A SUFFICIENT GEOMETRIC CRITERION FOR QUANTITATIVE
ABSOLUTE CONTINUITY OF HARMONIC MEASURE

STEVE HOFMANN AND JOSE MAR{A MARTELL

ABsTRACT. Let Q C R™! n > 2, be an open set, not necessarily connected,
with an n-dimensional uniformly rectifiable boundary. We show that harmonic
measure for Q is weak-A., with respect to surface measure on 0€2, provided that
Q satisfies a certain weak version of a local John condition.
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1. INTRODUCTION

A classical result of F. and M. Riesz [RR] states that for a simply connected
domain € in the complex plane, rectifiability of 9Q implies that harmonic measure
for Q is absolutely continuous with respect to arclength measure on the bound-
ary. A quantitative version of this theorem was later proved by Lavrentiev [Lav].
More generally, if only a portion of the boundary is rectifiable, Bishop and Jones
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[BJ] have shown that harmonic measure is absolutely continuous with respect to
arclength on that portion. They also present a counter-example to show that the re-
sult of [RR] may fail in the absence of some connectivity hypothesis (e.g., simple
connectedness).

In dimensions greater than 2, a fundamental result of Dahlberg [Dah] estab-
lishes a quantitative version of absolute continuity, namely that harmonic measure
belongs to the class A in an appropriate local sense (see Definitions 1.19 and 1.23
below), with respect to surface measure on the boundary of a Lipschitz domain.

The result of Dahlberg was extended to the class of Chord-arc domains (see Def-
inition 1.13) by David and Jerison [DJ], and independently by Semmes [Sem]. The
Chord-arc hypothesis was weakened to that of a two-sided Corkscrew condition
(Definition 1.10) by Bennewitz and Lewis [BL], who then drew the conclusion that
harmonic measure is weak-A. (in an appropriate local sense, see Definitions 1.19
and 1.23) with respect to surface measure on the boundary; the latter condition is
similar to the A, condition, but without the doubling property, and is the best con-
clusion that can be obtained under the weakened geometric conditions considered
n [BL]. We note that weak-A, is still a quantitative, scale invariant version of
absolute continuity.

While the present paper was in preparation, we learned of some very interesting
recent work of J. Azzam [Azz], who has given a geometric characterization of the
A property of harmonic measure with respect to surface measure for domains
with Ahlfors-David regular (ADR) boundary (see Definition 1.6). This work is
related to our own, so let us describe it in a bit more detail. Specifically, Azzam
shows that for a domain Q with ADR boundary, harmonic measure is in A, With
respect to surface measure, if and only if 1) dQ is uniformly rectifiable (this is
a quantitative, scale-invariant version of rectifiability, see Definition 1.8 and the
ensuing comments), and 2) Q is semi-uniform in the sense of Aikawa and Hirata
[AH]. The semi-uniform condition is a connectivity condition which states that for
some uniform constant M, every pair of points X € Q and y € dQ2 may be connected
by a rectifiable curve y = y(y, X), with v\ {y} c Q, with length £(y) < M|X —y| and
which satisfies the “cigar path” condition

(1.1) min {€(y(y, 2)), €¥(Z, X))} < Mdist(Z,0Q), YZey.

Semi-uniformity is a weak version of the well known uniform condition, whose
definition is similar, except that it applies to all pairs of points X, Y € Q. For ex-
ample, the unit disk centered at the origin, with the slit —-1/2 < x < 1/2,y = 0
removed, is semi-uniform, but not uniform. It was shown in [AH] that for a do-
main satisfying a John condition and the Capacity Density Condition (in particular,
for a domain with an ADR boundary), semi-uniformity characterizes the doubling
property of harmonic measure. The method of [Azz] is, broadly speaking, related
to that of [DJ], and of [BL]. In [DJ], the authors show that a Chord-arc domain Q
may be approximated in a “Big Pieces” sense (see [DJ] or [BL] for a precise state-
ment) by Lipschitz subdomains Q' c Q; this fact allows one to reduce matters to
the result of Dahlberg via the maximum principle (a method which, to the present
authors’ knowledge, first appears in [JK] in the context of BMO; domains). The
same strategy, i.e., Big Piece approximation by Lipschitz subdomains, is employed
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in [BL]. Similarly, in [Azz], matters are reduced to the result of [DJ], by showing
that for a domain Q with an ADR boundary, Q is semi-uniform with a uniformly
rectifiable boundary if and only if it has “Big Pieces” of Chord-arc subdomains
(see [Azz] for a precise statement of the latter condition). As mentioned above, the
converse direction is also treated in [Azz]. In that case, given an interior Corkscrew
condition (which holds automatically in the presence of the doubling property of
harmonic measure), and provided that dQ2 is ADR, the A, (or even weak-A,) prop-
erty of harmonic measure was already known to imply uniform rectifiability of the
boundary [HM3] (although the published version appears in [HLMN]; see also
[MT] for an alternative proof, and a somewhat more general result); as in [AH],
semi-uniformity follows from the doubling property, although in [Azz], the author
manages to show this while dispensing with the John domain background assump-
tion (given a harmlessly strengthened version of the doubling property).

In light of the example of [BJ], it is an interesting open question to try to de-
termine the minimal connectivity assumption, which, in conjunction with uniform
rectifiability of the boundary, yields quantitative absolute continuity of harmonic
measure with respect to surface measure. In the present work, we impose a signifi-
cantly milder connectivity hypothesis than semi-uniformity, and we then show that
harmonic measure w satisfies a weak-A., condition with respect to surface mea-
sure o~ on the boundary, provided that 0Q is uniformly rectifiable. The weak-A
conclusion is best possible in this generality: indeed, the stronger conclusion that
w € A(0), which entails doubling of w, necessarily requires semi-uniformity, as
Azzam has shown.

Let us now describe our connectivity hypothesis, which says, roughly speaking,
that from each point X € Q, there is local non-tangential access to an ample portion
of a surface ball at a scale on the order of 6(X) := dist(X, dQ). Let us make this a
bit more precise. A “carrot path” (aka non-tangential path) joining a point X € Q,
and a point y € 0Q, is a connected rectifiable path y = y(y, X), with endpoints y
and X, such that for some A € (0, 1) and for all Z € v,

(1.2) Ay, 2)) < 6(2).
For X € Q, and R > 2, set
Ax = AR := B(X,R5(X)) N 6Q2.

We assume that every point X € Q may be joined by a carrot path to each y in a “Big
Piece” of Ay, i.e., to each y in a Borel subset F' C Ay, with o(F) > 6o (Ax), where
o denotes surface measure on J€2, and where the parameters R > 2, 1 € (0, 1),
and 6 € (0, 1] are uniformly controlled. We refer to this condition as a “weak
local John condition”, although “weak local semi-uniformity” would probably be
equally appropriate. See Definitions 1.14, 1.16 and 1.18 for more details. We
remark that a strong version of the local John condition (i.e., with § = 1) has
appeared in [HMT], in connection with boundary Poincaré inequalities for non-
smooth domains.

We observe that the weak local John condition is strictly weaker than semi-
uniformity: for example, the unit disk centered a the origin, with either the cross
{(-1/2 < x < 1/2,y =0 U {-1/2 <y < 1/2,x = 0} removed, or with the slit
0 < x < 1,y = 0 removed, satisfies the weak local John condition.



4 STEVE HOFMANN AND JOSE MARIA MARTELL

The main result of this paper is the following.

Theorem 1.3. Let Q c R"™! n > 2 be an open set, not necessarily connected, with
a uniformly rectifiable (UR) boundary. If Q satisfies the weak local John condition,
then harmonic measure w is locally in weak-A, (see Definition 1.23) with respect
to surface measure o on 0€).

We expect that the converse holds, assuming in addition that Q satisfies an in-
terior Corkscrew condition, and we hope to treat this direction in a future paper.
Of course, as noted above, the weak-A., condition already yields uniform rectifi-
ability of the boundary [HM3] (also [HLMN] and [MT]), so it remains to show
that weak-Ao implies the weak local John condition. As noted above, the stronger
assumption that w € A, since it entails doubling, yields the stronger conclusion
that Q is semi-uniform, by [Azz]. We include in Section 4 of the present paper an
easy direct proof of the fact that doubling of harmonic measure implies a strong
local John condition (i.e., with 8 = 1).

As is well known, quantitative absolute continuity, more precisely that w €
weak-A. (o) in the sense of Definition 1.23, is equivalent to an L? solvability result
for the Dirichlet problem. We therefore have the following.

Corollary 1.4. Let Q C R™! n > 2 be an open set, not necessarily connected,
with a uniformly rectifiable boundary. Suppose in addition that Q satisfies the
weak local John condition. Then the LP Dirichlet problem for Q is solvable in L?,
for some p < oo, i.e., given continuous data g defined on 0Q, for the harmonic
measure solution u to the Dirichlet problem with data g, we have for some p < oo
that

(L.5) (INullroo) < Cligllron)

where N.u is a suitable version of the non-tangential maximal function of u.
We refer the reader to, e.g., [HLe, Section 4] for details.

1.1. Further notation and definitions.

o Unless otherwise stated, we use the letters ¢, C to denote harmless positive con-
stants, not necessarily the same at each occurrence, which depend only on di-
mension 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 < Ch 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 un-
changed 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.

e Q will always denote an open set in R"*!, not necessarily connected unless oth-
erwise specified.

e We use the notation y(X, Y) to denote a rectifiable path with endpoints X and Y,
and its arc-length will be denoted £(y(X, Y)). Given such a path, if Z € y(X, Y),
we use the notation y(Z, Y) to denote the portion of the original path with end-
points Z and Y.
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e Given an open set Q) C R™1 we shall use lower case letters x, ¥, Z, etc., to denote
points on 9Q2, and capital letters X, Y, Z, etc., to denote generic points in Q (or
more generally in R\ Q).

e Weletej, j=1,2,...,n+ 1, denote the standard unit basis vectors in R

e The open (n + 1)-dimensional Euclidean ball of radius r will be denoted B(x, r)
when the center x lies on dQ, or B(X, r) when the center X € Q. A surface ball
is denoted A(x, r) := B(x,r) N 0Q.

e Given a Euclidean ball B or surface ball A, its radius will be denoted r3 or ra,
respectively.

e Given a Euclidean or surface ball B = B(X, r) or A = A(x, r), its concentric dilate
by a factor of « > 0 will be denoted B := B(X, «r) or kA := A(x, kr).

e Given an open set Q C R™!, for X € Q, we set 6(X) := dist(X, Q).

e We let H" denote n-dimensional Hausdorff measure, and let o := H"| ;, denote
the surface measure on 0.

e For a Borel set A ¢ R™!, we let 14 denote the usual indicator function of A4, i.e.
Ia(x) = 1if x € A, and 14(x) = 0if x ¢ A.

e For a Borel set A ¢ R**!, we let int(A) denote the interior of A.

¢ Given a Borel measure y, and a Borel set A, with positive and finite 4 measure,
we set f, fdu := u(A)™" [, fdu.

e We shall use the letter I (and sometimes J) to denote a closed (n+ 1)-dimensional
Euclidean dyadic cube with sides parallel to the co-ordinate axes, and we let £({)
denote the side length of 1. If £(]) = 27k then we set k; := k. Given an ADR
set E c R™!, we use Q (or sometimes P) to denote a dyadic “cube” on E. The
latter exist (cf. [DS1], [Chr]), and enjoy certain properties which we enumerate
in Lemma 1.26 below.

Definition 1.6. (ADR) (aka Ahlfors-David regular). We say thataset E C R™! of
Hausdorff dimension 7, is ADR if it is closed, and if there is some uniform constant
C such that

(1.7) é " < o(Ax,r) < Cr", Vre(0,diam(E)), x € E,

where diam(E) may be infinite. Here, A(x, r) := E N B(x, r) is the surface ball of
radius r, and as above, o := H"| g is the “surface measure” on E.

Definition 1.8. (UR) (aka uniformly rectifiable). An n-dimensional ADR (hence
closed) set E ¢ R"! is UR if and only if it contains “Big Pieces of Lipschitz
Images” of R"” (“BPLI”). This means that there are positive constants c¢; and Cj,
such that for each x € E and each r € (0,diam(E)), there is a Lipschitz mapping
P=pcr R'"—> R™! with Lipschitz constant no larger than Cy, such that

H'(ENBx.nNp(zeR <)) 2 e
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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.

We remark that, at least among the class of ADR sets, the UR sets are precisely
those for which all “sufficiently nice” singular integrals are L>-bounded [DS1]. In
fact, for n-dimensional ADR sets in R"*!, the L? boundedness of certain special
singular integral operators (the ‘“Riesz Transforms”), suffices to characterize uni-
form rectifiability (see [MMV] for the case n = 1, and [NTV] in general). We
further remark that there exist sets that are ADR (and that even form the boundary
of a domain satisfying interior Corkscrew and Harnack Chain conditions), but that
are totally non-rectifiable (e.g., see the construction of Garnett’s “4-corners Cantor
set” in [DS2, Chapterl]). Finally, we mention that there are numerous other char-
acterizations of UR sets (many of which remain valid in higher co-dimensions); cf.
[DS1, DS2].

Definition 1.9. (“UR character”). Given a UR set E ¢ R™! its “UR character” is
just the pair of constants (c;, C1) involved in the definition of uniform rectifiability,
along with the ADR constant; or equivalently, the quantitative bounds involved in
any particular characterization of uniform rectifiability.

Definition 1.10. (Corkscrew condition). Following [JK], we say that an open set
Q c R™! satisfies the Corkscrew condition if for some uniform constant ¢ > 0
and for every surface ball A := A(x, r), with x € 0Q and 0 < r < diam(dQ), there
is a ball B(Xa,cr) € B(x,r) N Q. The point X5 C Q is called a Corkscrew point
relative to A. We note that we may allow r < C diam(0Q) for any fixed C, simply
by adjusting the constant ¢. In order to emphasize that B(Xa,cr) C Q, we shall
sometimes refer to this property as the interior Corkscrew condition.

Definition 1.11. (Harnack Chains, and the Harnack Chain condition [JK]).
Given two points X, X’ € Q, and a pair of numbers M, N > 1, an (M, N)-Harnack
Chain connecting X to X', is a chain of open balls By,...,By C Q, with X €
By, X’ € By, By N Byy1 # @ and M~! diam(By) < dist(By, 0Q) < M diam(By). We
say that Q satisfies the Harnack Chain condition if there is a uniform constant M
such that for any two points X, X’ € Q, there is an (M, N)-Harnack Chain connect-
ing them, with N depending only on the ratio |X — X’|/ (min (6(X), 6(X"))).

Definition 1.12. (NTA). Again following [JK], we say that a domain Q c R"*! is

NTA (Non-tangentially accessible) if it satisfies the Harnack Chain condition, and
if both Q and Qe := R"™! \ Q satisfy the Corkscrew condition.

Definition 1.13. (CAD). We say that a connected open set Q ¢ R"*! is a CAD
(Chord-arc domain), if it is NTA, and if 9Q is ADR.

Definition 1.14. (Carrot path). Let Q c R"*! be an open set. Given a point X € Q,
and a point y € JQ, we say that a connected rectifiable path y = y(y, X), with
endpoints y and X, is a carrot path (more precisely, a A-carrot path) connecting y
to X, if y \ {y} c Q, and if for some A € (0, 1) and for all Z € v,

(1.15) A(y(y,2)) < 6(2).

With a slight abuse of terminology, we shall sometimes refer to such a path as a
A-carrot path in €, although of course the endpoint y lies on JQ2.
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A carrot path is sometimes referred to as a non-tangential path.

Definition 1.16. ((6, A, R)-weak local John point). Let X € Q, and for constants
0e(0,1],2€(0,1),and R > 2, set

Ax = A§ := B(X,R8(X)) N Q2.

We say that a point X € Q is a (6, A, R)-weak local John point if there is a Borel set
F cC A§, with o(F) > 00’(A§), such that for every y € F, there is a A-carrot path
connecting y to X.

Thus, a weak local John point is non-tangentially connected to an ample portion
of the boundary, locally. We observe that one can always choose R smaller, for
possibly different values of 6 and A, by moving from X to a point X’ on a line
segment joining X to the boundary.

Remark 1.17. We observe that it is a slight abuse of notation to write Ay, since the
latter is not centered on d€2, and thus it is not a true surface ball; on the other hand,
there are true surface balls, A}, := A(X, (R — 1)6(X)) and A} := A(X, (R + 1)0(X)),
centered at a “touching point” & € 0Q with 6(X) = |X — |, which, respectively, are
contained in, and contain, Ay.

Definition 1.18. (Weak local John condition). We say that Q satisfies a weak
local John condition if there are constants A € (0,1), 8 € (0,1], and R > 2, such
that every X € Q is a (6, 4, R)-weak local John point.

Definition 1.19. (A, weak-A, and weak-RH,). Given an ADR set E C R™! and
a surface ball Ag := By N E, we say that a Borel measure u defined on E belongs
to Aw(Ag) if there are positive constants C and s such that for each surface ball
A = BN E, with B C By, we have
(1.20) uA)<cC m u(A), for every Borel set A C A.

(o
Similarly, we say that u € weak-A(Ag) if for each surface ball A = BN E, with
2B C By,

7(4)

(1.21) ud) < C(o-(A)

S
) UQRA), for every Borel set A C A.
We recall that, as is well known, the condition u € weak-A«(Ag) is equivalent to the
property that 4 < o in Ag, and that for some g > 1, the Radon-Nikodym derivative
k := du/do satisfies the weak reverse Holder estimate

1/q
2A
(1.22) (fkqda) < f kdo ~ *2  yA—BAE, with 2B C By.
A 2A o(A)

We shall refer to the inequality in (1.22) as an “RH,” estimate, and we shall say
that k € RH,(A) if k satisfies (1.22).

Definition 1.23. (Local A, and local weak-A.,). We say that harmonic measure
w is locally in A (resp., locally in weak-As) on 99, if there are uniform positive
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constants C and s such that for every ball B = B(x, r) centered on 0Q), with radius
r < diam(dQ)/4, and associated surface ball A = B N 9Q,
a(A)

X
(1.24) w™(A) < C(O‘(A)

N
) WX (A), VX eQ\4B, Y Borel A C A,

or, respectively, that

o)

X
(1.25) w (A) < C((T(A)

N
) w*(2A), VX eQ\4B, Y Borel A C A;

equivalently, if for every ball B and surface ball A = BN dQ as above, and for each
point X € Q\4B, wX € An(A) (resp., wX € weak-An(A)) with uniformly controlled
A (resp., weak-Ao,) constants.

Lemma 1.26. (Existence and properties of the ‘“dyadic grid”) [DS1, DS2],
[Chr]. Suppose that E ¢ R"! is an n-dimensional ADR set. Then there exist
constants ap > 0, s > 0 and C| < oo, depending only on n and the ADR constant,
such that for each k € Z, there is a collection of Borel sets (“cubes”)

Dy :={Qf CE: je
where 3y denotes some (possibly finite) index set depending on k, satisfying
() E = UJ-QIJ‘. for each k € Z.
(ii) If m > k then either Q" C Q{; or Q"' N Q’;. = 0.
(iii) For each (j, k) and each m < k, there is a unique i such that Qlj‘. c Q"
(iv) diam(Q’;) < C27k
(v) Each Q’]‘. contains some “surface ball” A(x’j‘., ap27%) = B(x’}‘., a2 )N E.

vi) H"'({x € Q5 : dist(x, E\ 05) <927")) < € 9° H"(QY), for all k, j and for all
9 € (0, ap).

A few remarks are in order concerning this lemma.

e In the setting of a general space of homogeneous type, this lemma has been
proved by Christ [Chr], with the dyadic parameter 1/2 replaced by some con-
stant § € (0,1). In fact, one may always take 6 = 1/2 (cf. [HMMM, Proof
of Proposition 2.12]). In the presence of the Ahlfors-David property (1.7), the
result already appears in [DS1, DS2]. Some predecessors of this construction
have appeared in [D1] and [D2].

e For our purposes, we may ignore those k € Z such that 27% > diam(E), in the
case that the latter is finite.

e We shall denote by D = D(E) the collection of all relevant Q’;, 1e.,
D := U,Dy,

where, if diam(E) is finite, the union runs over those k such that 2% < diam(E).
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e Properties (iv) and (v) imply that for each cube Q € Dy, there is a point xp € E,
a Euclidean ball B(xg,rp) and a surface ball A(xg,rg) := B(xg,rg) N E such
that rg ~ 27 ~ diam(Q) and

(1.27) A(xg,rg) C Q C A(xp,Crp),
for some uniform constant C. We shall denote this ball and surface ball by
(128) BQ = B(XQ, I”Q) ’ AQ = A(XQ, I"Q),

and we shall refer to the point x¢ as the “center” of Q.

e For a dyadic cube Q € Dy, we shall set £(Q) = 2% 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 k(Q) denote the dyadic generation to which Q
belongs, i.e., we set k = k(Q) if Q € Dy; thus, £(Q) = 27KQ),

e For a pair of cubes Q’, Q € D, if Q’ is a dyadic child of Q, i.e., if Q' C Q, and
£(Q) = 26(Q’), then we write Q' < Q.
With the dyadic cubes in hand, we may now define the notion of a Corkscrew

point relative to a cube Q.

Definition 1.29. (Corkscrew point relative to Q). Let Q satisfy the Corkscrew
condition (Definition 1.10), suppose that JQ is ADR, and let 0 € D(0Q). A
Corkscrew point relative to Q is simply a Corkscrew point relative to the surface
ball Ay defined (1.27)-(1.28).

Definition 1.30. (Coherency). [DS2]. Let E ¢ R"*! be an ADR set. Let S ¢ D(E).
We say that S is coherent if the following conditions hold:

(a) S contains a unique maximal element Q(S) which contains all other ele-
ments of S as subsets.

(b) If Q belongs to S, and if Q € O  O(S), then O € S.

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

We say that S is semi-coherent if conditions (a) and (b) hold.

2. PRELIMINARIES

We begin by recalling a bilateral version of the David-Semmes “Corona decom-
position” of a UR set. We refer the reader to [HMM] for the proof.

Lemma 2.1. ((HMM, Lemma 2.2]) Let E € R"*! be a UR set of dimension n. Then
given any positive constants 1 < 1 and K > 1, there is a disjoint decomposition
D(E) = G U 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 (Definition 1.30).

(2) The “Bad” cubes, as well as the maximal cubes Q(S), S C G, satisfy a
Carleson packing condition:

a(Q') + Z a(Q@S)) < Cpko(Q), VQeD(E).
Q0'cQ,Q'eB ScG:0(S)co
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(3) For each S C G, there is a Lipschitz graph I's, with Lipschitz constant at
most n, such that, for every Q € S,

(2.2) sup dist(x,I's) + sup dist(y, E) < n€(Q),
xEA*Q yeB*Qﬂl"s
where B*Q := B(xg, K{(Q)) and A*Q = B*Q N E, and xg is the “center” of
QO as in (1.27)-(1.28).

We mention that David and Semmes, in [DS1], had previously proved a unilat-
eral version of Lemma 2.1, in which the bilateral estimate (2.2) is replaced by the
unilateral bound

(2.3) sup dist(x,I's) < n€(Q), VOeS.

xEA*Q

Next, we make a standard Whitney decomposition of Qf := R**!\ E, for a given
UR set E (in particular, Qg is open, since UR sets are closed by definition). Let
W = W(Qg) denote a collection of (closed) dyadic Whitney cubes of QF, so that
the cubes in ‘W form a pairwise non-overlapping covering of Qp, which satisfy

24)  4diam()) < dist(4],6Q) < dist(Z, Q) < 40diam(I),  VIe W

(just dyadically divide the standard Whitney cubes, as constructed in [Ste, Chapter
VI], into cubes with side length 1/8 as large) and also

(1/4)diam(/y) < diam(/) < 4 diam(/;),
whenever /; and I, touch.
We fix a small parameter 7o > 0, so that for any / € ‘W, and any 7 € (0, 7], the
concentric dilate
(2.5) I'o)=0+nl
still satisfies the Whitney property
(2.6) diam [ ~ diam I (1) ~ dist (I*(7), E) ~ dist(I,E), 0<71<71).

Moreover, for T < 1 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 I # J,
then I* () misses (3/4)J.

Pick two parameters 7 < 1 and K > 1 (eventually, we shall take K = n~3/%).
For Q € D(E), define

@7 Wy:={rew: Q) <t < K'*0(Q), dist, Q) < K'*((Q)}.

Remark 2.8. We note that (W% is non-empty, provided that we choose 1 small
enough, and K large enough, depending only on dimension and ADR, since the
ADR condition implies that Qf satisfies a Corkscrew condition. In the sequel, we
shall always assume that 7 and K have been so chosen.

Next, we recall a construction in [HMM, Section 3], leading up to and including
in particular [HMM, Lemma 3.24]. We summarize this construction as follows.
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Lemma 2.9. Let E ¢ R"™! be an n-dimensional UR set, and let Qp = R™1\
E. Given positive constants n < 1 and K > 1, as in (2.7) and Remark 2.8, let
D(E) = G U B, be the corresponding bilateral Corona decomposition of Lemma
2.1. Then for each S C G, and for each Q € S, the collection WOQ in (2.7) has an
augmentation ‘VV*Q C W satisfying the following properties.

(1) ’Wg c W, = (WB+ U (WB_, where (after a suitable rotation of coor-
dinates) each I € ‘WB+ lies above the Lipschitz graph I's of Lemma 2.1,
each I € WZ_ lies below TI's. Moreover, if Q' is a child of Q, also be-
longing to S, then (W5+ (resp. (Wg_ ) belongs to the same connected com-
ponent of Qr as does (W*Q,Jr (resp. “VVZ,_ ) and (VV*Q,Jr nw Z+ + O (resp.,

Wy nW, #0).

(2) There are uniform constants ¢ and C such that
en'?0Q) < &) < CK'?UQ), VI e W,
(2.10) dist(, Q) < CK'*0(Q), VIe Wy,
en'20(Q) < dist(I*(1),Ts), VIe W, Vre 0,1l

Moreover, given T € (0, 1¢], set

2.11) Ug=Uh,:= | J int('@),  Ug=UjuUy,,
Ie“WE"

and given S’, a semi-coherent subregime of S, define
2.12) 0f =05 = | Ug.
QeS’
Then each of Qé—', is a CAD, with Chord-arc constants depending only on n, 7,1, K,
and the ADR/UR constants for 0€.

Remark 2.13. In particular, for each S c G, if Q' and Q belong to S, and if Q’ is
a dyadic child of Q, then U 5 uU é is Harnack Chain connected, and every pair of
points X, Y € U 5 uu 5 may be connected by a Harnack Chain in Qf of length at
most C = C(n, 1,7, K, ADR/UR). The same is true for Ué, U Ué.
Remark 2.14. Let 0 < 7 < 19/2. Given any S C G, and any semi-coherent sub-
regime 8" C S, define Qg, = Qg,(7) as in (2.12), and similarly set Qg, = Qg (27).
Then by construction, for any X € Q_é—’,,
dist(X, E) ~ dist(X, Q%) ,
where of course the implicit constants depend on 7.

As in [HMM], it will be useful for us to extend the definition of the Whitney
region Uy to the case that Q € B, the “bad” collection of Lemma 2.1. Let ‘W "Q be

the augmentation of "W% as constructed in Lemma 2.9, and set

__{W*Q, 0¢g,
Q0 -=

2.15
2.15) ’W%, QeB
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For O € G we shall henceforth simply write (W’—é in place of W Bi. For arbitrary
0 € D(E), we may then define

(2.16) Ug=Ugr:= | ) int(I"@).
IeWy
Let us note that for Q € G, the latter definition agrees with that in (2.11).

For future reference, we introduce dyadic sawtooth regions as follows. Set

(2.17) Do :={Q' € D(E): Q' C 0},
and given k > 1,
(2.18) Df) == {0 € D(E): @' € Q. €(Q) =27 £(Q)} |

Given a family ¥ of disjoint cubes {Q;} C D, we define the global discretized
sawtooth relative to ¥ by

(2.19) Dy =D\ U Do, ,
Qe

i.e., Dg is the collection of all Q € D that are not contained in any Q; € . We
may allow ¥ to be empty, in which case D¢ = D. Given some fixed cube Q, the
local discretized sawtooth relative to F by

(2.20) Dy g :=Dg \ U Dy, = Dy N Dy.
QjeF

Note that with this convention, Dg = Dg ¢ (i.e., if one takes ¥ = @ in (2.20)).

Finally, we conclude this section with a well-known consequence of the ADR
property of 0Q.

Lemma 2.21. Let Q ¢ R™ n > 2, be an open set with ADR boundary. Let
x € 0Q and 0 < r < diam(0L2). Assume also that u is non-negative and harmonic
in B(x,4r) N Q, continuous on B(x,4r)N Q, and that u = 0 on QN B(x,2r). Then,
there exist constants a € (0,1), and C > 0, depending only on n and the ADR
constant, such that

max u.
B(x,2r)nQ

8(Z2)\*
(2.22) ulzZ) < C(Q)
.
We omit the proof, which is a consequence of the fact that an open set with ADR
boundary satisfies the Capacity Density Condition. This is standard, but see, e.g.,
[HKM, Theorem 6.38], or [HLMN, Remark 3.26, Lemma 3.27, Lemma 3.31].

3. Proor oF THEOREM 1.3

In the proof of Theorem 1.3, we shall employ a two-parameter induction argu-
ment, which is a refinement of the method of “extrapolation” of Carleson measures.
The latter is a bootstrapping scheme for lifting the Carleson measure constant, de-
veloped by J. L. Lewis [LM], and based on the corona construction of Carleson
[Car] and Carleson and Garnett [CG] (see also [HLw], [AHLT], [AHMTT], [HM1],
[HM2],[HMM]).
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3.1. Step 1: the set-up. To set the stage for the induction procedure, let us begin
by making some preliminary reductions. First, by the method of [BL], more pre-
cisely, from the combination of [BL, Lemma 2.2] and its proof, and [BL, Lemma
3.1], it suffices to show that there are positive constants € and ¢ such that for each
X € Q with 6(X) < diam(0Q), if Ay = A§ = B(X,R6(X)) N 0Q, for some fixed
R > 2 as in Definition 1.16, and if A is a Borel subset of Ay, then

(3.1) oA > (1 -eo(Ay) = wA)=c.

It will be convenient to work with a certain dyadic version of (3.1). To this
end, let X € Q, and let * € 9Q be a touching point for X, i.e., |[X — X| = §(X).
Choose X; on the line segment joining X to x, with 6(X;) = 6(X)/2. Then Ay, =
B(X1,R6(X)/2) N 0. Note that B(X1, R6(X)/2) C B(X, R6(X)), and furthermore,
R-1

2
We may therefore cover Ay, by a disjoint collection {Q,-}ll.i , € D(0Q), of equal
length £(Q;) = 6(X), such that each Q; C Ay, and such that the implicit constants
depend only on n and ADR, and thus the cardinality N of the collection depends
on n, ADR, and R. With E = 9Q, we make the Whitney decomposition of the set
Qp = R™!\E as in Section 2 (thus, Q c Q). Moreover, for sufficiently small 77 and
sufficiently large K in (2.7), we then have that X € Ug, foreachi =1,2,...,N. By
hypothesis, there are constants 6y € (0, 1], 49 € (0, 1), and R > 2 as above, such that
every X € Q is a (6, Ag, R)-weak local John point (Definition 1.16). In particular,
this is true for Xj, hence there is a Borel set F C Ay,, with o(F) > 6po(Ax,),
such that every y € F may be connected to X; via a dyp-carrot path. By ADR,
o(Ax,) = Zfi , 0(Q;) and thus by pigeon-holing, there is at least one Q; =: Q such
that o(F' N Q) > 610(Q), with 6 depending only on 8y, n and ADR. Moreover, the
Ap-carrot path connecting each y € F to X; may be extended to a A;-carrot path
connecting y to X, where 4; depends only on Aj.

dist (B(Xl,Ré(X)/Z), AB(X, R6(X)) > 5(X) > %5()().

We have thus reduced matters to the following dyadic scenario. Let Q € D(0Q),
and let Up = Ug be the associated Whitney region as in (2.16), with 7 < 7¢/2
fixed, and suppose that Uy meets Q (recall that by construction Ug C Qp, with
E =0Q). For X € Up N Q, and for a constant A € (0, 1), let

(3.2) Fear(X, Q) = Fear(X, 0, )

denote the set of y € Q which may be joined to X by a A-carrot path y(y, X), and
for 8 € (0, 1], set

(33)  To=To(6,d):={X€UgNQ: o(Fear(X, 0, D) 2 65(Q)}.

Our goal is to prove that, given A € (0, 1) and 6 € (0, 1], there are positive constants
€ and ¢, depending on 6, A, and the allowable parameters, such that for each Q €
D(0LQ), if A is a Borel subset of Q, then

(3.4) cA) = (1-e0(Q = o A)>c, VXeTy®).

Remark 3.5. For some Q € D(0Q), it may be that T is empty. On the other hand,
by the preceding discussion, each X € Q belongs to To(61, A1) for suitable Q, 6;
and A4y, so that (3.4) (with 8 = 61,4 = A;) implies (3.1), for a slightly different
choice of sufficiently small £; more precisely, the left hand inequality in (3.1), with
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e replaced by &/C, implies the left hand inequality in (3.4), with A N Q in place of
A, where Q is the particular Q; selected in the previous paragraph.

The rest of this section is therefore devoted to proving (3.4) (when it is not
vacuous). To this end, we let 4 € (0,1) (by Remark 3.5, any fixed 4 < 4; will
suffice). We also fix positive numbers K > A4, and n<kK —4/3 « 2%, and for these
values of 7 and K, we make the bilateral Corona decomposition of Lemma 2.1, so
that D(0Q) = G U B. We also construct the Whitney collections (W% in (2.7), and

W*Q of Lemma 2.9 for this same choice of  and K.
Given a cube Q € D(0Q), we set

(3.6) D.(Q):={Q' c Q: LQ)/4<UQ) < UQ), O’} .
Thus, D..(Q) consists of the cube Q itself, along with its dyadic children and grand-
children. Let

M:={0O)ls
denote the collection of cubes which are the maximal elements of the stopping time
regimes in G. We define

(3.7) oo o 10D I MUB)NDUQ) # O,
. ¢ 0, otherwise.

Given any collection D’ ¢ D(0Q), we set
(3.8) m(D’) := Z .
Qel’
Then m is a discrete Carleson measure, i.e., recalling that Dy is the discrete Car-

leson region relative to Q defined in (2.17), we claim that there is a uniform constant
C such that

(3.9) mDg) = . ag < Co(Q),  VQeDER).
Q'co
Indeed, note that for any Q" € Dy, there are at most 3 cubes Q such that Q" € D.(Q)

(namely, Q' itself, its dyadic parent, and its dyadic grandparent), and that by ADR,
o(Q) = o(Q"), if Q' € D.(Q). Thus, given any Qg € D(0Q),

mDg,) = Y ag s Y PR ()

0cQo Q’eMUB QcQo: Q'eD.(Q)

< D d@) 2 CoQ),
Q' e MUB: 0'cQp
by Lemma 2.1 (2). Here, and throughout the remainder of this section, a generic
constant C, and implicit constants, are allowed to depend upon the choice of the
parameters 7 and K that we have fixed, along with the usual allowable parameters.

With (3.9) in hand, we therefore have

(3.10) My = m@o) _

= sup <C<o
0en(g) 0(0)

As mentioned above, our proof will be based on a two parameter induction
scheme. Given 4 € (0, 4;] fixed as above, we recall that the set F., (X, O, 1) is
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defined in (3.2). The induction hypothesis, which we formulate for any a > 0, and
any 6 € (0, 1] is as follows:

There exist c, = c4(0),e, = €4(0) € (0,1) such that for any
given Q € D(0Q), if

(3.11) m(Dg) < aoc(Q),

if there is a subset Vg C Ug N Q for which

(3.12) c{LJnme@]z%@»

XEVQ
and if A C Q, then

(3.13)  oA) > (1 —g)o(Q) = ;fﬁ w'(A)dY > c,,
|Uol JJU,

In the last expression

(3.14) Ugp=Uo6,4,Ve):= | | U,
i:UpnVo#@

where each U ’Q is a connected component of Ug, and where

the union runs over those U ’Q that meet Vo (thus, each such
U ‘Q C Q, by construction).

Let us briefly sketch the strategy of the proof. We first fix # = 1, and by in-
duction on a, establish H[My, 1]. We then show that there is a fixed { € (0,1)
such that H[My, 6] implies H[ My, £6], for every 8 € (0, 1]. Iterating, we then ob-
tain H[My, 0] for any 6; € (0,1]. Now, by (3.10), we have (3.11) with a = My,
for every Q € D(0Q). Thus, H[My, 8;] may be applied in every cube Q such that
To(61,4) (see (3.3)) is non-empty, with Vo = {X}, for any X € To(0,1). For
A < Ay, and an appropriate choice of 61, by Remark 3.5, we obtain (3.1), and thus
that Theorem 1.3 holds, as desired.

We begin with some preliminary observations. In what follows we have fixed
A € (0,4;] and two positive numbers K >> A4, and n < K43 < 2%, for which
the bilateral Corona decomposition of D(A€2) in Lemma 2.1 is applied. We now fix
ko € N, ko > 4, such that

(3.15) 27k < L o pkotl

- K

Lemma 3.16. Let Q € D(0Q), and suppose that Q' C Q, with £(Q’) < 27kog(Q).
Suppose that there are points X € Up N Q and y € Q’, that are connected by a
A-carrot path y = y(y, X) in Q. Then y meets Ugp N Q.

Proof. By construction (see (2.7), Lemma 2.9, (2.15) and (2.16)), X € Uy implies
that

n'0(Q) 5 6(X) 5 K'*0(Q).
Since 275 « 7, and £(Q’) < 27%£(Q), we then have that X € Q \ B(y,2{(Q")).
Thus, y(y, X) meets B(y,2(Q")) \ B(y, €(Q")), say at a point Z. Since y(y, X) is a
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A-carrot path, and since we have previously specified that < A%,
8(Z) 2 Ab(y(y. 2)) 2 Aly - Z = A6Q") > n''*€(Q").
On the other hand
8(Z) < dist(Z, Q') < 1Z — y| < 26(Q") < K'?¢(Q").

In particular then, the Whitney box I containing Z must belong to WO, (see (2.7)),
so Z € Uy . Note that Z € Q since y C Q. o

We shall also require the following. We recall that by Lemma 2.9, for Q € S,
the Whitney region Uy has the splitting Uy = U(E U U, with Ué (resp. Uy) lying
above (resp., below) the Lipschitz graph I's of Lemma 2.1.

Lemma 3.17. Let Q' C Q, and suppose that Q' and Q both belong to G, and
moreover that both Q' and Q belong to the same stopping time regime S. Suppose
thaty € Q" and X € Ug N Q are connected via a A-carrot path y(y, X) in Q, and
assume that there is a point Z € y(y,X) N Ug N Q (by Lemma 3.16 we know that
such a Z exists provided €(Q") < 27%0¢(Q)). Then X € Ué if and only if Z € Ué,
(thus, X € Ué ifand only if Z € Ué,).

Proof of Lemma 3.17. We suppose for the sake of contradiction that, e.g., X € U},
and that Z € U o Thus, in traveling from y to Z and then to X along the path
v(y, X), one must cross the Lipschitz graph I's at least once between Z and X. Let
Y be the first point on y(y, X) N ['s that one encounters after Z, when traveling
toward X. By Lemma 2.9,

K'20(0) 2 6(X) > A(y(y, X)) > K (y(y, X)),

where we recall that we have fixed K > A7*. Consequently, £(y(y, X)) < K>/*£(Q),
so in particular, y(y, X) C B*Q := B(xg, K{(Q)), as in Lemma 2.1. On the other
hand, Y; ¢ B},. Indeed, Y] € I'g,soif Y € B’é,, then by (2.2), 6(Y1) < né(Q").
However,

S(Y1) 2 Ay, Y1) 2 Uy, 2)) = Aly - Z) 2 AdisWZ, Q') 2 ' Q")
where in the last step we have used Lemma 2.9. This contradicts our choice of
n < A%

We now form a chain of consecutive dyadic cubes {P;} C Dy, connecting Q' to
O, 1ie.,

Q =PycPicPycC---CPycCPys =0, (Piy1) = 26(P;),
and let P := P;;, 1 <ip < M + 1, be the smallest of the cubes P; such that Y; € B}Zi.
Setting P’ := Pj,—1, we then have that Y; € B, and Y| ¢ B),. By the coherency of
S, P €8, s0by (2.2),
(3.18) o(Yy) <nl(P).
On the other hand,
dist(Yy, P') = K€(P') ~ K{(P),

and therefore, since y € Q' C P/,
(3.19) 6(Y1) = A(y(y, Y1)) = Aly — Yq| = Adist(Yy, P’) > AK((P).
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Combining (3.18) and (3.19), we see that 4 < i/ K, which contradicts that we have

fixedp < A%, and K > 174, o
Lemma 3.20. Fix A € (0, 1). Given Q € D(0Q2) and a non-empty set Vo C UgNQ,
let
(3.21) Fo:= | | Fear(X, 0.,

XGVQ

where we recall that F.,(X, Q, ) is the set of y € Q that are connected via a
A-carrot path to X (see (3.2)). Let Q' C Q be such that £(Q") < 27%¢(Q) and
FoNn Q' # @. Then, there exists a non-empty set Voo C Ug N Q such that if we
define Fy as in (3.21) with Q" replacing Q then Fo N Q" C Fy. Moreover, for
every Y € Vo, there exist X € Vg, y € Q" and a A-carrot pathy = y(y, X) such that
Yey.

Proof of Lemma 3.20. For every y € Fg N Q’, by definition of F, there exist
X € Vg and a A-carrot path y = y(y,X). By Lemma 3.16, there is Y = Y(y) €
¥y N Ugp N Q (there can be more than one Y, but we just pick one). Note that
the sub-path y(y,Y) C y(y,X) is also a A-carrot path, for the same constant A.
All the conclusions in the lemma follow easily from the construction by letting

Vo = Uyergno YO). 0

Remark 3.22. 1t follows easily from the previous proof that under the same as-
sumptions, if one further assumes that £(Q") < 27k £(Q), we can then repeat the
argument with both Q" and (Q’)* (the dyadic parent of Q) to obtain respectively
Vo and V(o). Moreover, this can be done in such a way that every point in Vo
(resp. V(o)) belongs to a A-carrot path which also meets V(o) (resp. Vo), con-
necting Ug and Q’.

Given a family ¥ := {Q;} C D(dQ) of pairwise disjoint cubes, we recall that
the “discrete sawtooth” D¢ is the collection of all cubes in D(9€Q) that are not
contained in any Q; € F (see (2.19)), and we define the restriction of m to the
sawtooth D¢ by

(3.23) my(D):=mD ND) = > g
0eD/\(Us Do)
We then set
Im#lic) = sup w-
oco o(Q)
Let us note that we may allow ¥ to be empty, in which case D = ID and mg is
simply m. We note that the following claims remain true when ¥ is empty, with
some straightforward changes that are left to the interested reader.

Claim 3.24. Given Q € D(0Q), and a family ¥ = Fo := {Q;} C Do \ {Q} of
pairwise disjoint sub-cubes of Q, if lImzllco) < 1/2, then each Q' € Dg N Dy,
each Q; € ¥, and every dyadic child Q’/. of any Q; € F, belong to the good
collection G, and moreover, every such cube belongs to the same stopping time
regime S. In particular, S’ := Dy N Dy is a semi-coherent sub-regime of S, and
sois " := Dy UF UF’) N Dy, where ¥ denotes the collection of all dyadic
children of cubes in F.
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Indeed, if any Q" € Dy N Dy were in M U B (recall that M := {Q(S)}s is the
collection of cubes which are the maximal elements of the stopping time regimes
in G), then by construction agr = o(Q’) for that cube (see (3.7)), so by definition
of m and mg, we would have

_ (@) _ mp(Dg)

a(Q)  o(Q)
a contradiction. Similarly, if some Q; € F (respectively, Q;. € ') were in MU
B, then its dyadic parent (respectively, dyadic grandparent) Qj. would belong to
D# N Dy, and by definition ag, = O'(Qj.), so again we reach a contradiction.
Consequently, ¥ U ¥’ U (D& N Dg) does not meet M U B, and the claim follows.

1
< lImellee) < 3

Lemma 3.25. Let Q  D(0Q), and suppose that ¥ = {Q;} C Do \ {Q} is a family
of pairwise disjoint sub-cubes of Q, such that S’ := D& N Dy is a semi-coherent
sub-regime of some S C G, and such that also ¥ C S. Suppose that Ué meets €
(and thus, Qf, C Q). Then given any Q; € F, there is a point Z| € 0Q, such that

dist(Zy, Q) = 6(Zy) ~ €(Q)) ,
where the implicit constants may depend on n, and moreover,

(3.26) 1Z1 - xg,| < £(Q)).

Proof of Lemma 3.25. We first observe that by rotation we may assume that U 5
(and hence Q) lies above the Lipschitz graph I's. Let Q;‘. denote the dyadic
parent of Q;. Observe that by hypothesis, Qj € §’. Let xp, be the “center” of
Qj, as in (1.27)-(1.28), and by translation we may suppose that xo, = 0. Let
Yo := {ten+1 1 t > 0} be the upward vertical ray emanating from the origin, and set
Yy = UQ)ens1, Yo := 5nl(Q;)ens1. Let I's be the Lipschitz graph of Lemma 2.1,
and note that by (2.2), along with the fact that I's has Lipschitz constant at most 7,

(3.27) dist(Y1, Q7) ~ 6(Y1) = €(Q)),
and therefore (2.7) yields
Y, e Uéj- c Q.
Moreover, by (2.2), Y, € Q, with
6(Y2) 2 nt(Q)),
and in general
(3.28) nt(Q;) < 6(Z) < dist(Z, Q) < 1Z - 0] < €(Q)),

for every point Z € yy between Y; and Y,. On the other hand, we claim that
Y ¢ Qf,. Indeed, note that

(3.29) 0(Y2) < Y2 =0 = 5nl(Q)).

+

o for

Suppose by way of contradiction that ¥, € Qf,. Then by definition, Y, € U
some cube Q' € §’, and therefore

8(Y2) 2 n'*eQ),
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by (2.10) and the definition of Uf,. Combining the last two inequalities, we find
that

(3.30) 00 s n'* Q) < €(Q).

Thus, Q' N Q; = @, by the semi-coherency of S’. Therefore, by (1.27)-(1.28), and
the fact that we have fixed n < K=4/3,

dist(Q’,0) 2 £(Q)) 2 n”'*0(Q") 2 K*P*U(Q) > K'*U(Q).
On the other hand, by (3.29) and (3.30),
dist(Q’, 0) < dist(Q’, Y») + diam(Q") + |Y» — 0|
< dist(Q', Y2) + Cn'2€(Q)) + 5nt(Q)) < dist(Q’, Y2) + Cn'/ dist(Q’, 0)
Consequently,
dist(Q’, Y2) > K'2¢(Q")
so Y, ¢ Uf,, by (2.10). This proves the claim.

Now travel downward along y( from Y; toward Y,, and let Z; be the first point
on 0Q),. By (3.28), Z enjoys the desired properties. O

For future reference, we now state and prove the following.

Lemma 3.31. Fix A, €,p00,c0 € (0,1). Given Q C D(9Q) and a non-empty set
Vo C UpNQ, let Fg be defined as in (3.21). Suppose that ¥ = {Q;} C Do \ {0}
is a family of pairwise disjoint sub-cubes of Q, such that S’ := Dy N Dg is a
semi-coherent sub-regime of some S C G, and such that also ¥ C S.

Let ' C F be such that

(3.32) o Je)zme@.
=

Assume also that for every Q; € F' there is a set Vg, C Ug, N Q such that every
point in Vg, belongs to some A-carrot path connecting Vg with Q;. Defining ﬁQ
and f]\Qj,for Q;€F’, asin(3.14), if A C Q is a Borel set such that

1
(3.33) A—ffA W"ANQpdY 2co, VQjeF,
|UQJ| UQj
then
1
(3.34) — f ﬁ w'(A)dY > ¢,
|Ugl JJU,

where ¢ depends on A, €, po, co as well as n, T, 5, K and the ADR/UR constants of
Q.

Proof. Let us consider a particular Q; € ¥’. Since Q; € S, by (3.33) there is at
least one choice of + (or possibly both) such that V, meets Ué/_ (resp., Ué/_), and
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such that (3.33) holds (with a slightly different constant) with ﬁQj replaced by U éi
(resp., by U éj). Consider the case that, for example, '

1

(3.35) ff w'(ANQ)dY 2 co,
J Q;

and Vg, meets U +,~’ say at a point Z;. By assumption and Lemma 3.17 applied with

Q' = Q,, we find that Z; € y(y, X/), for some y € Q; and X/ € U, N Vg, where

¥(y, X7) is a A-carrot path in Q. By Harnack’s inequality, Remark 2.13, and (3.35)

(3.36) W' ANQ)zc, YYeU),
J

where Qj. is the dyadic parent of Q;
We now write ' = F+ U ¥ ~, where Q; € ¥ if (3.35) and hence also (3.36)
hold, and Q; € ¥, if the analogous estimates hold with Ué]_, Ué* in place of
- j
U 5/, U 5 Of course, it is possible that these estimates may hold for both choices
' J

of + for some j, so that ¥+ and ¥~ need not be disjoint, but this is harmless for our
purposes. Setting G := Ug Q; and G* := [Jg= Qj, we see that (3.32) continues
to hold, with constant ¢ pg, for at least one choice of G* in place of G, say without
loss of generality that

(3.37) o(G") > cpoo(Q).

We recall that B*Qj := B(xg;, K{(Q))). By a covering lemma argument, we may
extract a sub-collection of ¥+, call it F*, such that {B*Q/_ 1 QjeFT

is pairwise disjoint, and such that G* := (J#- Q; satisfies

(3.38) > (@) = 0(G") 2 poo(Q).

=
By assumption, 8" := Dg N Dy is a semi-coherent sub-regime of S, so Q¢ is a
chord-arc domain, by Lemma 2.9. We let ﬁg be the analogous chord-arc domain,
constructed with dilation parameter 27 < 7 in place of 7 in (2.5) and (2.11).

Given Q; € ¥, letZy = Z; ; € (9Q§, be the point constructed in Lemma 3.25,
relative to Q;. Then dist(Z; j, Q) =~ 6(Z1,j) = €(Q;), and by Remark 2.14, we
therefore also have _

dist (21,00 ) ~ £(Q))
Thus, by (3.36), and Harnack’s inequality applied within the chord arc domain ﬁg,,
we find that
(3.39) W'(A) > 0" (ANQ) R co, VYeBZicl(Q))=:Bi;
for a sufficiently small but uniform constant ¢ > 0.
By (3.26), By,; C B*Q/' Consequently, the balls in the collection {B; ; : Q} € Fr}

are pairwise disjoint. Therefore, by (3.38) and the fact that 0Q¢, is ADR and has
diameter of the order of £(Q) by construction, setting o := Hnl_agg’, we find that

P00 (09%) ~ poor(Q) £ ) (@) ~ )" s (B N0QY ) = ox(Ay),
F* =
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where A, = g (Bl, in agg,). Thus, by the result of [DJ], letting w, denote

harmonic measure for Qg,, we find that
(3.40) Wi(A) 2 cr, VX € Q) with dist(X,09%) > n((Q).

where ¢, depends on pg,n and the chord-arc constants for Qf,. In particular, we
note that (3.40) holds for the center X; of every I € (W*QJr We now fix some

leW B+, and observe that by the Markov property

w¥(4) = f W’ (A)dw(Y) 2 f W’ (A) dw} (Y) 2 co i (Ax) 2 cocx
9y, Ax
where in the last two steps we have used first the definition of A, and (3.39), and
then (3.40). By Harnack’s inequality, we find that wX(A) > c for every X € Ua
Moreover, Ué meets Vo (at X), for each Q; € ¥+, and F* # @ by (3.37), hence

U 5 - ﬁQ. We therefore obtain (3.34). This completes the proof. O

3.2. Step 2: Proof of H[ My, 1]. We shall deduce H[ My, 1] from the following pair
of claims.

Claim 3.41. HJO0, 0] holds for every 0 € (0, 1].

Proof of Claim 3.41. If a = 0 in (3.11), then [Im|lcg) = 0, whence it follows by
Claim 3.24, with ¥ = @, that there is a stopping time regime S C G, with Dy C S.
Hence 8’ := Dy is a coherent sub-regime of S, so by Lemma 2.9, each of Qg is a
CAD. Moreover, by [HMM, Proposition A.14]

Q C 9Q%, N IO C A}y = 8Q N B(xg, KL(Q))

and in fact Q coincides with the Lipschitz graph I's, by Lemma 2.1. By the chord
arc property, for 4 € (0,1) chosen small enough, depending only on the NTA
constants of Qg,, for any fixed X € Up, there is a A-carrot path joining X to every
y € Q. To verify H[0, 8], we may assume that Uy meets Q. Thus, at least one of

U 5 N Q is non-empty, for the sake of specificity, say U 5 meets Q (hence Qf, c Q).
We fix X = Xg € Ué. Let cufo denote harmonic measure for Qé’,. By the result

of [DJ], wf" € A (0Q,) with respect to surface measure on 0Q¢,, thus for every
g € (0, 1], there is a constant ¢ € (0, 1) such that

cA) > (1-8)0(Q) = wA)=c,.

Since Qf, ¢ Q, we have wX0(A) > ¢, by the maximum principle. The conclusion
of (3.13) then follows by Harnack’s inequality. O

Claim 3.42. There is a uniform constant b > 0 such that Hla,1] = H[a + b, 1],
for all a € [0, My).

Combining Claims 3.41 and 3.42, we find that H[ M, 1] holds.

To prove Claim 3.42, we shall require the following.
Lemma 3.43 ([HM2, Lemma 7.2]). Suppose that E is an n-dimensional ADR set,

and let m be a discrete Carleson measure, as in (3.8)-(3.10) above. Fix Q € D(E).
Leta > 0 and b > 0, and suppose that m(Dg) < (a+b) o(Q). Then there is a family
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¥ =1{0Q;} C Dg of pairwise disjoint cubes, and a constant C depending only on n
and the ADR constant such that

(3.44) I lleco) < Cb,
(3.45) (o)== b 0
> T ax2b ’
bad

where Fpaq :={Q; € F : m(DQj \{Q}) > ac(Q))}.

We refer the reader to [HM?2, Lemma 7.2] for the proof. We remark that the
lemma is stated in [HM?2] in the case that E is the boundary of a connected domain,
but the proof actually requires only that £ have a dyadic cube structure, and that
o be a non-negative, dyadically doubling Borel measure on E. In our case, we
shall of course apply the lemma with E = 9Q2, where € is open, but not necessarily
connected.

Proof of Claim 3.42. We assume that H[a, 1] holds, for some a € [0, My). Set
b = 1/(2C), where C is the constant in (3.44). Consider a cube Q € D(0Q) with
m(Dg) < (a + b)o(Q). Suppose that there is a set Vo € Ug N Q such that (3.12)
holds with 8 = 1, and let A be a Borel subset of Q, with

(3.46) o(A) = (1 -¢e0(0),
where € > 0 is a sufficiently small number to be chosen. There are two cases.

Case 1: There exists Q' € Dg (see (2.18) and (3.15)) with m(Dg') < ac(Q).

In this case, choosing € > 0 small enough, depending on n, ky, ADR, and g,, we
have that

(3.47) c(AN Q)= (1-¢gm)o(Q).

Moreover, in the present scenario 6 = 1, that is, o(Fg) = o(Q) (see (3.12) and
(3.21)), which implies o(Fg N Q") = o(Q’). We apply Lemma 3.20 to obtain
Vo € Ugp N Q and the corresponding F o which satisfies o(Fg/) = 0(Q’). That
is, (3.12) holds for Q’, with & = 1. Consequently, we may apply the induction
hypothesis to Q’, to obtain that

(3.48) Ug|™ f fA W' (AN QHdY > c,,
Uy

with ﬁQ, defined as in (3.14). Since Uy has at most a bounded number of con-
nected components U, (depending on 1, K and n), there is at least one particular

U ’Q meeting V¢ such that

Uyl ff w'(ANQ)dY 2 ca,
Ul
Q/

and thus by Harnack’s inequality, w?(A N Q) 2 c,, where Z € U ’Q N Vo. By
Lemma 3.20, Z lies on a A-carrot path y(y, X), for some y € Q’, and some X €
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Vo C Up. This, the fact that £(Q") ~ £(Q) (depending on ko, hence on 1 and K),
and Harnack’s inequality yield w¥(4) > w*(A N Q') 2 ¢,, and furthermore

(3.49) [Ugl™ f fA w'(A)dY > ce, .
Uo

Taking c,+p» = cc4, We obtain the conclusion of H[a + b, 1] in the present case.

Case 2: m(Dg') > ao(Q’) for every Q' € ]Dg).

In this case, we apply Lemma 3.43 to obtain a pairwise disjoint family ¥
{Q;} € Do such that (3.44) and (3.45) hold. In particular, by our choice of b
1/(20),

(3.50) Imzlle) < 1/2,
so that the conclusions of Claim 3.24 hold.
We set
(3.51) Fo:=0\(Je)).
7,'
define
(3.52) Feood :=F \ Fraa ={Qj € F : m(Dg; \ {Q,}) < ac(Q))},
and let
G() = U Qj .
7:gnod
Then by (3.45)
(3.53) o(Fo U Go) = pa(Q),

where p € (0, 1) is defined by

a+b My+b
3.54 < = 1-pe(,1).
(3.54) a+2b - My+2b pe@D

We claim that

(3.55) 00N <277 0Q), VO € Feoou-

Indeed, if this were not true for some Q;, then by definition of ¥,,¢ and pigeon-
holing there will be Q;. € Dy, with f(Q;.) =275 ¢(Q) such that m(DQ}) < aO'(Q;.).
This contradicts the assumptions of the current case.

Note also that Q & Fgpoaq by (3.55) and Q ¢ Fpaa by (3.45), hence F C Do \ {Q}.

Recall that we are given a Borel set A C Q, satisfying (3.46). Assuming that
€ < p/2, we then define the “extra good” collection

2
(3.56) Feg = {Qj € Fgooa : T(ANQ)) > (1 - E)U(Qj)} ,

and set G| := Uﬁg 0,

Claim 3.57. o(Fo UG)) > §0(Q).
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Indeed, define the “bad good” collection

2¢e
Frg = {Qj € Fgooa - T(ANQ)) < (1 - ;)O'(Qj)} :
Then, since ¥ is a pairwise disjoint collection,

2
— 2,0(0) < Y100\ A) < 0(0\4) < 67(Q),

ﬁg ﬁg

by (3.46). Consequently, Zg:bg o(Q)) < '% o(Q), and the claim holds by (3.53).

If Fy (see (3.51)) satisfies o(Fy) > (p/4)0(Q), then Q has an ample overlap with
the boundary of a chord-arc domain with controlled chord-arc constants; indeed,
by (3.50) and Claim 3.24, " = Dy N Dy is a semi-coherent sub-regime of some
S C G, and up to a set of o-measure 0 (see [HMM, Proposition A.14] and [HM2,
Proposition 6.3]),

0Ny =Fo,

where by Lemma 2.9, each of Q, is a CAD. Recall that in establishing H[a + b, 1],
we assume that there is a set Vo C Up N Q for which (3.12) holds with 6 = 1;
in particular, at least one of Ué meets Q, and without loss of generality we may
suppose that this is true for U&; thus, Qf, c Q. Then, if & < p/8, it follows
that 0(A N Fo) > (p/8) o(Q) and by [DJ], the maximum principle, and Harnack’s
inequality, w¥(A) > ¢, forevery X € U 5 Consequently, (3.13) follows in this case,
with a + b in place of a.

We may therefore suppose that o(Fy) < (po/4)0(Q), so by Claim 3.57,
(3.58) o (Gy) > 'Z (0).

In addition, by the definition of F440q (3.52), and pigeon-holing, every Q; € F,¢
has a dyadic child Q;. (there could be more children satisfying this, but we just pick
one) satisfying

(3.59) m(DQ}) < aO'(Q;-) .

Moreover, by definition of ¥, (see (3.56)) and the ADR property, choosing & suf-
ficiently small, we find that for this same child Q; C Qj € Feq,

(3.60) o(AN Q;) >(1- sa)o-(Q}).
We observe that under the present assumptions 6 = 1, thatis, o(Fg) = o(Q) (see
(3.12) and (3.21)), hence o(Fp N Q;.) = O'(Q;.). We apply Lemma 3.20 to obtain

VQ;_ - UQ; NQand F 0 which satisfies o (F Q;) = O’(Q}). That is, (3.12) holds for
Q;., with 6 = 1. Consequently, by the induction hypothesis H[a, 1],

1
(3.61) A—fﬁ w' (AN QHdY 2 ¢4,
|UQ;.| Uy

for every Q; € F.,. Let us consider a particular Q; € ¥,,. We note that Q;. €S, by

Claim 3.24 and (3.50)). Thus, there is at least one choice of + (or possibly both)

such that VQ//’ meets Ué, (resp., Ué,), and such that (3.61) holds (with a slightly
: j j
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different constant) with fJ\Qri replaced by U, (resp., by U o ). For example, suppose
: j j
that

1 4
(3.62) Wff w' (AN Q)dY 2 cq,
o’ UQ/.
J J

and that Vin meets Ué,, say at a point Z’. By Lemmas 3.20 and Lemma 3.17
: j

applied with Q' = Q;., we find that Z’ € y(y, X), for some y € Q;. and X € Ué,

where y(y, X) is a A-carrot path in Q. By Remark 3.22 (with Q' = Q;. and hence

(Q)" = Q) and Lemma 3.17 we can also construct Vg, C Up, and find Z €

Vo,NU or N v(y,X). By Harnack’s inequality, Remark 2.13, and (3.62) it follows

that (3.62) holds for Q; in place of Q;. with a slightly different constant and hence

(3.63) %ffA W' (AN Q)dY 2 cq.
[Ug,| VJUy,

This, (3.58), and the properties of the constructed Vp,’s allow us to apply Lemma

3.31 with F" = F,, to conclude (3.34) and hence that (3.13) holds with a + b in

place of a. Thus, we have proved Claim 3.42, and therefore, as noted above, it

follows that H[ M, 1] holds. O

3.3. Step 3: bootstrapping 6. In this last step, we shall prove that there is a uni-
form constant £ € (0, 1) such that for each 6 € (0, 1], H[My,0] — H[M,, (6].
Since we have already established H[ M, 1], we then conclude that H[ M, 6] holds
for any given 8; € (0, 1]. As noted above, it then follows that Theorem 1.3 holds,
as desired.

In turn, it will be enough to verify the following.

Claim 3.64. There is a uniform constant 8 € (0, 1) such that for every a € [0, My),
0e€(0,1], 9 €(0,1), and b = 1/(2C) as in Step 2/Proof of Claim 3.42, if H[ My, 6]
holds, then

Hla,(1 -9)] = Hla+b,(1 -9p)6].

Let us momentarily take Claim 3.64 for granted. Recall that by Claim 3.41,
HJO0, 0] holds for all & € (0,1]. In particular, given 6 € (0, 1] fixed, for which
H[M, 6] holds, we have that H[0, 6/2] holds. Combining the latter fact with Claim
3.64, and iterating, we obtain that H[kb, (1 — 2‘1[3")0] holds. We eventually reach
H[M,, (1 —2718)6], with v ~ My/b. The conclusion of Step 3 now follows, with

l=1-271p".

Proof of Claim 3.64. The proof will be a refinement of that of Claim 3.42. We are
given some 6 € (0, 1] such that H[ My, 8] holds, and we assume that H[a, (1 — 1)6]
holds, for some a € [0, My) and ¢ € (0,1). Set b = 1/(2C), where as before C is
the constant in (3.44). Consider a cube Q € D(0Q) with m(Dyp) < (a + b)o(Q).
Suppose that there is a set Vo C Up N Q such that (3.12) holds with 6 replaced by
(1 — 9B)0, for some B € (0, 1) to be determined, and let A be a Borel subset of Q,
with

(3.65) o(A) = (1 —&)o(Q),
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where € > 0 is a sufficiently small number to be chosen, eventually depending
only on a, 6, ¢}, and the various allowable parameters. Our goal is to show that for
a sufficiently small, but uniform choice of §, we may conclude that (3.13) holds,
with €445, cq+p in place of g4, ¢,. There are two principal cases.

Case 1: There exists Q' € Dg’ (cf. (2.18)) with m(Dg/) < ac(Q").

In this case, choosing € > 0 small enough, depending on n, ky, ADR, and &,, we
have that

(3.66) cAN Q) > (1 -e)o(Q).

By assumption, and recalling the definition of Fg in (3.21), (3.12) holds with con-
stant (1 — 98)0, i.e.,

(3.67) o(Fg) > (1 -96)00(Q).
We split Case 1 into two subcases.

Case la: o(Fo N Q') > (1 =)o (Q’).

In this case, we follow the Case 1 argument for 6 = 1 in Subsection 3.2 mutatis
mutandi, so we merely sketch the proof. By Lemma 3.20, we may construct Vo
and Fo sothat FoN Q" C Fp and hence o(Fg/) > (1 —3)00(Q’). This and (3.66)
allow us to apply the induction hypothesis H[a, (1 —)6] in Q’ and to obtain (3.48).
We then use Harnack’s inequality and the A-carrot property to conclude that (3.49)
holds, as desired.

Case 1b: o(Fp N Q) < (1 — $)0o(Q’).

Set gy := &um,(0), i.e., the value of g, corresponding to H[a, 6], with a = M.
Choosing € > 0 small enough in (3.65), depending on n, kg, ADR, and &y, we then
have the following extension of (3.66), valid for every Q" € Dg’:

(3.68) (AN Q") = (1 - g)r(Q").
By (3.67)
(1-9B)00(Q) < 0(Fg) = o(Fon Q)+ Y. a(FgnQ").
0"eD\(Q')

In the scenario of Case 1b, this leads to
(1 -9B8)00(Q") + (1 — 9B)6 Z a(Q"”) = (1 - 9B)Ho(Q)
0"eDI\(Q'}
<A=-0o(@)+ Y o(FnQ"),
0" eD\(Q')
that is,

(3.69) (1= @)+ (1-9B)0 > @) < >  oFenQ).
07 eDP\(Q') 0"eDI\(Q'}
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Note that we have the dyadic doubling estimate

> @) <0(Q) < Mio(Q),
0"eDI\(Q)
where My = M (ko,n, ADR). Combining this estimate with (3.69), we obtain

ﬂ 4 ’7
(l—ﬁ)ﬁl+(1—ﬁ,8)]0 Z a(Q") < Z o(Fon Q).
0"eDY\(Q') 0"eDI\(Q')
We now choose 8 < 1/(M;+1), so that (1-8)/M, > 3, and therefore the expression

in square brackets is at least 1. Consequently, by pigeon-holing, there exists a
particular Qf € Dlg \ {Q’} such that

(3.70) 00(Q)) < o (Fo N Q).

By Lemma 3.20, we can find VQg such that Fp N QE)’ c F oy where the latter is
defined as in (3.21), with Q(’)' in place of Q. By assumption, H[ M, 6] holds, so
combining (3.68) (which holds for Qf) and (3.70), along with the fact that (3.11)
holds with a = My for every Q € D(9Q2), we find that

1
—_— ffA W' (AN QY)Y > co = cy(6) .
[Ugyl JJU

9%
Using a now familiar argument, we observe that by Lemma 3.20, points in UQ&' are

connected to points in ﬁQ by a Harnack chain of length at most C = C(A, kg, 17, K),

thus
|’U\Q|_1 fﬁ w¥(A)dY > ccy,
Ug
as desired.

Case 2: m(Dg') > ao(Q’) for every Q' € ]DZO.
In this case, we apply Lemma 3.43 to obtain a pairwise disjoint family ¥
{Q;} € Dy such that (3.44) and (3.45) hold. In particular, by our choice of b

1/Q20), [Imzlieg) < 1/2.

Recall that we are given a Borel set A C Q, satisfying (3.65), for a sufficiently
small choice of & depending only on a,6,,8, and other allowable parameters.
Recall also that Fg is defined in (3.21), and satisfies (3.67).

We define Fo = Q \ (Ug Q)) as in (3.51), and Fypoq := F \ Fpaa as in (3.52).
Let Gy := Ug_-gm Q;. Then as above (see (3.53)),
(3.71) o(Fo U Go) = po(Q),
where again p = p(My,b) € (0, 1) is defined as in (3.54). Much as in Case 2 for
6 = 1 in Subsection 3.2, one can show that
(3.72) 0Q) <27%UQ), VY Q; € Faooar and ¥ cDg\ {0}
Hence, the conclusions of Claim 3.24 hold.

With € > 0 as in (3.65), we observe first that if o/(Fo) > +/eo(Q), then (3.49)
holds, as desired. Indeed, as in the analogous scenario in Subsection 3.2, Q has
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an ample overlap with the boundary of a chord-arc domain with controlled chord-
arc constants. More precisely, by (3.50) and Claim 3.24, " = Dy N Dy is a
semi-coherent sub-regime of some S, and up to a set of o-measure 0 (see [HMM,
Proposition A.14] and [HM2, Proposition 6.3]),

on 8Q§, =Fy,

where by Lemma 2.9, each of Qf, is a CAD. Recall that our goal is to establish
Hla + b, (1 — 9p)6d], in which case we assumed that there is a set Vo C Ug N Q for
which (3.12) holds with (1 — 98)0 in place of 8. In particular, at least one of Ué
meets Q, and without loss of generality we may suppose that this is true for Ué;
thus, Qg, C Q. Then, if £ < 1/4 one has that (AN Fy) > (1/£/2)c(Q) and by [DJ],
the maximum principle, and Harnack’s inequality, wX(A) > c,, for every X € U},
and (3.49) follows.

We may therefore suppose that

(3.73) o(Fo) < Veo(Q).

Next, we refine the decomposition F = Fgpoa U Fpaa- Modifying slightly our
previous construction, we define the “extra good” collection

Fes :={Q) € Frooa : 7(ANQ)) = (1 - Ve)o(Q)) ,
and let Fpg 1= Fgo0a \ Feg be the “bad good” collection. We similarly decompose
Fraa- Let

Fusp = {Q) € Foaa : (AN Q)) 2 (1= V&) o(Q))
be the “not so bad” collection, and let F.p, := Fpaa \ Fnsp be the “extra bad” collec-
tion. Note that by definition,

o(Qj\ A) > Ver(Q)), VQj€FpgUFen,
and therefore
374 > a@p<e? Y a0\ 4) <60\ ) < Ver(Q),
FogUFeb FogUF e
by (3.65).

We now further refine ¥, and ¥,z as follows. With p as in(3.54) and (3.71),
we choose 8 < p/4. Set

Fop) = {Qj €Feg: 0(FoN Q) =(1- 4ﬁﬁp—1)ea(Qj)} ’
and define 7.2 1= Foe \ Fi. Let
77;1(5113 = {Qj € Fusp: 0(FoNQj) > HO'(Qj)} ,
and define Tn(fz = Fsh \ f(l)

nsb*
We split Case 2 into two subcases.

Case 2a: There is Q; € F'") such that £(Q;) > 275 £(Q).

nsb

By definition of ?"rf}]z, o(Fo N Q)) > 60(Q;). By pigeon-holing, Q; has a de-
scendent Q' with £(Q") = 27%¢(Q), such that o(F oN Q) = 0c(Q). Also, by
(3.65), for & small enough, 0(AN Q) > (1 — &, (0)) 07(Q’). Using Lemma 3.20 we
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can find Vo and F 22 sothat o(Fo) > 0(FoN Q') > 60(Q"). Hence, we may apply
H[My, 0] in Q’, to obtain that

1
- fﬁ w (AN Q)dY = co = ey, (6).
|UQ/| Uy

As before, by Lemma 3.20, points in l7Q/ are connected to points in UQ by a Har-
nack chain of length at most C = C(4, ko, 7, K), thus

1Ugl™ ffA w'(A)dY > ccy,
Uo
as desired.

Case 2b: Every Q; € Trfslz satisfies £(Q;) < 27k £(Q).
Observe that by definition,

(375)  o(FonQ)s(1-406p )00r(Q). VO Ty,
and also
(3.76) o(FoN Q) <00(Q)), VO e T,

Set F. := F \ 7-‘8(5 ). For future reference, we shall derive a certain ampleness
estimate for the cubes in 7.

By (3.67),

B.77) (1 -98)00(Q) < o(Fg) < o(Fo)+ ) a(Q)+ ) o(FoN Q)

Fe 7‘1(3)
< Ve (Q) + ). o(Q)) + (1 - 496p™") 600 Q).
7.

where in the last step have used (3.73) and (3.75). Observe that

(3.78) (1-9p0=(4p™" = 1)0po + (1 -49pp™") 6.

Using (3.77) and (3.78), for Ve < (4p~! = 1)8936, we obtain
27! (407!~ 1) 9B (Q) < ) (Q))

F.
and thus

(3.79) 7(Q) < C(@,p.B.0) ), 0(Q)).
F

We now make the following claim.

Claim 3.80. For & chosen sufficiently small,

max ZO’(QJ'),ZO'(Q]') > Veo(Q).

(ﬁ(;) F

nsb
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Proof of Claim 3.80. If ¥y 0(Q;) > \ea(Q), then we are done. Therefore, sup-
eg
pose that

(3.81) D (@) < Ver(Q).
7y
We have made the decomposition
(3.82) F = Fag' UFag U Fbg UFugp U Fo,

where also Fpy, = F 0 U F

nsb nsb*
Consequently

a(Fg) < ) a(FanQp+ Y a(Fon Q) +0(Ver(Q),
70 Foet

where we have used (3.73), (3.74), and (3.81) to estimate the contributions of F,
Foe and Fop, and Fry ), respectively. This, (3.67), (3.75), and (3.76) yield

(1-9B)0| > (@) + D o(Q) | < (1= 9B)6r(Q) < (Fo)

< (1-4907)0 Y 0(Q)+ ) (0 +6 ), 0(Q)) + O(Ver(Q)) .
wo ™

In turn, applying (3.78) in the latter estimate, and rearranging terms, we obtain
(3.83) (4o = 1)9BO Y o(Q) — 9B ) | o(Q) < Y 7(Q) +O(Ver(Q)) .
s G

Recalling that Gy = U000 Djis and that Fgpoq = Fpg U 7-;(;) U 7—‘6(;), we further note
that by (3.71), choosing £ « p?%, and using (3.73), (3.74), and (3.81), we find in
particular that
(3.84) 2,02 = £o(0).

72
Applying (3.84) and the trivial estimate Z?ﬁ; o(Qj) < o(Q) in (3.83), we then

have
950 |1- 2] Q) = (4™ = 1)00E - 90| (@)
< (4o = 1)9B0 ) | o(0)) - 980 ) 7(Q) < ) 7(Q) + O(Ver(Q)) .

2 2 1
& o

nsb

Since p < 1, we conclude, for Ve < (4C)~'9p6, that

1
FP00(Q) < ) Q).

T(l)

nsb

and Claim 3.80 follows. O
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With Claim 3.80 in hand, let us return to the proof of Case 2 of Claim 3.64.

Claim 3.85. Choosing € small enough, every Q; € 7:(1; satisfies

(3.86) ff W' (AN Q)dY > co,
|UQ| Ug;

with co = cp,(6). Here UQj is defined as in (3.14) with Vo, being the set con-
structed in Lemma 3.20 so that Fo N Q; C Fg,.

Proof of Claim 3.87. Fix Q; € ). Then 0(Fo N Q)) > 60(Q}), by definition of
7"”(:;, and for & small enough, (AN Q) > (1 —&p,(0))0(Q;), by definition of Fp,.
In the scenario of Case 2b, £(Q;) < 270 ¢(Q). Thus, we can use Lemma 3.20 to

construct the corresponding Vp, so that o(Fg,) = 0(Fg N Q;) = 60(Q;). We may
therefore apply H[M, 6] to Q;, to obtain that (3.86) holds with ¢y = ¢, (6). O

Claim 3.87. Choosing 8 and & small enough, (3.86) holds for every Q; € Te(; ) with
co being either of the order of c,((1 — 9)0) or cu,(0). Again, UQ]. is defined as in
(3.14) with V¢, being the set constructed in Lemma 3.20 and Remark 3.22.

Proof of Claim 3.87. Fix Q; € 7"6(;). In particular, Q; € Fgp0a, S0 by pigeon-
holing, Q; has a child Q;. satisfying (3.59). In addition, £(Q;) < 27kop(Q) by
(3.72). Moreover, for £ chosen small enough, Q} satisfies (3.60), by definition of
Feg-

Our immediate goal is to find a child Q}’ of Q;, which may or may not equal Q;.,
for which we have the estimate

(3.88) ff wl(AN Q”) dyY > co,

|UQ" UQ//
with ¢g = ¢,((1 — #)0). To this end, we assume first that O’ f satisfies
(3.89) 7(Fon Q) = (1-9)60(Q)).

In this case, we set Q;.' = Q;. and use (3.89) and Lemma 3.20 to find VQ;_/ such that
o(F Q}’) >(1- 19)60'(Q;.'). By the induction hypothesis H[a, (1 — #)6], applied in
Q;.’ = Q;., we obtain (3.88).

Let us next consider the case
(3.90) o(Fon Q) < (1 -9oo(Q)).

In this case, we shall select Q;.’ * Q}. Recall that we use the notation Q" < Q to
mean that Q" is a dyadic child of Q. Set

?-j// — {Q”<1Q] Q/,iQ}
Note that we have the dyadic doubling estimate

(3.91) Z o(Q7) < o(Q)) < Mio(Q)),
ojery
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where M| = M (n, ADR). We also note that

(3.92) (1-4980" 10 = (1 —4B8p~ )90+ (1 - D)6
By definition of 7—“6(;),
(1-40pp™)00(Q)) < c(FoNQ)) = oFon Q)+ > a(FonQ)).
QjeFy

By (3.90), it follows that

(1-409Bp™)60(Q)) + (1 —49Bp™ )6 ) (@) = (1 - 49Bp™ )0 (Q))

4 14
Q5 eF;

< (=00 + D, a(Fon Q).
o7}

In turn, using (3.92), we obtain

(1= 4607 )000(Q)) + (1= 4960700 > (@) < > a(FenQ)).

ojery o<y
By the dyadic doubling estimate (3.91), this leads to
[(1=4go7 oMt + (1= 40807 )]0 Y. o(@) < > o(Fon Q).
Q/eFY Q/eFy

Choosing 8 < p/(4(M; + 1)), we find that the expression in square brackets is at
least 1, and therefore, by pigeon holing, we can pick Q}’ € 7—‘1 ! satisfying

(3.93) o(FoN Q}’) > HO'(Q;,).
Moreover, for ¢ sufficiently small, by definition of %, (recall that Q; € Te(gl )),
ag(AN Q}') >(1- SMO(Q))O'(Q;-/).

Hence, using (3.93) and Lemma 3.20, we see that the induction hypothesis H[ My, 6]
holds for Q}’ € 7—"} ", and hence (3.88) follows with co = ¢y, (6).

Thus, (3.88) holds in both cases, and therefore Vinf must meet UQ;;, say at a
point Z”. Let U ’Q be the component of U 0/ containing Z”, and note that (3.88)

j :

still holds with U ’Q in place of U /> possibly with a slightly different constant. By
Harnack’s inequalijty it follows that

(3.94) W (AN Q)) % co.

By Lemma 3.20 we find that Z” € y(y, X), for some y € Q;.’ and X € Up, where
v(yv, X) is a A-carrot path in Q. By Remark 3.22 (with Q' = Q;.’ and hence (Q')" =
Q;) we can also construct Vg, C Up; and find Z € Vo, N Ug, N y(y, X). Since
Z and Z"” lie in the same A-carrot path and £(Q;) = 2€(Q;.') we can use Harnack’s
inequality to see that (3.94) holds for Z and hence, by Harnack’s inequality again
for the component of Uy, containing Z. This easily yields (3.86) as desired. O
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To complete the proof of Claim 3.64 we write ¥’ = ?'n(sl}z U Tcg ) ¢ ¥ and note
that by Claim 3.80

D@y =) 0@)+ D o(Q) = Ver(Q).
QjeF” 7 Qj€Feg
Also, for every Q; € ¥, Claims (3.85) and (3.87) give

1
— ([ oangparza.
|UQ,| UQj

where ﬁQj is defined as in (3.14) and Vg, is the set constructed in Claim (3.85)
or (3.87), which in turn comes from Lemma 3.20 and/or Remark 3.22. We now
have all the ingredients to apply Lemma 3.31 and eventually obtain (3.34). Thus,
(3.13) holds with a + b in place of a. This finishes the proof of of Claim 3.64 and
consequently that of Theorem 1.3. O

4. DOUBLING IMPLIES STRONG LOCAL JOHN

In this section, we give a direct proof of a fact which already follows from
stronger results of [Azz], namely that doubling of harmonic measure implies that a
strong version of the local John condition holds (i.e., Definition 1.18, with 6 = 1).
To this end, we recall the following fact from [AH].

Lemma4.1. [AH, Lemma 2]. Let G(X, Y) denote the Green function for Q C R+
n > 2, a domain with ADR boundary. Suppose that 5(X) = r, and that G(X,Y) >
Aor'™", for some positive constant Ag. Then there is a constant A = A(Ag, ADR, n)
and a rectifiable path y C Q joining X to Y, with £(y) < Ar, and 6(Z) > r/A, for all
Z€y.

We remark that the full strength of the ADR hypothesis is not needed in Lemma

4.1: in [AH], the authors assume only the capacity density condition.

We shall define the doubling property essentially as in [Azz]: harmonic measure
is doubling if there is a constant A > 2, and a function C : (0, 00) — (1, 00) such
that, for any ball B = B(xp, rp) centered on JQ with radius rp < diam(9Q2), and
corresponding surface ball A = BN dQ, and for any a > 0,

w*(24) < C(@)w* (),
for all X such that dist(X, AA) > arp.

Let X € Q, set r := 6(X), and define

Ax := AY = B(X,10r) N Q2

and let y € Ayx. Our goal is to show that there is a A-carrot path joining X to y, with
A depending only on n, ADR, and the doubling constant. For a sufficiently large
number M to be chosen, and for each k = 1,2,3,..., set

By := B(y, M%), Ay = By N OQ.
By a result of [Bou], there is a constant co = co(n, ADR) such that wX(Ay) > ¢o.
By doubling,
4.2) w¥(A2) 2 e1cp,
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with ¢; = ¢;(M). We then have a weak version of the well-known “CFMS” es-
timate, namely that for M large enough, there is a point X; € 2B, N Q, with
8(X1) > 2M3r, such that

(4.3) GX, X)) = cyr' ™.

The latter estimate may be proved by a modification of the proof of the classical
CFMS estimates, see, e.g., [Ken, Lemma 1.3.5], using (4.2), Lemma 2.21, and the
reverse CFMS estimate. We omit the details.

By (4.3) and Lemma 4.1, there is a path y joining X to Xj, of length at most Cyr,
with 6(Z) > r/Cy, for all Z € y. Moreover, invoking the result of [Bou] again, we
have that for M large enough, ¥ (A1) > ¢y, and then by doubling,

a)Xl (A3) =2 ciep .-
We may then construct a path to y by iterating.
We have the following immediate corollary.

Corollary 4.4. Suppose that harmonic measure is doubling, and that 0Q is UR.
Then w satisfies the local A condition (Definition 1.23).

Proof. We have just shown, as a consequence of the doubling property, that Q
satisfies a strong version of the local John condition, i.e., Definition 1.18, with
6 = 1. Thus, by Theorem 1.3, harmonic measure is in local weak-A, and by the

doubling hypothesis, the latter condition improves to local A. O
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