeD:Q0>x
Their local (or truncated) versions are given by

rec= |J Ug. xeo0. (2.24)
Q'eDp:Q0'>x
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When 0€2 is bounded, there exists a cube Q¢ € D(3€2) such that Q9 =9 and Q € Dy, for any Q € D(3S2).
In particular, ['p(-) CTg,(-) C {X € Q:dist(X, 0Q2) < diam(92)} and all the cones are bounded.

Note that all the previous objects have been defined using the Whitney regions Uy (made out of dilated
Whitney cubes /*(7)). One can analogously use the fattened Whitney regions l?Q (composed of the union
of dilated Whitney cubes 7*(27)). In that case we will use the notation ’fQ, fA, ﬁgc, ﬁr,r,Q, F( ), fQ( ).

We will always assume that K is large enough (say K > 10*n) so that Fg,l(x) cI'(x) (see (1.14))
for every x € 0. Indeed, let Y € I'q 1(x) and pick I € W with Y € I. Take Q € D with Q > x and
£(Q) =¢€(I). Then,

dist(1, Q) < |Y — x| < 2dist(Y, 9Q) < 2(diam([) + dist(, dRQ)) < 82diam(/) < 100/n€(Q).
Hence, I € (Wg C ‘W provided 100,/ < /K and thus I C Up C I'(x) as desired.
Remark 2.25. It is convenient to introduce a condition on interior Whitney balls that is much weaker

than CME itself. Let @ c R"*! be an open set. For every F € L2 () we set

loc

1
1 E o) = Sup—f/ |F(Y)*dY, (2.26)
"D e 800" [ sixscon

where §(-) = dist(-, 02).
Note that for any X € Q we have that B(X, §(X)/2) C B(x,358(X)/2) N Q with x € 9Q so that
3(X)=|X —x|,and §(Y) > 8(X)/2 for every Y € B(X, §(X)/2). Hence,

IFlco) <2(2)"IF lleme) (2.27)

and || F'||c () < oo is necessary for (1.10) to hold.

We note that in all applications to the CME for solutions of elliptic PDEs, || F||c () Will be bounded
automatically, by Caccioppoli’s inequality (since F will be of the form Vu or V" u with u being a bounded
solution). We shall discuss this in more detail together with the corresponding applications.

We introduce a dyadic version of Definition 1.9. Given  C R"*!, an open set with 2 being ADR,
let {Wp}oeno) be a Whitney-dyadic structure for € with some parameters n and K. We define, for
every F € L2 (),

loc

1
| Fllovpdvad oy = SUp  ——— // |F(X)|*dist(X, 32 d X. (2.28)
CMETEE@ ™ hepany 0(0) J U7,
We are going to show that

IFllemE@) S IF lempa gy + ITF lleo@)- (2.29)

To obtain this, fix x € 92 and 0 < r < co. Set W, , ={I € W(2) : I N B(x, r) # &} and note that given
I € W, if we pick Z; € I N B(x, r), then (2.5) implies

diam(1) < dist(1,9Q) < |Z; — x| <. (2.30)
Set

W =T € Wy, €(]) < diam(3Q)/4}, WPE={I € W,, : £(]) = diam(3)/4},
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with the understanding that (be’irg = @ if diam(0€2) = co. Using this notation and writing § = dist( -, 9€2)

we have
// |FI’sdX < > //|F|25dX—|— > //|F|28dX:I—|—II, (2.31)
B(x,r)N$2 I ; I

Tewsnal cWE
where we understand that II = 0 if ‘be,i,g = .
To estimate I we set rp = min{r, diam(9€2)/4} and pick k, € Z so that k=l <y <2k Set

D, ={0 eDOR): £(Q) =2%, QN B(x,3r) + 2).

Given [ € (Wxsf;‘a“ we pick y € 0€2 so that dist(/, €2) =dist(Z, y). Hence there exists a unique Q; € D(3€2)
sothat y € Q; and £(Q) = €(I) < rg < diam(9€2)/4 by (2.30). Also,

dist(1, Q) < dist(1, y) = dist(/, dQ) < 40diam(I) = 40,/nt(Q).
This implies that I € "ng C Wy, provided 0 < n < 1 and K > 40,/n. On the other hand, by (2.30)
|y — x| <dist(y, I) +diam(I) + |Z; — x| < 3r;

hence there exists a unique Q € D; so that y € Q. Since £(Q;) <rp < 2k = ¢(Q), we conclude that
Q; C Q and consequently I C int(Ug,) C Tg. In short we have shown that if I € ‘W;}}lall, there exists
Q € Dy sothat I C Tp. Thus,

1<y / / [F28dX < |Flloyposi 9 0(Q) S IF lloypsm g™
gen, 7 To 0eD;

where we have used the fact that D is a pairwise disjoint family, that UQ ep, @ C B(x, Cr)N o2 (with
C depending on dimension and ADR), and that 02 is ADR.

We now estimate II when nonempty, in which case diam(9€2) < co. Using the properties of the Whitney
cubes and recalling (2.26) we arrive at

ns y z(l)ffl|F|2dXsuF||co<m Y U< IFlcyey Y. 2T e WDEe) =28

TeWs rewr diam(992) /4<2k <
To estimate the last term we observe thatif Y € I € (M/xkfi,g we have by (2.5)
|Y — x| < diam(7) + dist(, 92) + diam(a2) < £(1).
This and the fact that Whitney cubes have nonoverlapping interiors imply
#{I e WlE (1) =2F ) =270 3"
TeWE0(1)=2+

_ 2—k(n+l)‘ U I

TeWlE0(1)=2k

<27keH+D By, €26 < 1. (2.32)
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Therefore,

k
NS IFlee Y, 2" SIFlc@r”
diam(9R2) /4<2k <r

Collecting the estimates for I and II we obtain (2.29).
Definition 2.33 (dyadic nontangential maximal function, area integral, and square function). Let Q C R**!
be an open set with 92 being ADR and let {Wp}oepo) be a Whitney-dyadic structure for 2 with

some parameters 1 and K. For H € C(L2) (i.e., H is continuous function in €2), we define the dyadic
nontangential maximal function as

N.H(x):= sup |[H(Y)|, xedf; (2.34)
Yel'(x)

for G € LIZOC(Q), we define the dyadic area integral as

AG(x) = (// |G(Y) | dist(Y, E)I”dY)z, x €99 (2.35)
I'ix)

and, for u € W]})’CZ(Q), we define the dyadic square function as

Su(x) := (// IVu(Y)|? dist(Y, 9€2)! " dY>2, x €99 (2.36)
I'(x)

For any Q € D(02), we write N*Q, AL, and S? to denote the local (or truncated) dyadic nontangential
maximal function, area integral, and square function respectively, where I'( -) is replaced by the local
cone I'2(-). Finally, ﬁ*, ﬁ, S or IIV\*Q , ﬁQ, S2 stand for the corresponding objects associated to the
fattened cones F( -) or their local versions fQ( ).

Remark 2.37. It is convenient to compare the two types of cones, the “traditional” and the dyadic (see
(1.14) and (2.23)). Fix a Whitney-dyadic structure { Wy} pep) for Q with parameters 1 and K. It is
straightforward to see that there exists k such that the dyadic cones I'(x) are contained in ' (x) for all
x € 0Q2. Indeed, if Y € I*(27) with I € Wy and Q > x then by (2.9)

¥ — x| < diam(I* 1)) + dist(1, Q) + diam(Q) < K0(Q) < Ky~ 2e(1)
< Kzp~ 2 dist(l, 992) < K 2572 dist(Y, 99);

hence Y € 'q k1/2,-12(x). And we have shown that I"(x) C f(x) C g g1/2,-12. Conversely, given « > 0,
there exist n and K (depending on «) such that if {Wp}oene) is a Whitney-dyadic structure for  with
parameters 1 and K then I'q ,(x) C I'(x) for all x € 0Q2. As a matter of fact, given Y € I'g (x), let
I € W with I 5Y and pick Q € D(9€2) with Q 5 x and £(I) = £(Q) (recall that if 92 is bounded we
have assumed that §(Y) < diam(d€2), hence such a cube Q always exists). Then,

dist(Z, Q) <|Y —x| < (14x) dist(Y, 0R2) < (1+«)(diam(/) +dist(Z, 9R2)) S (1+x)€(1) = (1+x)€(Q).

Thus, if K'/2>> 14, then I € W) C Wy and Y € I C Up C I'(x) as desired.
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Remark 2.38. In the previous remark we were able to compare the dyadic and the traditional cones and
this gives comparisons between the associated nontangential maximal functions, area integrals, or square
functions by adjusting the different parameters. It is also convenient to see how to incorporate the “change
on the aperture” on the traditional cones via or on the dyadic cones. In the case of traditional cones this
amounts to considering different values of the aperture . For the dyadic cones one can “change the
aperture” using Up = Ug,; versus ﬁQ = U 2., or even by considering Whitney-dyadic structures with
different parameters.

In the case of the traditional cones, one has, for every 0 < p < 0o and «, k" and for every F € C(Q2)
and G € WL2(Q),

loc
INwo.« FllLroo) ex INwooFlleroo), 1AcGlrroo) S IAQeGlliroo)- (2.39)

The first estimate can be found in [Hofmann et al. 2010, Proposition 2.2]. For the second estimate we refer
to [Milakis et al. 2013, Proposition 4.5] in the case of €2 being a CAD, a simpler argument (valid also in
the former case) can be carried out by adapting [Martell and Prisuelos-Arribas 2017, Proposition 3.2(1)].
Further details are left to the interested reader.

For the dyadic cones, Remark 2.37 says that if {Wp}ocn(g) is @ Whitney-dyadic structure for £ with
parameters n < 1 and K >> 1 then I'(x) C f‘(x) C I'q « (x) for some large k > 0 and for every x € 9€2. On
the other hand, let {Wj} pen(s) be a Whitney-dyadic structure for  with parameters " < 1 and K’ >> 1
and we write I’ (x) for the associated dyadic cone. As observed before we have that I'q 1(x) C I''(x).
Write N, and A (resp. N, and A’) as in (2.34) and (2.35) for the cones I" (resp. I'’). These and (2.39)
allow us to obtain that for every 0 < p < oo and for every F € C(£2)

INeFllLr@e) < INeFllLroe) < INwaxFlliLroo) Sc llNwe 1 Fllirroo) < INLFllLroo)
and, for every G € WIL’CZ(SZ),
IAG ILri2) < IAGLroo) < 1A GllLroo) Sc A 1Gllireo) < IA'GllLroo)-

2.1. Case ADR. Here we assume that = R"*!\ E, where E is merely ADR, but possibly not UR. Let
us set Wy = WQO (see (2.8)) and we clearly have (ii) and (iii) with C = 1 in Definition 2.7. For (i), we
see that WQO is nonempty, provided that we choose 1 small enough, and K large enough, depending only
on dimension and the ADR constant of E. Indeed, given Q € D(E), consider the ball By = B(xg, 1),
as defined in (2.2), (2.3), with r ~ £(Q), so that Ap = Bp N E C Q. By [Hofmann and Martell 2014,
Lemma 5.3], we have that, for some C = C(n, ADR),

Y e R"M\ E : dist(Y, E) < er}N Bg| < Cer"*!

for every 0 < ¢ < 1. Consequently, fixing 0 < &9 < 1 small enough, there exists Xo € Bp/2, with
dist(X o, E) > gor. Thus, B(X g, €or/2) C Bg \ E. We shall refer to this point X o as a “corkscrew point”
relative to Q, that is, relative to the surface ball Ay (see (2.2) and (2.3)). Now observe that Xy belongs
to some Whitney cube I € ‘W, which will belong to WQO for n small enough and K large enough. Hence,
{Wo}oen(k) is a Whitney-dyadic structure for R+ \ E.
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In [Hofmann et al. 2016] it was shown that the ADR property is inherited by all dyadic local sawtooths
and all Carleson boxes:

Proposition 2.40 [Hofmann et al. 2016, Proposition A.2]. Let E C R"*! be a closed n-dimensional ADR
set and let {Wo}ocn(E) be a Whitney-dyadic structure for R"T1\ E with parameters n < 1 and K > 1.
Then all dyadic local sawtooths Qg o and all Carleson boxes Ty have n-dimensional ADR boundaries.
In all cases, the implicit constants are uniform and depend only on dimension, the ADR constant of E and
the parameters 1, K, and t.

2.2. Case UR. Here we assume that Q = R"*!\ E, where we further assume that E is UR. Much as
before, since E is in particular ADR, if we take n < 1 and K > 1 (depending on n and the ADR constant
of E), we can guarantee that ’WQO # . In this case we will exploit the additional fact that £ is UR to
construct some Whitney-dyadic structure with better properties. To do so, we would like to recall some
results from [Hofmann et al. 2016] but we first give a definition to then continue with the main geometric
lemma there.

Definition 2.41 [David and Semmes 1993]. . Let § C D(E). We say that S is “coherent” if the following
conditions hold:

(a) S contains a unique maximal element denoted by Q(S) which contains all other elements of S as
subsets.

(b) If Q belongs to S, and if Q C é C Q(S), then Q IS

(c) Given a cube Q € S, either all of its children belong to S, or none of them do.

We say that S is “semicoherent” if only conditions (a) and (b) hold.

Lemma 2.42 (the bilateral corona decomposition [Hofmann et al. 2016, Lemma 2.2]). Suppose that
E C R"*! is n-dimensional UR. Then given any positive constants n < 1 and K >> 1, there is a disjoint
decomposition D(E) = GU B, satisfying the following properties.

(1) The “good” collection G is further subdivided into disjoint stopping time regimes such that each such
regime S is coherent (see Definition 2.41).
(i1) The “bad” cubes, as well as the maximal cubes Q(S) satisfy a Carleson packing condition:
Y. o@)+ Y o(Q() =Cypxa(Q) forall Q € D(E).
Q0'CQ,0'e8 $:0(8)Co
(iii) For each S, there is a Lipschitz graph Us, with Lipschitz constant at most 1, such that, for every
QeSs,
sup dist(x, I's)+ sup dist(y, E) < n€(Q), (2.43)
xEA*Q yeBEﬁFS
where BZ = B(xp, K{(Q)) and A*Q = BE NE.

As we have assumed that £ is UR we make the corresponding bilateral corona decomposition of
Lemma 2.42 with n < 1 and K > 1. Our goal is to construct, for each stopping time regime S in
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Lemma 2.42, a pair of CAD domains QE, which provide a good approximation to E, at the scales
within S, in some appropriate sense. To be a bit more precise, Qg := Qj{ U Qg will be constructed as
a sawtooth region relative to some family of dyadic cubes, and the nature of this construction will be
essential to the dyadic analysis that we will use below.

Given Q € D(E), for this choice of 7 and K, we set as above B, := B(xg, K£(Q)), where we recall
that x¢ is the center of Q (see (2.2), (2.3)). For a fixed stopping time regime S, we choose a coordinate
system so that I's = {(z, ¢s(2)) : z € R"}, where ¢g : R" — R is a Lipschitz function with ||¢||Li < .

Claim 2.44 [Hofmann et al. 2016, Claim 3.4]. If Q € S, and I € WQO, then I lies either above or
below T's. Moreover, dist(I, T's) > n'/2¢(Q) (and therefore, by (2.43), dist(I, I's) ~ dist(I, E), with
implicit constants that may depend on n and K).

Next, given Q € S, we augment WO We split W9 = WO+ U"WO where [ € (W0+ if I lies
above I's, and I € WO - 1f I lies below I's. Choosing K large and n small enough, by (2.43), we
may assume that both W are nonempty. We focus on WO, as the constructlon for W is the same.
For each I € W * let X ;1 denote the center of /. Fix one particular Io e WOt , with center Xt 0= = Xy,.
Let Q denote the dyadic parent of Q (that is, the umque dyadic cube Q with Q C Q and £( Q) =20(0)),
unless Q = Q(S); in the latter case we simply set Q = (. Note that Q € S, by the coherency of S. By
Claim 2.44, for each [ in WQO’+, or in ‘W %Jr, we have

dist(1, E) ~ dist(I, Q) ~ dist(I, T),

where the implicit constants may depend on n and K. Thus, for each such I, we may fix a Harnack chain,
call it Hj, relative to the Lipschitz domain

Qf ={x. 1) eR"™ 11> pg(x)},

connecting X; to X JQF By the bilateral approximation condition (2.43), the definition of ‘W9, and the
fact that K'/2 « K, we may construct this Harnack chain so that it consists of a bounded number
of balls (depending on 1 and K), and stays a distance at least cn'/?£(Q) away from I's and from E.
We let ’W ** denote the set of all J € ‘W which meet at least one of the Harnack chains H;, with
1 G’WOJFU"WQJr (or simply 1 e’WO+ if Q= 0(9)),1ie.,

(W5’+ :={J € ‘W : there exists [ € ’W§’+ U‘WgJr for which H; N J # @},

where as above, Q is the dyadic parent of Q, unless Q = Q(S), in which case we simply set Q =Q (s0
the union is redundant). We observe that, in particular, each I € ‘Wg’+ U (W(%+ meets H;, by definition,
and therefore

0.+ 0,+ *,+
Wy U (WQ CWy. (2.45)
Of course, we may construct (WS’_ analogously. We then set

* . *,+ *,—
Wy =Wy UWy ™.
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It follows from the construction of the augmented collections (Wg’i that there are uniform constants ¢

and C such that

enie(Q) < £(I) < CK24(Q) forall I € W, 046
dist(1, Q) < CK*¢(Q) forall I € W}, '

It is convenient at this point to introduce some additional terminology.

Definition 2.47. Given Q € G, and hence in some S, we shall refer to the point X + specified above, as
the “center” of U, * (similarly, the analogous point X, o- lying below I, is the “center” of Uy). We also
set Yi = X and we call this point the “modified center” of U , where as above Q is the dyadlc parent
of O, unless Q Q(S), in which case Q = Q and Y = Xi

Observe that WQ and hence also ‘Wé have been defined for any Q that belongs to some stopping
time regime S, that is, for any Q belonging to the “good” collection G of Lemma 2.42. We now set

Ws. €6,

WQ = { % Q g

WQ, 0e8B,

and for Q € G we shall henceforth simply write ‘Wg in place of Wé’i. Note that by (2.8) when O € 8
and by (2.46) when Q € G we clearly obtain (2.9) with C depending on n and the UR character of E. By

construction WQO C Wy. All these show that, provided n < 1 and K > 1 (depending on n and the UR
character of E), {Wp}oep(k) is a Whitney-dyadic structure for R"*! \ E with parameter n and K and

(2.48)

with C depending on n and the UR character of E.

Given an arbitrary Q € D(E) and 0 < 7 < 70/4, we may define an associated Whitney region Uy (not
necessarily connected) as in (2.10) or the fattened version of ﬁQ as in (2.11). In the present situation, if
0 € G, then Uy splits into exactly two connected components

vy=Ugz,.= | rro. (2.49)
1 e’WéC
We note that for Q € G, each Uéc is Harnack chain connected, by construction (with constants depending
on the implicit parameters 7, n and K); moreover, for a fixed stopping time regime S, if Q' is a child
of O, with both Q’, Q € S, then U * U U * is Harnack chain connected, and similarly for U é, U UQ_ .

We may also define the Carleson boxes To, global and local sawtooth regions Q#, Q# o, cones T',
and local cones I'2 as in (2.12), (2.20), (2.23), and (2.24).

Remark 2.50. We recall that, by construction (see (2.45), (2.48)), given Q € G, one has W~ Cc Wop,
where Q is the dyadlc parent of Q. Therefore, Yi €U, =N UZL. Moreover, since Y, £ s the center of
some [ € W ~~, we have that dist(Y i, aU, jE) = dlst(Y i, 3U g) ~ £(Q) (with implicit Constants possibly
depending on n and/or K)

Remark 2.51. Given a stopping time regime § as in Lemma 2.42, for any semicoherent subregime (see
Definition 2.41) 8’ C S (including, of course, S itself), we now set

Q5 = int( U UQi), (2.52)

Qes’
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and let Qg := SZ;F, U Qg . Note that implicitly, £2g- depends upon t (since UéE has such dependence).
When it is necessary to consider the value of t explicitly, we shall write Qg (7).

The main geometric lemma for the associated sawtooth regions is the following.

Lemma 2.53 [Hofmann et al. 2016, Lemma 3.24]. Let S be a given stopping time regime as in Lemma 2.42,
and let S’ be any nonempty, semicoherent subregime of S. Then, for 0 < T < 19, with ty small enough,
each of Qgc/ is a CAD with character depending only on n, t, n, K, and the UR character of E.

2.3. Case I-sided CAD. Here we assume that Q2 is a 1-sided CAD. In this case, we are basically in the
situation which is similar to being within one regimen S, at least as far as the construction of W) is
concerned.

With W = W(Q) and D = D(92) as above, and for some give parameters n < 1, K > 1, we
consider WQO (see (2.8)). For any O € D we let X be a corkscrew point relative to Q, more specifically,
relative to A (see (2.2), (2.3)). We note that in this scenario the existence of such point comes from the
fact that €2 satisfies the (interior) corkscrew condition). For n < 1 and K > 1 depending on the CAD
character of €2 we can guarantee that for every Q € D, if I e Wissothat I 5 Xp then I € WQO. We then
augment ‘Wg to "Wé as done in [Hofmann and Martell 2014, Section 3]. More precisely, use the fact
that one can construct a Harnack chain to connect X o with any of the centers of the Whitney cubes in
‘Wg U (Wg, where O is the dyadic parent of Q. Then ‘W; is the family of all Whitney cubes which meet
at least one ball in all those Harnack chains. Note that in the case when E is UR and Q € S we have used
a similar idea; the main difference is that the Harnack chain in that case comes from the fact that fos s a
Lipschitz domain, whereas here such property comes from the assumption that €2 is a 1-sided CAD and
hence the Harnack chain condition holds. Set then Wy = ‘Wé and one can see that (with the appropriate
choice of a sufficiently small » and a sufficiently large K depending on n and the CAD character of D)
(2.9) holds. Moreover, the construction guarantees that W YU W~ C W), that we can cover with the
Whitney cubes in Wy all the Harnack chains connecting X 0 w1th any center of 1 € ‘W qu W~ Cc W,
and also that if /, J are such that / > X and J 5> X then I, J € ‘Wj. We note that by constructlon the
Harnack chain condition holds in each Whitney region Uy and so it does in Up U Ug. In either case the
corresponding constant depends on the CAD character of D and the parameters n, K, t.

In the present situation we have the following geometric result:

Lemma 2.54 [Hofmann and Martell 2014, Lemma 3.61]. Let @ C R"*! be a 1-sided CAD and let
{Woloenon) be a Whitney-dyadic structure for Q with parameters n < 1 and K > 1 as just constructed.
Then all of its dyadic sawtooths regions Qg and Q& o and all Carleson boxes Tg and Ta are also 1-sided
CAD with character depending only on dimension, the 1-sided CAD character of <2, and the parameters
n, K,and t.

2.4. Case CAD. Here we assume that Q2 is a CAD. This is, strictly speaking, a subcase of the case
of 1-sided CAD above, but the extra assumption that €2 has exterior corkscrews can be inferred to the
associated sawtooth regions and Carleson boxes.

With W = W(Q2) and D = D(92) as above, and for some give parameters n < 1, K > 1, we
consider (Wg (see (2.8)) and construct Wy exactly as in the 1-sided CAD case since a CAD is in
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particular a 1-sided CAD. Hence, we have the very same properties, in particular, Lemma 2.54 applies.
But we can additionally obtain the exterior corkscrew condition:

Lemma 2.55. Let Q@ C R"! be a CAD and let {Woloenoa) be a Whitney-dyadic structure for Q with
parameters 1 <K 1 and K > 1 as just constructed. Then all of its dyadic sawtooths regions Q& and Qg o
and all Carleson boxes Tg and Ta are also CAD with character depending only on dimension, the CAD
character of 2, and the parameters n, K, and t.

Proof. As mentioned above we can apply Lemma 2.54; hence all the Q#, Q& o, T, and Tx are 1-sided
CAD domains. It remains to see that any of them satisfy the exterior corkscrew condition. Let €2,
be one of these subdomains and take x, € 32, and 0 < r < diam(d<2,). By construction 9Q, C
and we consider two cases 0 < dist(x,, 02) < r/2 and dist(x,, d€2) > r/2. In the first scenario we
pick x € 992 so that |x, — x| = dist(x,, 0R2) < r/2 (notice that x = x, if x, € 92N IR,). Since 2 is
a CAD, it satisfies the exterior corkscrew condition; hence we can find X € Qey = R/ \ Q so that
B(X, cor/2) C B(x,r/2) N Qext Where ¢ is the exterior corkscrew constant. Note that 2, C 2; hence
B(X, cor/2) C (24)ext- Also, B(X, cor/2) C B(x,r/2) C B(x,,r). This shows that X is an exterior
corkscrew point relative to the surface ball B(x,, r) N9dS2, for the domain €2, with constant cg/2. Consider
next the case on which dist(x,, d€2) > r/2. Note that in particular x, € 2 and therefore we can find two
Whitney cubes I, J € W sothat x € dI*NJ, dINJIJ # @, int(I*) C R, and J is a Whitney cube
which does not belong to any of the W)y that define €2,. Note that £(J) > dist(x,, d2)/C > r/(2C) for
some uniform constant C > 1, that /™ misses 3J /4 as observed before and that the center of J satisfies
X (J) € (24)ext- It is then clear that the open segment joining x, with X (J) is contained in (£2,)ext and
we pick X in that segment so that | X — x,| =r/(8C) and hence B(X, r/(16C)) C B(x., r) N <2,. This
shows that X is an exterior corkscrew point relative to the surface ball B(x,, r) N 9L, for the domain €2,
with constant 1/(16C). Therefore, we have shown that 2 satisfies the exterior corkscrew condition with
implicit constant uniformly controlled by the CAD character of €. U

2.5. Some important notation. To complete this section we introduce the following notation which will
be used in our main statements:

Notation 2.56. In the statements of our main results, we will assume that some estimates (e.g., Carleson
estimates, “A < N, “N < S, etc.) hold for a given family of subsets with constants depending on the
character of those subsets and our goal is to transfer those estimates to the original set. It is crucial to
explain how this dependence on the character is understood. To set the stage suppose that we are given
some set X ¢ R"*! and a family Sx := {Y}yesy, Y C X. We assume that associated with X there is
some collection of nonnegative parameters Mx € [1, 00)Mt called its character and also that each Y € Sx
has some associated character My € [1, 00)™2, a collection of nonnegative parameters. Using this notation
when we say that certain estimate holds for all Y € Sx with constant Cy depending on the character of Y,
we mean that Cy = @ (My) with ® : [1, 00)2 — (0, co) being a nondecreasing function in each variable.
Implicit in the arguments to transfer the desired estimate to X, we will use only those sets Y € Sx whose
parameters in the character are all uniformly controlled by some constant My (which will depend on
the character of X), and then all the corresponding constants in the assumed estimates for those sets
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will be controlled by ® (M, ..., My) < oo, and eventually the desired estimate on X will depend on
O(My, ..., My).

It is illustrative to present some examples explaining the previous abstract notation in some particular
cases. Suppose that the goal is to show that some function F satisfies the Carleson measure estimate (1.10)
in X =Rt \ E, with E being UR (see the second part of Theorem 3.31). In this case Mx € [1, 00)3 is the
UR character of E, and we let Sx be the collection of bounded chord-arc subdomains of X, in which case
My €[1, 00)* is the CAD character of Y. With this in hand we show that there is a constant M (depending
only on My, dimension, and the harmless discretionary parameters t, n and K, and thus independent
of F; see Lemma 2.53) so that the resulting estimate can be transferred from the collection of CAD with
parameters in the character at most My, and hence the Carleson estimate (1.10) holds with a constant
depending only on ® (Mg, My, My, Mp), and other harmless parameters. Similarly, another example is
the case that X = D is a CAD, hence M € [1, co)* is its CAD character, and Sy is some collection of
bounded Lipschitz chord-subdomains of X; then My € [1, 00)? is the Lipschitz CAD character of Y.

3. Transference of Carleson measure estimates

In this section we show how to transfer CME estimates from Lipschitz to CAD (see Theorem 3.6) and
then from CAD to the complement of a UR set (see Theorem 3.31). These two independent results, each
interesting in its own right, can be combined to give immediately the following:

Corollary 3.1. Let E C R"! be an n-dimensional UR set and let F € L}, (R"™'\ E). If F satisfies the
Carleson measure estimate (1.10) for every bounded Lipschitz subdomain of R"*!'\ E with constant
depending on the Lipschitz character (see Notation 2.56), then F satisfies the Carleson measure estimate
(1.10) in R*1\ E as well. More precisely, there exists a large constant Mo (depending only n and the UR
character of E) so that using the notation in (1.10) there holds

I Fllemew+n\gy <C sup [ FllcME®)» (3.2)
QCRM+I\E
where the sup runs over all bounded Lipschitz subdomains Q@ C R'*'\ E with parameters in the Lipschitz
character at most My, and C depends as before only on n, and the UR character of E.

Remark 3.3. The previous result (and also Theorem 3.31) easily yields a version of itself where everything
is localized to some open subset with UR boundary. More precisely, let  C R"*! be an open set with
dQ being UR and let F € L2 (). Then

loc

| Fllcme) < C sup || F|lcME(D)» (3.4)
DCQ

where the sup runs over all bounded Lipschitz subdomains D C 2 with parameters in the Lipschitz
character at most My, and C depends only on » and the UR character of 9€2.

50ur estimates depend also on the discretionary parameters 7,  and K introduced above, but in turn each of these may be
chosen to depend at most on n and the UR character of E.
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To see this, write Fq := F in Q and Fo =01in R"™'\ Q@ so that F € L}, (R"™\ 9Q). Since 9Q is UR
we can apply Corollary 3.1 to £ = 02 and (3.2) easily yields

| Flleme@) = [ Fallemew+voe) <€ sup  [[Fallemewm) = C sup || FallemE®)-
DCR1\3Q Dce
3.1. Transference of Carleson measure estimates: from Lipschitz to chord-arc domains. In this section
we present a method to transfer the CME estimates from Lipschitz domains to CAD. Our main result is
as follows:

Theorem 3.5. Let D C R"*! be a given CAD and assume that F € LIZOC(D) satisfies (2.26). If F satisfies
the Carleson measure estimate (1.10) on all bounded Lipschitz subdomains of D with the constant C = C
depending on the Lipschitz constants of the underlying domains only, then F satisfies the Carleson
measure estimate (1.10) in D as well, with the bound depending on Cy, the constant in (2.26), the NTA

constants of D and the ADR constants of 0 D only.

Theorem 3.6. Let D C R"*! be a given CAD and let F leoc(D)‘ If F satisfies the Carleson measure
estimate (1.10) for every bounded Lipschitz subdomain of D with constant depending on the Lipschitz
character (see Notation 2.56), then F satisfies the Carleson measure estimate (1.10) in D as well. More
precisely, there exists a large constant My (depending only n and the CAD character of D) so that using
the notation in (1.10) there holds

| Fllcmepy < C sup || FllcME@), (3.7)
Qch

where the sup runs over all bounded Lipschitz subdomains Q@ C D with parameters in the Lipschitz
character at most My, and C depends as before only on n, and the CAD character of D.

Let us remark that in the course of the proof we ensure a suitable choice of a (sufficiently small) n
and a (sufficiently large) K is (2.8) which strictly speaking affect the constant in (3.7). However, as all
choices depend on dimension and the CAD character only, this does not affect the result as stated above.

In preparation to prove the previous result we start with the following version of the John—Nirenberg
inequality. It is a suitable modification of [Hofmann and Mayboroda 2009, Lemma 10.1] which, in turn,
was inspired by [Auscher et al. 2001, Lemma 2.14]. Here we present an alternative proof along the lines
in [Marin et al. 2020, Lemma A.1]. Given Q2 an open set with an ADR boundary, let Q be either 92, in
which case Do, = D(9€2), or some fixed dyadic cube in D(9€2), in which case Dy, is defined in (2.13).

Lemma 3.8. Ler Q be an open set with an ADR boundary, let Qq be either 02 or a fixed cube in D(0K2),

and for some given n <K 1 and K > 1, consider a Whitney-dyadic structure {Wy}oecnoo) for Q with

2
loc

parameters n and K as in Definition 2.7. Let F € L
0 < N < oo such that

(2) and suppose that there exist 0 < a < 1 and
o{x e Q:&ZIQF(x)>N}§aG(Q) forall Q € Dg,. 3.9)
Then, for every 0 < p < oo there exists Cy, , depending only on p and o such that

sup ][ﬂQF(x)Pda(x)gca,pNP. (3.10)
QEDQO Q
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Proof. We first claim that for all Q € Dy,

ACF(x) <A F(x)+ inf ACF(y) forallx € Q'€ Dy \{Q}. (3.11)

yegQ'
where Q' is the dyadic parent of Q'. This follows easily from the fact that if x € Q" € Dy \ {Q} and
y € Q' then
reo\r¢mc |J ve= U Urcrém.
XEPEDQ\[DQ/ é/CPCQ

Next, let us set

o(Eo) _  ~o{xeQ L ALF (x) > 1}

E(t) = : , O . 3.12
=0 o) o (0) e G12

From (3.9) it follows that
o(Eg(N)):=o0{x € Q:ﬂQF(x)>N}§otc7(Q) for all Q € Dy, . (3.13)

Fix now Q € Dy, B € (a, 1) (we will eventually let g — 1) and, recalling the notation introduced in
Definition 2.4 with E = 02, set

Fo(N):={xeQ: MS(IEQ(N))(X) > B}. (3.14)
Note that (3.13) ensures that
o (Eg(N))
][Q gm0 do () = ZC LI <a < g (3.15)

hence we can extract a family of pairwise disjoint stopping-time cubes {Q;}; C Dy \ {Q} so that
Fo(N)=J; Q; and for every j
o (Eg(N)N Q) - B o(Eg(N)N Q"
o (Qj) ’ o (Q")
Fix t > N. Observe that Eg(t) C Eg(N) and

<B. 0Q;,C0Q eby. (3.16)

B<l=Ilg,mnkx) = MB(IEQ(N))(X) foro-a.e. x € Eg(t). (3.17)
Hence,

o(Eg(1) =0 (Eg(t)NFo(N)) = ZG(EQ(I) NQj).
J

For every j, by the second estimate in (3.16) applied to é ;, the dyadic parent of Q;, we have
o (Eg(N)NQ)/a(0) < B <1;
therefore U(Q,- \ EQ(N))/U(Q,-) > 1— B > 0. In particular, we can pick x; € Q, \ Eg(N). This and
(3.11) imply that for all x € Q;
AQF(x) < A% F(x)+ inf AYF(y) < A% F(x)+AYF(xj) < A% F(x)+N.

YEQ;

Consequently, AL F(x)>t— N for every x € Eg(t) N Q;, which further implies
o(Eg(t)NQj) <o{x e Q; T AYUF(x) >t - N}y < E(t —N)o (Q)).
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All these give
o(Eg(t) =Y o(Eg(t)N Q) < E(t—N)Y a(Q))

J J

1 - 1 - o
=< E(I—N)E Y o(Eo(N)NQ)) < a(t—N)EO(EQ(N)) < CA(I—N)EG(Q), (3.18)
J

where we have used the first estimate in (3.16), that the cubes {Q;}; are pairwise disjoint and, finally,
(3.13). Dividing by o (Q) and taking the supremum over all Q € D, we obtain

E(t)s%E(t—N), t>N. (3.19)

Since this estimate is valid for all 8 € («, 1), we can now let 8 — 17, iterate the previous expression, and
use the fact that E(7) < 1 to conclude that

E@) < q le g™/ 4 o

We finally see how the just-obtained estimate implies (3.10): for any 0 < p < oo,

00 . o
][ﬂQF(x)pda(x):p/ olxeQ:A F(x)>t}tpﬂ
Q 0

o(Q) t
< p/oo 20 4 < pa! /OO o~ (log@™)/Nyp dt
0 ! 0 t
N p 00
=re |\ foz@ / eir 2 —c, N, O
log(a™") 0 t '

To address the transference of the Carleson measure condition from Lipschitz to chord-arc domains
we shall use the fact that chord-arc domains contain interior big pieces of Lipschitz subdomains.

Proposition 3.20 [David and Jerison 1990]. Given Q2 C R g CAD, there exist constants C > 2 and
0 < 0 < 1 such that for every surface ball A(x,r) = B(x,r)N 9o, x € 0, 0 < r < diam(32), there
exists a bounded Lipschitz domain Q' for which we have the following conditions:

(1) H"(0Q2NaQ'NB(x,r)) =0H"(A(x,r)) ~0r".
(ii) There exists X o so that B(Xa,r/C) C B(x,r)NQNQ".
(iii) Q' C QN B(x,r).

The Lipschitz character of Q' as well as 0 <60 < 1 and C > 2 depend on n, the CAD character of D only
(and are independent of x, r).

We remark that in [David and Jerison 1990], Proposition 3.20 is proved under weaker assumptions,
namely, ADR and an interior corkscrew condition, and a “weak exterior corkscrew condition” which
gives exterior disks rather than exterior balls, and with no hypothesis of Harnack chains — but if the
Harnack chain condition is assumed, [Azzam et al. 2017] yields the exterior corkscrew condition, hence
exterior disks implies exterior balls. Later on, in [Badger 2012], existence of big pieces of Lipschitz
subdomains was also proved for usual NTA domains, with no upper ADR assumption on 92 (the lower
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ADR bound holds automatically in the presence of a two-sided corkscrew condition, by virtue of the
relative isoperimetric inequality). For the applications that we have in mind here, neither amelioration is
significant, and we will simply work with CAD domains in the sense of Definition 1.6.

For future reference we also would like to provide the following corollary.

Corollary 3.21. Let 2 C R"*! be a CAD. There exist constants C > 2 and 0 < 6 < 1 such that, for
every Q € D(0R), there exists a bounded Lipschitz domain Qg C Q2 for which, using the notation
Bg =B(xg,r), Ag = BgNa, with c£(Q) <r <£(Q) in (2.2), (2.3), we have the following:

(i) 0(0QoN Q) =00 (Q) = 6L(Q)".

(ii) For every Q' € D(Q) such that there exists a point yor € Q' N3, there exists Yo' so that
B(Yo,£(Q")/C) C B(yg, £(Q))NQNQ, that is, Y o is a corkscrew relative to B(y¢, £(Q"))NQ2
and 32, and B(y¢, £(Q")) N0 and Q2. Furthermore, with the appropriate choice of n and K
in (2.8), we have B(Yy, £(Q")/C) C Uy

(i) Qo C QN By.

The Lipschitz character of Q¢ aswellas 0 <0 <1, C > 2, depend on n, and the CAD character of Q
only (and are uniform in Q, Q).

Proof. The corollary follows directly from Proposition 3.20. Indeed, for any Q € D(9€2) there exists
Ao C Qasin(2.2),(2.3). One can then build a Lipschitz domain €2 from Proposition 3.20 corresponding
to Ap, and then the conditions (i) and (iii) in Proposition 3.20 give (i) and (iii) in Corollary 3.21,
respectively. Condition (ii) in Corollary 3.21 follows from the fact that a Lipschitz domain ¢ is, in
particular, a CAD, and hence, it has a corkscrew point relative to B(y¢, r') N9 since r' < £(Q') <
£(Q) ~ diam(0€2¢) (the ~ follows from (ii) and (iii) in Proposition 3.20). Using the fact that 2o C €2,
one can easily see that Y is also a corkscrew point in 2 relative to B(y¢, ') N 9€2. It remains to observe
that a suitable choice of n and K (uniform in Q’) ensures that such a corkscrew point always belongs
to Ug' and moreover, B(Yo, C~1¢(Q")) C Uy a

We are now ready to prove Theorem 3.6:

Proof of Theorem 3.6. By (2.29) and Remark 3.34 we can reduce matters to estimate || F'[| cpgevad ). FiX
some Q € D. According to Corollary 3.21 (along with the inner regularity property of the measure) there
exists a bounded Lipschitz domain ¢ such that 0 (929 N Q) > 6o (Q), and the Lipschitz character
of Qo as well as 0 < 6 < 1 depend only on n and the CAD character of D (and are uniformly in Q).
The domain 2 further satisfies properties (i)—(iii) in Corollary 3.21. Given x € Q \ 9Q2¢, since 02 is
closed, there exists r, > 0 such that B(x, r,) N9Q2p = @. Pick then O, € D with £(Q,) < min{£(Q), ry}
so that x € Q,. Then, x € Q@ N O, and necessarily O, C Q. Also, Q. C B(x,r,) since x € Qy and
diam(Qy) ~ €(Q) < ry. Thus, O, C Q\ 92 and there exists a cube with maximal size Q'** € Dy so
that Q7™ C 0\ 9Qp. Note that Q''** C Q since 0 (929 N Q) > 0. Thus, by maximality, 0Q2p N Q' # &
for every Q" with Q' C Q' C Q. Consider then 7 = {Q;}; C Dy \ {Q} the collection of such maximal
cubes. By construction, the cubes in ¥ are pairwise disjoint and also Q \ 3Q¢p = | ; Q). Associated
with F we build the corresponding local sawtooth Q¢ o (see (2.20)).
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Note that if Q' C Q; € 7, then Q' C Q; C 0\ 3Q¢; hence Q2o N Q' = @. Conversely, if Q' € Dy
is such that 9Qp N Q' =@, then Q' C 0\ 9Qp = Uj Qj and there is Q; € ¥ such that Q' N Q; # @.
If Q; C Q' then by the maximality of Q; we have Q29 N Q' # @, which is a contradiction. As a
result, necessarily Q' C Q;. All in one, for every Q' € Dy, we have that Q' C Q; € ¥ if and only if
929 N Q' = @. Equivalently, given Q' € Dy, one has that Q' € D ¢ if and only if 0'NIQy # .

Let N > 1 to be chosen and by Chebyshev’s inequality

ol €920 N 0 ACF(x) >N}<—/ // FNPS ()~ dy
9QoNQ J JT2(x)

<_ Z o(BQQﬂQ)//U |F(Y)]28(Y)! ™" dY

Q/E[DQ
~ L U(BQQQQ)/f F()28(Y) dY
NzQ% @)y, FOPD

1
< 2
- ff% [F(Y)PS(Y)dY.

where we have used that §(Y) ~ £(Q’) for every Y € Ué and also that the family {Ué}Q/GD has bounded
overlap. We claim that

FOOP8X)dx <€ F + I Flleom) ) 3.22
a(0) //Qm| (O3 dX < (5‘;%” lleme) + 11 Flle (D)) (3.22)

where the sup runs over all bounded Lipschitz subdomains €2 C D with parameters in the Lipschitz
character at most My, and C depends as before only on n, and the CAD character of D. Assuming this
momentarily, and invoking (3.36), we conclude that

olx e Q:A%F(x) > N} <a(Q\ Q) + % // |F(Y)[*8(Y)dY
QF o

C 0
=(—-6)0(Q)+ N2 Sup I Flleme@o (Q) = ( - E)G(Q)’

Qch
provided N2 = (2C/9) supocp I FllemE(@). Applying then the John—Nirenberg inequality, Lemma 3.8
with Qg = E = 3D, which is ADR by assumption, extending F as 0 in R**!\ D, and with p =2 we
then conclude that

swp f ACFWPo() S sup | Flevece.
QGDQO 0 QCD
In turn, this yields

f/ |FI?§dX < Z // |F|28dX~ U(Q)// |F|?8' " dXx
To Uy

Q’eDy Q’'eDy
Z / (// |F|281"dX)d05/<// |F|251"dy>da(x)
Q/GD ! Uy Q FQ(X)
= / ALF (x)?0 (x) S0 (Q) sup ||FllemE@)-
0 QcD

Here we have used that §(-) & £(Q) in Uy and the fact that the family {Up}gep has bounded overlap.
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We are then left with showing (3.22). To this end, let us write

f/ |IF(X)]?8(X)dX < Z f/ |F(Y)|?8(Y)dY = Z+ Z (3.23)
Q7.0 Uy

Q'eDr.o Q'eb} , Q'eD% ,

where, for some ¢ > 0 to be chosen,
. 1,
DY o ={0' €Dy g distWUg, D) < - distUg, 0R0)}, D o =Dy 0\ D} .

Note that, in principle, Uy can intersect d€2¢. For later use it is convenient to record that £(Q’) ~
dist(Ug', D) ~ dist(Ug', Q') by (2.8), (2.6), (2.9), (2.10).

Let Q' € [D);’ 0 the fact that Q" € D¢ o implies that there exists y € Q' N9Qp; hence
e0(Q) ~ edist(Ug, dD) < dist(Ug', 92p)

<dist(Ug, y) <dist(Ug, Q') + diam(Q") < £(Q"). (3.24)
In particular, for every Y € Uy with Q' € Ile’ o We have
§(Y) =dist(Y, aD) < £(Q)) +dist(Ug, dD) < e dist(Ug, 3Q0) < e ' dist(Y, 3Q0).  (3.25)

Note also that since y' € Q"' N9y # @, according to Corollary 3.21 part (ii), we can find Y so that
B(Yg,£(Q")/C) C B(yg,€(Q)NQNQyNUy. Hence, 2p NUgy # @, and then due to (3.24) and
the fact that Uy is connected by construction, we conclude that Uy C Q0. As a result,

>

|F(Y)1?8(Y)dY <& ! Z // |F(Y)|*dist(Y, 9Q0) dY
Q'eDl , o Q'eD! Vo

(3.26)
5// |F(Y) |2 dist(Y, 9Q0) dY <o (Q) sup || FlcmE@),
Qo QcD

where we used (3.25), the finite overlap property of the family {Ug/}o/ecp, and the fact that Qp is

a bounded Lipschitz subdomain of D with character controlled by the CAD parameters in the last one.

Note that Qo C B(xg, C£(Q)) for some uniform constant C, which justifies the bound by o (Q).
Consider next the family ID%__’ 0 and we shall demonstrate that they satisfy a packing condition. Indeed,

recall from above that £(Q") ~ dist(Uy, dD), so that in particular, if Q' € ID%,’ 0’ then

dist(Ug', 029) < £(Q). (3.27)

It follows that for a suitably small &€ depending on the implicit constant in (3.27) and 7, we can ensure
that fattened regions ﬁQ/ corresponding to Uy (see (2.11)) necessarily intersect 92 and, moreover,
H"(U, 0 NIRg) ~ £(Q")", while the family (o o'} o still has finite overlap. Since the Lipschitz character
of 9€2¢ depends on the CAD character of D, we have that H"(02¢p) ~ diam(32p)" ~ diam(£2¢p)" ~
£(Q) ~ o (Q), with implicit constants which are uniform in Q. Thus, all in all,

Y o)~ Y UQ)'~ Y H'UgNdQg) S H"(0Q0) o (Q). (3.28)

Q'eD% , Q'eD% , Q'eD% ,
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Consequently, using that one can cover Uy’ by a uniform number of balls of the form B(X, §(X)/2) with
X € Uy (and hence §(X) ~ £(Q")) we arrive at

> [ iE@rsmay SiFlae ¥ 0@ Se@1Flaw. (29
Q'eDZ , Vo Q'eD% ,
simply recalling the notation introduced in (2.26).
Collecting (3.23), (3.26), and (3.29) we conclude as desired (3.22), completing the proof. Il

3.2. Transference of Carleson measure estimates: from chord-arc domains to the complement of
a UR set. Let us now discuss the “transference” mechanism allowing one to pass from the Carleson
measure estimates on CAD to those open sets with UR boundaries. The main idea consists in showing
that if for some given F one can prove (1.10) on D C R"*!\ E, any bounded CAD, then (1.10) holds
for R*!' \ E. This was proved in [Hofmann et al. 2016, Theorem 1.1] for F = |Vul/llull oo o1\ E)
with u being a bounded harmonic function in R"*!\ E. On the other hand, it was already observed in
Remark 4.28 of that work that harmonicity is not really needed and that one could take for instance
F = |Vul/||lull oo @r+1\ gy With u being a bounded solution of a second-order elliptic PDE or, more
generally, F = |[V"u|/||V" ul| Lo+ gy With u being a bounded solution of a 2m-th order elliptic
PDE, m € N. We shall come back to this point with more details in Section 7, and for now try to keep the
discussion general for as long as possible.

Remark 3.30. There is a slightly glitchy point of notation point. For reasons of homogeneity, one might
prefer to normalize so that F = dist(-, E)|Vul/||lull o+ ). However, making the function F and
later on G and H in Section 4 depend on the open set (via its distance to the boundary) has its own
dangers and kills the beauty of the generality here.

The following result is stated in [Hofmann et al. 2016, Theorem 1.1] exclusively for harmonic functions,
but as noted in Remark 4.28 of that work, the same proof applies verbatim to any bounded function
satisfying Caccioppoli’s inequality along with CME in chord-arc subdomains. The argument further
extends to the following formulation with a few changes. For the sake of self-containment we present
below a somewhat different and more direct argument.

Theorem 3.31. Let E C R"*! be an n-dimensional UR set and let F € leoc(IR"Jrl \ E). Givenn < 1
and K > 1, consider the decomposition D(E) = GU B from Lemma 2.42, as well as a Whitney-dyadic

structure {Wo}oen(k) for R™1\ E with parameters 1 and K ; see Section 2.2. Then using the notation in
(1.10) and (2.26) there holds

I FllemME®+1\E) = Cmax{ I F llcymn+1\E)> SUP ||F||CME(Q§)}, (3.32)
Scg

where QjSE is defined by (2.52) (with S’ = S) and where C depends only on n, the UR character of E, and
the choice of n, K, t.

In particular, if F satisfies the Carleson measure estimate (1.10) for every bounded chord-arc subdo-
main D C R*1\ E with constants depending on the CAD character (see Notation 2.56) then F satisfies
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the Carleson measure estimate (1.10) on R"t'\ E. More precisely, there exists a large constant M
(depending only n and the UR character of E) so that using the notation in (1.10) there holds

I Flleme@+ngy <C  sup || FllcmeD), (3.33)
DCRrI\E
where the sup runs over all bounded chord-arc subdomains D C R"*'\ E with parameters in the CAD
character at most My, and C depends as before only on n and the UR character of E.

We note that much as in Remark 3.3 one can easily get a version of this result valid where everything
is localized to some open subset with UR boundary. The precise statement and the details are left to the
interested reader.

Remark 3.34. As already mentioned in Remark 2.25 and for PDE applications, the quantities || F' || ¢, @1\ £)
or || F|lc,py are harmless terms since they are typically finite, whether or not F satisfies Carleson
measure estimates on some family of nice subdomains. However, one can also see that these terms
are under-controlled when one imposes Carleson measure estimates on bounded Lipschitz subdomains.
Let E C R"! be an n-dimensional ADR set, write §(-) = dist(-, E), and let F € L} _(R"!\ E).
Note that Qx = B(X, §(X)) is a bounded Lipschitz subdomain of R**!\ E with all the parameters in
the Lipschitz character bounded by M,, > 1 which depends just on n. Also if Y € B(X, 6(X)/2) then

dist(Y, 0Q2x) > §(X)/2 and Y € B(z,26(X)) for any z € dQ2x. Thus, for any z € dQ2x

1 2
—_1// |[F(Y)|>dY < —// |F(Y)|*dist(Y, 9Q2x) dY
(X" B(X.,5(X)/2) 3(X)" J JBz250x))

and, consequently,

IF ey <2"T sup  IFlemEep) (3.35)
DCR™I\E

where the sup runs over all bounded Lipschitz subdomains of R"*! \ E with all the parameters in the
Lipschitz character at most M, > 1. Analogously, if F € LIZOC(Q), where Q C R"*! is an open set with
a2 being n-dimensional ADR, then

IF ey <2 sup || Fllemem)., (3.36)
DCe

where the sup runs over all bounded Lipschitz subdomains of €2 with all the parameters in the Lipschitz
character at most M,, > 1.

Proof. We write §(-) = dist(-, E) and Define By = foQ i, |F|?6dX for every Q € D = D(E). Fix
Qo € D. Using the decomposition D(E) = GU B from Lemma 2.42

/fT IFOOPS(X)dX < Y Bo= Y. Bo+ Y, Bo
00.1/2

0¢€Dy, QGIDQOHB 0eDg, NG

= > Bot ), Y. Bo=1Zi+3,

QEDQOQB SZDQOQS#@ QEDQOQS
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and we estimate each term in turn. For X; we observe that by construction the Ug ;/2’s are uniformly
bounded unions of Whitney cubes of size of the order of £(Q) and with distance to E of the order of
£(Q) and it follows easily that 8p < Coo (Q), where the implicit constants depend only on n, the UR
character of E, and the choice of n, K, t. Hence,

S Flleymne Y. 0(Q) S IFlleyme g0 (Qo), (3.37)
QEDQOQB

where in the last estimate we have used Lemma 2.42(ii).

Let us estimate >,. Fix § so that Dy, NS # @ and write Q1 = Q1(S) = Qo N Q(S). Note that
if Q e Dg,NSthen Q C Q1 C Q(S) and by the coherency of § we conclude that Q| € S. Set
(S;E( ) =dist( -, 89?) (see (2.52) with §' = S). Note that Qfsc is comprised of Whitney regions of the
form Uéc = U:Qtyt. Thus for X € U:Q'E’f/2 with Q € S, we have that §(X) ~ Bgc(X), where the implicit
constants depend on 7. This, the fact that the family {UéE}QE[D has bounded overlap and (2.14) easily give

Z Bo = Z Bo ~ Z f/iwﬁsgﬂdxg/f* i|F|23§de,
0eDg,NS 0eDy,NS 0ebg,ns ¥ Yo 0, %

where BEI = B(xg,, K£(Q1)). Pick now Xft € Ugl,r/z and choose xli € 8&23t so that |X1i —x1i| =
85 (X7~ 8(X{) ~ £(Q)). Therefore, B}y C Bj = By, (xi", C£(Q1)), where C depends on n, the UR
character of E and n, K and 7. Thus,

Z Bo S // N |F|28§: dX 5 ||F||CME(Q§)Z(Q1)H ~ ||F||CME(Q§)U(Q1)- (3.38)
0eDg,NS Bg, N

Using this and recalling that Q1 = Q1(S) = Qo N Q(S), we can bound X, as follows:

2= Z Z Po S ;‘ég IFllemees) Z o(QoNQO(S))

$:Dg,NS# 0eDg,NS $:D gy NS#D
= sup ||F||CME(Q§)( Z o (Q(8)) + Z U(Qo)) =: X1 + Xn».
Scg S:0($)C Qo $:Do,NS#
QoG 0(S)

Using Lemma 2.42(ii) we easily obtain

> o(Q(8) S (Qo).
$:0(8)CQo

where the implicit constant depends only on 7, the UR character of E, and the choice of 5, K, t. For the
other term we note that the facts Do, NS # & and Qo C Q(S) imply that Q¢ € S by the coherency of §;
hence X, = 0 if Qg € B. On the other hand, if Q¢ € G there is a unique Sy C G so that Q¢ € Sy and
Do, NS = @ for every S # So with Qg € Q(S). This clearly implies that in this case

> 6(Qo) =0(Qu).
8:Dg,NS#2
QoG 0Q(S)
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If we finally collect all the obtained estimates we conclude that

1
| F | cpppdsad ns i gy = SUP —// |F(X)*8(X)dX
CMEFERTAD ™ ene) 0 (Q) To.)
< Cmax{ I Fllg, @£ P I F llompcas) |- (3.39)
Scg

where C depends only on n, the UR character of E, and the choice of 5, K, 7. Thus, the desired estimates
follows from (2.29).

To complete the proof we look at the second part of the statement. By (3.35) and the fact that bounded
Lipschitz domains are CAD with all the parameters in the CAD character by the Lipschitz character we
have || F|lc,@m\ gy S SUp pere+i\g | F lleME(p), where the sup runs over all bounded CAD subdomains
with character at most M,,. On the other hand, Lemma 2.53 establishes that all the Qfsc’s are CAD with
parameters in the CAD character all controlled by M; > 1 (depending on the allowable parameters).
They are also bounded since every § has a maximal cube Q(S) and hence Q? C BZ(S) (see (2.14)).
Consequently,

sup ||F||CME(Q§) < sup || FllcmE(D),
ScGg D

where the second sup runs over all bounded CAD with character at most M. Taking My = max{M,,, M/},
we easily see that (3.32) along with the above observations readily yield (3.33). (|

4. Carleson estimates, A < N estimates and good-A arguments

Given an open set 2 C R"*! with ADR boundary we recall the definitions of the area integral A and the
nontangential maximal function N, from Definition 2.33 or the corresponding fattened versions Aand N,
or the corresponding local versions. These are defined with respect to a {Wp}pen, some Whitney-dyadic
structure for 2 with some implicit parameters 1 and K. Note that according to these definitions, the cones
are unbounded when 9€2 is unbounded. On the other hand, when 9€2 is bounded, so are the cones, all
being contained in a C diam(d$2)-neighborhood of d€2. We note also that when 92 is bounded, there
exists a cube Qg € D(3€2) such that Qo = €2 and for any Q € D(9€2) we have Q € Dy, . It is, however,
particularly useful to work with local versions AL and I/\J\E or A2 and I/\J\E

Definition 4.1 (A < N estimates). Let  C R"! be an open set with dQ2 being ADR and let {Wp} pena0)
be a Whitney-dyadic structure for €2 with some parameters n and K. Consider also G € LfOC(Q), HeC(Q),
and 0 < g < co. We say that “A < N” estimates hold for G, H on L7(02) if

IAG | Loy < CIINH || Lah0), (4.2)

where the L9 norms are taken with respect to surface measure o := H"|3q. Similarly, we will say that
“AP < NP estimates hold for G, H on L4(3) if

IACG ooy < CINCH || Lagoy forall Q € D(3L), (4.3)

with C independent of Q.



TRANSFERENCE OF SCALE-INVARIANT ESTIMATES 3285

Remark 4.4. We observe that by Remarks 2.37 and 2.38, A < N estimates imply an analogous estimate
for traditional cones, that is, for every ¥ > 0

A cGllLape) < ClIN«o.«HllLi02),

and the implicit constant depends on g, n, the ADR constant of 0€2, the choice of n, K, 7, the constant
in A < N, and x. On the other hand A” < N estimates imply also some local A < N estimates
with traditional cones. More precisely, for any x € 32 and 0 < r < 2diam(9€2), using the notation in
Definition 1.15, there exists K’ depending on n, the ADR constant of 92, the choice of 1, K, t, and the
constant in Definition 2.7(iii) such that for every « > 0

IAG  Gllzeacry SINKS cHllLaaw, k), (4.5)

where A(x, r) = B(x, r) N a<2, and the implicit constant depends on g, n, the ADR constant of 0€2, the
choice of n, K, 7, the constant in AP < NP and k.

Fix then {Wp}oen(a) a Whitney-dyadic structure for €2 with some parameters n and K. Given x € 92
and 0 < r < 2diam(9€2), write A = A(x,r) and B = B(x, r). We first consider the case r < diam(0£2).
Note that for every y € A we have I'" (y) C 2B. Also, if I'q.1(z) N 2B # & then z € 6A. Recall that we
have always assumed that K is large enough (say K > 10*n) so that I'q 1(y) C I'(y) for every y € dQ.
All these, together with Remark 2.38, give

[AG  GliLaa) < 1A (Glap)llLspe) S IAQ1(Glap)lLepe) < IA(G128)[|L16n)-
Let
Da={0eDOR): QN6A £, C(nn)~?r/4 <(Q) < Cyn)~"?r/2}, (4.6)

where C is the constant in (2.9) (it is here we use that r << diam(9£2) so that C(nn)*l/zr/Z < diam(9%2),
thus Da # @). Suppose that Q C Q' with Q € D, and let Y € Uy. Then there is I’ € Wy with
Y € 9I*(7) and by (2.5)

Cm)~2271r < 20(0) < €(Q') < Cn~24(I") < C(yn)d~ dist(41’, 32) < C(nn)4~" dist(Y, 3<).
Hence, dist(Y, 3Q) >2r and I'(y)N2B C T'¢(y) for every y € Q € Da. Thus the AP < NP estimates give

1AL Gl S D IAGLN 0 < Y IA%GIL, 0 S D INCHIL, -
[QJSO)N 0D [QJSO)N

Note next that for every y € Q € D we have by (2.14) that ['2(y) C B(xg, K£(Q)NQC K'BNQ.
Hence, using again Remark 2.38 we have

IAG G liaa) S INc(H1kB)llLao0) S INw@min(tc) (HlkB) |l Laoe) < IN3 S HllLaGk a),

where we have used that ' 1(z) N K'B # @ then z € 3K'A.
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To conclude we consider the case r ~ diam(d€2). Hence 92 is bounded and 0€2 is itself a dyadic
cube Q¢ and D(0€2) = Dy,. Then we easily obtain using some of the previous observations
1AG «GllLaa) < IAQG) e S IAQ1G L)
< IALGlswe) S INZ HllLawey

S UINwawcHlLaog) = INKS cHllLaaw k), 4.7)

where the last estimate uses our convention that in the case 2 unbounded and 02 bounded I'q(-) is

indeed IS MmO (.

Theorem 4.8. Let Q C R™*! be an open set with dQ being ADR and let {Wp}oepa) be a Whitney-
dyadic structure for Q2 with some parameters n and K. Given G € L? (), HeC(Q),and 0 < q < 00,

loc
consider the following statements:

(A) Carleson measure estimate holds for F = G /|| H || L= () on , that is, |G lcMEQ) S ||H||%OO(Q)
(see (1.10)).

(A Dyadic Carleson measure estimate holds for F = G/I1H | 1) on Q, that is, || G | ey g <
1H |12 g (see (2.28)).

(Aoc) Carleson measure estimate holds on any (bounded) local sawtooth subdomain of 2, in the
sense that for any Q € D(02) and any pairwise disjoint family of cubes ¥ C Do, one has that
F=G/|Hllp~g, o) satisfies the Carleson measure estimate on §¢’Q, that is,

2
Zug ||G||CME(§T_Q)/||H”Loo@fg) < 00,

where the sup runs over all Q € D(02) and all pairwise disjoint family of cubes ¥ C Dy.
(B)g A< N on L1(3K2) holds for G and H, in the sense of Definition 4.1, i.e., (4.2) is valid.

(Bioc)g A< N on Lq(aﬁ(ﬁg) holds for G and H in the sense of Definition 4.1 for any Q € D(92) and
any pairwise disjoint family of cubes ¥ C Dy, i.e., (4.2) is valid in ’Qf’Q.

(B)E’ AP < NP on L1(3Q) holds for G and H, in the sense of Definition 4.1, i.e., (4.3) is valid.
(GL) There exists 6 > 0 such that for every ¢, y > 0 and for all « > 0
ofx €9Q: AG(x) > (1 +&)a, NyH(x) < yal<C(y/e)lo{x € 92 : AG(x) > a}. 4.9)
(GM)P There exists 6 > 0 such that for every &,y > 0 and for all « > 0
ofx e Q:A2G() > (1 +&)a, NCH(x) < ya)
<C(y/e)lo{x e Q:A%G(x) >a} forany Q e DOR). (4.10)

Consider, in addition, the condition

| 12
( . f/ IG(Y)|*8(Y) dY) < ClH| 1=B(x,35(x)/4)) forall X € Q. 4.11)
5(X) B(X,5(X)/2)
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Then the following implications hold:

(Ae) = GV = (G, (4.12)
(Aie) = (B), forall0 <gq < oo, (4.13)
(B)E forsome(0) <g <00 = (B)y, 4.14)
(B), forsome0<q<oo = (A7, (4.15)

(AP and (4.11) = (A), (4.16)
(Bioe)g forsome 0 <q <oo = (AP (4.17)

In the previous implications the implicit constants of each of the conclusions depend on n, q, the ADR
character of 02, the choice of n, K, t, the constant in Definition 2.7(iii), as well as the implicit constants

in the corresponding hypotheses.

Remark 4.18. In the previous result it is understood that (A) and (A)P are vacuous, unless H € L>®().
Regarding (Ajoc), if H ¢ L"O(ﬁrﬁQ), for some Q € D(02) and for some pairwise disjoint family of
cubes F C Dy, then it is understood that F' = (2\/||H||LOO(§T_Q) =0and ||G||CME(§¢_Q)/||H”Lm(ﬁfg) =0.
Hence, in the sup the only relevant sawtooths Q¢ o are those on which H is essentially bounded.

Remark 4.19. We note that the assumption (4.11) in (4.16) is only needed when €2 is unbounded and 92
is bounded because all dyadic cones are contained in a C diam(9€2)-neighborhood of E. Hence from
(A)P we only get information for F in that region. However, in all practical applications to solutions of
elliptic PDEs (4.11) is easily justified by Caccioppoli’s inequality.

Remark 4.20. It is possible to show the equivalence of previous conditions upon assuming that they hold
in some class of sets. To be more precise, let 2 C R"*! be an open set with ADR boundary and suppose
that we have a collection {Q'}q/cx such that each Q' € X is an open subset of 2, 92" is ADR boundary,
and also that ?Zr,r, o € X for every Q € D(9€') and any pairwise disjoint family of cubes ¥ C Dp. Assume
further that

1

1 2
<r_" f/ |G(Y)|23(Y)dY> §C||H||L°°(B(X,2r)) for all B(X, 2r) C 2. 4.21)
B(X,r)

Then, (A) holds on every " € ¥ if and only if (B);D holds for every ' € T and for all (some) 0 < g < 0o
if and only if (B), holds for every Q" € X and for all (some) 0 < g < oo; with the understanding that all
implicit constants in the statements above are uniform within X. We have several examples of classes X.
Suppose first that @ = R"*! \ E, with E being UR (resp. ADR). In that case ¥ is the class of open
sets Q' C R"™!\ E with 3 being UR (resp. ADR) and the implicit constant in each condition should
depend on the UR (resp. ADR) character of each '. Another interesting example is that when 2 is some
given CAD (resp. 1-sided CAD) and X is the collection of chord-arc subdomains (resp. 1-sided chord-arc
subdomains) Q' C €, in that case the implicit constant in each condition should depend on the CAD
(1-sided CAD) character of each ',
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Lemma 4.22. Let Q C R*t! be an open set with 3Q being ADR and let {Woloenon) be a Whitney-
dyadic structure for Q with some parameters n and K. If (Aioc) holds for G € LIZOC(Q) and H € C(Q2),
then

1
1 7~
1AL Gl 25y < Co(Q0)? (s;p IGleME@y 0,/ ||H||§m(§m0)) INSH| oy (423)

for every Qo € D(0K2) and every Borel set F C Qq, and where the sup is taken over all families ¥ € Do,
which are pairwise disjoint. The constant C depends on n, the ADR character of 02, the choice of n, K, t,
and the constant in Definition 2.7(iii).

Proof. We may assume without lost of generality that o (F) > 0 and also that ||]/\7\*Q°H | Loo(F) < 00.
Subdivide Q¢ € D(0€2) dyadically and stop the first time that Q N F = &. This generates a possibly
empty maximal (hence pairwise disjoint) family ¥ = {Q;}; C Do, \ {Qo}, so that Q; N F = & for every
Q;e¥,and QNF # & forevery Q € Dy g,.

Let us observe that if Q N F # & then necessarily Q € D# ¢,; otherwise O C Q; € ¥ and hence
O N F = &, which is a contradiction. Recall that by construction for every Y € Uy we have §(Y )
£(Q) ~ dist(Y, 8S2¢ 0,) since, as explained above, Qf 0, 1s composed of fattened Whitney regions U 0,
which, in turn, have bounded overlap. Writing §( - ) = dist( -, d€2), all these yield

/ﬂQOG(x)zda(x)</ Z /f G(Y)*s(Y)' ™" dY do (x)

xeQebg,

= Z G(FDQ)// G(Y)’s(Y)! ™" ay
Uo

QGDQO

< Z | G(Y)2dist(Y, 3Qs o,) dY
0eDg g, Yo

< /fA G(Y)?dist(Y, Qs ¢,) dY.
Q7 .0,
Pick then y € 8§¢,Q0 and use (Ajoc) in the sawtooth domain Qg 0, to conclude

f y(Qg(x)2 do(x) < // G(Y)2 dist(Y, aﬁgc,QO)dY
F B(y.2diam(Q#.0))NQr g,

. =~ 2 . =~
S IGlleme@y o) diam(€27,00)" < Coll Hll g, ) diam($27,0,)"

~ _ 2
~ CollGlieme@y o) IIHIILOC@WO)U(QO),
where

2
Co =sup ||G”(:ME(QTYQO)/”H”LOC(QT 00
47__ ’

To conclude we observe that if ¥ e ﬁf’ 0, then'Y € ﬁQ for some Q € D« o,. The latter implies that we
canfindz€ QNF # @. Hence Y € '20(z) and |H(Y)| < N2 H () < ||ﬁ>,90H||Lw(F). As a result,

f ALG(x)? do (x) S CollNZH 3 70 (Q0). O
F
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4.1. Proof of Theorem 4.8: (Ajoe) = (GMP. Fix Q¢ € D =D(3) and for any « > 0, set
Ey={x€ Qo :ﬂQ"G(x) >a}, Fy,={x€Qq: IV*QOH(x) <al.

Note that if £, = @ then (4.10) (with Q = Qo) is trivial and there is nothing to prove. Assume then that
E, # Q.

We momentarily suppose that £, C Qg. Given x € E,, the monotone convergence theorem guarantees
that there exists k, > 0 such that

f/ 1GNP ™" > o?, (4.24)
U

xeQeDg, U
0(Q)=27Hk
where §(-) = dist( -, 0€2).

Let O, € Dy, be the unique cube with O, > x and £(Q,) = 27k« and note that for every y € Q,

reg= J oo |J Uo= U U

y€QeDg, 0:CQeDy, xeQeDg,
0(Q)>27k

This and (4.24) imply that A2°G(y) > «. We have then show that for every x € E, there exists Q, € Do,
such that Q, C E,. We can then take Q7% with O, C Q7'* C Qy, the maximal cube so that Q'** C E,.
Note that O, C Qo since E, C Qp. Write then ¥ = {Q;}; C Dg, \ {Qo} for the collection of maximal
(hence pairwise disjoint) cubes Q" with x € E,. By construction, E, = | 0jeF Q; and for every
Q; € ¥, by maximality, we can find x; € Q i\ Eq, where Q ; is the dyadic parent of Q;. In the latter
scenario, if x € Q;

rox) = U Ug = ( U UQ) u( U UQ> C % x)ur?(x;)

x€Qebg, reQeby; 0;C0CQo

and, consequently,
ALG(x) < AYG(x) + AXG(x) <AYG(x) +a, xe€ Q.
Using this, for every ¢ > 0 we have
E(l+a)a = E(l+8)a N Ea = U E(1+8)a N Qj C U {x S Qj :ﬂQ/'G(x) > 80[}.
Q;ef Q;ef

This holds under the assumption E, C Qg but it clearly extends to the case E, C Qg by setting ¥ = {Qo}.

Hence, invoking Chebyshev’s inequality and Lemma 4.22 in every Q;, we arrive at

0(E(teaNFya) < Y o(fx € 0 : AYG(x) > ea) N Fyq)

< (8;)2 > / A% G(x)} do(x)

1
$% )Z(QpnGHCME(QTQ)/u By o) S0 INL HIR s, 0,0 (0
0.7 Q;eF
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5 Q0.7 i eF
4 2
= (—) (5P IG leme@y g /1H 2, ))a( U Qj)
€ Q0.5 0 Qj€7:

2
o) @ra)
== sup |G 5 H s o(Ey),
(8) Qo,I;‘” ”CME(QT’QO)/” ||LOO(QT'Q0) (Eq)

2
14 3 . ‘
< (;) (Sup ||G||CME(Q¢,Q0)/“H”LMQT'QO)) QZ e

where the sup is taken over all Q¢ € D and over all families F € Do, which are pairwise disjoint. O

4.2. Proof of Theorem 4.8: (Ajoc) = (B);D Jorall ) < g <oo. We start by observing that if G € leoc(Q)
then for every Q' C € one has ||GIQ/”CME<§T'Q) < ||G||CME(§¢,Q) for every Q € D = D(02) and for
every family of pairwise disjoint cubes # € D¢. This means that if (Ajo) holds for G and H then it also
does for Glg and H uniformly in Q'. Therefore, from what we have proved so far, (GA)® holds for
Glg and H uniformly in €.

Fix xg € 0Q2 and given k € N set
Qu ={X € Bx.k)NQ:|GX)| <k,8(X) =k}

and note that for every 0 < g < oo and for every x € 92
AGla) ()" = // IG(Y)P8(Y)' =" dY < k™| B(xg, k)| ~ k20D,
I'(x)NLy

On the other hand, suppose that x € €2 is so that I'(x) N Q # @. Pick Ze I'(x) N Q # &, then Z € I'*
with I € Wy and x € Q € D. Using (2.9) it follows that

lx — xo| < |x — xg| + diam(Q) + dist(I, Q) + diam(I*) + | Z — xo| < £(I) +k
~8(Z)+k <X —z0l +k < 2k.

As a consequence, supp A(Glg,) C B(xp, CK). These, together with the fact that ﬂQ(Glgk)(x) <
A(Glg,)(x) for every x € 012, allow us to conclude that A(Glg,), ﬂQ(Glgk) € LX(0R2) C L1(0%2)
for every Q € D, albeit with bounds that depend on k.

Using the previous observations and invoking (GA)® with G1g, and H (with constant that is indepen-
dent of k) we have for every Q € D

IAC(G )4,

=(1+e)4 /Ooqaqa{x €Q :ﬂQ(Glgk)(x) > (1 +8)a} %x
0

< +s)‘1/ galo{x € Q :A%(Glg)(x) > (1+&)a, N2H(x) < ya} %“
0

o
+(1+8)q/ galof{x e Q:N*QH(x) > yoe}%x
0

14 ¢ o da I+e\! ~
§C<;) (l+g)‘1/ galo{x e Q:?{Q(Glgk)(x)>oz}7+< )/ ) ||N*QH||?J,(Q)
0

0
1+e\? ~
C(é‘) (1 +8)qllﬂQ(G19k)||%q(Q) + (T) ||N*H”(1{q(Q)- (4'25)

[=
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Pick & = 1 and choose y sufficiently small to ensure that Cy?29 < % Using that | A2(G1g,) II%(,( 0) <
we can hide this term on the left-hand side of (4.25) and conclude that

1A (Gl a(g) S INCHI 4 o) (4.26)

with an implicit constant depending on n, the ADR character of 92, the choice of 1, K, 7, the constant in
Definition 2.7(iii), g, and the implicit constant in (GA), but nonetheless independent of k. By the monotone

convergence theorem and the fact that |G(X)| < oo for a.e. X € €2, since G € L%OC(Q), it follows that

ﬂQ(GIQk)(x) 7 ACG(x). Then we can use the monotone convergence theorem to obtain from (4.26)

~

1A%G 740y = Jim IA%G1a)Tug) S INSHIL ().
completing the proof. (]

Remark 4.27. The previous arguments easily yield that for any 0 < ¢ < oo, one has that (G1)® = (Bioc)g
provided | ACG]|| La(@) <00. A very similar argument gives that (GA) = (B), provided || AG | L4 (3) < 00.
Details are left to the interested reader.

4.3. Proof of Theorem 4.8: (GL\)® => (GL). We note that if 92 is bounded, then 3<2 itself is the largest
cube in D = D(9€2), say 32 = Qo; hence (GA) is a particular case of (GM)P. Consider next the case 92
unbounded and for every k € N write

r‘ = J Up. xedq,
xeQeD
(Q)=<2*

and associated with these cones define A* and ﬁf: Given Q € D_g, i.e., £(Q) =27% one easily sees that
' (x) = I'*(x) for every x € Qg. Hence, for every k € N, using (G1)P we obtain

ofx €9Q: A*G(x) > (1 + &)a, NoH(x) < ya}
<o{x €0 : AG(x) > (1 +&)a, N'H(x) < ya}

= Y olxeQ:AGH) > (1 +e)a. NH(x) < ya)
QebD_x

= Z olx e Q:A2G(x) > (1+¢)a, ﬁgH(X)SV‘X}
QeD_x

0 0
4 : AL —( . gk
5(8) Zo{er.ﬂ G(x)>ot}—<8) Za{er.fr’l G(x) > o}

0eD_; QeD_;

0 0
= (%) o{x €dQ: ﬂkG(x) >a) < (g) o{x €edQ: AG(x) > a}. (4.28)

On the other hand, the monotone convergence theorem gives that A*G(x) / AG(x) as k — oo and for
every x € d€2. Hence, another use of the monotone convergence theorem and (4.28) yield

o{x € dR:AG(x) > (1+¢&)a, ﬁ*H(x) <vya} =klim o{xe€d: ﬂkG(x) > (14 ¢)a, ﬁ*H(x) <vya}
—00

<(y/e)of{x € 3Q: AG(x) > a}, 0
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4.4. Proof of Theorem 4.8: (B)Elj’ Jor some 0 < g < 00 => (B),. We note that if 92 is bounded, then
0€ itself is the largest cube in D = D(3€2), say 02 = Qo; hence (B), is a particular case of (Bjoc)q. If
0% is unbounded we use the same argument as in the previous proof:

/ AGx) do(x)= ) /ﬂkG(x)qda(x)— > /ﬂQG(x)qdo(x)

Q€D QeD_
<> / NPH(x)! do(x) = / N¥H (x)? do (x)
Qeb_ QeD_
= | N'Hx)do(x)< | N,H(x)?do(x).
]9} ]9}
From here, we obtain the desired estimate from the monotone convergence theorem and the fact that
AXG(x) S AG(x) for every x € 3R, as k — oo. O

4.5. Proof of Theorem 4.8: (B)?for some ) <q <o00= (A)P. Assume that (Bloc)q forsome 0 < g < o0
holds. We may assume that H € L°°(2). Hence, for every Q € D(3€2),

/ ALG(x) do(x) < CY f NQH(x)‘f do(x) < C‘1||H||LOO(Q) o(Q).
Writing F := G2V CyllH lL>)) ™ I we have by Chebyshev’s
o{xe Q:AYF(x)> 1) 5/ ACF (x)1do(x) < 30 (0).
We then invoke Lemma 3.8 with p =2 and obtain ’

sup ][ ACF(x)*do(x) < 1.
QEDQO

On the other hand, writing 6( - ) = dist( -, d€2), and recalling that the family {Uo'}o'cn(9q) has bounded

overlap, we see that
> o0 )ff FX'ndy
Uy

f/ F25dY ~ Z f/ F28dY~
To Uy

Q'eby 0'eDyg
:/ // F28'7"dY do (x)
QXGQ,GDQ UQ/
m/ // F281_”de0(x)=/ ACLF(x)*do (x), (4.29)
o ro(x) 0
Thus,
1
| Fll cpqpdsad oy = SUP —// F(Y)?8(X)dY <1. O
CME®(Q) 0cDy, o(Q) To

4.6. Proof of Theorem 4.8: (AP and (4.11) = (A). This follows trivially from (2.29):

2
||G||CME(Q) ,S ”GHCMEdyad(Q) + ||G||CO(Q) 5 ”H”LOO(Q)a

which is the desired estimate. O
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4.7. Proof of Theorem 4.8: (Boc)q for some 0 < g < 00 = (A)P. Write D = D(3R) and 8(-) =
dist( -, 0€2). Assume (Bjoc) and fix Qg € . We may suppose that H € L*>°(2); otherwise there is nothing
to prove. Recall that fQo = ﬁg’Qo; hence (Bjo.) implies that A < N on L4(8Tg,). Thus, Remark 4.4
yields for every k > 0

-~ 9 @ < ~ a
I|ﬂTQO’KG||Lq(3TQO) ~ ”N*vTQO,KH“Lq(aTQo)

< IH %oy H"@T0) < | H |40 diam (3 Tg,)"

SIH I w00 (Q0)" & [ H 40 )0 (Q0)", (4.30)

where we have used that 9T, is upper ADR (see Remark A.2), (2.14), and that 92 is ADR.

Letx € Qg and Y € I'?(x). Then Y € I* with I € Wy with x € Q € Dg,. Recalling that I* = I*(t)
and that ?Qo is defined using fattened Whitney cubes of the form J*(27) we clearly see that Y € T, C ?Qo
with 8(Y) ~ dist(Y, 8Ty, ). Consequently,

|Y — x| < diam(7) 4 dist(/, Q) +diam(Q) < £(I) ~ 8(Y) ~ dist(Y, 3Tp,).

Then we can find « depending on n, the ADR constants of d€2, , K, and the constant in Definition 2.7(iii)
such that Y € FfQo’ (x). Since Qp C BTQO (see [Hofmann and Martell 2014, Proposition 6.1]), we then
obtain

ALG(x) = (// |G(Y)|28(Y)1_”dY)2 A <// |G(Y)|* dist(Y, 8TQ0)1_"dY>2
<o (x) I‘QIO(x)

(I,

2
|G(Y)|* dist(Y, aTQO)l_”dY) = Az, G
TQ K ) 0
0
This and (4.30) imply

(x

0 AXG(x)! do (x) S][Q ﬂfQO’KG(x)q do(x) < C||H||%OO(Q).
0 0

Writing F = G(C| H|| Loo(gz))*l, for N large enough, we obtain from Chebyshev’s inequality

ofx€ Qu: ALF(x) >N} <N | AXF(x)!do(x) < 30(Q).
Qo
Since Qg € D is arbitrary we can apply Lemma 3.8 with p = 2 and obtain

sup ][ﬂQF(x)Zda(x)gl.
QGIDQ() Q
This and (4.29) give

1
I F ll vy = Sup / / F(Y)*8(X)dY <1,
QEDQO o Q) TQ

which is the desired estimate. |

5. Transference of N < S estimates: from Lipschitz to chord-arc domains

Before starting, we introduce some notation. Let D C R"*! be a bounded CAD. Given Q € D(dD) or
A=A(x,r),withx € 3D and 0 < r < diam(d D), we will write X JQF and X Z to denote respectively some
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interior corkscrew points relative to Q (that is, relative to A g, see (2.2)) and A. When 9 D is bounded, we
write X g to denote a corkscrew point relative to a surface ball A(x, 3 diam(dD)/2) =9 D for some x €9 D.

Also, recall the dyadic Hardy-Littlewood maximal function from Definition 2.4. In addition, we will
be using its continuous analogue. Let E C R"*! be an n-dimensional ADR set. By M = M we denote

the continuous (noncentered) Hardy-Littlewood maximal function on E, that is, for f € Llloc(E )

Mf(x) = Sup][ Lflda(y),
AsxJ A
where the sup is taken over all A, surface balls on E containing x. For 0 < p < oo, we also write
M,f = M(|f|1’)1/1’. It is clear from (2.2) that M'Df(x) < Mf(x) for every x € E. The converse might
fail pointwise, but both maximal functions are bounded in L?(E), p > 1.
We are now ready to state the main result of this section:

Theorem 5.1. Let D C R"*! be a CAD. Let u W1’2(D) N C (D) and assume that there exists Co > 0

loc

such that for any c € R and for any cube I with 21 C D

sup [u(X) —c| < co(z(l)—"—lf |u —c|2dX>2. (5.2)
21

Xel

Suppose that the N < S estimates are valid on L? on all bounded Lipschitz subdomains Q C D, that is,
for any bounded Lipschitz subdomain 2 C D there holds

INo@—u(X) 200 < CalSaullr2pq)- (5.3)

Here XS"-; is any interior corkscrew point of Q2 at the scale of diam(S2), and the constant Cq in (5.3)
depends on the Lipschitz character of 2, the dimension n, the implicit choice of k (the aperture of the
cones in Ny q and Sg), and the implicit corkscrew constant for the point X g

Given n < 1 and K > 1, consider {Wp}oecn@p) a Whitney-dyadic structure for D with parameters n
and K; see Section 2.4. Then there exist 0 < cy < 1 and C > 0, depending on n, the CAD character of D,
the choice of n, K, t, such that for every ¢ > 0, for every 0 <y < coe/Co, for all @ > 0, and for all
Q0 eD(D)

olre Q: NOw—u(Xp)() > (1+ o), MG, ,S)(x) < ya)
<C.o{xeQ: N2 —u(X)))x)>a}, (54)

where C;’S =(1—-60+C(y/e)?) and 6 € (0, 1) is from Corollary 3.21 (hence depends on n and the CAD
character of D). Therefore

IN2(u— u(XJQF))IILq(Q) < 'S Loy forallq>2, (5.5)

where C' depends on n, the CAD character of D, Cy, the choice of n, K, t, and q.
As a consequence, for any x € 3D and 0 < r < 2diam(d D) there exists K' depending on n, the CAD
character of D such that for every k > 0

N b — M(XZ(XJ))”L‘I(A()CJ)) <C"|ISS tullaace.kry forallg > 2, (5.6)
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where A(x,r) = B(x, r) N 932, and where C" depends on q, n, the CAD character of D, Cy, and k. In
particular, if 3D is bounded

INw D —u(X ) Laop) < C"ISpcttlliLapy forall g >2 (5.7)
and if D is unbounded and u(X) — 0 as | X| — oo then
N pcttllLaopy < C'SpcullLa@opy forall g > 2. (5.8)

We remark that contrary to the previous sections, we do not consider general AG and N, H anymore.
This is a necessity, as the argument of the area integral has to be the gradient of the argument of the
nontangential maximal function. The assumption (5.2) is a standard interior regularity estimate for
solutions of elliptic equations (also known as Moser’s local boundedness estimate). In principle, we need
a somewhat different version. Recall that l7Q is a fattened version of the Whitney region Ugy. We have

|u<YQ)—c|sco(e<Q>—"—1 f /ﬁ |u—c|2dX>2, (5.9)
o

where Y is any point lying in Up, so that there is a ball centered at Yy, of radius proportional to £(Q),
which lies inside ﬁQ. We note that if we assumed (5.2) or (5.9) without enlarging the integrals on the
respective right-hand sides, we could obtain a version of (5.4)—(5.5) without enlarging the “aperture of
cones” on the right-hand side (that is, with S in place of §Q). But that is minor and (5.2) looks a bit
more familiar and more in line with (6.2) below.

Proof. To start, write D = D(dD) and §(-) = dist(-,9D). Fix n < 1 and K > 1 and consider
{Wo}oenp) a Whitney-dyadic structure for D with parameters n and K from Section 2.4. We claim that
forevery Q € D

sup [u(X) —u(Y)| < CCy inf S%u(z) < CCOJ[ S%u do, (5.10)
X,YeUy z€Q 0

where C depends on n, n, K, 7, and the CAD character of D, and Cy is the constant in (5.2). To see this
observe that for every Q € D and X € Uy we have that X € I*(t) for some I € Wy. Let Ix C D be the
cube centered at X with side length 7€(/) so that 2Ix C I*(21) C ﬁQ. Note that £(Ix) =~ £(I) ~ £(Q).
Then, (5.2) yields, for every ¢ € R,

|u(X)—c|§Co<Z(Ix)”1// |u—c|2dX)2§Co<£(Q)”1//A |u—c|2dX>2. (5.11)
2Ix Ugp

With this at hand, let Q € D and X, Y € Up and z € Q. Setting

1
== dZ,
co |UQ|//an
lu(X) —u(Y)| < [u(X) —col| +u(¥Y) —col < co(aQ)—"—‘ /fA |u —cQ|2dZ)
Ug

1 1
2 2 -
5C0<E(Q)_"+1 /fA |Vu|2dX> wco(//A |Vu|251—"dx) < CoS%u(2),
Uo Uo

we obtain
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where the second inequality follows from (5.11), the third from Poincaré’s inequality in the context of
Whitney regions (see the argument in [Hofmann et al. 2017a, Proof of Lemma 3.1]), and the last from the
fact that 6(-) ~ £(Q) in ﬁQ. This proves our claim.

Let us fix Qg € D and write v :=u — u(X JQFO), with X 50 beginning the corkscrew relative to Qg, that
is, relative to the surface ball Ag, (see (2.2) and (2.3)). For every a > 0 we set

Eq:={x € Qo: N2v(x) > a}, Fy:={xeQo:Mp ,(SPv)(x) <al,

where M 8,2 was defined in Definition 2.4. Our goal is to obtain for every «, y, & > 0 with 0 <y < ¢/Cy
there holds

0 (Ete)a N Fya) < C) 0 (Eq), (5.12)

*
V,€

o, ¥, € > 0. We may assume that £, # J; otherwise (5.4) is trivial.

Let x € Ey; then there exist Q, € Dy, with x € Q, and Y € Uy, such that |[v(Y)| > o. Note that
Up, C ' (y) for every y € Q,; hence Nfov(y) >|v(Y)|>a and Q, C E,. We can then take Q7*, with
Q. C OP™ C Qy, the maximal cube so that Q" C E,. Write then ¥ = {Q;}; C Dy, for the collection
of maximal (hence pairwise disjoint) cubes Q7'** with x € E,. By construction, E, = UQJ, e 9Qj-

Given Q € ¥, invoke Corollary 3.21 and take a bounded Lipschitz domain 2y C D satisfying properties
(1)—(iii) in the statement. In particular, we set Fg := 9dQp N Q C Q such that o (Fp) > 0o (Q). Our goal
is to show that

and we will me more specific about the constant C} , momentarily. With this goal in mind we fix

2
0 (E(14e)a N Fya N FQ) SC(§> Cq,0(0Q), (5.13)

where Cgq,, is the constant from (5.3); hence it depends on the Lipschitz character of €2, which in turn
depends only on the CAD character of D, and C depends as well on the CAD character of D. Assuming
this momentarily, we obtain (5.4):

0(E(+e)a N Fyo) =0 (Eq1e)a N Eq N Fyo) = Z 0(E+e)a NELN Q)
QeF
<) (0(Q\ Fp) +0(E(14ea N Ea N Fp))
QeF

2
4 } : *
= <1 -0+ C(;) sup CQQ) O-(Q) = Cy,ao—(Ea)»

QeD QeF

where €}, = (1 -6 + C(y/e)? supgep Ca,)- Note that supyp Co, < 0o and ultimately depends on
the CAD character of D, since all the Lipschitz characters of the ¢ are uniformly bounded depending
on the CAD character of D (see Corollary 3.21) and our assumption states that Cq, depends on the
Lipschitz character of €2, the dimension n, and the choice of « (the aperture of the cones).

Let us then obtain (5.13). We may assume that the left-hand side is nonzero; hence we can pick
20 € E(46)a N Fyq N Fg. Let Yo be from Corollary 3.21(ii) whose existence is guaranteed by part (i)
and note that Yy € Up.
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We need to consider two separate cases. First assume that O C Qp. By the maximality of Q € 7,
we can find x € O\ E,, where Q is the dyadic parent of Q. That is, N*Qov(i) < « and, in particular,
[v(X)] < a forevery X € Us since U C I'20(%). Note then that if x € Q, then

N*Q°v(x) = sup [|v(Y)|= max{ sup |v(Y)|, max |v(Y)|}
YelQ(x) Yel'?(x) YeUp,0CQCQo
<max{N2v(x), N2v (%)} < max{N2v(x), a}. (5.14)

Since |v(X )| <aforevery X e U o we have that |v(X +)| < o, where X JQE is the interior corkscrew point
relative to Q (with respect to D which is a CAD). Then, recalhng that the construction of ‘W, guarantees
that xg € Up, and that Yo € Up, we have, by (5.10),

V(X5 —v(Yo)l = lu(X5) —u(Yo)| < CCOJ[ S%udo < cc()][ $%yu do
0 0
= cc0][ §%vdo < My, ,(S%v)(zg) < CCoye, (5.15)
0

where we have used that zp € Q N F),,. As a consequence,
lv(Yo)l = [v(Yg) — v(X_é)l + IU(XE)I =(1+CCy)a=1+¢/2), (5.16)

where C depends on the CAD character of D, and provided y < (2C Co)~'e =: 2cpe. As a result, using
(5.14), for every x € E(14¢)q We arrive at

(14+¢&)a < N2v(x) = N2v(x) < N2(v —v(Yp)(x) + [v(Yp)| < N2(v —v(Yp)(x) + (1 +&/2)a,
and, consequently,
EqteeNFyeNFo Clx € FyyNFgo: N2 —v(Yp))(x) > ea/2}, (5.17)

where we recall that we are currently considering the case £, C Q.
In the second case Q = Qo; hence ¥ = {Q} and E, = Q. Since Yy, XJéO € Ug, we can invoke (5.10)
to obtain
W(Yp)| = u(Yo) —u(Xg,) | < CCOJ[ S%ydo = CCo][ S92y do
Qo Qo
< Mg, 2(S%v)(z0) < CCoya < (1+CCop)a < (1 +¢/2)a, (5.18)

where C depends on the CAD character of D, and provided y < (2CCy)~'e =: 2cpe. Consequently, for
every x € E(14¢), We arrive at

(I+e)a < N2v(x) < N2 @ —v(Yp)(x) + [v(Yo)| < N2 —v(Y))(x) + (1 +&/2)a.

Thus, N2 (v —v(Y))(x) = N2° (v — v(Y))(x) > ear/2 and (5.17) holds also in this case.

We can now merge the two cases. Pick x € F,, N Fp = 929 N Q such that N*Q(v —v(¥Yp))(x) >
ea/2. Then, there exist Q' € Dy with Q" 5 x and Y € Uy such that [v(Y) — v(Yp)| > ea/2. Thus,
yo :=x € Q'NdQy = FpN Q" and applying once again condition (ii) of Corollary 3.21 we can find the
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corresponding Yy € Uy so that
1Yo — yorl < £(Q") < Cdist(Ygr, 8Q¢) := (1 +«) dist(Yy, 0Q20),

where C > 2 is the constant from Corollary 3.21. This means that Yo € I'q, (yg) = g, (x) (see (1.14)).
On the other hand, since Y, Yo € Ugp' and x € F,, N Q’, one can see that (5.10) yields

lw(Y) —v(Yo)| = [u(Y) —u(Yo)| < CCo][ S%udo < CC()][ S%yudo
Q/

- CCOJ[ §%9vdo < CCoMY, ,(S%v)(x) < CCoya < s /4, (5.19)
provided y < cpe = (4CCy)~'e. Hence,
ea/2 < [v(Y) —v(Yo)| < [v(Y) —v(Yo)|+[v(Yp) —v(Y)| < sa/4+[v(Yy) —v(Yp)|
and
Nioo(v—v(Yg))(x) = sup [v(Y)—v(¥p)| = [v(¥Yg)—v(Yo)| = ca/4.
ZeTp(x)
All these yield
EqteaNFyeNFg C {x e 8QQ : N*’QQ(U — U(YQ))(X) > sa/4}.
Use Chebyshev’s inequality and the assumption (5.3) we write

0(E(4ea NFyeNFp) <o{x €0Qgp: N*’QQ (v—=v(¥Yp))(x) > ea/4}

4\2
s(—) f Nig,(v —v(Yo)(x)* dH" (x)
exa 30

16
SCop—s / (Seov(x)?dH"(x), (5.20)
(Sa) 1979)
where Cq, depends on n and the CAD of D, and so do all the implicit constants. Note that
/ (Saov(x) 2 dH" (x) = / ff |Vu(Y)|* dist(Y, 8R20)' ™ dY d H" (x)
30 3Qg J J|Y —x|=(1+«) dist(Y,890)
< // |Vu(Y)>dist(Y, 820) ™" H" (B(Y, 2+ k) dist(Y, 8R20)) N 3Q20) dY
Qg

5// |Vu(Y)[* dist(Y, 8Q29) dY
o

5// |Vv(Y)|2(S(Y)dY, (5.21)
To

where we have used that 92y is ADR with constant depending on the CAD character of Q¢; hence
ultimately on the CAD character of D, and the last inequality follows from the fact that 2o C DNBg C Tg
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(see (iii) in Corollary 3.21 and (2.15)) and, in particular, dist(Y, 0S2¢) < dist(¥, dD) = §(Y) for every
Y € Q. Note that (4.29) with G = |Vv| implies

// |Vv|26dY%/// V|28 ™" dY do (x)
To 0JJrew

= /Q S22 do < MY 5(82v)(z20)%0 (Q) < (ya)?o(Q), (5.22)
where we have used that zp € F,. Thus, (5.20), (5.21), and (5.22) imply

0 (Ei+era N Fya N Fo) S Cao(v/6)°0 (Q),
which is (5.13).

To continue the proof, having at hand (5.4), an argument analogous to (4.25) yields (5.5). To be
specific, we show that taking & > 0 small enough depending on n and the CAD character of D and then
taking y > 0 small enough depending on the same parameters and ¢, the estimate (5.4) yields (5.5). It is
here that we use a possibility to pick & > 0 sufficiently small. Indeed, fix any ¢ > 2, Qo € D and write
v:=u—u(Xgp,). Then, much as in (4.25), for every N > 1

N
Iy := / galo{x € Qp: N2v(x) > o} %x
0

do

N/(1+€) 0
:(1+8)qfo galof{x € Qp: Nv(x) > (1—|—8)O{}7

N D~ do
< +e)4/ qalo{x € Qo: N2v(x) > (1 + &), My ,(§%v)(x) < yoz}7
0

1+e)? ~
+( v )||MBO,2<SQOU>||‘£q<QO)

N
d (1+¢e)4 -
<c; . +e)4/ gaio{x € Qp: N2 (x) > o} 7"‘ + v 1M3, 2(SPW) %400
0
2
14 (1+¢)4 ~
=(1 -0+ C(—) sup CQQ) (1+¢)Iy + IMQ, 2 (S22 00 (5.23)
€/ QeD v

At this point we first choose ¢ > 0 small enough so that (1 —0)(1 +¢)? < le’ and once ¢ is fixed we take
0 <y < coe/Co small enough so that C(y /e)? supgep Ca,(1+6)7 < %. With these choices and using
that Iy < N%0(Qq) < oo, we can hide this term with Iyon the left-hand side of (5.23) to obtain

Iy <2(1+8)7 [y Mg, ,(S20)|1,0,)-

Noting that Iy ||N§°v||iq(Q0) as N — oo, and using that MB(LZ is bounded on L7(Qy) since g > 2,
we obtain as desired (5.5).

We next see how to obtain (5.6) using the ideas in Remark 4.4. Proceeding as there, once we have
fixed {Wp}oenp) a Whitney-dyadic structure for D with some parameters 1 and K. Given x € 3D and

0 <r <2diam(dD), write A = A(x, r) and B = B(x, r) and consider the case r < diam(d D). Then
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I'(y) C2B forevery y e A,if z ¢ 6A then I'q 1(z) N2B =&, and I'q 1 (y) C I'(y) for every y € 9 D.
All these and with Remark 2.38 imply

IN; b= u(X ) zaca) < INw,puc (= u(X ) 128) | Laop)
SAINe 1 (@ —u(X N 128) | Laop) < IN (@ —u(X ) 128) lIL96a)-

We introduce D4 asin (4.6). Let Q € D and note thata(xg) ~L(Q)~r~§(X}) andalso |XJQF—XX| <r.
Hence we can use the Harnack chain condition to find a collection of cubes Iy, ..., Iy with N <1 so that
Xg € ly, X\ €ly, dist(4I;,dD) ~ £(I;) ~r~£(Q) for | < j < N, and there exists X; € [N 1| # 2
foreach1 < j <N —1. Write Xo = Xp+, Xy = XJAF, and note that forevery 1 < j < N

j—1 j—1
dist(l}, Q) <|X;—x| < [X; =X +X5 =20l S [Xe— X1 [+0(Q) < Y diam(L1)+E(Q) ~£(Q).
k=0 k=0

Thus, there exist " and K’ depending on n, the CAD character of D, and fixed parameters n and K such
that if {(Wé}Qe[D(a p) is a Whitney-dyadic structure for D with parameters 7" and K’, and if I € ‘W with
IN2I; # @, then I € (‘Wé)0 C W,,. Consequently, 21 C Uy, (the Whitney region corresponding to QO
with the Whitney-dyadic structure {(Wé}QED(a p)). All these and (5.2) yield

N—1
u(X5) —u(X )| = [u(Xo) —u(Xy)| < Z lu(X;) —u(X 10l

j=0
N—-1

=2
j=0

u(Xj)—e(21j+1)"1// uarY‘Jr
241
< sup sup u(X)—E(ZIj)_”_1 f/ udY‘
I<j<N Xel; 21;
< Cy sup <e(21j)—"—1// u—€(21j)_"_1// u
lfij 21j ZIJ'
1
2
< Co sup e(lj)<e(21j)—”—‘ // |Vu|2dy)
I<j<N 21;
1
2
~Cy sup (// |Vu|281_"dY>
1<j<N 21;

1
2
<Cp sup < / / | |W|261—"dY> < Co inf AV (),
[¢)

I<j<N

u(XjH)—z(szH)“// udY‘
241

N
dY)

where A€ is the local area integral to the cones I'/( - ) made up with the Whitney regions U ’Q,.
On the other hand for each Q € DA we have much as before that

T'(y)N2B cT9(y) cT2(y) C B(xg, K&(Q)ND C K'BND
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for every y € Q € Da. Taking K’ even larger we also have that T"¢(y) ¢ D C K'B N D for every
y € Q € Da. Thus all the previous considerations, (5.5) for ¢ > 2, and Remark 2.38 give

INS b= uXED G0 p) S D IN(@ = uX ) 128) 140 g

0eDp

< Y (INZ(—uX ) 12p) 1) + (X ) —u(X D70 (Q))
Q€D

< D (I52uldy ) + Co inf AC(Vu)(y)70(Q))
0cDa yeQ

< ||ﬁ(|Vu|lk/B)||iq(aD) + C0||ﬂ/(|Vu|1k’B)||%q(aD)
< (14 Co) A D mingr} IVl L ) T4 5

S A+ CoIAR (VI

=+ CO)“S3DI,(K,ru”L£‘1(3K,A)’

where we have used that ' 1(z) N K'B # @ then z € 3K’A. This proves (5.6).

To complete the proof we observe that if 9D is bounded then for any x € d D we have that 9D =
A(x,3diam(oD)/2). Thus (5.7) readily follows from (5.6). On the other hand, to obtain for (5.8)
fix xo =€ dD and write Ar = A(xg, R). Given ¢ > 0, there exist R, such that |u(X)| < ¢ for every
|X — xo| > R, with X € D. By the corkscrew condition B(XZR, R/C) C B(xg, R) for some C > 1 and
then X} —xol = R/C.

Fix y e 0D and let R > 2 max{CR,, |y —xo|} so that B(xg, R;) C B(y, R) and |XJAFR —x0|>R/C > R,.
Hence, |u(XXR)| <e¢g, |u(Z)| < e forevery D\ B(y, R), and

Newtt () = NR = u(XE )0 ag )] = [Nt (v) = No g (@t = u(XE ) a0y ) ()]
< N — = u(XE ) o)D)
< INie Ul p\By, R+ (X ) < 2e.
This shows that for every y € 0D
Aim NS = u (X)) ag () = N ().

Thus Fatou’s lemma and (5.6) imply for every g > 2
f Ny u(y)? do(y) <lim inf/ NE @ —u(XL ) () do(y)
oD R—o00 AR ’

§C”liminf/ SKRu(y)? do (y) §C”/ Su(y)? do(y). O
K’'Ag oD

R—o0
Our next goal is to extend the previous result so that we have the N < § estimates in all L9. We
need to introduce some notation. Recall that if D is a CAD, we have constructed a Whitney-dyadic
structures {Wp}oen@p) for D with parameters n and K; see Section 2.4. In the following result we
will need to work with two different Whitney-dyadic structures associated with different parameters and
we need to introduce some notation to distinguish between the associated objects. More specifically, let
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e D) (resp. D@D € a 1tney-dyadic structure for with parameters n < 1 an
{Woloenop) ( {Wjloenop)) be a Whitney-dyadi for D with 1 and
K > 1 (resp. n’ < 1 and K’ > 1). Associated with {Wp}pep@p (resp. {(Wé}QeID(aD)) we define the
Whitney regions Uy, the dyadic cones I' and the local dyadic cones I'? (resp. U/, T’, T"9) as in (2.10),
(2.23), or (2.24). With this we define N,, N2, S, S (resp. N., N;¢, 8, §"9) as in Definition 2.33.

Theorem 5.24. Let D C R"*! be a CAD. Let u € W,22(D) N C(D) be so that (5.2) holds and assume
that there exists C|, > 0 and p > 2 such that for any cube I with 21 C D,

(azr”*//wwp dx)” 506(@(1)‘”‘1/ |Vu|2a’X)2. (5.25)
1 21

Suppose that the N < S estimates are valid on L? on all bounded chord-arc subdomains 2 C D, that is,
for any bounded chord-arc subdomain Q2 C D, there holds

[ Nio( —u(X5)Lroe) < CallSaullLr@e)- (5.26)

Here X ;g is any interior corkscrew point of Q2 at the scale of diam(S2), and the constant Cq, depends on
the CAD character of 2, the dimension n, p, the implicit choice of k (the aperture of the cones in Ny q
and Sq), and the implicit corkscrew constant for the point X ng

Given n < 1 and K > 1, consider {Wy}oecnop) a Whitney-dyadic structure for D with parameters n
and K ; see Section 2.4. Then, there exist n' < n and K' >> K (depending on n, the CAD character of D,
and the choice of n, K, ) so that if {’Wé}QeD(ap) is a Whitney-dyadic structure for D with parameters 1
and K, for every Q € D(0D),

INZ(u —u(X ) Laco) < C'1S" CullLacg) forall 0 < g < o0, (5.27)

where C' depends on n, the CAD character of D, Cy, C(’), q, and the choice of n, K, t. Here N*Q is the
nontangential maximal function associated with the Whitney-dyadic structure {Wy}n(p), while S’ Qs
the square function with the associated with the Whitney-dyadic structure {(Wé}[]j)(a D).

As a consequence, for any x € 3D and 0 < r < 2diam(d D) there exists K' depending on n, the CAD

character of D such that for every k > 0
N p. (e — M(XZ(XJ))”L‘I(A(x,r)) <C"|ISS ullLaace.kry forall0 < g < oo, (5.28)

where A(x,r) = B(x, r) N3, and where C" depends on q, n, the CAD character of D, Cy, C(/), and k.
In particular, if 0 D is bounded then

I Ne, D —u(X ) La@py < C"ISpctllLaopy  forall 0 < g < oo, (5.29)
and if 9D is unbounded and u(X) — 0 as | X| — oo then
Ny, pcttllzaopy < C"ISpucullLa@py forall0 <q < oo. (5.30)

We note that (5.25) can be relaxed so that it suffices to assume that it holds for I =2J with J € W(D).
We also note that the same proof allows us to work with 1-sided CAD. That is, if D is a 1-sided CAD
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and (5.26) holds for all bounded 1-sided chord-arc subdomains then (5.27) and (5.29) hold for D. Further
details are left to the interested reader.

Proof. For starters we fix n < 1 and K > 1 and let {Wyp}pep be Whitney-dyadic structure for D
with parameters n and K. Let n’ <« n be small enough and K’ > K large enough to be chosen and
let {‘Vl/é}Qe p be Whitney-dyadic structure for D with parameters 1’ and K'. Taking into account (2.9)
it )H'/* < 7 'p'/? and (K)'/? = CK'/?, then Wy C (W))? C W), for every Q € D = D(D).
Consequently, T9(x) C I'y(x) and S%u(x) < §"Qv(x) for every x € 9D, Q € D, and v € W,;7(D).

Much as in the proof of Theorem 5.1, matters can be reduced to showing that for every «, y, & > 0
with 0 < y <« ¢/Cy and for any given Qg € D

ofx € Qo N2 —u(Xp))(x) > (1 +e)a, S"%u(x) < ya)
<C5.o{xeQo:N2u— u(X5 @) >al, (531)

and we will me more specific about the constant C; . momentarily.
Let us fix Qg € D and write v :=u — u(X Jéo), with X Jéo begin the corkscrew relative to Qy, that is,
relative to the surface ball Ag, (see (2.2) and (2.3)). For every o > 0 we set

E,:={xe Qo:N2(x)>a}), Fy:={xeQo:5%v(x)<a).

Our goal is to obtain
U(E(l+£)a N Fya) =< C;go-(Ea), (5.32)

where C;,s = C():/S)P(l + C(’)) SUPpep.F CQ?,Q, where the sup runs over all @ € D and all pairwise
disjoint families F C Dp \ {Q}. Note that sup,p, & Ce Fo <00 and ultimately depends on the CAD
character of D, since all the sawtooth subdomains 97 p are CAD with uniform constants (see Lemma 2.55)
and our assumption states that Cq- 0 depends on the CAD character of £25 .

With this goal in mind we fix «, y, € > 0. We may assume that E, # @; otherwise (5.31) is trivial. As
in the proof of Theorem 5.1we can find ¥ = {Q;}; C Dg,, a family of maximal (hence pairwise disjoint)
cubes with respect to the property Q C E,, so that E, = J 0;eF Q;. We then fix Q € ¥ and we just
need to see that

0 (E(14e)a N Fya N Q) < C} .0(Q), (5.33)

assuming that y < coe with a suitably small ¢y depending on n, the CAD character of D. We may assume
that o (E(14¢)e N fya N Q) >0 and pick zg € E(14¢)a N I?W N Q. We follow the same argument of the
proof of Theorem 5.1taking into account that the set F,,, needs to be replaced by Fya. Here we do not
invoke Corollary 3.21 and we formally take Fp = Q. Also we take Yo = X JQF, the corkscrew relative
to Q. We replace (5.15) by

V(X5 —v(¥o)l = u(X )~ u(Yo)| < CCo inf §%u(z) < §%v(zg) = 5 Pu(z0) < CCoye.

where we have used (5.10) and the fact that zp € O N ﬁya. Thus, assuming that y < (2CCo)~ e =: 2cqe,
one arrives at (5.17) with ﬁya in place of F),, and Fp = Q in the case E, C Q. On the other hand, the
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same estimate holds in the case Q = Q since Yy = X P hence (5.18) becomes trivial. Thus we
have obtained that in either case

E(146)a N EW NQ Clxe Eya NFp: N*Q(v —v(¥Yp))(x) > ea/2} =: Eg. (5.34)

Let E/ be an arbitrary closed subset of Ey with O’(E )>0.Letx € O\ E . Since E is closed there
exists r, > 0 such that B(x, r,) N E = . Pick any Qx e D with Q, > x and 2(05) << min{£(Q), r:}.
Then, x € 0, N Q and necessarily Qx C Q. Also O, C B(x, ry)since x € Q, and diam(Q,) X £(Q,) KL ry.
Allin one, 0, C Q\ Ej, ', and there exists a maximal cube QT € Dy so that Qmdx C 0\ E/ Note
that Q1 C Q; 0therw1se E’ 0=29 which contradicts the fact that o (E (e N Fya N Q) > 0 Let 7:
be the family of maximal (hence pairwise disjoint) cubes Q'** with x € E, ' . Note that F C Do\ {0}
and Q \ E/Q :AUQ/E% Q/.

Let 2, = Q%,Q- Let us write 8,(-) = dist(-, 2,) and o, = H"|yq,. We start with Chebyshev’s
inequality and the fact that E{, C Eg

2 p
G(E’Q) < (—) / N*Q(v —v(Yp))(x)? do (x), (5.35)
e E/Q

and now change the cones from those used in N*Q (dyadic, with respect to D) to the traditional ones
(1.14) with respect to 2,. More precisely, let x € E’Q =0\ UQ/E(; Q' C 32, N ID (see [Hofmann and
Martell 2014, Proposition 6.1]) and ¥ € T'(x). Then Y € I*(t) with I € Wy with x € Q' € Dy and

|Y — x| < diam(I) +dist(, Q) + diam(Q") < €(1).

Note that Q" € Dz, o> otherwise Q C Q" € F and hence x € U 0reF Q"'=0\ E/ As a consequence,
int(/*(21)) Cint(Ugr 2¢) = 1nt(UQ/) C Q, and 8,(Y) = £(I). All this shows that |Y — x| <68,(Y) and
this means for some choice of « (depending on the CAD character, and n and K), ¥ € I'q_,(x) (see
(1.14)). Thus, with the notation in (1.16),

NEw—v(¥o)(x)= sup |v(¥)—v(¥p) < sup [v(¥)—v(¥Yp)l=:Nyq.(v—v(¥)(x).
Yel'Q(x) Yelg, «(x)
and (5.35) leads to

2 p
o(Ep) < <—) Nig,x(v—v(Y0))(x)? doy(x)
ex E/Q

p
< <i> Ny, «(v—v(Y))(x)’ do.(x)
02,

EN
< ! / Nogro (U — 0(¥0)) (x)? doa (), (5.36)
(ea)? Jaq,

where the last estimate follows from a change of aperture in the cones (see Remark 2.38). We remark
that Yo = X £, which is a corkscrew point for Q with respect to D. By construction, if we take I € W
so that X JQF € I then I € ‘Wy. Hence, much as before

8(Yo) ® L(Q) = (1) S 8.(Yo) <8(Yp).
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Hence Y is an interior corkscrew of €2, at the scale diam(£2,) ~ £(Q) (see (2.14)). Note v(-) —v(Yp) =
u(-) —u(Yp) and Vv = Vu in D. This and the fact that €2, is a CAD (see Lemma 2.55) allow us to
invoke (5.26), which together with (5.36), yields

1

(ea)?

1
<Cqg —— S P do,
=Cq, (ca)? /m Qi V(x)" doy(x)

o(Ep) S N, 00 (V=0(Y)) (x)” do(x)
Q

<
~Y Q*
(ea)?

1
:CQ* / SQ* 1v(x)pdo*(x)+CQ*
(ea)? Jg, 7

/ Sa, 1v(x)Pdo,(x)
092,

/ Sa.,.1v(x)Pdoy(x) =: Cq, (I+1D), (5.37)
(ea)? Jaq,np
where the third estimate follows from a change of aperture in the cones (see Remark 2.38)) and the first
equality from [Hofmann and Martell 2014, Propositions 6.1 and 6.3].

To estimate the previous terms we first need to introduce some notation. Given x € 9€2, and for some
parameter N > 1 (depending on the CAD character of D) to be chosen later we write

Tg 1 =To 1N{Y €:8(Y)<€Q)}, T§ ;=Tq.1\Tg |

To proceed let us observe that if Q' € D¢ o, then one can find yor € Q'NE,; otherwise, Q'NE ’Q = and
by construction there exists Q" € F with Q' c 0", contradlctlng the fact that Q" € Dg

Given x € 0Q2,, let Y € Fé 1 (x) C Q= 97: 0 Then Y € UQ/ for some Q' € D& ,. In particular,
Y eT2(yp) C FQO(yQ ). Also, £(Q) < 8(Y) ~ £(Q’) < £(Q). This means that

[ oz 3 [ o 3 o
FQ a0 r

Q/ D(F QO(yQ’ Q/GID(F’Q
Z(Q)~13(Q) L(Q"H~e(Q)
< > 8Pu(yg)? < (ye)#{Q e Do £(Q) ~ L)} S (ya). (5.38)
Q/GID(;-‘Q
2L(Q"H~e(Q)

We next turn to estimate I. Let x € E ’Q C 02, N 3D (see [Hofmann and Martell 2014, Proposition 6.1]).
Note first that if Y € I'q 1(x), then 6(Y) < |Y — x| <24,(Y) and thus (5.38) gives

§Q*,1v(x)2=// |Vv|281‘”dY§/f |Vv|28‘_"dY+f/ IVol2s' " dy
P10 Coy.1 () M)

< // V28! dY + (ya)?. (5.39)
Ty, ()

Given Y € Fslm(x) C Q, C D, onehas Y € Iy for some Iy € ‘W. Pick then Qy > x with £(Iy) =£(Qy)
and note that by (2.5), and since K is large enough,

dist(Qy, Iy) < |x — Y| <2dist(Y, 9R,) < 28(Y) < 82diam(ly) = 82/nl(Qy) < K%E(Qy).
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This means that Iy € ’WBY C Wy, . Additionally,
(Qy) =4L(Iy) = dist(I, D) <8(Y) = £(Q)/N = £(Q);
this together with the fact that x € Qy N Q gives that Qy € Dg. Hence, Y € Iy CUp, C réx) c ' (x)

and eventually

/f [Vo28' " dy < §%u(x)? < §" Qv (x)? < (ya)?, (5.40)
Fl

Q*,l(x)

since x € E, C Eg. This and (5.39) imply that

p p
1< (V—“) o (Ep) < (Z) (Q). (5.41)
ex &

Turning to II, we start with the following:

Claim 5.42. We can take choose n' small enough and K' large enough (depending on n, the CAD
character of D, and the choice of n, K, t) such that for any x € 92, N D there exists y, € E /Q such that if
J € W satisfies 4J N Fsl2,,1(x) # O, then 4] C T2 (y,) and, in particular, F}z*,l(x) Cc T2 (yy).

Proof. Fix x € 3Q,N D. Then x € 31, where [ := I*(21) = (14 21)I with I € Wy, Q' € Dz . In this
scenario we observed before that we can find pick y, = yo NEo N Q.

LetY e4J N F}zhl(x) and assume first that |Y — x| > £(I)t/(24/n). Pick Q" € D with yp € Q"
and 8,(Y)/2 < £(Q") < 6,(Y). Note that £(Q") < 8,(Y) <8(Y) < £(Q) since Y € Fslz*,l(x) and hence
Q" C Q. Then, choosing N large enough, depending on n and the CAD character of D (recall that , K
have been already fixed depending also on the CAD character of D),

dist(4J, Q") <|Y —yo| <Y — x|+ diam(7) + dist(Z, Q") 4+ diam(Q’)
<|Y —x|+CKn 20(1) < (1+CK3p 27|y x|
< 3NIY —x| < N8.(Y) < Ne(Q"),
where we have used (2.9). Note also that by (2.5)

£(Q") < 8,(Y) <8(Y) < diam(4J) +dist(4J, dD) < 41 diam(J) = 41/nl(J)
and
£(J) <dist(4J, dD)//n <dist(@J, Q")//n < NL(Q").

All in one we have obtained that
N7 < Q") <41/ne(J), dist(dJ, Q") < Ne(Q").

If we now take J' € W with J'N4J # &, then the properties of the Whitney cubes guarantee that
£(J") ~ £(J) and hence the previous estimates easily extend to J'. This means that choosing 1’ smaller
and K’ larger (depending on the CAD character of D), we have that J' € (W),,)° C W/,,. Since yo € Q”,
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we then have that

4a7c |y v U (U I*(r)): U U =T"C00).
JeW;J'N4] 42 Yor€Q"eDg N'EW,), ¥or€0" €Dy

Consider finally the case on which ¥ € 4J N Fslz,,1(x) satisfies |Y — x| < £(I)t/(2+/n) so that
Ye(d+2tl) =1"Q21) = [ and L) ~ §(Y) ~ £(J). Note then that if J' N4J # & we have
L(J) ~L(J)~L). Since I € Wy, Q' € D¢ , we have by (2.9) that

n20(Q) <L)~ L) S K2 (Q),

and
dist(J', Q) < diam(J') +diam(4J) + |Y — x| +diam(f) +dist(1, Q) < e(I) +dist(I, Q) < K%Z(Q).

Thus, by taking " smaller and K’ bigger, if needed, we obtain that J' € ((Wé,)o. Much as before the fact
that yo' € Q' yields

4J C U J/ - U ( U I*(t)) - U U/Q/// - F/’Q(yQ/) |:|
JeW;J'N4J #£2 yQ’GQWEDQ J/E(Wé/// }’QIGQWEDQ

Let us now get back to the proof, specifically, to the estimate for II in (5.37). Let @ > 0 be small
enough to be chosen and set for every x € 02, N D

Ty () ={Y ey 1(x):8. (V) =ws(¥)}, Tg (x)={Yelg (x):8.(Y)=wsX¥)}

and
Fssz,,l(x) ={Y elq, 1(x):6,(Y) <@ (¥Y)}.
Thus

5 5
S, 1v(x)* = Z // Vo8l dy =: ng(x)z. (5.43)
k=3 ITo, 1) k=3

Note that for x € 92, N D invoking Claim 5.42 we obtain
g <z /f IVo?s'"dy <o'™" // Vo' dY = &' 7" 8" Cu(y)? < (va?).
TH, () 9 (yy)

Analogously, by (5.38)

@)’ <z!™ // [Vu28' " dYy < w!™" // Vo281 dY < (ya)?.
T, 2(0) "2 (x)

As a result,
/ ¢! + gD do, S @2 (ya) o, (09,)
0Q,ND . .
<@ P (ya) () ~ w2 TP (ya)P o (Q), (5.44)

where we have used that 3€2, is ADR with diam(3€2,) < £(Q) (see (2.14)).
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We next consider gs. Set W, ={I € W :1N3JQ, # &} and note that 92, N D C U,Ew 1. For
every x € 02, N D we then have that x € I, € ‘W, and also that x € afx with J, e Wy, O, € ID,;’Q. If
Y e F?zhl(x) and o < %, then

S(Y) <Y —x|+8(x) <26,.(Y)+6(x) <2wd(Y)+(x) < %S(Y) +8(x).
This and (2.5) yield
8(Y) <26(x) <2(diam(4J,) +dist(4J,, dD)) < 100 diam(Jy)
and, for r small enough,
Y — x| <28,(Y) < 2w8(Y) < 200w diam(J,) < §7(J5).

Recalling that Jyi= JIQ2r)witht <19 < 2~%*it follows that Y € Ji(7t/4) C2J, andalso Y € B(x, £(Jy)).
Hence, easy calculations lead to

_r_

877" dY < max{272 " By < 0TV A g1
N < max{2» , 1} [x =Y|» dY SE(J) 2 mL(L) 2.
T3 () B(x,£(J2))

Using Holder’s inequality with p/2 we arrive at

% b N :
P __ p P
T30 () T3, () T3, (%)

—1 r
5£<1x>”»<ff |Vv|P8*”dY) -
2JcNB(x,28,(x))N2,

Next, for every I € W, we set

W!:={JeW:J=1J, forsomexedQ, NI, 2J,NTq, (x)# )

and obtain
/ géj do, < Z / géj do,
aQ2,ND TeW, 082,NI
<y ! / f / Vu)I78.(¥)™" dY do(x)
TeW, 082, NI 2J:NB(x,28,(x))NL2,
<Y ety / f IVU(Y)[P8,(Y) " 0,(82. N B(Y, 28,(x))) dY
Tew. Jew! 27NR,
Sy unrt Y // IVo(Y)|? dY
IeW. Jew/] 2J »
. 2
SCh Y unrt e E(J)("“)zzl(// IVv(Y)IZdY)
IeW, Jew)] 4

~CH YD) Y ( / A |W(Y>|28(Y>1"dY>2, (5.45)
J

IeW, Jew/]



TRANSFERENCE OF SCALE-INVARIANT ESTIMATES 3309

where we have used that 92, is ADR (see [Hofmann and Martell 2014, Lemma 3.61]), (5.25) (since
4J C D by (2.5)), that £(J,) ~ £(I) since x € I N fo (hence I N J # &), and finally that §(-) &~ £(J)
in 4J by (2.5).

Suppose next that I € ‘W, with £(1) < £(Q). Note that if J = J, with x € 9Q, N[ then x € NI,
hence €(J;) ~£(I) < diam(/) and 4J, C{Y € D:8(Y) <£(Q)}. Thus, if 2J,NI'q, 1(x) # &, necessarily
2J,. N Fslz,,l(x) # &. We can then invoke Claim 5.42 with J = J, to find y, € E’Q so that

)4

P
2 2 A
§ (f |Vv|251—"dy> < (// |Vv|251—"dy) HIeW:0JNI + o)
4J I (yy)

Jew!
<89 (3)P < 8" (y,)P < (ya)P. (5.46)

Consider next the case I € ‘W, with £(I) 2 £(Q). For every J € (W*I we have that J = J, for some
x € 92, NI and there exists Z € 2J NQ,. As such J € Wy for some QO € Dg ;. In particular,
2(Q) <L) =~ e(J) = £(Qy) < £(Q). Take then an arbitrary Y € 4J N Q,. Since Z € 2J, one has
S(Y)~ L(J)~ L(Q). Also, Z € Q, = §;,Q; then Z € ﬁQ/ for some Q' € ID?;’Q and, as observed
above, the latter implies that one can find yor € Q'NE /Q We claim that 47 C T""€(y,). To see this let
Y €4J C D and take Iy € ‘W with Y € Iy. Note that by (2.5) and (2.9), £(Iy) = §(Y) = £(J) ~ £(Q) and

dist(Iy, Q) < dist(Y, Q) < diam(4J) +dist(J, Q) S L(Q) +£(Qx) ~ £(Q).

Thus taking n’ smaller and K’ larger if needed ((depending on n, the CAD character of D, and the choice
of n, K, t) we can ensure that Iy € (‘Wé)o C (Wé and since yo € Q' C Q we conclude that Z € I 2(y,)
as desired. All these give an estimate similar to (5.38):

Z (// |Vv(Y)|28(Y)1_”dY)2 <#{JeW:dJNI+# @}(// |Vv|28! " dY)2
4J /’Q(yx)

Jew!
<8 CQu(yg) < 8" Lu(yg)? < (ya)P. (5.47)

We finally combine (5.45), (5.46), and (5.47) to obtain

f gl do, S Colya)” D L) (5.48)
aQ,ND Tew,

To complete the proof we estimate the sum in the right-hand side. For every I € ‘W, pick Z; € 02, N[
so that £(1) ~ 6(Z;) and let A,{ = B(Z;,8(Z1)/2) N 9K2,, which is a surface ball with respect to €2,.
The fact that Z; € 92, C ND implies that there exists I’ € Wy with Q' € Dg o and Z; € 1. Then,
L)~ 8(Zy)~ L")~ £(Q") <£(Q) by (2.5) and (2.9)). Note that Q € Dg o: hence Ug C 2. Pick
Io € Wy (which is nonempty by construction) and note that £(/p) ~ £(Q) by (2.9) and Ip C Uy C L,.
Hence £(Q) ~diam(/p) < diam(2,) S £(Q) by (2.14). All these show that §(Z;) < diam(9€2,). Suppose
next that AT N AY # & for some I, J € W, and let Y belong to that intersection. Assume for instance
that £(1) < £(J) and note that

S(Z)) < |Zy =Y +1Y = Z1|+8(Z)) < 38(Z)) +38(Zp).
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Hence, £(J) ~ 8(Z;) < 38(Z;) ~ £(I) < £(J) and
dist(l, J) <|Z;—Z;| <|Z;=Y|+|Y = Z;| < %5(ZJ)+ %5(21) LD +LT) = L) = eT).

As a consequence, the family {A!};cqy, has bounded overlap and therefore

Yoy =Yy oA 50,( U Ai) <0,(0Q,) $ diam(9Q,)" ~ £(Q)" ~ 7 (Q),

IE(W* IE(W* IE(W*

where we have used that 92, is ADR (see [Hofmann and Martell 2014, Lemma 3.61]). This and (5.48)
eventually yield

/ gf do, < Colya)’a (Q).
92,ND

This, (5.37), (5.43), and (5.44) give

1 / 1 v\’
= Sq.1v”do, < f (g”+g”+g”)do*§<1+6’)(—) o (Q).
(ea)? Jaq,np (ea)? Jygnp 0 7O \e

We next combine this with (5.37) and (5.41) to arrive at

P
0 (Ep) < Ca.(1+ Cé)(g) (Q).

Recalling that Let E 22 be an arbitrary closed subset of £y with o (E ’Q) > 0, by inner regularity of the
Hausdorff measure, we therefore obtain that

~ p
0 (E(4e)a N FraNQ) <0(Eg) S Co,(1+ C())(%) o(Q).

We have then show (5.32) which in turn implies (5.31). With the latter estimate in hand and for any
0 < g < 0o, we proceed as in (5.23):

N
Iy = f galo{x € Qp: Nfov(x) > o} %X
0
N/(14¢) da
:(1+8)qf galof{x e Q()IN*QOU()C)> (l—l—e)a}?
0

N q
1+¢
< +s)4f galo{x € Qo: N2v(x) > (1+&)a, S"%Pv(x) < ya) %“Jr (7> 1" Cv1134 0,)
0

N
d (1+e)?
sci,g(us)qfo qalolx € Qo: N2v(x) > a) 5+ =2 IS @0l g
p (1+8)q
:C(Z) A+Cp)( sup_Cop, )+ Iy + 5" P04, o). 649
& Qeb, 7 v

At this point we first choose ¢ = 1 and next take 0 < y < cge/Cp small enough so that

CyP(14Cp) sup Cq,27 < 1/1.
Qeb
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With these choices and using that Iy < N90(Qg) < 0o, we can hide this term on the left-hand side of
(5.49) to obtain

Iy <2(148)7/y11S"vllT4 0,)-

Noting that Iy ||N*Q°v||‘£q(Q0) as N — oo we obtain as desired (5.27).
From (5.27) one can obtain (5.28), and hence (5.29) and (5.30) much as in the proof of Theorem 5.1

and we omit details. U
Combining Theorems 5.1 and 5.24 we can obtain the following:

Corollary 5.50. Let D C R*™! be a CAD. Let u € W,;2(D) N C(D) so that (5.2) and (5.25) hold for some
p > 2. Suppose that the N < S estimates are valid on L? on all bounded Lipschitz subdomains Q@ C D
(see (5.3) in Theorem 5.1). Then (5.27)—(5.30) hold.

Proof. Let Q C D be an arbitrary bounded CAD. Since any bounded Lipschitz subdomain of €2 is also
a subdomain of D we can apply Theorem 5.1 to obtain (5.7) for Q2 and for every ¢ > 2. That is, we
have the N < S estimates are valid on all bounded chord-arc subdomains €2 C D for ¢ = p > 2. Hence,
Theorem 5.24 applies to obtain the desired conclusions. O

6. From N <S bounds on chord-arc domains to e-approximability in the complement of a UR set

Recall the definition of e-approximability (Definition 1.11). The second main result in [Hofmann et al.
2016], stated there for harmonic functions but proved in full generality, can be formulated as follows.

Theorem 6.1. Let E C R™! be an n-dimensional UR set, R"*'\ E, and suppose that

ue WHRIN\E)YNCR™ N\ E)NL®R"\ E)

loc

is such that for any cube I with 21 C R\ E

1

sup |u(X)—u(Y)|§Co(£(I)1_”/ |Vu|2dX> (6.2)
21

X.,Yel
and

IVulleme@e+\ gy < Collull Loowr £)-

Assume, in addition, that N < S estimates are valid on L?* on all bounded chord-arc subdomains
Q c R\ E; that is, for any bounded chord-arc subdomain Q C R"*!'\ E, there holds

IN o — (X5 1200) < CallSaullr2p0)- (6.3)

Here X ;g is any interior corkscrew point of Q2 at the scale of diam(S2), and the constant Cq, depends on
the CAD character of 2, the dimension n, p, the implicit choice of k (the aperture of the cones in N, g
and Sgq), and the implicit corkscrew constant for the point X g Then u is e-approximable on R"T'\ E,
with the implicit constants depending only on n, the UR character of E, Co, and C.
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Strictly speaking, the previous result was proved in [Hofmann et al. 2016, Section 5] for harmonic
functions but it was observed in Remark 5.29 of that work that the same argument can be carried out
under the current assumptions.® Let us note that one can weaken (6.2) by just assuming that for any
Q € D(E) and for any connected component of U é there holds

sup |u<X>—u<Y>|sco(aQ)—"—1 f /A | |u|2dX)2. (6.4)
0,

X,YeU’Q

Also, in the course of the proof one uses (6.3) for the bounded chord-arc subdomains of the form 2 = Qf
defined by (2.52) (with S’ = §). Further details are left to the interested reader.

7. Applications: solutions, subsolutions, and supersolutions of divergence-form elliptic equations
with bounded measurable coefficients

7.1. Estimates for solutions of second-order divergence-form elliptic operators with coefficients satisfy-
ing a Carleson measure condition. Given an open set Q C R"*!, consider a divergence-form elliptic
operator L := —div(A(-)V), defined in €2, where A is an (n+1) x (n+1) matrix with real bounded
measurable coefficients, possibly nonsymmetric, satisfying the ellipticity condition

n+1

AEP S AXOELE = ) Ay(XEE.  |ACOE ¢ < MEl¢], (7.1)
ij=1
for some A > 1, and for all £, ¢ € R"*!, and for a.e. X € Q. As usual, the divergence-form equation is
interpreted in the weak sense; i.e., we say that Lu =0in Q if u W2(Q) and

loc

// AX)Vu(X) - VU (X)dX =0 (7.2)
Q

for all W € C§°(£2).

Let us introduce some notation. Given an open set Q C R"*+! and A, an (n+1) x (n+1) matrix defined
on R"*!'\ E with real bounded measurable coefficients, possibly nonsymmetric, satisfying the ellipticity
condition (7.1), we say that A € KP(€2) (the Kenig—Pipher class) if [VA(-)]|dist(-, 92) € L*°(2) and
IVAllcMmE@) < oo. It has been demonstrated in [Kenig and Pipher 2001] that if €2 is a Lipschitz domain
and A € KP(2) then weak solutions to Lu satisfy square function/nontangential maximal function
estimates and Carleson measure estimates on 2. Strictly speaking, the class of matrices is slightly smaller
and the details of the proof are only provided there for N < S direction (and only for p > 2), but all
ingredients are laid out for a reader to reconstruct a complete proof. One can also consult [David et al.
2019] for complete details presented in this and more general, higher codimensional, case. For the precise
case we are considering here, the following result can be found in [Hofmann et al. 2017a, Appendix A]:’

OIn [Hofmann et al. 2016, Remark 5.29], we inadvertently neglected to mention that our proof utilized estimate (6.3); in
fact, it is utilized in an essential way. One should bear this in mind when comparing the statement of Theorem 6.1 with that
Remark 5.29. The former is correct.

"The argument in [Hofmann et al. 2017a, Appendix A] follows that of [Kenig and Pipher 2001] very closely.
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Let €2 be a Lipschitz domain and let A € KP(£2). Then, any weak solution
€ Wit ()N L¥(Q) to Lu = 0 in  satisfies || Vulcmp@) S lull2 g, With
implicit constant depending on 7, the Lipschitz character of €2, ellipticity, and

the implicit constants in A € KP(2).

(7.3)

We also need the following auxiliary result (see [Kenig and Pipher 2001, Lemma 3.1]):

Lemma 7.4. Let E C R"! be a closed set and let A be an (n+1) x (n+1) matrix defined on R"*'\ E with
real bounded measurable coefficients, possibly nonsymmetric, satisfying the ellipticity condition (7.1). If
A eKP(R"\ E) then A e KP(D) for any subset D C R**'\ E. Moreover, |[VA(-)dist(-, dD) Lo (D) <
IVA(-) dist( -, E)|l pooe+1\ gy and

IVAleme) < CUIVAllemege+1\£) + IVA(-) dist( -, E)lliOO(RnH\E)),
where C depends only on dimension.

Proof. Note first that since D C R"*!\ E then dist(X, dD) < dist(X, E) for every X € D. In particular,
one has [[VA(-)|dist(-, dD) |y < |VA(-) dist(-, E) || oot g)-

Next, we fix B(x, r) with x € 9D and 0 < r < oo. We shall consider two cases. First, if dist(x, £) <2r
we pick z € E with dist(x, E) = |x — z| and observe that B(x, r) C B(z, 3r). Then,

/f IVA(Y)|* dist(Y, D) dY < // IVA(Y)|* dist(Y, E)dY < GBr)"IVAlleME®+1\E)-
B(x,r)ND B(z,3r)ND
In the second case, dist(X, E) > 2r, we have dist(Y, E) > r and dist(Y, 0D) < |Y — x| < r for every

Y € B(x,r)N D. Hence,

// IVA(Y) 2 dist(Y, D) dY < [|[VA(-)dist(-, E)| // dist(¥, D)
ist(Y, < D dist( -, . :
B(x,r)ND Le®+I\E) Be.np dist(Y, E)?

< IVAC)dist(-, E) 7 woqguin gy 1B, 1)
= VAC) dist(-, E)IFwoqgren )"
All these readily give the desired estimate. U

Theorem 7.5. Let E C R™*! be an n-dimensional UR set. Let A be an (n+1) x (n+1) matrix defined
on R"*1\ E with real bounded measurable coefficients, possibly nonsymmetric, satisfying the ellipticity
condition (7.1) and so that A € KP(R"t'\ E). Then any weak solution u € WIL’CZ(R"H \E)to Lu=0in
R™*1\ E satisfies the S < N estimates

||SRn+|\Eu||Lp(E) < C||N*’Rn+|\Eu||Lp(E), 0 <p<oQ, (76)
K/
ISgas1 gllzraer) S NN gorny gl Lrac gm0 < p < oo, (7.7)

forany x € E and 0 < r < 2diam(E), where A(x, r) = B(x, r) N E, and where K’ depends on n and the
UR character of E; as well as its local dyadic analogue, for any Whitney-dyadic structure {Wg}oen(E),
for R™ '\ E with parameters n and K,

1SCullro) < CIINCullrrg), Qe€D(E), 0< p<oo. (7.8)
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If, in addition, bounded, u € Lo (R+! \ E) then the Carleson measure estimate

IVatllemp@ey ey < Cllull G gy (7.9)

holds and u is e-approximable on R"*'\ E, in the sense of Definition 1.11. All constants depend on n, the
UR character of E, the ellipticity of A, [[VA(-) dist(-, E)||poo@e+1\£)» IV AlleMmE®+1\E)» the aperture of
the cone k implicit in (7.6), and the implicit parameters n, K, t implicit in (7.8).

Proof. Fix A € KP(R"+'\ E) with ellipticity constant A and take any weak solution u € W,-2(R"+!\ E)
to Lu=0in R\ E.

Claim 7.10. For any Q@ C R"T!\ E with dQ being UR there holds

2
IVulleme) S lullzeq),
with an implicit constants on n, the UR character of E, A, and the implicit constants in A € KP(R™t'\ E).

Assuming this momentarily, and taking = R"*!\ E we readily obtain (7.9). On the other hand, given
an arbitrary Q € D(E) and arbitrary pairwise disjoint family F C Dy, let G = Vu € LIZOC([RR”Jrl \ E) and
H =u e C(R"!'\ E). Note that Proposition A.11 says that §¢,Q is an open set with UR boundary and
with UR character depending on n and the UR character of E. Hence, Claim 7.10 says that

~ — ~ 2 _ 2
”G”CME(QfQ) = ”Vu”CME(Q,ﬁQ) S ”u”Loc(ﬁ(F’Q) = ||H||Loo(§fQ),

with a constant which is independent of u, Q and ¥, and depends on n, the UR character of E, the
ellipticity of A, and the implicit constants in A € KP(R"*!\ E). This means that (Ajo.) in Theorem 4.8
holds for the open set R"T1\ E. As such (4.13), (4.14), and Remark 4.4 imply (7.6)—(7.8).

Proof of Claim 7.10. Take an arbitrary any open subset  C R**!\ E with 32 being UR. We may assume
that O < ||u||L>~(@) < oo; otherwise the desired estimate is trivial. Set Ag := A in 2 and Aq :=1d (the
identity matrix) in R"*!\ Q which is an elliptic matrix with ellipticity constant at most A. Note that
Lemma 7.4 gives

1
IVAqllemE®e+ha) = sup —

x€dQ,0<r<oo I

1
= sup —/f IVA(Y)|? dist(Y, 9Q) dY
x€0R2,0<r<oo rt B(x,r)NQ

IVAlleme@) < Ca(IVAlleme®e+1\£) + IIVA(-) dist( -, E)||iOO(Rn+1\E))

/f IVAo(Y)|*dist(Y, 9Q) dY
B(x,r)\d%

n

IA

and
||VAQ dlSt( <y BQ) ||Loo(Rn+l\3Q) = ||VA dlSt( <y BQ) ”LOO(Q) < ”VA dlSt( * E) ||Loo(|Rn+l\E).

Write also ug = u in Q and ug := 0 in R"T!\ Q. Note that uq € Wﬁ)’cz(ﬂ?i”+1 \ Q) satisfies, in the weak
sense, — div(AqVug) = Lu =0in Q and — div(AqVug) =0 and R"*!\ Q = 0. This and the fact that
is open imply that — div(AqgVug)=01n R"*1\ 8 in the weak sense. Note also that ug € L (R"1\9)
implies [lug|l Lo we+na0) = lullL>@) < oo
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Fix D C 2 an arbitrary bounded Lipschitz subdomain and F = Vug/ ||uQ||im(Q). By Lemma 7.4, we
have that Ag € KP(2) € KP(D) (with uniform bounds controlled by those of Ag € KP(£2), and hence
ultimately on those of A € KP(R"*!\ E)). By (7.3) applied to ug, for the operator Lg in D we obtain

2
\Y% UQIT
IVuellemem) luall7e(p) -

| FllcmeD) =

— ’

2 ~ 2
”uQ”Loo(Q) ||MQ||Loo(Q)

with implicit constant depending on n, the Lipschitz character of D’, A and the implicit constants of A €
KP(R"+1\ E). This and Corollary 3.1 (or Remark 3.3 for a more direct argument) to the UR set 92 yield

IVulleme)  IVuallemege+1oe)

5 5 =Flleme) S sup  [[Fllememp) = sup | Fllemem) S 1,
”M”LOC(Q) ”MQ”LOC(Q) DCR"™1\3Q DcCQ

with implicit constants depending only on n, the UR character of 9€2, A, and the implicit constants in
A € KP(R*™!\ E). This completes the proof of (7.9). Il

To continue with the proof of Theorem 7.5 we are left with showing that if we further assume that
u € L¥(R"™!\ E) then u is g-approximable on R\ E. Firstly, all auxiliary estimates (5.2), (5.25),
and (6.2) hold for u in the open set R"*! \ E, and hence in any open subset Q@ C R"*!\ E, by the usual
interior estimates for solutions of elliptic PDEs (see, e.g., [Kenig 1994]). We point out again that N < §
estimates (5.3) on all bounded Lipschitz subdomains of €2 hold essentially by [Kenig and Pipher 2001].
More precisely, let D € R"*!\ E be an arbitrary chord-arc subdomain. For every a bounded Lipschitz
subdomain 2 C D, by Lemma 7.4 it follows that A € KP(£2) with bounds that depend on the implicit
constants in A € KP(R"*! \ E). In turn (7.3) and [Kenig et al. 2016] yield that the associated elliptic
measure belongs to the class A (9€2) with respect to surface measure. Thus, [Dahlberg et al. 1984]
allows us to obtain N < § estimates are valid on LY, 0 < g < oo, on €2. Corollary 5.50 readily gives
N < Son L% 0 < q < oo. This together with the fact that we have already shown (7.9) allows us to
invoke Theorem 6.1 to conclude as desired that u is ¢-approximable with constants depending only on n,
the UR character of E, X, and the implicit constants in A € KP(R"*!'\ E). g

7.2. Estimates for subsolutions and supersolutions of second-order divergence-form elliptic operators
with coefficients satisfying a Carleson measure condition. Our methods allow us to deal not only with
solutions but also with subsolutions (thus, also with supersolutions) of the operators considered in the
previous section. Before, stating the result let us recall that given an open set 2 C R"*! and a second-order
divergence-form elliptic operators L := — div(A(-)V), defined in €2, where A is an (n+1) x (n+1) matrix
with real bounded measurable coefficients, possibly nonsymmetric, satisfying the ellipticity condition (7.1),
we say that u € WIL’CZ(Q) is a weak L-subsolution (or, Lu < 0) in 2 if

/f AX)Vu(X) - V¥ (X)dX <0 (7.11)
Q

forall 0 < W € C{°(£2). Analogously, u € WIL’CZ(Q) is a weak L-supersolution (or, Lu > 0) if —u is a
subsolution.
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We are now ready to state our main result in this section. We note that it applies in particular to the
Laplace operator; hence the obtained estimates are valid for any subharmonic or superharmonic functions.

Theorem 7.12. Let E C R**! be an n-dimensional UR set. Let A be an (n+1) x (n+1) matrix defined
on R\ E with real bounded measurable coefficients, possibly nonsymmetric, satisfying the ellipticity
condition (7.1) and so that A € KP(R"+! \ E). Then any weak L-subsolution or L-supersolution
u € WhA(RI\ E) in R\ E satisfies the S < N estimates

loc
| Spe+ny gl ey < CIN, gor\gttll e (E), 0<p<oo, (7.13)
K/
ISgasn gllzracry) S NN gorn gllLracgim, 0 < p<oo, (7.14)

forany x € E and 0 < r < 2diam(E), where A(x, r) = B(x, r) N E, and where K’ depends on n and the
UR character of E; as well as its local dyadic analogue, for any Whitney-dyadic structure {Wp}ocn(k)
for R™ '\ E with parameters n and K,

15%ullzrig) < CINCullLrig), QeD(E), 0<p<oo. (7.15)
If, in addition, bounded, u € L®(R"*'\ E) then the following Carleson measure estimate holds:

Vil eme@ey ey < Clulf gty gy- (7.16)

All constants depend on n, the UR character of E, the ellipticity of A, |[VA(-) dist(-, E)|| Lo\ E)>
IV AllcmEme+1\ ) the aperture of the cone k implicit in (7.6), and the parameters n, K, T implicit in (7.8).

Proof. We start observing that we just need to consider the case where u is a weak L-subsolution
(because if u is a weak L-supersolution then —u is a weak L-subsolution). We proceed much in the
proof of Theorem 7.12 and a careful reading shows that we just need a version of (7.3) valid for weak
L-subsolutions. That is, we need to obtain the following:

Let €2 be a Lipschitz domain and let A € KP(€2). Then, any weak L-subsolution
u € Wo2(2) N LK) in Q satisfies | Vullemp@) S 1ull2 g, With implicit
constant depending on n, the Lipschitz character of €2, ellipticity, and the implicit

constants in A € KP(2).

(7.17)

With this goal in mind, fix then an arbitrary weak L-subsolution u € W,>%(Q2) N L®(R) in Q. We
may suppose that u is a.e. nonnegative. Indeed, assume for the moment that we have proved (7.17) for
a.e. nonnegative weak L-subsolutions, and let u € WIL’CZ(Q) be an arbitrary bounded weak L-subsolution,
so that i := u + [lu]| L=(2) € Wb (€2) N L(K2) is an a.e. nonnegative weak L-subsolution in 2. We then

observe that our assumption for a.e. nonnegative weak L-subsolutions yields the desired estimate for u:
~ ~12 2
Vulleme@) = I Villeme@) S il7x @) < 2Mull7xq)-

Let us then verify (7.17) for an a.e. nonnegative weak L-subsolution u € Wlé’cz(Q) N L®(2). We
observe that since A € KP(£2), by (7.3) and [Kenig et al. 2016], it follows that the elliptic measure wy,
belongs to Ax(0) with o = H"|3q. With this in hand, we carefully follow the argument in [Cavero et al.
2020, proof of Theorem 1.1: (b) = (a)] with u being the fixed a.e. nonnegative weak L-subsolution in €2
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in place of a solution and observing that Lipschitz domains are clearly 1-sided CAD. To justify that the
argument can be adapted to the present situation we just need two observations. First, that u satisfies
Caccioppoli’s estimate (the proof is a straightforward modification of the standard argument using that
u is a nonnegative a.e. weak L-subsolution). Second, in [Cavero et al. 2020, (3.64)] one has to replace
“= 10" by “< 0” because in the present scenario ¥ is a nonnegative a.e. weak L-subsolution (in place of a
solution). With these two observations an interested reader could easily see that the argument goes through
and eventually show that || Vu|lcme) S Ilu ||%OQ(Q). Hence, (7.17) holds and this completes the proof. [J

7.3. Higher-order elliptic equations and systems with constant coefficients. In [Dahlberg et al. 1997] the
authors obtained square function/nontangential maximal function estimates for higher-order elliptic equa-
tions and systems on bounded Lipschitz domains. These results have never been extended, even to CAD do-
mains, and here we present a generalization of Carleson measure estimates to the complements of UR sets.

For any multiindex o = (@, ..., 0p+1) € Ng“, we write |o| =1+ -+ oy anda! =oq! - @ !,
where 0! = 1. Also 9 = 9% ... 9%+ and for every ¥ € R"*! we write Y* =Y - .. ¥,"%!, where a® = 1

for every a € R. Finally, VX, k e N, stands for the vector of all partial derivatives of order k. For k = 0,
VY is just the identity operator.

Let K, m € N. For every 1 < j, k <K, let L/¥ Z|a\ —om aaﬁa where a = (a1, ..., q41) € N"+1
The coefficients aaﬁ, 1 <a, ,B <n+1, 1 < j, k<K are real constants. Given an open set 2 and

u=(uy,...,ug), withu; € (Q) 1 <j <K, wesay that Lu =0, if

loc

ZLfkk—Z Y aliaafub =0, j=1,....K,

k=1 |a|=|B|=m

as usual, in the weak sense, similarly to (7.2). Here, W™2(Q) is the space of functions with all derivatives
of orders 0, ..., m in L?($2) and WI'ZCZ(Q) is the space of functions locally in W™ 2(Q). We assume, in

addition, that L is symmetric: L/* = L¥ for 1 < j, k < K, and that the Legendre—Hadamard ellipticity
condition holds: there exists A > 0 such that

K
N aliEElya = Mg forall = (4. ... k) €RK, £ e R (7.18)
Jjk=1|a|=|Bl=m

Theorem 7.19. Let E C R*! be an n-dimensional UR set. Given K,m € N, let L be a symmetric

constant-coefficient 2m-order K x K system satisfying the Legendre—Hadamard ellipticity condition, as
above. Then any weak solution u € [W,,, 2RI\ Eyncm LRI E)K to Lu =0 in RV \ E satisfies
the S < N estimates

I1Sge1y 2 (V" )l Lo gy < CIN, e e IV uD) [l Lo k), 0<p<oo, (7.20)
”SRnH\E(vm_lu)”LP(A(X m SN, Rn+I\E(|Vm YUDlrace k. 0<p < oo, (7.21)

forany x € E and 0 < r < 2diam(E), where A(x, r) = B(x, r) N E, and where K’ depends on n and the
UR character of E, as well as its local dyadic analogue, for any Whitney-dyadic structure {Wp}ocn(k)
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for R*™1'\ E with parameters n and K,
ISCV" W) liLrig) < CINZAV"uDllLeg). Q€D(E), 0<p<oo. (7.22)
If u is, in addition, such that V"l € L®(Q), then the Carleson measure estimate

IV ullomemeiy g < CIV™ ™l ooty gy (7.23)

holds. All constants depend on n, the UR character of E, the Legendre—Hadamard ellipticity constant,
SUD; k0. |ai§ |, the aperture of the cone k implicit in (7.20), and the implicit parameters n, K, T implicit
in (7.22).

Remark 7.24. It is easy to see that from the previous result, one can also obtain analogous estimates
in any chord-arc domain D C R"*!. To see this let us consider any weak solution u € [WI'(')'C’Z(D)]K to

Lu=0inD. Letii :=u in D and ii = 0 € R*"'\ D. Then ii € [W;;*(R"*'\ 9D)]¥ satisfies Lii = 0
in R"*1\ 3D in the weak sense. As such, and using the fact that since D is a CAD then 9D is UR, we
obtain (7.20) for & in R"*!\ 3 D, which immediately gives the corresponding estimate for u in D. The

same occurs with (7.23). Further details are left to the interested reader.

Proof. The proof runs much as that of Theorem 7.5. One replaces (7.3) with the fact that for any bounded
Lipschitz domain  C R"*!; it was shown in [Dahlberg et al. 1997, Theorem 2, p. 1455] that any weak solu-
tion u € [W)n.* (21X to Lu=0in Q with V""~u € L (Q) satisfies | V" ullcmecey S V"~ 1)1 - With
this at hand the proof can be carried out mutatis mutandis. Further details are left to the interested reader. [

We can now state a higher-order version of Theorems 5.1 and 5.24:
Theorem 7.25. Ler D C R"*! be a CAD, let K, m €N and letu= (uy, ..., ug) € [W2*(D)nC" (D)X,

(1) Assume that (5.2) holds with V"~ 'u in place of u. Suppose that the (m—1)-th order N < S estimates
are valid on L? on all bounded Lipschitz subdomains Q C D, that is, (5.3) holds for any bounded Lipschitz
subdomain Q C D with V™ 'u in place of u, and where the constant may also depend on m and K. Then
(5.4)—(5.8) hold replacing u by V™Y, and where all the constants may also depend on m and K.

(2) Assume that (5.2) holds with V'™ 'u in place of u and that (5.25) hold with V™u in place of Vu for
some p > 2. Suppose that the (m—1)-th order N < S estimates are valid on L? on all bounded chord-arc
Q C D, that is, (5.26) holds for any bounded chord-arc subdomain Q2 C D with vl in place of u, and
where the constant may also depend on m and K. Then (5.27)—(5.30) hold with V"™ 'u in place of u, and
where all the constants may also depend on m and K.

(3) Assume that (5.2) holds with V"~ 'u in place of u and that (5.25) hold with V" u in place of Vu for
some p > 2. Suppose that the (m—1)-th order N < S estimates are valid on L? on all bounded Lipschitz
subdomains Q C D, that is, (5.3) holds for any bounded Lipschitz subdomain Q C D with V" 'u in
place of u, and where the constant may also depend on m and K. Then (5.27)—(5.30) hold replacing u
by V"~Yu, and where all the constants may also depend on m and K.

Proof. The proof is fairly easy. Consider the vector v = vy e [WI’Q(D) NnC(D)1X (n=1""" Note that

loc
our current assumptions in (i)—(iii) imply that v satisfies (5.2). Also, in items (ii), (iii) we will have that v
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satisfies (5.25). Note that (5.3) is satisfied by v in parts (i) and (iii), and (5.26) holds for v in part (ii).
We also know that Theorems 5.1 and 5.24, and Corollary 5.50 can be easily extended to vector-valued
functions u. With all these at hand, we readily obtain the corresponding estimates for v which translated
into those stated for u. Further details are left to the interested reader. Il

One can also obtain a higher-order version of Theorem 6.1 using the same ideas:

Theorem 7.26. Let E C R"*! be an n-dimensional UR set, R"T'\ E, and let m, K € N. Suppose that
u e [WhARI\ E)ynCcm— R\ E)NL® R\ E)X is such that for any cube I with 21 C R"™ 1\ E

loc

sup |vm—1u(X)—vm‘1u(Y)|sco(z(l)l—"/ |V’"u|2a’X)2 (7.27)

X, Yel 21

and
-1
IV ullememey gy < Coll V™™ el oo gr+1\ )

Assume, in addition, (m—1)-th order that N < S estimates are valid on L* on all bounded chord-arc
subdomains Q C R"T'\ E, that is, for any bounded chord-arc subdomain Q C R"*'\ E, there holds

INeo(V" ' = V" u(XD) I 200) < CallSa (V" ')l 1200)- (7.28)

Here X 5 is any interior corkscrew point of Q2 at the scale of diam(S2), and the constant Cg, depends on
the CAD character of 2, the dimension n, m, K, p, the implicit choice of k (the aperture of the cones in
Ny q and Sq), and the implicit corkscrew constant for the point X ;g Then V™ Y is e-approximable on
R™1\ E, with the implicit constants depending only on n, m, K, the UR character of E, Cy, and C).

As a corollary of all these we can obtain N < § estimates and e-approximability for solutions of a
symmetric constant-coefficient 2m-order K x K systems.

Theorem 7.29. Given K, m € N, let L be a symmetric constant-coefficient 2m-order K x K system,
satisfying the Legendre—Hadamard ellipticity condition, as above.

() If D C R"*! is a CAD, then any weak solution u € [WI'Z(QZ(D) NC"™ (D)X to Lu =0 in D satisfies
forany x € 0D and 0 < r < 2diam(d D) and for every k > 0

IV o (V"= V" (XK o) e cacery
< CISST (V" "W Laac,crys  forall0 < q < oo, (7.30)

where A(x,r) = B(x,r)N 3. Here C depends onn,q, K, m, the CAD character of D, the Legendre—
Hadamard ellipticity constant, sup; i , s |aaﬁ| and the aperture of the cone k, and C' depends on n and
the CAD character of D. In particular, if 0D is bounded then

I Ne o (V" u = V" (X ) 200Dy < C7ISpsc (V" ')l Laopy forall0 <q <oo,  (7.31)
and if 3D is unbounded and V™ 'u(X) — 0 as | X| — oo then

INe.p.c (V" ') Laapy < C"1ISp (V™" ') | Laopy  forall 0 < g < oo. (7.32)
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(ii) Let E C R"! be an n-dimensional UR set. Then any weak solution

ue [Wm 2 Rn+l \ E) necm- I(Rn+1 \E) n LOO(Rn+l \ E)

loc

to Lu =0 in R"\ E satisfies that V"~ 'u is e-approximable in R" '\ E with implicit constants depending
onn, K, m, the UR character of E, the Legendre—Hadamard ellipticity constant, sup; ; , g |aé§ l.

Proof. We aim to use Theorem 7.25(iii) and 7.26. To this end, we need to verify the interior estimates:
(5.2) with V"~!y in place of u, (5.25) with V"u in place of Vu for some p > 2, and (7.27), and to
obtain (m—1)-th order N < S estimates on L? on all bounded Lipschitz subdomains € and for any weak
solution u € [WI'ZCZ(Q) NC™ (21X to Lu = 0 in Q. That is, we need to show that (7.28) holds on all
bounded Lipschitz subdomains €2. Let us start with the latter. To see this we introduce

*u(Xy)
Py xzu(X) = Z Yl (X -XHY, XeqQ.
la|<m—1
and observe that VAP, | y-u(X) = Viu(Xg) for0<k<m—2, V"~'P, _, X+u( )=V lu(X{), and
V" P,y xsu=0. Thus if We write v = u — P, _1 xzu(+), we have that v € [W, o 2@nem @)X isa
Weaksolutlonto Lv=01in € satisfying Vkv(X+)=Of0rallO§k§m—1, vn—ly=vym-1y_vym- 1u(Xg),
and V"v = V"u. As such we can invoke [Dahlberg et al. 1997, Theorem 3, p. 1456] to obtain that
INe (V" = V" (XN I 200) = 1Nk (V"' 0) 200
S 1SV )l 200 = 1S2(V" " W)l 200 -

Turning to interior estimates, we recall from [Barton 2016, Corollary 22, p. 384] that for all solutions
to Lu =0in 2/ we have

/|vfu|2dX5cz(1)2f/ ul>dX, j=0,...,m. (7.33)
1 21

In fact, [Barton 2016] pertains to much more general elliptic systems with bounded measurable coefficients.
It uses the weak Garding inequality [Barton 2016, (10), p. 380]. To obtain the latter (with § = 0) we
can see that Plancherel’s theorem, the fact that we are currently considering the case with real constant
coefficients, and the Legendre-Hadamard condition (7.18) easily yield, for every smooth compactly
supported function ¢,

K

Re(Vmw,AVm(p)RnH:Re// Y e (Dalgdf er(X)dX
R j k=1 a|=1Bl=m

K
=Y Y dpre [ amierenie 5@ e de

Jok=1la|= \ﬁl =m

//R S Y dhentren R ® ae s

Jk=1la|=|Bl=m

EA//[R;H—] (27T|§:|)2m|¢J(X)|2dX :)“//I;n“ |Vm§0](€)|2d§,

and so [Barton 2016] applies to our setting.
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Now, for constant-coefficient operators any derivative of a solution is still a solution, and, in fact, we
will use v :=u — Py,_ x,u(-) built similarly to above, only using X; being the center of / in place
of X g Clearly, Vv = V"u is a solution too, and so a repeated application of (7.33) yields

f/ IVku|?dX < cw)Z(k"”f V"0 dX, k>m. (7.34)
1 21

Taking k > m — 1 large enough, depending on the dimension only, so that the Sobolev space W*2(I)
embeds into the Holder space cm=Le(]), o > 0, we can show that

sup [V u(X) = V"™ luy)| = sup [V u(X) — Vo))

X, Yel X, Yel
, _ 2 (7.35)
(E(I)—]—n-i-Z(]—m-‘rl) //|V]v|2dx) .
1

k
<C
For j > m we use (7.34) to descend to j = m. For j < m, we use the Poincaré inequality to ascend to

j=0

j =m, and all in all, the expression above is bounded by

1 1

2 2

c(ea)”"f |va|2dX> =C<z(1)1+"/ |Vmu|2dX> ,
21 21

as desired. This yields (7.27).

In order to obtain (5.2) with V"' in place of u, we apply the same argument as above to v :=
V"=ly — ¢ for some constant vector ¢. The function v is also a solution of the initial system, and so
(7.34) still holds. Much as above, by the Morrey inequality (or generalized Sobolev embeddings), for
k large enough, depending on dimension only, we arrive at

k 1 1
sup |v| < cZ(z(l)—l—””f // |vfu|2d)()2 < c(z(l)—‘—"/ |v|2dX)2, (7.36)
I 0 I 21

where we have used (7.33) and (7.34) for the second inequality.

Finally, the reverse Holder inequality (5.25) with V" u in place of Vu was also proved in [Barton 2016,
Theorem 24].

With all the previous ingredients we are ready to invoke Theorem 7.25(iii) and then Theorem 7.26 to
obtain the desired estimates. O

Appendix: Sawtooths have UR boundaries

To start, recall from [Hofmann et al. 2016, Appendix A] the fact that the sawtooth regions and Carleson
boxes inherit the ADR property. In that Appendix we treated simultaneously the case that the set E is
ADR, but not necessarily UR, and also the case that E is UR. The point was that the Whitney regions in
the two cases (and thus also the corresponding sawtooth regions and Carleson boxes) were somewhat
different. In any case, the reader can easily see that, with the notation introduced in Definition 2.7,
the arguments in [Hofmann et al. 2016, Appendix A] can be carried out for any ADR set E and with
{Wo}oene) any Whitney-dyadic structure for R™1\ E with some parameters 1 and K. In turn, both if
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E happens to be merely an ADR set as in Section 2.1, or a UR set as in Section 2.2, the corresponding
constructions of Whitney-dyadic structure fit within the previous framework. Nonetheless, the same
applies to any other Whitney-dyadic structure (constructed in a different way) but retaining the same
properties.

Let us now recall some results from [Hofmann et al. 2016] that we shall use in the sequel.

Proposition A.1 [Hofmann et al. 2016, Proposition A.2]. Let E C R"*+! be an n-dimensional ADR set
and let {Wo}oen(E) be a Whitney-dyadic structure for R"T1\ E with some parameters n < 1 and K > 1.
Then all dyadic local sawtooths Qg o and all Carleson boxes Tg have n-dimensional ADR boundaries.
In all cases, the implicit constants are uniform and depend only on dimension, the ADR constant of E,

parameters n, K, and the constant C in Definition 2.7(iii).

Remark A.2. Let Q C R""! be an open set with ADR boundary and let {Wy}oep(s) be a Whitney-
dyadic structure for €2 with parameters n and K. One can easily construct a Whitney-dyadic structure
{(Wé}Qe[D(aQ) for R"*+1\ 9 so that for every I € ‘W(2) one has that I € Wy if and only if I € W),
that is, the new Whitney-dyadic structure remains the same for the Whitney cubes contained in 2. To
construct such a Whitney-dyadic structure we define (‘Wé)O as in (2.8) with the same parameters n
and K but for all the Whitney cubes [ € WR"1\ 8R). For every Q € D(0€2) we the set “Wé =
Wo U (((Wé)0 NW(R™ \ Q). Tt is straightforward to see that {(Wé}QGD(m) is a Whitney-dyadic
structure for R"*1\ 9Q with parameters n and K and agreeing with {Wp}pepag) When restricted to the
Whitney cubes contained in €2. Note also that the constants in Definition 2.7(iii) are the same for both.

We then note by Proposition A.1 all the associated dyadic local sawtooths QﬂF’Q and all Carleson
boxes Té (contained in R"*! \ 0€2) have n-dimensional ADR boundaries. In turn the agreement of
{Woloenpe) with {W)}oen ) inside 2 implies at the very least that all the associated dyadic local
sawtooths Q¢ o and all Carleson boxes T (contained now in €2) have a boundary satisfying the upper
ADR condition (that is the upper estimate in (1.2)) with constant depending on the ADR constant of 9€2,
n, K and the constant in Definition 2.7(iii).

In what follows we assume that E is an ADR set and fix {Wp}open(e) a Whitney-dyadic structure
for R"*! \ E with some parameters  and K. As mentioned in Section 2, we always assume that if
{Wo}oen(E) is @ Whitney-dyadic structure for R"*! \ E with some parameters 7 and K, then K is
large enough (say K > 40%n) so that for any £(I) < diam(E) we have I € (WOT C Wy, where Q7 is
some fixed nearest dyadic cube to I with £(I) = £(Q7). To simplify the notation, it is convenient to
find mg € Z, Cy € Ry (say 2™ ~ C max{K, n~'}'/2, Cy = CK'/?, hence depending on 7, K and the
constant C in Definition 2.7(iii)) such that

27M0g(Q) < (1) <2"™¢(Q) and dist(I, Q) < Cob(Q) forall I € Wp. (A3)

From now, we will use these parameters mg and Cy, rather than n, K and the constant C in Definition 2.7(iii).

Let us recall some notation from [Hofmann et al. 2016, Appendix A]. Given a cube Qg € D and a
family 7 of disjoint cubes ¥ = {Q;} C Dy, (for the case ¥ = & the changes are straightforward and we
leave them to the reader, also the case ¥ = {Qo} is disregarded since in that case Q¢ ¢, is the null set).
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We write 2, = Qg o, and ¥ =0, \ E. Given Q € D we set
RQ = U (WQ/, and EQ:EH(U I).
Q’GDQ IERQ

Let C; be a sufficiently large constant, to be chosen below, depending on n, the ADR constant of E,
mg and Cy. Let us introduce some new collections:

F1:={0Q € D\ {Qo} : £(Q) = £(Qo), dist(Q, Qo) < C1£(Qo)},

Fr:={Q € D:dist(Q’, Qo) < C1£(Qo), £(Qo) < £(Q") < C1£(Qo)},

Fil =10 € F|: Xo # @} ={Q € F : there exists I € Rg such that ¥ N1 # T},
Fr:={QeF :Zg#0}={Q €F :there exists I € Ry such that TN [ # &}.

We also set

Ri=J Ro. Ry=[J Ro. Rr= (] W

QeF* QT QeFT
Lemma A.4 [Hofmann et al. 2016, Lemma A.3]. Set Wy ={I € W:INX # &} and define

W= ] Wso. Wi= ] Wso Wi={leWs:0]eFr),
QeF* QeF |
where for every Q € F*U |"" we set
(WE’Q = {I E(Wz : Q7 € DQ},
and where we recall that Q7 is the nearest dyadic cube to 1 with £(I) = £(Q7) as defined above. Then
Wy =WsUWLuwl, (A.5)
where
Ws CRy, WLCR), WicCRy. (A.6)
As a consequence,
E:ELUZHUET::(U 2m1>U(U 2m1>U(U zm). (A7)
leWi Tew!l Tew]

Lemma A.8 [Hofmann et al. 2016, Lemma A.7]. Given I € Wy, we can find Q; € D, with Q1 C Q7,
such that £(1) ~ £(Qy), dist(Qy, I) ~ £(1), and in addition,

Y. 1o, Slo forany Q e FFUF, (A.9)
IE(WZ,Q
Z lo, S 1By nE, (A.10)
lew]

where the implicit constants depend on n, the ADR constant of E, my and Coy, and where BZO =
B(xg,, CL(Q)) with C large enough depending on the same parameters.
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With the preceding results in hand, we turn to the main purpose of this appendix: to prove that uniform
rectifiability is also inherited by the sawtooth domains and Carleson boxes.

Proposition A.11. Let E C R"*! be an n-dimensional UR set and let (W} pen (k) be a Whitney-dyadic
structure for R"T1\ E with some parameters n < 1 and K >> 1. Then all dyadic local sawtooths Qg o
and all Carleson boxes Tg have n-dimensional UR boundaries. In all cases, the implicit constants are
uniform and depend only on dimension, the UR character of E, and the parameters my and Cy (hence on
the parameters 1, K, and the constant C in Definition 2.7(iii)).

The proof of this result follows the ideas from [Hofmann and Martell 2014, Appendix C], which in turn
uses some ideas from Guy David, and uses the following singular integral characterization of UR sets,
established in [David and Semmes 1991]. Suppose that E C R"+! is n-dimensional ADR. The singular
integral operators that we shall consider are those of the form

Toof(0) =T, f(x) i= fE Ko — ) f () dH" (7).

where K (x) :=Kx)P(|x|/e), with0 <P <1, D(p)=1if p>2, P(p)=0if p <1, and ® € C*(R),
and where the singular kernel K is an odd function, smooth on R"*!\ {0}, and satisfying

|K(x)] < Colx]|™", (A.12)
VK (x)] < Cplx|™"™™ forallm > 1. (A.13)
Then E is UR if and only if for every such kernel K, we have that
sup/ |Te.cf1*dH" sc«f |fI?dH". (A.14)
e>0JE E

We refer the reader to [David and Semmes 1991] for the proof. For K as above, set

Tef(X) 2=/E7<(X—y)f(y)d1‘1"(y), XeR™\E. (A.15)

We define (possibly disconnected) nontangential approach regions Y, (x) as follows. Set W, (x) :=
{I € W:dist(I, x) < al(l)}. Then we define

Yo (x) = U I*
IeW,(x)
(thus, roughly speaking, « is the “aperture” of Y, (x)). Here I* = I'*(t) as in Section 2 with 0 < 7 < 19/4,
which is fixed. Note that these nontangential approach regions are slightly different that the ones introduced
in (2.23) since they do not use the Whitney regions Ug. For F € C (R"™*1'\ E) we may then also define a
new nontangential maximal function (which is different than the one (2.34) although somehow comparable
much as in Remark 2.37)

NioF(x):= sup |F(Y)].
YeY,(x)

We shall sometimes write simply N, when there is no chance of confusion in leaving implicit the
dependence on the aperture «. The following lemma is a standard consequence of the usual Cotlar
inequality for maximal singular integrals, and we omit the proof.
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Lemma A.16. Suppose that E C R"*! is an n-dimensional UR, and let T be defined as in (A.15). Then,
foreach 1 < p < o0 and o € (0, 00), there is a constant C, o % depending only on p, n, o, K and the UR
character of E such that

/ (Noa (T3 £ dH" < Cac / 1P dH". (A.17)
E E

Proof of Proposition A.11. Write 0 = H"|g. We fix Qg € D = D(E) and a family ¥ of disjoint cubes
F =1{0Q;} C Dy, (for the case ¥ = & the changes are straightforward and we leave them to the reader,
also the case ¥ = {Qo} is disregarded since Q ¢, is the null set). We write Q, = Q# ¢o,, E. = 0£2,, and
ox=H"g, . Wefix0<d<1,d(p)=1ifp=2, O(p)=0ifp <1, and ® € C*°(R). According to
the previous considerations we fix g9 > 0 and our goal is to show that T, ., is bounded on L*(E,) with
bounds that are independent of &y. To simplify the notation we write Ky = K, and set, for every X € R"+1,

Toof (X) = /E Ko(X —y)f () do(y). Tr.og(X) = /E Ko(X — y)g(y) dou(y).

We first observe that K is not singular and therefore, for any p, 1 < p < 0o, and for every [ € L?(E),
respectively g € LP(E,), the previous operators are well-defined (by means of an absolutely convergent
integral) for every X € R"*!. Also for such functions it is easy to see that the dominated convergence
theorem implies that 7z o f, Tz, 0g € C(R"1).

Remark A.18. We notice that Kj is an odd smooth function which satisfies (A.12) and (A.13) with
uniform constants (i.e., with no dependence on &j) and therefore the fact that £ is UR implies that (A.14)
and (A.17) hold with constants that do not depend on &.

We are going to see that Tz o : LP(E) — LP(E,) for every 1 < p < oo. To do that we take f € L”(FE)
and write

/E T 0f (O doy (x) = /

E.NE

Th.0f ()P doy(x) + / T 0 f ()P do () = T+ 10,
ENE

The estimate for I follows from the fact that E is UR
IS/ |77;,of(x)|”do(x):f ITE ¢ f (x)]7 do(x) ECV(/ | f ()P do(x),
E E E

where we have used (A.14) and the standard Calderén—Zygmund theory (taking place in the ADR set E)
and Cg does not depend on gy. For II we use that ¥ = E, \ E = 9092, \ E and invoke Lemmas A.4
and A.8; let Q; be the cube constructed in the latter, so that

n= )" f Te0f NP doy(x) = ) ][ / (TE.0f ()| doy (x) do(y).
IeWs IeWs nx

Note that if y € Q; and x € ¥ N I then dist(/, y) < 2(Qy) ~ £(I). Then taking o > 0 large enough
we obtain that I C ‘W, (y). Write F =F*U || , and observe that by construction the cubes in F are
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pairwise disjoint. Then by the ADR property of E,, along with Lemmas A.4 and A.8,

m< Y m(zm)][g NaaTE0 SY DI dor (y)

IE(WZ

3Py} WeaTao DO do 0+ ) fQ NealTE0 I do ()

0eF 1€Ws. o IeWs

SO [ WeaTeon O do+ [ INeaTr0 NI do ()
~JQO B

5 NE
QeF %

S/EIN*,a(TE,of)(y)lpdG(y)S/EIf(y)lpdG(y),

where in the last estimate we have employed Lemma A.16 and Remark A.18, and the implicit constants
do not depend on &g.

We have thus established that ¢ ¢ : LP(E) — LP(E,) for every 1 < p < co. Since K is odd, so is K,
and by duality we therefore obtain that

Te,.0:LP(E,) — LP(E), 1< p<oo. (A.19)

Our goal is to show that Tg, o : L?*(E,) — L*(E,) with bounds that do not depend on gp. Note that T¢, o f
is a continuous function for every f € L?*(E,) and therefore Te,0f|E, = TE, o [ everywhere on E,.
We take f € L>(E,) and write as before

/ (T, 0f (0)* do (x) = / Te0f P doy(x)+ Y / (T, 0f ) do (x)
E. E.NE Viah>

IE(WZ

=1+ Z M, =1+1I. (A.20)
IG"W;

For I we use (A.19) with p =2 and conclude the desired estimate
1= [ Weof@Pdow = [ TrafePdo < [ 1f@Pdo. a2
E.NE E E,

We next fix I € Wy and estimate each II;. Let M > 2 be large parameter to be chosen below and set
Ly =L)/M, & = ML(I). Write

X X X X
Kox) = 7<o(x><1>(U) Ko (x) (cp (U) _ ¢(U)) +Ko(x) (1 - cp(U))
& ¢ &1 g1
= Ko.e; (X) + Ko ¢, () + K (x). (A.22)
Corresponding to any of these kernels we respectively set the operators 7, o.¢,, Tk, .0,¢;,¢, and Tng,o-

We start with T, o¢,. Fix x € ¥ N 1. Write A,; = B(x,§;) N E, and split f = f; + f> :=
fla,; + flea,,- Then we use Remark A.18, the fact supp ® C [1, 00) and that E, is ADR to
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easily obtain that for every y € Q;, with Q; as in Lemma A.8,
|TE,.0.6; 1O +1TE, 0.6, [1(P)]

< / <|7<o<x —z>|d><'x _Z') T %oy —z>|<1><'y _Z|))|f(z)ldo*(z)
Al 51 él

1
S —/A | f (N dow(z) %][ | fNdou(z) = Mg, f(x), (A.23)

~ 5}1 A*,I

where Mg, is the Hardy-Littlewood maximal function on E,, and the constants are independent of gy and /.

On the other hand, much as before we have that Ko ¢, is a Calderén—Zygmund kernel with constants
that are uniform in &g and &;. Also, if M is taken large enough we have that 2|x — y| < M£(I) < |x — z|
forevery z € E,\ A.j, x € NI and y € Q. Therefore using standard Calderén—Zygmund estimates
and the fact that £, is ADR we obtain that for every and y € Q;

TE..0.8 [2(0) = TE, 06, 2] < f 1Ko.6, (x —2) = Kog; (v — DI f(2)] dow(2)

*\A*,I
< / lx =yl
EA,, 1x —z|"t]
We next use (A.23) and (A.24) to conclude that

|f (@) dow(z) Su ME, f(x). (A.24)

‘TE*,o,s,f(X)—][Q (rE*,O,S/f(y)dU()’)'S|TE*,O,Slf1(X)|+fQ TE..08 [1(Y)]do(y)

4 ][Q To 0 20) = T 08, o) dor(y) S M, f(2),

which in turn yields

2
/ TE.0 f () —][ TE.08 f (V) do(y)| dou(x) S Mg, f (x)? do(x). (A.25)
pali 0 et}
We next introduce another operator
Te.06 ) = Koy = f()dou(@). yeE.
z€E:|ly—z|=&;

We fix x € N1 and y € Q;. We first observe that, for M large enough, Remark A.18 and the ADR

property for E, imply that
|y —z| ly —z|
CD( — 1f1,00) |f(2)|dow(z)
& &1
1

S —,,/ | f(2)|do.(z)
I Jz€E,:|y—z|<2§;

1
5—,,/ | f ()| do(z) S ME, f(x).
&1 JicE x—z1<38

On the other hand, we can introduce another decomposition

T 06 £ O) = Tr 08, FO)] < / Koy —2)]
E,

f=h+fa=flpyepne + FlenBo.£)
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and then for every y € Oy

ITE, 06, f D =1TE, 0 fsO| = |TE, 0f4(y) = T, .0 fa(D)| + |TE, 0 f4()]
<|TEe.0fa(y) —TE, 0 fsODI|+ |TE0f DI+ TE.03(D)]. (A.26)
We estimate each term in turn. We first observe that, for M large enough, 2|y — y| < ML(I) < |y — z|

for every z € E,\ B(y,&;) and y € Q;. Therefore, using standard Calder6n—Zygmund estimates and the
fact that E, is ADR, we obtain that for every and y € Q;

|TE,.0fa(y) = TE, 0fs(Y)] < / [Ko(y —2) — Ko(y — DI f(2)| dou(z)
ENB(.£) )
< f N o don@) S M f0), (A27)
ENB(.en) |y — 2l

where we have used that, for M large enough, x € B(y, £;/2). Fix 1 < p < 2. We next average (A.26)
on y € O and use (A.27) and (A.19) to obtain

Tk, 0.6 f )] < ][Q (720 fs(Y) = TE..0 fs D + 1 TE..0 f D) + 1TE..0 )] do (3)
< My, ) + M50 f)3) + Q) 7 1T 03l
< Mg, )+ Me(TE.0f)0) +0(0) 7| Allee.)

1 7
SME*f(x)‘i‘ME(TE*,Of)(y)*‘(Z(I)n /B( o |f(Z)|”d0*(Z))
Y.s1 *
SMe, o f(X)+Mg(Te, 0f) (), (A.28)

where M is the Hardy—Littlewood maximal function on E and we also write Mg, , f = Mg, (| f|” yp,
Note that this estimate holds for every x € ¥ NI and for every y € Q;. Hence,
TE,.08f(y)do(y)

/zm 0y

where we have used that o, (X N 1) < £(1)". We now gather (A.25) and (A.29) to obtain that for every
I € Ws

2

do,(x)S | Mg, pf(x) do )+ | Me(Te, of)(3)*do(y), (A29)
>nI (9]

/ T, 0.6, f (X)|* doy (x)
NI

< / do,(x) + /
NI Nl

< : IME*,pf<x>2da.<x>+ , Me(TE,0f) () do(y). (A.30)
N 1

2 2

) TE.08 f () do(y)| dou(x)

T, [ (6) — ][Q Tr0e /() do ()

We next consider 7, o.¢,,¢,- Note that for every x € ¥ N[ and z € E, we have

|z — x| |z — x| 1 1
|7(0,z,,s1(z—x)|=IWo(Z—X)I“D( 7 - 5 5|Z_x|n1{15\z—x\§251Sﬁllz—xliz&’
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and therefore

| 2
/ ITE*,o,a,s,f(X)lsz*(X)S/ (—nf If(z)ldcf*(z)) doy(x)
=i sn1 \&; JB@,26)NE,

<u Mg, f(x)* do,(x). (A.31)
>Nl

Let us finally address ‘7;;’ o- Observe first that

K- =7<(-)‘1’<%) <l _q)(%z'))’

We consider three different cases.

Case 1: ¢; < &p/2. We have that 7(5’ = 0 and thus TEC,I,O =0.

Case 2: €9/2 < &1 < 2¢g. In this case forevery x € ¥ N[ and z € E,
1

——ley<px<2t; S =5 Vjz—x|<de
|X—Z|n 0=<| < §1N861 | [<4eo>

155 (x — 2)| <

and therefore

1 2
| CRC | (—n / If(z)ldo*(z)) doy(x)
=NI =nI \ &y JB(x,4c0)NE,

< Mg, f(x)? do,(x), (A.32)
NI

where the implicit constants are independent of g and ¢;.

Case 3: ¢; > 2¢p. In this case Té”o f is a double truncated integral whose smooth Calderén—-Zygmund
kernel 7(5’ is odd, smooth in R"*! and satisfies the estimates (A.12), (A.13). with uniform bounds (i.e.,
independent of gy and ¢;). Fix z; € ¥ N[ and notice that if x € ¥ N[ and z € B(x, 2¢;) N E, then, taking

M large enough, we have

. £l ) .
lz—z/l < lz—x|+|x —z/] <2¢; +diam(]) = %+dlam(1) < %dlam(l)

and therefore the fact that supp ‘KOC’ C B(0, 2¢;) immediately gives 7'E{”0 fx) =17, E{,I,o( f15, ) (x), where
A*J = E*J N E, := B(z;,2diam(/)) N E,. Note that (2.5) yields
4diam(]) < dist(41, E) <dist(z;, E) < dist(E*,I, E)+2diam([])

and therefore dist(B, ;, E) > 2diam(/). This implies that 3B, ;/2 C R"*1\ E. Also if J € W satisfies
that J* N E*,I # & we can easily check that £(1) =~ £(J) and dist(I, J) < £(I). This implies that only
a bounded number of J’s have the property that J* intersects E*, 7. We recall that ¥ = E, \ E is a union
of portion of faces of fattened Whitney cubes J*. Thus we have

My
Ar C U Fu.1,
m=1
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where M is a uniform constant and each F,, ; is either a portion of a face of some J* orelse F,, ; = &
(since My is not necessarily equal to the number of faces, but is rather an upper bound for the number
of faces.) Note also that I C §*, ; and therefore we also have that
My
znic | Fur

m=1

Thus
f T4 o f () dou(x) = / 75 o (15, )@ do(x)
NI NIl

5 Z /F 1 |7-E{1,0(f1En’,1)(x)|2 do,(x).

1<m,m’'<M,
In the case m = m’, we take the hyperplane H,, ; with F,,, ; C H,, ; and then

/ T4 o(f 15, )@ dou(x) < /H T3 o (f1E, )@ dH" (x)
Fm,l (m,l '

S/F |f(x)|2dH"(x)=/ | f()|* dou(x),

Fm, 1

where, after a rotation, we have used the L? bounds of Calderén—Zygmund operators with nice kernels
on R". For m # m’ we consider two cases: either dist(F,, ;, F,/.;) ~ €(I) or dist(Fy, 1, Fpy 1) < £(1).
In the first scenario, using that 7(5’ satisfies (A.12) uniformly we obtain that

1 2
/ |7’E€:”0(f1Fm/J)(x)|2d(f*(X)5/ (/ nlf(z)lda*(z)) do,(x)
Fonp Fui \JE, , 1*—2l

1 2
: do.(z)) do,
~ fF, <£(I)" fB(x,ceu)mE* |f()ldo (z)) 04 ()

< / Mg, f(x)? do,(x).
Fm<1

Finally if dist(F,, s, Fr.1) < £(I), we have that F,, ; and F,, ; are contained in respective faces which
either lie in the same hyperplane, or else meet at an angle of 7. In the first case we may proceed as in
the case m = m’. In the second case, after a possible rotation of coordinates, we may view Fj, U FnJl, as

lying in a Lipschitz graph with Lipschitz constant 1, so that we may estimate 'TEi”O using an extension
of the Coifman—McIntosh-Meyer theorem:

/F 7% o (f1E, V)P do(x) S / | f () do(x).

Fo g

Gathering all the possible cases we may conclude that

/ T4 o f () doy(x) < Z/ Mg, f(x)*do,(x)

=ni Ve
S M 2 do, (x). A33
s X[ Merwideo (A33)

I’GWEII/QA*.I#Q
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We now gather (A.30), (A.31) and (A.33) to get the following estimate for S; after using (A.22):
1 = / |T&,.0f (0] do(x)
=7

< / TE..0.6 f (0] doy(x) + [ TE. 0.6 f (0> dou(x) + / T4 o> do(x)
NI NI p))

N/
< Mg, , f (x)* do,(x) + , Mg(TE, 0f)(y)? do(y)
NI 1
+ Y Mg, f(x)*do,(x). (A.34)

I’E"Wz:]’ﬁ&,‘,[-f—g rnx
Note that since 1 < p < 2 we have

> MEhpf(x)zda*(x)ff MEhpf(x)Zda*(x)S/ | f(0)? dou(x). (A.35)
E, E,

Tewy Y =01
On the other hand, recalling that F=F*U | is comprised of pairwise disjoint cubes, Lemmas A.4
and A.8 then imply that

3 /Q ME(TE, 0 f)(3)? do ()

IeWs
=Y ¥ [ ueTronordom s 3 [ e oo
0cF IWso " ! Iews 0
S Z /QME(ﬁ,,of)(y)zda(y)Jr/ Mz (TE.0 /)02 do ()
F B} NE
Qef 5%

< /E MEg(Te,0f) () do(y) S fE Te,.0f WI*do(y) S /E IfD)IFdou(y),  (A.36)

where in the last estimate we have used (A.19) with p = 2.
Finally, by the nature of the Whitney boxes (see (2.5)), we have that the family {2/};cy has the
bounded overlap property and therefore

Z Z Isnr S sup #{I e W I'NA, | # D),
IeWs I/E(Wzil/ﬂA*J;ﬁg IreWs

which we claim that is uniformly bounded. Indeed, fix I’ € Wy and let Iy, I, € Wy with I'N A*, L £9
and I' N A, j, # @. Recall that dist(B, ;, E) > 2diam(/) with B, ; = B(z;, 2diam(/)) and z; € I N Z.
This implies that £(1}) ~ £(I") ~ €(I) and also dist(I, I) < £(I;). This easily gives our claim. Using
this we conclude that

> > Mg, f(x)? dou(x) < / Mg, f(x)? dou(x) < f |f @) dou(x). (A37)
IeWs PeWs:I'NA, 1 #£@ rnx E. E.
We now combine (A.34), (A.35), (A.36) and (A.37) to obtain that
I= Y 1,5 / |0 do(x).
E*

IE(W):
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This, (A.20), and (A.21) give as desired that
/ 7,0 (X)*dou(x) S f | f(0)|* dou(x),
E, E*k

and the implicit constant does not depend on ¢y. Hence, 7, o : L*(E,) — L?*(E,) with bounds that
do not depend on gy. Since T, of is a continuous function for every f € L*(E,), we have that
Te..0f g, = TE, ., f everywhere on E,. Thus, all these show that Tg, o : L>(E,) — L*(E,) uniformly
in €. This in turn gives, by the aforementioned result of [David and Semmes 1991], that E, is UR as
desired, and the proof is complete. U
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