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CARLESON MEASURE ESTIMATES AND THE DIRICHLET PROBLEM
FOR DEGENERATE ELLIPTIC EQUATIONS

STEVE HOFMANN, PHI LE AND ANDREW J. MORRIS

We prove that the Dirichlet problem for degenerate elliptic equations div(A4Vu) = 0 in the upper half-space
(x,t)e R’fl is solvable when n > 2 and the boundary data is in L1, (R") for some p < co. The coefficient
matrix A is only assumed to be measurable, real-valued and ¢-independent with a degenerate bound and
ellipticity controlled by an A,-weight p. It is not required to be symmetric. The result is achieved by prov-
ing a Carleson measure estimate for all bounded solutions in order to deduce that the degenerate elliptic
measure is in A, with respect to the p-weighted Lebesgue measure on R”. The Carleson measure estimate
allows us to avoid applying the method of e-approximability, which simplifies the proof obtained recently
in the case of uniformly elliptic coefficients. The results have natural extensions to Lipschitz domains.
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1. Introduction

We consider the Dirichlet boundary value problem for the degenerate elliptic equation div(AVu) = 0 in the
upper half-space R’rrl when n > 2 and which we make precise below. The boundary R” x {0} is identified
with R and we adopt the notation X = (x, ¢) for points X € [R{’:LH with coordinates x € R” and ¢ € (0, 00).
The gradient V := (Vy, d;) and divergence div :=divx +3; are with respect to all (n+1)-coordinates. The
coefficient A denotes an (n41) x (n+1) matrix of measurable, real-valued and ¢-independent functions
on IRTFI. The matrix A(x) := A(x,t) is not required to be symmetric. We suppose that there exist
constants 0 <A < A < oo and an A,-weight ;£ on R” such that the degenerate bound and ellipticity

[{AM)E O < Ap(x)IEE] and  (A(x)E§) = Apu(x)IE (1.1)

hold for all £,¢ € R*™! and almost every x € R". We use (-,-) and |- | to denote the Euclidean
inner product and norm. An A,-weight u on R” refers to a nonnegative locally integrable function
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1 R* — [0, oo] such that

1 ! !
[M]Az(R")'_Sgp(@/ plod )(IQI /Q p(x) ) -

where sup denotes the supremum over all cubes Q in R” with volume |Q|. We also use 1 to denote the
measure 4(Q) := |, 0 1(x) dx and consider the Lebesgue space LZ(R”) with the norm || f| Lo@) =
(fn |f|p dp) Y2 for all p € [1,00). There is also the notation £, f du:= n(Q)~ 1fQ f du, whilst

fQ =07 1fQ fx)dx.
If is identically 1, then A is called uniformly elliptic. The solvability of the Dirichlet problem for

general nonsymmetric coefficients in that case was obtained only recently by Hofmann, Kenig, Mayboroda
and Pipher [Hofmann et al. 2015a]. The result in dimension # = 1 had been obtained previously by Kenig,
Koch, Pipher and Toro [Kenig et al. 2000]. These results assert that for each uniformly elliptic coefficient
matrix A there exists some p < oo for which the Dirichlet problem is solvable for L?-boundary data.
Conversely, counterexamples in [Kenig et al. 2000] show that for each p < oo, there exists a uniformly
elliptic coefficient matrix A for which the Dirichlet problem is not solvable for L?-boundary data. In
contrast, solvability of the Dirichlet problem for symmetric coefficients in the uniformly elliptic case is
well understood, and we mention only that it was obtained by Jerison and Kenig [1981] for L”-boundary
data when 2 < p < oo.

The solvability of the Dirichlet problem in the uniformly elliptic case has also been established for
a variety of complex coefficient structures; see, for instance, [Auscher and Stahlhut 2014; Hofmann
et al. 2015a; 2015b]. A significant portion of that theory was recently extended to the degenerate elliptic
case by Auscher, Rosén and Rule [Auscher et al. 2015] for Lz—boundary data. That extension did not
include, however, the results for general nonsymmetric coefficients in [Hofmann et al. 2015a]. This paper
complements the progress made in [Auscher et al. 2015] by extending the solvability obtained for the
Dirichlet problem in [Hofmann et al. 2015a] to the degenerate elliptic case.

For solvability on the upper half-space R’i"’l, the A,-weight ;1 on R” is extended to the 7-independent
Aa-weight pu(x, 1) := p(x) on R"*1 (and [1] 4, n+1) = [1t]4,wn)). We then say that u is a solution of
the equation div(4Vu) = 0 in an open set @ € R"™! when u € Wu lOC(Q) and fRn—i-l (AVu,vo) =0
for all smooth compactly supported functions ® € C2°(£2). The solution space is the local u-weighted
Sobolev space Wu loc defined in Section 2. The convergence of solutions to boundary data is afforded by

estimates for the nontangential maximal function N.u of solutions u, defined by

(Nsu)(x):= sup |u(y,t)| forall x € R",
(.)€l (x)

where I'(x) is the cone {(y,?) € [F\R”Jrl iy —x| <t}. If p € (1,00), then the Dirichlet problem for
Lﬁ([R{”) -boundary data, or simply (D) . 18 said to be solvable when for each f € LL, 1 (R™) there exists
a solution u such that

div(AVu) =0 in R"F!,

Nsu € Lf(R"), (D)p.u

lim;—ou(-,t) = f,
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where the limit is required to converge in Lﬁ([Ri”)—norm and in the nontangential sense whereby
imp(x)s(y,1)—(x,0) (¥, 1) = f(x) for almost every x € R". Note that this definition of solvability
is distinct from well-posedness, which requires that such solutions are unique. We are able to obtain a
uniqueness result for solutions that converge uniformly to O at infinity, but the question of well-posedness
more generally remains open (see Theorem 5.34 and the preceding discussion).

A nonnegative Borel measure w on a cube Qg in R” is said to be in the Ayo-class with respect to j,
written w € Ao (), when there exist constants C, 6 > 0, which we call the Ao (Q¢)-constants, such that

n(E)

6
w(E) < c(@) o(0)

for all cubes Q C Qg and all Borel sets £ C Q. This is a scale-invariant version of the absolute continuity
of w with respect to . It is well known, at least in the uniformly elliptic case, that solvability of the
Dirichlet problem for L?-boundary data for some p < oo is equivalent to the property that an adapted
harmonic measure (elliptic measure) belongs to A, with respect to the Lebesgue measure on R”; see
Theorem 1.7.3 in [Kenig 1994]. In the degenerate case, an adapted harmonic measure w*, which we call
degenerate elliptic measure, can also be defined at each X € R1+1 (see Section 5). We prove that this
degenerate elliptic measure is in Ao, with respect to & and then deduce the solvability of (D), stated
in the theorem below. This requires the notation associated with cubes Q in R", where x¢ and £(Q)
denote the centre and side length of Q, respectively, and X¢ := (xg, £(Q)) denotes the corkscrew point
in [RR’_’:“I relative to Q.

Theorem 1.2. If n > 2 and the t-independent coefficient matrix A satisfies the degenerate bound and
ellipticity in (1.1) for some constants 0 < A < A < o0 and an Ay-weight i on R", then there exists
p € (1, 00) such that (D)p,;, is solvable. Moreover, on each cube Q in R", the degenerate elliptic measure
w = 0X2 | Q satisfies © € Ao (1) With Aco(Q)-constants that depend only on n, A, A and [(]4,.

In contrast to the proof of solvability in the uniformly elliptic case in [Hofmann et al. 2015a], we avoid
the need to apply the method of e-approximability by first establishing the Carleson measure estimate
in the theorem below. This crucial estimate facilitates the main results of the paper. The connection
between the Carleson measure estimate and solvability was first established in the uniformly elliptic case
by Kenig, Kirchheim, Pipher and Toro [Kenig et al. 2016], and we follow their approach here, adapting it
to the degenerate elliptic setting (see Lemma 5.24 below). In particular, the Aso-property of degenerate
elliptic measure is obtained by combining the Carleson measure estimate (1.4) with the notion of good
e-coverings introduced in [Kenig et al. 2000].

Theorem 1.3. If n > 2 and the t-independent coefficient matrix A satisfies the degenerate bound and
ellipticity in (1.1) for some constants 0 < A < A < oo and an A-weight u on R", then any solution
ue L°°(|R1+1) of div(AVu) =0in Riﬂ satisfies the Carleson measure estimate

1
n(Q)

where C depends only on n, A, A and [1t]4,.

£€(Q) ) dt .
sup [tVu(x, )" du(x)— < Cllu| 5, (1.4)
0 0 0 t
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Using the Carleson measure estimate in this way allows us to bypass the need to establish norm-
equivalences between the nontangential maximal function N«u and the square function Su of solutions u,

defined by
_ 2 _du(y) dr\'? .
(Su)(x) = (/fl—‘(x) |tVU(y,l)| MT) for all x € R",

where A(x,t) is the surface ball {y € R” : |y — x| < t}. It was shown by Dahlberg, Jerison and Kenig
[Dahlberg et al. 1984], however, that such estimates are a consequence of the Aoo-property of degenerate
elliptic measure, which provides the following result.

Theorem 1.5. If n > 2 and the t-independent coefficient matrix A satisfies the degenerate bound and
ellipticity in (1.1) for some constants 0 < A < A < 00 and an A-weight i on R", then any solution of
div(AVu) =0in [R{T'l satisfies

||S“||Lﬁ(Rn) = C||N*u||Lﬁ(Rn) Jorall p € (0, 00),
and if, in addition, u(Xg) = 0 for some Xg € [R{TLI, then

INsullpr @y < ClSullp e @y forall p € (0,00).
where C depends only on Xg, p,n, A, A and [|t]4,.

The paper is structured as follows. Technical preliminaries concerning weights and degenerate elliptic
operators are in Section 2, whilst estimates for weighted maximal operators are in Section 3. The Carleson
measure estimate in Theorem 1.3 is obtained in Section 4. The degenerate elliptic measure is constructed
in Section 5 and then the Ao-estimates in Theorem 1.2 are deduced as part of Theorem 5.30. The square
function and nontangential maximal function estimates in Theorem 1.5 are included in the more general
result in Theorem 5.31, whilst the solvability of the Dirichlet problem in Theorem 1.2 is finally deduced
in Theorem 5.34, where a uniqueness result is also obtained.

We state and prove our results in the upper half-space, but we note that they extend immediately to
the case that the domain is the region above a Lipschitz graph, by a well-known pull-back technique
which preserves the 7-independence of the coefficients. In turn, our results concerning the Aoo-property
of degenerate elliptic measure may then be extended to the case of a bounded star-like Lipschitz domain,
with radially independent coefficients, by a standard localization argument using the maximum principle.

The convention is adopted whereby C denotes a finite positive constant that may change from one line
to the next. For a, b € R, the notation ¢ < b means that a < Ch, whilst a < b means thata <b < a. We
write a <p b when a < Cb and we wish to emphasise that C depends on a specified parameter p.

2. Preliminaries

We dispense with some technical preliminaries concerning general A,-weights p for p € (1, 00) and
degenerate elliptic operators on R” for n € N. All cubes Q and balls B in R" are assumed to be
open (except in Section 5D where the standard dyadic cubes S in D(R") are assumed to be closed
to provide genuine coverings of R"). For @ > 0, let «Q and aB denote the concentric dilates of Q
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and B respectively. For x € R"” and r > 0, define the ball B(x,r) :={y e R* : |y —x| < r}. An
Ap-weight refers to a nonnegative locally integrable function p on R with the property that [u]4, (rn) :=
supo ( fQ w(f 0 p @y )p ! < 00. The measure associated with such a weight satisfies the doubling

property
p(aB) < [u]a,o"? u(B) 2.1

for all & > 1; see, for instance, Section 1.5 in Chapter V of [Stein 1993].
For an open set 2 C R”, the Sobolev space Wl}’p (2) is defined as the completion, in the ambient
space Lﬂ(Q), of the normed space of all f € C*°(2) with finite norm

11 sy = [ 1V it [ 19517 dp <o, @2

The embedding of the completion W, P (Q)in L% 1 (£2) relies on the Aj-property of the Welght (to the
extent that it implies both © and p 1/(P D are in L1 .(£2)), which ensures that if (f;); is a W P (Q)-
Cauchy sequence in C°(2) converging to 0 in L%, 1 (§2), then (f;); converges to 0 in W), Lp (2)-norm;
see Section 2.1 in [Fabes et al. 1982b] Therefore, since C*°(2) is dense in W, P (R2), the gradient
extends to a bounded operator V:w, Lp (Q)— L% (82, R™), thereby extending (2.2) to all f € W1 P (Q).
The Sobolev space W P (Q) is defined as the closure of C>°(2) in W1 "P(Q). It can be shown that

([RR”) = 1 P ([R”) by following the proof in the unweighted case from Proposition 1 of Chapter V
in [Stem 1970] but instead using Lemma 2. 2 in [Auscher et al. 2015] to deduce the convergence of the
regularization in L7, w(R™). The local space W, M it C(Q) is then defined as the set of all f € L? " 1oc (§2) such
that f € W1 *P(Q') for all open sets Q" with compact closure Q' C € (henceforth denoted by Q' € Q).
Finally, the weighted Sobolev and Poincaré inequalities obtained for continuous functions in Theorems 1.2
and 1.5 in [Fabes et al. 1982b] have the following immediate extensions.

Theorem 2.3. Let n > 2 and suppose that B C R" denotes a ball with radius r(B). If p € (1, 00) and 1
is an Ap-weight on R", then there exists 6 > 0 such that

1/(p(G25+6)) 1/
(f |f|P(nf1+5>du) ’ <r<B>(f IVfI”du) ’ 2.4
B B
forall f € Wy'P(B), and
1/p 1/p
(][ |f(x)—cB|Pdu) Sr(B)(][ IVflpdu) @.5)
B B

forall f € W,j’p(B) and cp € {fB fdu, {g f}, where the implicit constants depend only on n, p
and [t]4,,. The estimates also hold when the ball B and the radius r(B) are replaced by a cube Q and
the side length £(Q).

For n € N, constants 0 < A < A < 0o and an A,-weight 1 on R”, let £(n, A, A, u) denote the set
of all n x n matrices .A of measurable real-valued functions on R” satisfying the degenerate bound and
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ellipticity
[{AME O) < Ap)IElIE] and  (A(x)E €) = Au(x) &) (2.6)

for all £, ¢ € R" and almost every x € R”™. These properties allow us to define
Ly, :Dom(L, q) C L2 (Q) — L2(Q)

as the maximal accretive operator in Li(Q) associated with the bilinear form defined by

oa(f.g)= [ (AV£.Vg) = [ (1AV£Vg)du @)

forall f,g € Wol’2 (€2). The domain of £, o is dense in Lfb(Q), and in particular

N
a6 ],

Dom(L,,.q) = { feWy i (R):
geC () ||g||L§(Q)
with

/Q (Lo f)gdp=ag(f.g) 2.8)

for all f € Dom(L, ) and g € Wol”uz(SZ). It is equivalent to define £, o as the composition
—div,, o((1/1).AV) of unbounded operators, where — div,, o is the adjoint V* of the closed densely
defined operator V : WOI”;(Q) C Li (RQ) —> LIZL(Q, R™), that is,

/ (—divieq f)g du = / (f.Vg)dp 2.9)
Q Q

for all f € Dom(div,, @) :=Dom(V*)and g € Wol”lf(Q). In view of (2.7) and (2.8), we have the formal
identities div;, o = (1/u) divg p and £, @ = —(1/p) divg(AV).

Now let 2 = Q for some cube Q C R” and denote the space of bounded linear functionals on WOI”;(Q)
by WO_’;’Z(Q). The inclusions WOI’Z(Q) - Li(Q) - WO_’;’Z(Q) are interpreted in the standard way by

s

identifying f € LIZL(Q) with the functional £ defined by {7 (g) := fQ feduforall ge Wol’;f(Q). Thus,

setting

Loof(@)=ap(fg) and —divup f(g):= /Q<f,Vg>du

forall f, g € Wo{ﬁ(Q) and f € L?(Q,R"), we obtain an extension of L, 0 from (2.8) to a bounded
invertible operator from WO{ﬁ(Q) onto WO_,;’Z(Q), and an extension of div,, o from (2.9) to a bounded
operator from Lﬁ(Q) into WO_’:L’z(Q). The surjectivity of £, ¢ relies on (2.4) and the Lax—Milgram
theorem. These definitions imply

VLo divio £z 0 mm S 1 220 m

forall f € Li(Q, R™). The topological direct sum or WO{i(Q)—Hodge decomposition

L2(Q.R") = {ﬁAVg g€ Wo{;f(Q)} ® {h e L%(Q.R") :divy,0 h = 0} (2.10)
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follows by writing
f= _iAv.c;}Q divy,o f + (f + ﬁAW;}Q divy, o f) =: iAVg +h,

since then div, o h = div, o f — Eu,QLZ;}Q div,, 0 f = 0. This decomposition also extends to
Lﬁ(Q, R") for all p € [2,2 + €) and some € > 0 by recent work of Le [2015], although we do not need
it here.

Now let Q = R” and consider div,, := divy g as in (2.9) so £, := —div,((1/u1).AV) is maximal
accretive, thus having a maximal accretive square root cY 2 in LIZL([R{”). The solution of the Kato square
root problem in [Auscher et al. 2002] was recently extended to degenerate elliptic equations by Cruz-
Uribe and Rios [2015] This shows that ||£M f||Lz ') ~ ||Vf||Lz (rn gy for all fe W1 2([F\R") hence
Dom(£}/?) = W2 (®RM).

The operator EM is also injective and type-Sy+ in LIZL(IR{”) for some w € (0, 2) so it has a bounded
H>(Sg, )-functional calculus in LfL(R") for each 0 € (w, ), where Sg, :={z € C\{0} : |argz| < 6}.
See Section 2.2 of [Auscher 2007] for the uniformly elliptic case and Theorems F and G in [Albrecht
et al. 1996] for the general theory. An equivalent property is the validity of the quadratic estimate

for each holomorphic ¥ on S¢, satisfying | (z)| < min{|z|*, |z| =2} for some &, B > 0, where the
bounded operator ¥ (1£<) on Li (R™) is defined by a Cauchy integral. More generally, the relationship
between bounded holomorphic functional calculi and quadratic estimates is developed in the seminal
articles [Mclntosh 1986; Cowling et al. 1996].

The functional calculus then defines a bounded operator ¢(L£,) on Li(IR”) for each bounded holomor-
phic function ¢ on S7, and ||¢(£M)||Lﬁ(R'1)—>Lﬁ(R") <6 ll¢llco- Another consequence is that —L,
generates a holomorphic contraction semigroup (e %% “)ee S2,,_,,ufo} On L? (R"); thus eTlEs f €
Dom(L,,) and 8,(e™"“= f) = Lye "= f for all f € L7 (R") and ¢ > 0. The functional calculus
also extends to define an unbounded operator ¢(£,,) on L? ([R”) for each holomorphic function ¢ on Sg
satisfying |¢ (z)| < max{|z|%, |z| 8} for some o, B > 0, but the algebra homomorphism property of the
functional calculus (¢1(Ly)¢2(L) = (P1¢2)(L,,)) must then be interpreted in the sense of unbounded
linear operators. This allows us to interpret both the semigroup and the square root of £, in terms of the
functional calculus in order to justify some otherwise formal manipulations, beginning with (2.15) in the
proof of the following corollary of the solution of the Kato problem in [Cruz-Uribe and Rios 2015].

Theorem 2.12. Let n > 1 and suppose that A € E(n, A, A, 1) for some constants 0 < A < A < 0o and
an A-weight w on R". The operator L, := — diVM((l/u).AV) satisfies

o0
| e i =NV S @.13)

dt
/(; ”t VX I'C;,Le ! EMfHLZ (Rn Rn"rl) || f||L2 (Rn Rn) (214)

forall f € WJ’Z(R"), where the implicit constants depend only on n, A, A and [j1]4,
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Proof. The functional calculus of £, justifies the identity
Eue—fzﬁuf = E}/ze_tzﬁ“ﬁll/zf — e—(t2/2)£uﬁue—(t2/2)£uf (2.15)

for all f € Dom([ﬂi/ 2) and ¢ > 0. The first equality in (2.15), the quadratic estimate in (2.11) and the
solution of the Kato problem in [Cruz-Uribe and Rios 2015] imply

*° _ dt _ dt
[ e p 12 00 5 = [T IGE 0 e, )

1/2
”’C f”LZ R")

~ ”Vf ||L%L(|R",R")

for all f € Dom(LL/?) = W,1"2(R"), which proves (2.13).
The bounded H (S )-functional calculus of £,, implies the uniform estimate

42 _42
|t Vx e gl = [[;e™"F

—t C
Lﬁ(Rn’Rn-l—l) + ”lvxe ”

woll2
g”L%(R”) L2 (R, R7)

SPLue 0 gl7s o+ | 12 (AVze Cig, Vie ™ Eug)
LE®) ™ Jou
—12 —12
S ”g”ii(R”) + ”tz[’l»be ! ﬁMgHL;ZL(R")”e ! EMgHL,zl(R”)
< 2
~ ||g||L,12,L(Rn)

forall g € Li([Ri”) and ¢ > 0. Thus, the second equality in (2.15) and the vertical square function estimate
in (2.13), which we have already proved, imply
AT L |2 L [ e e g2 SIVAI
0 Xt~ L2 (R” R”+1) t ~ 0 L2 (R”) ¢ ~ L2 (R” Rn)

for all f € W,">(R"), which proves (2.14). O

Now let us return to the case when 2 € R” is an arbitrary open set and suppose that f : Q — R”
is a measurable function for which (1/u) f € L*°(Q). A solution of the inhomogeneous equation
div(AVu) =div f in Q C R” refers to any function u € W o lOC(Q) such that [p, (AVu— f,V®) =0 for
all ® € C2°(K2). All solutions u of the homogeneous equation div(AVu) = 0 in  are locally bounded
and Holder continuous in the sense that

1/2
lullLoos) S (][ |u|2du) 2.16
2B

and there exists o > 0 such that

. o 1/2
lu(x)—u(y)| < (lx y|) (][23 |u|2d,u) for all x, y € B, 2.17)

r(B)
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and if, in addition, ¥ > 0 almost everywhere on 2, there is the Harnack inequality

supu <infu (2.18)
B B
for all balls B of radius r(B) such that 2B C €2, where « and the implicit constants depend only on #, A,
A and [p]4,. These properties follow from Corollary 2.3.4, Lemma 2.3.5 and Theorem 2.3.12 in [Fabes
et al. 1982b] by observing that the proofs do not use the assumption therein that .4 is symmetric. The
estimates also hold when the balls B are replaced by (open) cubes Q, and also when the dilate 2B is
replaced by Cy B for any Cy > 1, provided the implicit constants are understood to depend on Cp.

The following local boundedness estimate for solutions of the inhomogeneous equation is needed in
Lemma 4.3, although only for p = 2. This is a simpler version of Theorem 8.17 in [Gilbarg and Trudinger
1977], which we have adapted to degenerate elliptic equations. In fact, the result for p > 2 is already
proven in [Fabes et al. 1982b] by combining Corollary 2.3.4 with estimates (2.3.7) and (2.3.13) therein.
The proof is included here for the reader’s convenience and since it implies (2.16) as a special case, which
in turn is the well-known starting point for establishing (2.17).

Theorem 2.19. Let n > 2 and suppose that A € E(n, A, A, ) for some constants 0 < A < A < 0o and
an A;-weight o on R"™. Let Q C R” denote an open set and suppose that f : Q — R" is a measurable

Sfunction such that (1/w) f € L®(Q). If p € (1, 00) and div(AVu) = div f in Q, then

1/p
1
Il = (£, WP au) " +redr], L 2.20)

for all balls B of radius r(B) > 0 such that 2B C Q, where the implicit constant depends only on p, n, A,
A and [j1]4,.

Proof. Suppose that div(AVu) = div f in © and consider a ball B such that 2B C Q. First, assume that
u is nonnegative and in L°°(2B). Let € > 0, set k =r(B)|[(1/1) f ||Lo(@) and tie :==u +k + €. Let B,
denote the ball concentric to B with radius r > 0 and recall the index § > 0 from the Sobolev inequality
in Theorem 2.3. We claim that if y € [p, 0c0) and r(B) <r; <ry <2r(B), then

n 1/(y (27 +6)) 2/
(f, @) s () (f
By, rp—r1 B

where the implicit constant depends only on p, n, A, A and [p]4,. To prove (2.21), fix n € C2°(2) such
thatn: Q2 — [0,1], n=1on B, n=00n 2\ By, and |V|lec <2/(r2 —r1). Set p:=y —1 and
V= nzﬁf. Note that v € Wol,i(Q) with

1/y
u’l du) , 2.21)

]

Vo =2nVnif + Bn2af~'vu,

since 0 < € <ue(x) < |[u||poo@2p) + k + € < oo for almost every x € 2B; thus

/ (AVu—f,2an_tf) = —/ (AVu—f,,anﬁf_IVu).
R R7
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We then use this identity and Cauchy’s inequality with o > 0 to obtain
[ PaE P an s, [ el AV, V)
R" R"
=257t [ il AT g I+ [ il v
n Rl’l
$a (o™t [ il (1Vul+ [ ) 9nl i [ oal g | 1Vul

<p O/Rn i~ \Vul? dp + 07! /R PtV du

—ﬂ‘f‘lv 2d / n ﬂ—‘rld
+/Rnue Vnl*dp + (r(B) 5

2:08-11vy,12 4 —1/ n ﬁ+1d
+0/Rnn ug |\Vuldu+o (r(B) uw,

where in the second inequality we used the assumption that § := y — 1 > p — | and in the final inequality
we used the fact that |(1/w) f| <k/r(B) <ue/r(B) on Q. Next, choose o > 0 small enough, depending
only on p, A and A, to deduce that

2
_B—1 2 -B+1 2 n 1 —ﬂ+1
U Vul“du < / U \Y —I—( ))d < / du,
/B, R (' T Gm) )G b

1

where in the final inequality we used the fact that »(B) > r, — r;. Now combine this estimate with the
Sobolev inequality (2.4) and recall that 8 := y — 1 to obtain

1/ (G +6)

_y (G + z _

(fB a? )du) sr%f V@EEV)2
rl r

1

<(B+ l)mzf B |\Vul? dpu

By,

2
ri -
S(V ) ][ ug dp,
r—r B

]

where the implicit constants depend only on p, n, A, A and [u]4,, proving (2.21).
We now apply the Moser iteration technique to prove (2.20). Set y :=n/(n — 1) 4+ § and define
®(q,r) = (fp, e du)l/q for ¢, r > 0. Estimate (2.21) implies

o\
o = (Cr="—) ot

where C depends only on p, n, A, A and []4,, and it follows by induction that

O(py™. (1 +27™)r(B)) < (4Cp) /P Ti=0 x* (20 @/D Tk kx ™  @(p. 27 (B)) < ®(p. 2r(B))
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for all m € N. This shows that

1/p
liellLoo(py = lim @(px™.r(B)) < @(p,2r(B)) = (][23 ug du)

and therefore

1/p 1/p 1
il < Vel 5 (£, 72dn) 5 (£ wran) " vr]lr], o +e
2B 2B M ILeo ()

for all € > 0, which implies (2.20).

Finally, it remains to remove the assumption that u is nonnegative and bounded. This is achieved by
setting ¢ := max{u, 0} + k + € and %, := — min{u, 0} + k + € respectively and in each case adjusting
the proof above to incorporate the truncated test function v := n?h y (ii¢)iie, where

xB-1, xX<N+k+e,

h =
N () {(N+k+e)/3—1, x>N+k+e.

We leave the standard details to the reader. O

The following self-improvement property for Carleson measures will be used in conjunction with the
local Holder continuity estimate for solutions in (2.17). The result is proved in the unweighted case in
Lemma 2.14 in [Auscher et al. 2001]. In that proof, the Lebesgue measure on R” can in fact be replaced
by any doubling measure, since the Whitney decomposition of open sets can be adapted to any such
measure; see, for instance, Lemma 2 in Chapter I of [Stein 1993]. The result below then follows.

Lemma 2.22. Let n > 1 and suppose that i is an A-weight on R". Let o, Bo > 0 and suppose that
(v¢)¢=0 is a collection of Holder continuous functions on a cube Q C R”" satisfying

0<v(x)<Bo and [v:(x)=v: ()] sﬁo('x;y')

forall x,y € Q. If there exists n € (0,1], B > 0 and, for each cube Q' C Q, a measurable set F' C Q'
such that

, , 1 1’ dr _
p(F) 2 (@) and —o [ v duen < p,

then

L o a0 sunp 8
- ve(x) dp(x)— Za.p B+ Bo,
p(Q) Jo 0 r T
where the implicit constant depends only on «, 1, n and [{t]4,.

3. Estimates for maximal operators

We obtain estimates for a variety of maximal operators (M, D« ;, N.J and ]Vl’,u) adapted to an As-
weight p and degenerate elliptic operators £, := —div,, ((1/1).AV) on R" for n > 2. These will be used
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to prove the Carleson measure estimate from Theorem 1.3 in Section 4. We first define the maximal
operators M, and Dy, by

r>0

_ lg(x) —g())? 1/2
Doing () "f‘i‘é(][}g(x,r)( =) )d“(y))

forall f € L}L’IOC(IR”), ge leﬁ)c (R™) and x € R"™. The usual unweighted and centred Hardy-Littlewood

maximal operator is abbreviated by M. The maximal operator M, is bounded on Lﬁ([R”) for all

My f(x) = sup ][B 1O,

p € (1, 00) and satisfies the weak-type estimate

px e R" - My f(x)| >«k}) S K_IHfHL}L(R") for all k¥ > 0, 3.D
forall f € L}L([Ri”); see, for instance, Theorem 1 in Chapter I of [Stein 1993]. There is also the following
weak-type estimate for the maximal operator Dy ;.

Lemma 3.2. Let n > 2. If i is an Ay-weight on R", then
MGXEW“ULMf@N>KD§K%WVfﬁ%WR” forall k >0, (3.3)
o s

forall f € Wﬁ’z R"™), where the implicit constant depends only on n and (1] 4,.
Proof. If f € C2°(R"), then a version of Morrey’s inequality [1966, Theorem 3.5.2] shows that

/() = f)I

— SMNV)(x)+ MV f)(y)
|x =y

for almost every x, y € R”; hence

Dayu f(X) S M(V f)(x) + (M [M(V )](x)) .

Estimate (3.3) then follows from the weak-type bound for M, in (3.1), the fact that M is bounded on
Li(IR”) (see, for instance, Theorem 1 in Chapter V of [Stein 1993]) and the density of C2°(R")

in W% (R"). O
We now define the nontangential maximal operators N, and ﬁf w» for n >0, by
5 1/2
Nlu(x):= sup |u(y,1)|, N,:’,Mv(x) = sup (f lu(z,1)|? du(z))
(r,1)ely(x) (y,)ely(x) \V B(y.tat)
for all measurable functions u, v on [R{:’_H (such that v(-,¢) € Li,loc(R”) for a.e. t > 0) and x € R”,

where ' (x) :=={(y.1) € IRT’l .|y — x| < nt} is the conical nontangential approach region in R’jr“ with
vertex at x and aperture 7.

Now suppose that A € E(n, A, A, ), as defined by (2.6). In particular, since .4 has real-valued
coefficients, there exists an integral kernel W; (x, y) such that

) = [ Wl ) 0 du(r) G4
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forall f € Li([R{"), and there exists constants Cy, C» > 0 such that

L)
exp(—C2|x y|) 3.5

Wi (x, y)| < ;

C1
p(B(x, /1))

for all + > 0 and x,y € R". This was proved by Cruz-Uribe and Rios for f € C°(R") under the
assumption that A is symmetric; see Theorem 1 and Remark 3 in [Cruz-Uribe and Rios 2014]. The
symmetry assumption can be removed, however, by following their proof and applying the Harnack
inequality for degenerate parabolic equations obtained by Ishige [1999, Theorem A], which does not
require symmetric coefficients, instead of the version recorded in Proposition 3.8 of [Cruz-Uribe and Rios
2008]. The results also extend to f € Li(R”) by density, Schur’s lemma and the doubling property of .

We now consider the semigroup generated by £, := —div,((1/1).AV) with elliptic homogeneity (¢
replaced by ¢2) and denoted by P; := e’ *Lu in the estimates below.

Lemma 3.6. Let n > 2 and suppose that A € E(n, A, A, 1) for some constants 0 < A < A < 0o and an
Az-weight L on R™. Let p € (1, 00) and suppose that [ is also an Ap-weight on R™ If x € R", n > 0 and
o > 1, then

e )I(nl)_l[Pnt(f — cBe.ann) ) Sa [Mu(V f17) ()7 (3.7)
y,t)eT,(x

1,
forall f €W, P(R™) and CB(x,ant) € {fB(x’am) fdu, fB(x’am) f}, and

INJ @ P f) )1 Sy MUV £ 1) (02, (3.8)
I A NT 3Py 1)) < M (1Y f1P) ()] P, (3.9)
IN (Vi Pye ) < My (M (1Y £ 1P P) (x) + Mu(IV £ (x) (3.10)

forall f € WMI’2 (RN WJ,’II;C(IR"), where the implicit constants depend only on n, A, A, p, [it]a, and

[i]a,, as well as on o in (3.7) and on 7 in (3.8).

Proof. Let x € R", (y.1) € T(x), f € W (R) NW, 2R, foixes) = fpieny f and fpies) =
fB(x t)f du. To prove (3.7), it suffices to assume that n = 1 and o > 1. We set Co(¢) := B(x,at)
and define the dyadic annulus C; (¢) := B(x,2’at)\ B(x, 2/~ 1qt) for all j € N. The Gaussian kernel
estimates in (3.4) and (3.5) imply

T P = fBan) )W) =17

[ et 2@ = faran) dn)

Cq
w(B(y.1) Jc; @)

2
exp(~C2 257 ) L6 = ftra] a2

t_l

WK

=

~
Il
[=)

I
™™g &
=
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To estimate /¢, note that B(x,at) C B(y, (1 + «)t) and apply the doubling property of u, followed by
the Lj;-Poincaré inequality in (2.5) with cg = fp(, s /' to obtain

1/p
To Sot™! ][ If(Z)—fB(x,m)ldu(Z)S(][ IVfI”d;L) < ML (Y F 1) 1.
B(x,at) B(x,at)

To estimate [, for each j € N, expand f(z) — fB(x,ar) as a telescoping sum to write
)2 w(B(x,2at)) -
H(B(v. 1) }
X (f . |f - fB(x,Zj(xt)| d,l,L + Z |fB(x,2iat) - J;B(x,zf—‘at)l + |f~B(x,at) - fB(x,at) |)
B(x,2/ at)

i=1

I] < Cle—Cz(Zj_l(x—l

<e —Co2ila—1)2 M(B(Y, (1+2105)t))z —1][
B

_f~ x, 2l |dli
1(B(y.1)) Bix.2"a1)

i—0 (x, Z’at)

B

1/p
IVfl”du)
i=0

(x,2iat)
Sa e OV AT IML(V £IP) ]2,
where the second inequality relies on the inclusion B(x,2’/at) € B(y, (1 4+ 2/a)t), whilst the third

inequality uses the doubling property of w in (2.1) with p =2, and the Lﬁ—Poincaré inequality in (2.5)
with cg = fB(x sigr) J du. Altogether, we have

P ~ Foean)]0) a(ze—“’W) Mo (19 £17) (]2 < Mo (19 £17) (0],

which proves (3.7) when ¢p(x,ar) = fB(x.ar) /- The proof when cp(x.ar) = fp(x.qn f dit follows as
above by replacing fB(x,qr) With fB(x 4r), since (2.5) can still be applied.

To prove (3.8) and (3.9), suppose that > 0. The Gaussian kernel estimate for ¢~* Lu in (3.5) implies
that 79, P; f () has an integral kernel W,z(y, z) satisfying

~ - Cy ly —z/?
|Wt2(y’Z)|_m (Cz > )

and the conservation property [g, I/T/tz(y, z)du(y) = 0 for all z € R" and ¢t > 0. This follows from
Theorem 5 in [Cruz-Uribe and Rios 2014], where the assumption that .A is symmetric can be removed as
per the remarks preceding this lemma. Therefore, we may write

8P f (W) =171 Vi2 (v, DI (2) = fBen] dp(2)

and a change of variables implies

sup [0, P f(¥)|= sup t‘l'f Wi 2 0. DLF(2) = feenl du(z)].
(.)€l (x) (y.1)el(x) R
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We can then obtain (3.8) by following the proof of (3.7) with & = 1 in order to show that this is bounded
by [M,.(IV £|7)(x)]"/?, since the doubling property of 1 ensures that

~ C n |y—z|2
W (3,2 < —’exp(—cz, ly=zl"
“/m (B(y.1) T

for some positive constants Cy 5, and C» , that depend on 1. We obtain (3.9) as an immediate consequence
of (3.8) and the fact that n—la,P,,, = (05Ps)|s=n¢-

To prove (3.10), let n > 0, set uy; := Py f and choose a nonnegative function ® € C°(B(y,2nt))
such that ® = 1 on B(y, nt) and |V, ®| < (n¢)~L. Let ¢ > 0 denote a constant that will be chosen later.
The definition of £,, implies

f VP f P
B(y,nt)

1
= LBG.0) /R
1

S 2BO0) S
S / AV ttyr. Vel (tys — YD) — 2 AVt Ty ®(ttys — ¢)) D)

|vxunt|2q>2 du

(Avxunt, vx(“nt _C))q)z

M(B(y nt))
5— {(Lpune)(u t—c)d>2—|—|V Une| |V ®||(uys —c)®|} dp
n(B(y, nt))/ R 7 "
1
- 101z | |Un: — | D% + |Vyttys]| |V @] |u ,—c|<1>)
= LBG. 1) B(yznt)(znzt e e "
=:1+1I.

Now fix ¢ := fB(x,3n 1)- To estimate I, we use Cauchy’s inequality and the doubling property of u,
combined with the fact that B(x, nt) € B(y,2nt) C B(x, 3nt), to obtain

1< ][ (10~ Be1ne > + ) Pluge — £ P+ 00D 1S = foeann?) dp =T+ I + I5.
B(x,3nt)
It is immediate that 73 < M, (|9~ N (3:Py: £)]?)(x), whilst the semigroup property
lune(z) = f(2)| =

/ " dsus (=) ds| < e sus)(2)
0

implies that 1> < M, (|N«(dsus)|?)(x), and the Li—Poincaré inequality in (2.5) shows that I3 <
My (IV £ 12)(x): hence

I =< Mu(In™ N @ Pye £)12) () + M (IN«Bs15) 1) (x) + M (IV f ) (x).

To estimate /1, we use Cauchy’s inequality with € > 0 to obtain

€
1B —/ |Vattye |2 D% dp + € L (In + I3).
w(B(y.nt)) Jpn '
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A sufficiently small choice of € > 0 allows the e-term to be subtracted, yielding
fo TP RS T IS M N2 Oy PP+ NP ) 19 7)),
B(y,nt

which, combined with (3.8) and (3.9), implies (3.10). O
The pointwise estimates in Lemma 3.6 have the following corollary.

Corollary 3.11. Let n > 2 and suppose that A € E(n, A, A, ) for some constants 0 <A < A < co and
an Az-weight i on R™ If n > 0, then

I’L({x € Rn |]\]n(a Plf)(x)l > K}) ~n K_2||Vf||L2 (Rn Rn)’ (312)
b € R <1 N @ P ) > kD) 5621V 12 (3.13)
plbx € R R (TP SO = D) S €720V 1123 (3.14)

forallk >0and f € Wu{’z(R”), where the implicit constants depend only on n, A, A and [jt]4,, as well
asonnin (3.12).

Proof. Estimates (3.12) and (3.13) follow respectively from (3.8) and (3.9), in the case p = 2, since M,
satisfies the weak-type estimate in (3.1). To prove (3.14), note that there exists 1 < g < 2 such that y is
an A4-weight on R"; see, for instance, Section 3 in Chapter V of [Stein 1993]. Therefore, combining
(3.10) in the case p = ¢ with (3.1) and noting that 2 /¢ > 1, we obtain

EYZi -2 2/q 2
1w({x € R" [N, (VaPye £)()] > k}) Sk 2(IMu (V19 2/q(R,,)+ IIVfIILIzL(Rn,Rn))

< K_2||Vf||L2 (IR” IR")

for all k > 0 and f € W,>(R") (since W, *(R") € WL (R")), as required. O

4. The Carleson measure estimate

The purpose of this section is to prove the Carleson measure estimate (1.4) in Theorem 1.3. We adopt
the strategy outlined at the end of Section 3.1 in [Hofmann et al. 2015a], although the crucial technical
estimate, stated here as Theorem 4.10, is not at all an obvious extension of the uniformly elliptic case.
Moreover, establishing the Carleson measure estimate directly allows us to avoid “good-A” inequalities
and thus apply a change of variables based on the W Hodge decomposition in (2.10), instead of the
W01’2+6—Version (for a sufficiently small € > 0) requlred in [Hofmann et al. 2015a].

The technical result in Theorem 4.10 establishes (1.4) on certain “big pieces” of all cubes. The passage
to the general estimate ultimately follows from the self-improvement property for Carleson measures in
Lemma 2.22. This requires, however, that the Carleson measure estimate on the full gradient Vu of a
solution u can be controlled by the same estimate on its transversal derivative d;u, which is the content
of Lemma 4.2. We briefly postpone the statement and proof of Lemma 4.2 and Theorem 4.10, however,
in order to deduce Theorem 1.3 from those results below.
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In contrast to the previous two sections, the results here concern solutions of the equation div(AVu) =0
in open sets 2 C R’f’l when n > 2 and A is a t-independent coefficient matrix that satisfies (1.1) for
some 0 < A < A < oo and an A,-weight i on R”. In particular, in Section 2, weighted Sobolev spaces
were defined on open sets in R? and matrix coefficients A € £(d, A, A, 1) were considered for all
d € N. Those results also hold here on open sets in the upper half-space with the weight u(x,t) := u(x)
and the coefficients A(x,t) := A(x) for all (x,7) € R"*!, since then ()4, wn+1y = [H]a,@wr) and
Ae&m+1,A, A, p). In particular, the solution space Wulﬁ)c (R2) is defined and the regularity estimates
in (2.16), (2.17) and (2.18) hold when 2 C RTLI.

We will also use, without reference, the well-known fact that if u is a solution of div(AVu) = 0 in
QC RT‘I, then d;u is also a solution in 2. In particular, to see that d;u is in W;i’lic (2), a Whitney
decomposition of Q2 reduces matters to showing that d,u is in W,j’z(R) for all cubes R C €2 satisfying
L(R) < % dist(R, 0€2). To this end, define the difference quotients Dl.hu(X) =/ )u(X +he))—u(X)]
for all X € R and h<dist(R, d2), where ¢; is the unit vector in the i-th coordinate direction in R+
The t-independence of the coefficients implies that Dﬁ 41U is a solution in R, so we use the identity
DZ_H (0;u) = 9; (Dfl’_Hu) and Caccioppoli’s inequality to obtain

[ 1Pkl dn < [[ vkl desew? [| 1Dk d
R R 2R

§E(R)2// |0;ul?>dp =: K for all h < dist(R, 92),
2R

where the implicit constant depends only on n, A, A and [u]4,, and the final bound holds uniformly in /
because u is in WMI’Z(R); see Lemma 7.23 in [Gilbarg and Trudinger 1977]. We can then use Lemma 7.24
in the same reference to deduce that d;u is in Wul’z(R) with the estimate

[10; 0l

= [|0;0;u| K

2 2
L2(R) L2(R) =

for all i € {1,...,n 4+ 1}, as required. Note that the proofs of Lemmas 7.23 and 7.24 in [Gilbarg and
Trudinger 1977] extend immediately to the weighted context considered here because C *°(R) is still
dense in Wﬂl’z(R).

Proof of Theorem 1.3 from Lemma 4.2 and Theorem 4.10. Let Q C R" denote a cube and suppose that
ue L°°([F\Rﬁ+1) solves div(AVu) =0 in [F\RTFI. It follows a fortiori from Theorem 4.10 that there exist
constants C, ¢ > 0 and, for each cube Q' C Q, a measurable set F’ C Q’ such that u(F’) > cou(Q’) and

1
n(Q”)

where C and co depend only on n, A, A and [u]4,.

1(Q) dt
/ / t0uCe. )2 dp () L < C 2,
0 F/ t

The coefficient matrix A is 7-independent, so d;u is also a solution and thus the degenerate version of
Moser’s estimate in (2.16), followed by Caccioppoli’s inequality, shows that ||0;u||co < ||u]|co. Moreover,
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the degenerate version of the de Giorgi—Nash Holder regularity for solutions in (2.17) shows that

o) =gty £ (P2 ) bt < o ()

t

for all x, y € Q and ¢ > 0, where all of the implicit constants and the exponent o > 0 depend only on
n, A, A and [p]4,. Therefore, we may apply Lemma 2.22 with

{(ve,a, Bo, n, B} := {(td,:u)%, a, Cllul%, co, Cllul%}
to obtain

[ e o ) 4 < e @
tu x7 l’l/ X) — ~ u N .
w(@) Jo Jo t o0
where the implicit constant depends only on 7, A, A and [u]4,. This estimate holds for all cubes Q, so

by Lemma 4.2, we conclude that (1.4) holds. O

We now dispense with the following lemma, which was used in the proof of Theorem 1.3 above to
reduce to a Carleson measure estimate on the transversal derivative of solutions. The proof is adapted
from Section 3.1 of [Hofmann et al. 2015a].

Lemma 4.2. Letn > 2 and consider a cube Q CR". If A is a t-independent coefficient matrix that satisfies
the degenerate bound and ellipticity in (1.1) for some constants 0 < A < A < oo and an Ay-weight |1

on R™, then any solution u € L*°(4Q x (0,4£(Q))) of div(AVu) =0in 40 x (0,4£(Q)) satisfies

(Q) 5 dt Q) ’ dt >
/ Va2 dp(o) L < f / 18 Ce. 1) dp () L 4 ()l
o Jo 4 0 40 t

where the implicit constant depends only on n, A, A and [[t]4,.

Proof. Let 0 < § < % and set Pp (1) := @(t/£(Q)), where & : R — [0, 1] denotes a C *°-function such
that ®(¢) = 1 for all 26 <t < 1, whilst ®(¢) =0 for all # < and ¢ > 2. Integrating by parts with respect
to the 7-variable and noting that [|0; ®|| 7,00 ([1,27) < 1, whilst [|0; ®|| 7,00 ([5,287) < 1/8, we obtain

20(Q)
1;=// |Vu(x,t)|* @ ()t dt du(x)
0Jo
20(Q)
:/Q/O 3 (|[Vu(x, )2 ®g(t))t? dt dpu(x)

24(Q)
S (0. Vute0) o) dr dp
0Jo

24(9) 260(0)
+/Q ]é(Q) |Vu(x,t)|*t* dt dM(x)Jr/Q ][M(Q) \Vau(x, £)[262 di du(x)
=1I'+1"+1".

For the term I’, we apply Cauchy’s inequality with an arbitrary € > 0 to obtain

| 20(0)
1’561+2// IVasu(x, 1)t dt du(x).
0Jo
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For the term I”, we apply Caccioppoli’s inequality, the doubling property of u and the fact that 1 ~ £(Q)
in the domain of the integration to obtain

24(Q)
”:E(Q)/ / Vu(x, 1) dt dp(x)
0 JU(Q)

| 50(0)/2 , ,

Stor o[ P drduto < w(@lul
Q) J20 Juo)/2

For the term I'”, the same reasoning shows that 1" < u(Q)|lu||2,. We now fix € > 0, depending only on

allowable constants, such that altogether

ZK(Q) 2.3 2
Is/Q/O Ve, )P0 dt dp(x) + p(Q) |2,

which is justified since I < oo by Caccioppoli’s inequality and the support of ®g.

To complete the estimate, we let {W; : j € J} denote a collection of Whitney boxes (from a Whitney
decomposition of RT‘l) such that W; N(Q x(0,24(Q))) # & and Zje] low, (x,t) < 1. The coefficient
matrix A is ¢-independent, so d;u is also a solution of div(AVu) = 0 in each set W;; hence we may apply
Caccioppoli’s inequality in combination with the fact that # < /(W}) in W} to obtain

%) J
/ /Q |zw(x,r>|2du<x)7tsj§ [ Va0 dr duto + w@) i,

56(Q) W,

< W) /[2 oG0P dr du() + w(@) Il

jeJ
46(Q) , dt ;
s[ / t0uCe. 02 dp() L4 () lull%.
0 40 t

where the implicit constants do not depend on §. The final result is then obtained by applying Fatou’s
lemma to estimate the limit as § approaches 0. O

The remainder of this section is dedicated to the proof of the crucial technical estimate, Theorem 4.10,
that was used to prove Theorem 1.3. The proof adapts the change of variables from Section 3.2 of
[Hofmann et al. 2015a] to the degenerate elliptic case. This is used to pull back solutions to certain
sawtooth domains where the Carleson measure estimate can be verified by reducing matters to the vertical
square function estimates in Theorem 2.12, which we recall were obtained from the solution of the Kato
problem in [Cruz-Uribe and Rios 2015]. The following technical lemma, which reprises the notation
Ps = e~1*Lu for Ly = —div, ((1/pn)AV) and A€ E(n, A, A, ) as in (2.6) and Lemma 3.6, will be
used to justify these changes of variables.

Lemma 4.3. Let n > 2 and suppose that A€ E(n, A, A, 1) for some constants 0 < A < A < o0 and an
Ap-weight 1 on R™. Let Q C R" denote a cube and suppose that f : 50 — R”" is a measurable function
such that (1/w) f € L*°(50). Let ¢ € Wol’;f(SQ) and suppose that div(AV¢) =div f in 50. If kg > 0,
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0<n< % and xo € Q satisfy A(n, ¢, A)(x0) < ko, where

A, ¢, A) i= 117 NI @1 Pyed) + Ni(@rPi) + M (IVxp )]V + Do 4, 4.4)

then
|0:Ppedp(x)| < nko  forall (x,1) € T'y(xo) 4.5)

and
U =Pys Sn(kot |5 f] )1 forall (r.6) e Tyxo) 1 QO x 0.41Q). 46

where the implicit constant depends only on n, A, A and [[t]4,.
Proof. Suppose that kg >0, 0 <5 < % and xg € Q satisfy A(n, ¢, A)(xo) < ko. It follows a fortiori that
N~ LN (0: Py (x0) < ko, so (4.5) holds for all (x, ) € T'y(xo).

To prove (4.6), first note that the properties of the semigroup imply

|({ —Ppe)p(x0)| = < ntko 4.7)

nt
/ 8y Py (xo) ds
0

for all # > 0, since Ny (05Psp)(x0) < ko. Now let (x,7) € I'y(x0) N (20 x (0,4£(Q))). We set ¢x, yr :=
fB(x() 201) ¢(y) dy and apply estimate (3.7) with ¢ = 2 to obtain

Pyt (@ — bxoine) ()| < 0t [M(IVid|?) (x0)]? < nitx. (4.8)

Next, since div(AV (¢ — ¢(x9))) = div(AV¢) = div f in 50, and since 0 < 1 < % ensures that
B(x¢,2nt) €50, we may apply the degenerate version of Moser’s estimate for inhomogeneous equations
in (2.20) to obtain

1/2
o -oeol s (£, m-seoraum) +nir|

< nz(D*,M)(xO) + Hﬁf Hoo)

1
< =
< r)t(Ko + H o Hoo) (4.9)
Combining estimates (4.7), (4.8) and (4.9), we obtain
(I =Pp)p(x)| = [¢(x) =P (x0)| + [(I = Ppe)d(x0)| + [Pyt (P — @xo,ne) (x0)| + [P (¢ — g ne) ()]
1
< =
<ot [ s] )
which proves (4.6), as the implicit constant depends only on 7, A, A and [u]4,. O

We now present the main technical result of this section. The proof is adapted from Section 3.2 of
[Hofmann et al. 2015a], although some arguments have been simplified as detailed at the beginning of
this section, and the additional justification required in the degenerate elliptic case has been emphasised.

The strategy of the original proof in [Hofmann et al. 2015a] was motivated in part by the fact that
integration by parts is sufficient to establish the required estimate in the case when A has a certain block
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upper-triangular structure. A key idea in that paper was to account for the presence of lower-triangular
coefficients ¢ (and upper-triangular coefficients) by decomposing them according to a W01’2+€—Hodge
decomposition. This was done locally on a given cube Q and the idea has been adapted here. First, the
WO{i—Hodge decomposition ¢1s5p = ph — AV is introduced in (4.13), where Ay is the n x n submatrix
of A shown in (4.12). After integrating by parts, the divergence-free component ph provides valuable
cancellation, whilst the adapted gradient vector field A} V¢ facilitates a reduction to the square function
estimates in Theorem 2.12, which are implied by the solution to the Kato problem in [Cruz-Uribe and
Rios 2015], for the boundary operator Ly , := —div, ((1/w) A} Vx). .

The latter estimates, however, require that LIT, N I.u and this is
arranged by initially making the Dahlberg—Kenig—Stein-type pull-back ¢ —t — (I — P,’]" /)¢ (x) so that the
lower-triangular coefficients become ph — AV P,;“tgo. This change of variables is justified by choosing

* . —2L
acts on the range of P, := e

n > 0 small enough so that the pull-back is bi-Lipschitz in z. Once this is in place, a set F' is introduced
that contains a “big piece” of Q and on which the various maximal functions in Lemma 4.3 are bounded.
The integration on F x (0, £(Q)) is then performed by introducing a smooth test function W that equals 1
on F x (26£(Q),2£(Q)) and is supported on a certain truncated sawtooth domain 2, /3 ¢ 5 over F,
where § > 0 is an arbitrary (small) parameter that provides for a smooth truncation in the ¢-direction near
the boundary of [RR’}FH. The main integration by parts is then performed in (4.32). The two principal terms
S1 and S5 arise from the tangential and transversal integration by parts, respectively, where the former is
taken with respect to the measure p and thus requires additional justification from the uniformly elliptic
case. These and numerous error terms are then shown to be appropriately under control.

Theorem 4.10. Let n > 2 and consider a cube Q C R™. If A is a t-independent coefficient matrix
that satisfies the degenerate bound and ellipticity in (1.1) for some constants 0 < A < A < 0o and
an Az-weight i on R™, then for any solution u € L*°(4Q x (0,4£(Q))) that solves div(AVu) = 0 in
40 x(0,4£(Q)), there exist constants C, cg > 0 and a measurable set F C Q such that w(F) > cou(Q)
and

1 Q) 5 di .
M(Q)/o o [PVuCe D dp(x) 57 = Cllloo. “.11)

where C and co depend only on n, A, A and [1]4,.

Proof. We begin by expressing the matrix 4 and its adjoint A* (which is just the transpose A', since the
matrix coefficients are real-valued) in the form

I R LN e A | (4.12)
etld | Cptld | ‘

where A denotes the n x n submatrix of A with entries (Ay);,; := A;,j, 1 <i,j <n, whilst b :=

(Ai n+1)1<i<n is a column vector, ¢' := (Ap+1,/)1<j<n is a row vector and d := Ap41 41 is a scalar.
Now consider a cube Q C R”. The aim is to construct a set F C Q with the required properties. To

this end, we apply the Hodge decomposition from (2.10) to the space Li(SQ, R™) in order to write

1 1 * 1 1 ~ 7
—clso=—A,Vo+h, —blsp=——AVo+h, 4.13)
" 50 m nve m 50 m nve



2116 STEVE HOFMANN, PHI LE AND ANDREW J. MORRIS

where ¢, ¢ € le”g(SQ) and h, h € Li(SQ, R™) are such that div,, h = div, h =0and

2
][ (IVw(X)|2+|h(X)|2)du(X)§][ '@ du(r) < 1, “.14)
50 50| M
. b(x)|?
f7 GV¢(XN2+wh(xN2)dM(X)5'f? ng) du() < 1. 4.15)
50 50| K

We extend each of ¢, @, k. h to functions on R” by setting them equal to 0 on R” \ 50.
In Sections 2 and 3, we investigated the operators £, := —div,,((1/p).AV) and P; := e™* *Lu for
arbitrary coefficient matrices A in £(n, A, A, ). We now set

Ly = —divy (lA”Vx), P, = e~Liu,
a (4.16)

L*

ey
r = _diVM(iAITVx)’ Pri=e il

in order to apply those results in the cases A = A4 and A = A}.
We now introduce two constants kg, > 0, which will be fixed shortly, and recall the function A (5, ¢, A)
from (4.4) to define the set F C Q by

Fi={xeQ:A.¢. ADX)+AM. @, A)(X)+ N 1 (Vi Prr) )+ N (Vi P @) (x) <ko}. (4.17)

Applying the weak-type bounds in (3.1), (3.3), (3.13) and (3.14) followed by the estimates from the
Hodge decomposition in (4.14) and (4.15), we obtain

I’L(Q \ F) < KO_Z(”V(p”LZ R”,R"™) + ||V§0|| IR” R”)) ~ KO I’L(Q)

where the implicit constants depend only on 7, A, A and [@t]4,. This allows us to now fix ko > 1 and some
constant ¢g > 0 such that u(F) > cou(Q), where both x¢ and c¢ depend only on the allowed constants,
and thus are independent of 7.

We now fix the value of 7 as follows. First, for 0 <« <4 and 8 > 0, let

Qp =, (). p0a=2N020x@(Q).4L(Q)) and Qp,0:=Qp0,

denote the sawtooth domains in R'jr“ spanned by cones centred on F of aperture 8. Next, note that the

properties of the Hodge decomposition in (4.13) imply — div(A4; V¢) = div(c1lsp) and —div(4, V@) =

div(b1sg) in 5Q. Therefore, we now fix 0 < 7 < % in accordance with (4.5) and (4.6) such that
max{|0; P (X)), 10 Ppe@(x)|} < nko < % for all (x,7) € Qy (4.18)

and
max{|(! — P, )o(xX)|, (I = Py)@(x)|}

< (o + max{| el |
7

bH })tgmcot<%t for all (x,7) € 2y 0. (4.19)

where 71 and the implicit constants depend only on n, A, A and [1]4,.
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It remains to prove (4.11). We will achieve this by changing variables in the transversal direction using
the mapping ¢ — t(x, 1), with x € R” fixed, defined by

t(x,t) =t = = Py)e(x)
and having Jacobian denoted by
J(x,t):=0st(x,t) =14 0¢ P 1 p(x). (4.20)

In order to justify such changes of variables, we note from (4.18) and (4.19) that

Zr<t(x,r)<3t and g <J(x,1) <3 forall (x,1) € Q0. 4.21)

In particular, for each x € F and 0 <« < g, this implies that the mapping ¢ — 7(x, ¢) is bi-Lipschitz in ¢
on 2af(Q),2£4(Q)) with range

(40£(Q). £(Q)) S t(x.-)(2at(Q).2£(Q))) S (ab(Q).4£(Q)). (4.22)
Moreover, for each 0 < 8 < n, the mapping (x, t) — p(x, t) defined by
p(x. 1) 1= (6, T(x, 1)) = (.1 + Plig(x) — p(x))
is bi-Lipschitz in # on Qg o with range
S8p/9,0 S P(S28,0) S S238/7,0- (4.23)

Now consider a bounded solution u satisfying div(AVu) = 0 in 4Q x (0,4£(Q)). The pull-back
up:=uopisin L*°(2,,0) and div(4;Vu;) = 0in Q,, o, where

. |: JA) b +A||Vx</>—A||VxP,;'}</?}
U Lk - A7V P o) (4p.p)/ ]
and
pOit) = [fo(ic»f)} _ m€0(x)l Vx<ﬂ(x)] . 4.24)

Our statement that div(4;Vu1) = 0 in Q, ¢ does not mean that A; satisfies (1.1), only that u; €
W, lOC(Q77 o) and that fRn—l—l (A1Vuy, V@) =0 for all ® € C°(£25,0). To prove this, we combine the
pointwise identity

(A((Vu)op),(Vv)op)J = (A1V(uop),V(vop)) forallve W (/o(Q77 0)) (4.25)

with the change of variables (x,7) — p(x,?) on 2, o, which is justified because p is bi-Lipschitz
in 1 on Q, o with range p(2;,0) C 40 x (0,4£(Q)) by (4.23). Also, we note for later use that
1, ou1lleo < [l#|l0o and, using (4.21), that

|VM1| < H:qul _(vx‘[)(atul)/]

Boir)) ] ” + | Vat| 91| = [(Vu) 0 p| + [Vt |d,ui] (4.26)

on 2y 0.
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Next, in order to work with the pull-back solution u;, we consider an arbitrary constant 0 < § < %
and define a smooth cut-off function Ws adapted to 2, o as follows. Let 6 (x) := dist(x, F), fix a
C°°-function ® : R — [0, 1] satisfying ®(¢) = 1 when ¢ < 1—16 and ®(¢z) =0 when ¢ > %, and then define

_ ofSF(x) 4 . 4 n+1
Ws(x,t):= <I>( nt )®(—32€(Q)) (1 ¢(—168€(Q))) forall (x,7) e RL™.

This function is designed so that Ws = 1 on F x (26£(Q),24(Q)), and since < %, we have supp Ws C
§2y/8,0.5 and

1, (x.0) 1, (x.1)  1gs(x.1)
t t(Q) 56(Q)

Ve Ws(x,1)| < for all (x,7) € 2,/8,0.5. 4.27)

where
Ep:={(x,1) €20 x (0,4£(Q)) : 1gnt <8p(x) < gnt},
Ep =20 x(2£(Q), 4L(Q)).
=20 x(8£(Q).25£(Q)).

In contrast to Section 3.2 in [Hofmann et al. 2015a], the cut-off function Wg introduced here incorporates
an additional truncation in the 7-direction at the boundary. This is done to simplify subsequent integration-
by-parts arguments, since it ensures that Wg vanishes on the boundary of [R{’_'i_ﬂ. For later purposes, it is
also convenient to isolate the following general fact here.

Remark 4.28. For each k € Z, let [DZ denote the grid of dyadic cubes Q' C R" such that
&2 <diam Q" < L 27k
If Co > 0 and (v;)s>0 is a collection of nonnegative measurable functions such that

sup ][ v:(x)dpu(x) < Coy forallk €7, forall Q' e D,
te[2—k 2—k+1] !

1E1(x D 1E0n0) | L1E(x1)

where the imphclt constant depends only on 1, A, A and [u]4,. To see this, first observe that since 8 is

then

a Lipschitz mapping with constant 1, we have
~ t
0W x 27k 27kt C E, = {(x,t) €40 x(0,4£(0)) : % <8p(x)<Cnt!,
0@ x 27 271 C 40 x (£(0). 8£(Q)).

0@ x 27 27K 411 C 40 x (16£(Q), 48L(Q))

whenever E; N (Q® x 27k 27%+1]) £ @ and i € {1,2,3}. The estimate in (4.27) and the doubling
property of p then imply that the left side of (4.29) is bounded by
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dt 84(Q) 48L(Q)
(Z Z / //1E1 du—+c][a ) M(Q)dt+C][IMQ) M(Q)dt)

kez Q/GDVI Q 2

(C/n)dF(x)
<Co ( / / ' —du(x)+u(Q)) < Con(0),
40

1/(Cn)sp(x) !

2—k+1

as required.

We now proceed to prove (4.11). First, note that it suffices to show that

£(0Q)
sup A / Va0 de() L 5 i), 430)

0<§<1/8 J48L(Q)

since we may then obtain (4.11) by using Fatou’s lemma to pass to the limit as § approaches 0. To this
end, we use (4.22), followed by the bi-Lipschitz-in-# change of variables ¢ — 7(x,t) on (§£(Q), 2¢(Q))
for each x € F, estimate (4.21) and identity (4.25) to obtain

€(Q) 1709))
f f |t Vu(x, t)|2du(x)—</ / (AVu,Vu)tdt dx
480(Q) 480(Q)

24(Q)
/ / A1VM1,VM1>Z‘dl‘dX
284(Q)

< // (A1Vuy, Vu) W3 t dx dt.
R

Thus, in order to prove (4.30) and ultimately (4.11), it suffices to show that

//+ (A1Vuy, Vup) W3 tdx dt < |u|2,n(Q) forall 0<§ < 4, 4.31)
n+1

where the implicit constant depends only on n, A, A and [ut]4,.
Next, we recall that div(4;Vu1) =0 in £, o, noting that ul‘lfzt € W1 Z(Qn 0) and then integrate
by parts to obtain

// (AIVul,Vul)ngzdxdt
R’j’:"l

I
-1 //R'f' (A1 (u3), V(U20)) dx di

1 1 1
=—3 /[Hl(V(u%), EAT€n+1>‘I’§ dpdt -5 //”H(AIV(U%)’ V(¥})) t dx dt

/] ul(LII,lL nt(ﬁ)q’adﬂdt"‘ //RHH ( p))\DSd dt

——// (A1V(u}), V(U3 )tdxdt+—// u(en+1, A1V (¥3)) dx dt
2 '-1i-+1 2 R’-li-—‘rl

=:S1+S+E1+ E,, 4.32)
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where e, +1:= (0, ...,0, 1) denotes the unit vector in the ¢-direction. In particular, note that the tangential
integration by parts

/(Vx(u2)h A”VxPnt(p>‘118 dusz u3 div,, [ (- AIIVxPnt<p)\115]dpL,

with respect to the measure (, is justified by the definition of the operator div,,, since P ¢ € Dom(L M)
and div; h =0 imply (h—(1/pu)A;Vy P* (p)\IJ2 € Dom(div,,) (recall (2.8), (2.9) and (4 16)). Meanwhile,
the transversal integration by parts

00 Ap, 00 Ap,
/0 at(u%)(< §p>)w§dt:—/() ufa,[(( ”J”))xpg]dz

is justified because Wg vanishes on the boundary of [RR'_’,_H.

We proceed to prove that, for all o € (0, 1), each term in (4.32) is controlled by

S1+Sz+E1+E2§G// . A1Vu1,Vu1)‘Ifb»tdxdt+(7_1||u|| n(Q), (4.33)
Rn

where the implicit constant depends only on n, A, A and [@]4,. Estimate (4.31) will then follow by fixing
a sufficiently small o € (0, 1), depending only on allowed constants, to move the integral in (4.33) to the
left side of (4.32). This is justified because the integral in (4.33) is finite by Caccioppoli’s inequality and
the fact that Wg vanishes in a neighbourhood of the boundary of RT‘l (supp Ws C 24/8.0,5)-

We now prove (4.33) in three steps to complete the proof.

Step 1: estimates for the error terms E; and E5 in (4.32).
We first apply Cauchy’s inequality with o to write

<|5 [, Ve @) axar
2 R’}‘r—i_l

=2‘// (A1Vu1,V\115)u1\Ilgtdxdt
Rn-{—l

50// (Alvulvvul)‘lfgtdxdt+a_1// (A1 Vs, VW)t dx dt
Rn—i—l RZ’F—H
= U// (A1Vuy, Vuy) W rdxdi + o~ ' Ey.

RnJrl

We then use uh = clsg + AITV(p from (4.13), the degenerate bound in (1.1) for A, the bound
12, ou1lloo < llu]lco and the estimate for VWs from (4.27) to obtain

’ 1E1 1E2 1g 2
Er+ B2 % Il //Q /w(r “0 SE(Q))(H'VX(I Fu)el") diedi.
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where (4.27) ensures that |V(\IJ§)| and |VW;|?t can be controlled in the same manner. In order to
apply Remark 4.28 with v, = 1, o , (1 + |Vx(I — P,;",)fp|2), we observe that if k € Z, Q' € [DZ and
Q78,05 N(Q'x[27%,27kF1]) £ g, then there exists xo € F such that Q' € A(xg, n227%) € CQ’, where
A is used to denote balls in R”; hence

O'x27% 27" CQ, 5084 (4.34)

and the doubling property of u implies

f |vx<1—P,;;)¢|2dus][ V. P} <p|2du+][ Vel du
Q’ A(xq,nt) A(xp,n27%)

S [N (Vi Pyi@) (50)> + M (|Vx9] ) (x0)

<SKk2 <1 forallr e 27K, 270+, (4.35)

where in the last line we used the definition of the set F in (4.17) and the weighted maximal operators N. L
and M, from Section 3. It thus follows from (4.29) that E{ + E» < |lu 12,14(Q), so altogether we have

E1+E2§0// A1Vu1,Vu1)\118tdxdt+(7_1||u|| uw(Q) forallo €(0,1). (4.36)
n+1

Step 2: estimates for the term S in (4.32).

We note that d; P, ¥ =22 tLy MP,;kt on L2 1(R") and integrate by parts in 7 to write

1 2(p,
=§[/n+lul * PROWEdudi
Ry

1
= —5 ﬂ at(L” b nt(p)\pbv ldﬂ dt
wy
1
* 2 2
+ ﬁ /Zl;g’fi_"" (ulatU1)(3tPnz(P)‘I"5 dudt + ﬁ /fﬂ;g’:j“ ul(azP,;",@)\Psat\Pg dudt
= S{+S/+5S/.

where there is no boundary term because W vanishes on the boundary of [RR’_’,_H.
To estimate S{”, we use the definition of the set F in (4.17), the estimate for |[VWs| from (4.27), and
Remark 4.28 in the case v; = 1, to obtain

SUs Il [ NP s did
Q

n/8.Q
< nicollull3p(Q) < llullze 1 (Q).
To estimate S|, we observe that d,(L;' wPie) = ” 1. (0¢ Py @), since ¢ € 1g([R") and 0; P
—2n? tPy, Ly, on the dense subset Dom(Ly; ) of W0 (IR”) (note also that # Vy Pp;, and hence its adjomt

are bounded operators on L2, as can be seen from the proof of Theorem 2.12). We then apply Cauchy’s
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inequality with o to write

S{f‘// Ly, (0P (p)ul\Ilstdudt‘
!

1
<—A|TVX(8,P1;§¢)), VxM1>M1\IJ§ tdu dt'
retI M

= J+K

+'[/ N A”V 3 Pl,9), Vi \I’5>u1\115td,udt
A

§0// |qu1|2\11§tdudt+(o_1+1)// ui|Vd: P W5 t dpdt
Rn-}-l Rn-}-l
+ +
- //H] ui|Vy s> tdpdt =08, + (0 +1)S1, + 815, (4.37)
JF

where the integration by parts in x, with respect to the measure p, is justified by the definition of the oper-
ator LIT 1 (recall (2.8), (2.9) and (4.16)). The terms J and K are highlighted above for reference in Step 3.
To estimate S5, we use the estimate for |[VWs| from (4.27) and Remark 4.28 in the case v; = 1 to

obtain §75 < 1] 2,1(0).

To estimate S7,, we observe that V9, P, = —2n%tV, L} i Py on L? 1,(R") and then apply the vertical

square function estimate from (2.14) followed by the Wol,ﬁ (5Q)-Hodge estimate for ¢ from (4.14) to obtain

dt
512~// W2 Vd0 PhplP 02 £ dpudt < s // PVLL P dn

< ||u||§o||Vso||Lﬁ oy S [1llZon(Q).

The terms S|, and S|" will now be estimated together. We again apply Cauchy’s inequality with o,
followed by the vertical square function estimate from (2.13) with £, = Ly . and the Wol”lf(S 0)-Hodge
estimate for ¢ from (4.14) to obtain

asn+5~<g// IV | \Ifstdudt—i-‘// (w1 du1) (9 P o) W2 dp d
Rn

50// |Vu1|2\11§tdudt+0_l||u|| /f |0¢ P (p|2du—

Rn-H

<0// A1Vu1,Vu1)\I!5tdxdt+0// |Vit| |8,u1|2\1151dudt+0_1||u|| w(Q),
n+1

where we combined the pointwise estimates for Vu; and J from (4.26) and (4.21) with identity (4.25)
and the ellipticity of A to deduce the final inequality.
We use the dyadic decomposition from Remark 4.28 to write

// Vet |01 W5 rdpudr <y Y f

kez g’eD}

2—k+1
/1QnQ5|VxT| |0;ur|®tdpde.  (4.38)
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Observe that if k € Z, Q' € D] and Q5,056 N (Q' x [27¥,27F+1]) £ g, then, as in (4.34) and (4.35),
it holds that Q' x [27%, 27k F1]1 € Q, » 4 /4 and

][ Vet (x. 1) dp(x) S Kg forall f € [Z_k,z—kﬂ].
Q/

Also, we have %t <t(x,t) < %t and J(x,7) =1 on Q' x 27k, 27%+1] by (4.21), so the degenerate
version of Moser’s estimate in (2.16) and 7-independence show that

2t
sup (81 (v, )2 = sup |JCx. (. t(x, )] < fQ ][/ 1951y $)|? ds du(y)
207 Jt/2

xeQ’ xeQ’
for all ¢ € [27%, 27k+1]. In particular, note that
20" x 27K 27F 2 c @ = {(p,5) e R SR (y) < 21, 18L(Q) <5 <8L(Q)),
since there exists (xg,fo) € Q' x [27%, 27%+1] satisfying 8 (x¢) < %?ﬂo, whence
§F(y) <diam(2Q’) + gnto < %772_1‘ <2ns forall y€2Q ands > k=1,

whilst 8£(Q) < to < 4£(Q) implies [27%,27%+1] C (18£(0), 8£(Q)).
The observations in the preceding paragraph show that (4.38) is bounded by

27k+1

2t
> 2 /2_k (][Q,folzdu)(/zg,/t/z Iasu(y,S)lzlsz*(y,S)dsdu(y)) dt

kez g’eD}
o—k+2
[, s 9P 1009 sy ds

2—k—1

S (// |8su(y,S)|2sdu(y)ds+// IBSu(y,s)Izsdu(y)ds) =M+ E,
* % *\Q**
where we used the fact that ) ; ., ZQ’GIDZ 1, 0/x[p—k—1,2-k+2] < 1RT1 and introduced

Q* = {(r,5) e R 85 () < ns. 48L(Q) <5 < L(Q)}.
To estimate the main term M, we use (4.21)—(4.23) to observe that
p~H(Q*) S Q16N (20 x (25£(0). 2L(0))).

Thus, since Wg = 1 on these sets, the change of variables (y, s) — p(y, s) gives
M < [/ |(dru) o p|?T W3t dudt < // (A1Vuy, Vup) V3 ¢ dx dt,
le’_-i-l Rr_i_+l

where we used identity (4.25) and the ellipticity of A to deduce the final inequality.
To estimate the error term E, recall that the degenerate version of Moser’s estimate in (2.16), followed
by Caccioppoli’s inequality, ensures that ||sdsu | 0o < |#]lco- Thus, by the definition of 2* \ Q** and
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the doubling property of w, we obtain

AS/MSF() gg (840 gy [4UQ) g
Esnun%of ([ —+[ —+/ )du(y)<||u|| 1(0).
20 \J(@8/5m)8r () S £(0) s ©8/2)¢(Q) §

This shows that

USll+S//<J/[ o+ (A1Vur, Vu) W3 t dx dt + o HullZ 1(Q);
n—+1

hence

S1§0// (A1Vur, Vu )5 t dx dt + o~ Hul|Zn(Q) forall o € (0,1). (4.39)
Rn+l

Step 3: estimates for the term S in (4.32).
We observe that since A is ¢-independent it is possible to write

A
252:// u%Bt(< p’p))lpgd)(dl‘
RTI J

1
Lo (an o
-
2
//W( ) (0:p. A p) W2 dxdt+//n+l(_1)(Ap 8. p) W2 dx di

To estimate I, we recall the Jacobian J(x,7) = 1+ d; P;;¢(x) from (4.20) and then integrate by parts

=I+1I+1II.

in ¢ to write

82P*(p
_ 27t nt 2

:// 3¢ (u?) i "t(p(Ap PV dxdt+// ) O "t(p 3:((Ap. p))V§ dx dt
n+ Rn 1

—2 I Pyrop 2
+ [ e ap, p)%dxdw// G2 (. p)a, (W) dx di
!

Rn—H
=11+ 1+ 13+ 14,

where there is no boundary term because Wg vanishes on the boundary of [F\ETFI.
To estimate 11, we recall that J < 1 on supp W5 C /5 0,5 by (4.21) and then apply Cauchy’s
inequality with o to obtain

_ dt
|11|50// 0,01 |?|p|*V5 t dpdt + o 1// uild: Ppeol?| pI? V5 dp —
RT] RTI t

=:0l]+07'I]. (4.40)
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To estimate 17, recall that | p|?> = 1+ |V 7|? by the definition of p in (4.24), so we follow the treatment
of (4.38) above to obtain

// B AIVul,Vul)\ll(gldxdt—l—IIull w(Q).
Rﬂ

To estimate 17, recall that [|1g, ,u1[leo < [l#lco and use the dyadic decomposition from Remark 4.28

to obtain
2— k+1 d
WY Y 10Pielguprason [, [ IPP¥
keZQ/eﬂj)"
Sl D Do m(@IO Pyl co(orup—rt 2k +1))
kEZQ’el]j)’7
2= k42
Sz Y X wehf ][ 100 Pl dys
kEZQeD”
5 2—k+2 5 dt
sy X [ f 0Pl d
keZQ/eﬂj)"
2% dt
<l f] (L7 e~ g dn
< ||u||oo||V<p||leL @y < 1131 (0), (4.41)

where the second line uses the pointwise bound |p|2\I/§ <1Q,;50s(1+|Vx(I — P,;‘t)<p|2) and esti-
mate (4.35), the third line uses the parabolic version of the degenerate Moser-type estimate in (2.16)
(see Theorem B in [Fernandes 1991]), noting that v := Bt(e_tLlTMp) solves 0;v = Ll’fﬂv whilst
|0: P, Pro(x)| < |t v(x,n?t?)|, and the final line uses the vertical square function estimate from (2.13) with
Ly, =Ly ., and the W1 2(SQ) -Hodge estimate for ¢ from (4.14).

To estimate I, we again use the bound J < 1 on supp Ws C €2, /3 ¢ 5 from (4.21), and then recall
the definition p := (Vx(P,;", — 1)@, —1) from (4.24) to obtain

dt
15 [, v e i [t rePpP a2
o

The first integral in (4.42) is the same as S 1o from (4.37), whilst the second integral is the same as I i’
from (4.40); hence |I2| < |Ju]|2,1(Q).
To estimate I3, we use the bound |d; P*,go| < % guaranteed by (4.18) to deduce that

10,(J72)| = 19:(14 0, P,l0) 2| < |07 Pyl

on supp Ws C 2,/8 0,5 and write

|13|<// w310, PP pP W3 du—+[/ w2102 P Pl plP VR t dydt =: I 1 I
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To estimate 15, we note that it is the same as 1| from (4.40); thus I} < [lu||2,u1(Q).
To estimate I g , we follow the estimates and justification provided for (4.41), noting in addition that
3,0 = 32 (e Ling) solves 9;(3;v) = —L* ,(3;v), to obtain

[y
2—k+ d
By Y 102 P0 gt aeeny | / PR
kEZQ’eD"
Sulde Do Do m(OONLG Pl + 16200 (Li 1 Pri@) 7 oot 2 +1))
kez g’eD]
2— k+2
Sy Y werf ][ (IeLE Pl + 120, (L3 P P) dia d
kGZQ’eD"

dt
<l f/ tLE Pl du—+llull /f VL Py i

where the second line uses |82Pm(p| S0: Ly, P S 1Ly, Prypl +120: (L, Py @)l the third line
uses Ly, Pprp(x)| = |v(x, n*t?)| and 10¢ (L, Ppr @) (X)| < [£(3ev)(x, n?t2)|, and the final line uses
the vertical square function estimates from (2.13) and (2.14) with £, = L} > hence [I3] < ||u|| w(Q).

To estimate 14, we use |3, Py,0| <1, J < 1 and Ipl? < (14 |V — n,)<p|2), which hold on
supp Wg € Q,,/g 0,5 by (4.18), (4.21) and (4.24), to reduce to the estimate obtained for E{ + E»; hence

|14] < [|ullZn(Q).
To estimate II, we use the definition p := (Vx(P,’]kt — I)p,—1) from (4.24) to note that d;p =
(Vx0: Ppy¢,0) and use the Hodge decomposition from (4.13) to write

(81‘P’A*P) = (antP,;thD,AITVX(P,;}—I)(/)—C) = (Vx0; P* ¥, A||V P* P — wh) (4.43)

for all x € 50 and ¢ > 0. Using this and recalling that div, A = 0, it follows that

II—[/ N ( ) (Vx0: Py, Ay Vs Py — ph) W3 dx dt
Rn 1
- ( )(az o)LL, Pro) R duudr
Rn+1
// At Pyp(V ( ) AV Pl — Mh)\llg dx dt

// +1( ) Pro(Vx(V5), Af Vi PYg — puh) dx di
Rn
=111+ 11>+ I3, (4.44)

where the integration by parts in x, with respect to the measure p, is justified by the definition of the
operator Ll’f’ L (recall (2.8), (2.9) and (4.16)).
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To estimate I1;, we use J <~ 1 and LlTMngo =—2n%t)" o, Pnt‘P to show that it can be treated the

same way as I in (4.40), without | p|?; hence |11 1| < |u]|Z,p1(Q).
To estimate II,, weuse J < 1,

IVa(J ™D = Va1 4 0: P0) 1| S [Vxd: Priol

and apply Cauchy’s inequality with o to obtain

[115] 50[/ - |qu1|2\11§td,udt+/] » u%|Vx8,P;‘t(p|2\IJ§tdudt
R RY

_ dt
b [ a0V Pl + PR an L @ds)
!

The first integral is the same as S|, from (4.37), whilst the remaining two integrals are the same as those
that bound I in (4.42), except (|Vx Py, ©|? + |h|?) replaces | p|% This factor is controlled in the same
way, however, since the Hodge decomposmon in (4.13) implies

1 1 2
h|? = ‘ﬁclsg + EAITV,C(/) <14 |Vipl%:

hence by (4.35) we obtain
|I1,| < a//n+l(A1Vu1,Vu1)\Il§tdx dt + o Hul % u(Q).
+

To estimate 113, we use J < 1 and Cauchy’s inequality to write

dt
|113|<[/ uIIVx\PslztdudtJrf/ ui|d: P> (Ve Progl® + [ |*) W3 d,u—

The first term above is the same as S5 in (4.37), whilst the remaining term is the same as the last integral
in (4.45); hence |113] < Ju|3pn(Q).
To estimate 111, we observe by analogy with (4.43) that

(Ap.0:p) = (AyVx(Py, — ¢ — b, Vxd: Pyyp)
= (AyVx (P9 —¢) + AV — pth, V0, Pyy)
= (AVx[(Pr;0 — @) — (Pyi@ — )] + AV Pyi§ — juh. V. 3; P )

for all x € 5Q and ¢ > 0 and then write
111_//’1“( ) (Vxl(Pr,0— @) — (Pyi@— @), Ay Vx0; PYo) V5 dx di

//,,H( ) AyVx Py — puh, Vi d; Pl p) U5 dx di

=: 1111 + I1I,.
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To estimate I11{, we integrate by parts in x with respect to the measure p to write

= [ ()P0 0= (P DI P93
R 292
uy\w
// (P =)= Pr =)0 ). 475,00 ) v
= 11 + IIT]

which is justified by the definition of LII " (recall (2.8), (2.9) and (4.16)).

To estimate I11'}, we use Hardy S mequahty (see, for instance, page 272 in [Stein 1970]) to observe,

—t2L%

for the semigroups Py € {e~= “llu, e’ 2Ly, n}, the estimate

/ |7>mf—f|2—s/ [ 19575 /| ds —<[ 0, 29 forall £ e L2 @),
0 13 0 0 0 ! ”“

We then recall that || 1q, ,u1leo < [[#]leo and J < 1 on supp W5 C 2,5 0 s to obtain

) < 2y // (P2 — ¢l + Py — @) |LE 100 Pl dt di

dt 1/2 dt 1/2
s [ ([T 1emo-orira-at ) ([T etiorner )

1/2 di\1/2
< i, (// BuPy o + 13 Pig du (// 20017 Pl di )

5 ||u||go(||V(p||L2 (Rn,Rn) + ||V(p||L2 (Rn,Rn))l/ZHV(p”Lz (R?,R") ~ ”u” /’L(Q)

where the final line uses the vertical square function estimates from (2.13)~(2.14) for £, € {L}; wo L}
and the W1 2(5 0)-Hodge estimates for ¢, ¢ from (4.14)-(4.15).

To estimate IIT7, recall that [P — ¢l <tand |Pyg—¢@| <t onsuppWs C Q50,5 by (4.19),
whilst J = 1 and |V, (J 1| < |V 0: Py ¢, so distributing Vx over “1= \I‘Z and 1/J yields terms that
can be controlled in the same way as J , K and S 1’2 in (4.37).

To estimate I11,, note that the estimates used to control ¢ and Py;¢ also hold for ¢ and P;;¢ by
(4.14)—(4.15) and (4.18)—(4.19), whilst div, A = div, h=0 by (4.13); hence 111, can be estimated in
the same way as II in (4.44).

This gives

[ITIT'| + |111,| <a// (A1 Vuy, Vul)llfgtdxdt+0_1||u||oou(Q)
hence

Szga// A1Vu1,Vu1)\115tdxdt+o 1||u|| uw(Q) forallo €(0,1). (4.46)

We combine (4.36), (4.39) and (4.46) to obtain (4.33), as required. O
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5. Solvability of the Dirichlet problem

This section is dedicated to the proof of Theorem 1.2. We first consider the construction and properties of
a degenerate elliptic measure w* for degenerate elliptic equations div(4Vu) = 0 in the upper half-space,
where X = (x,1) € IRﬁ_Jrl and n > 2. The ¢-independent coefficient matrix A is assumed throughout
to satisfy the degenerate bound and ellipticity in (1.1) for some constants 0 < A < A < oo and an
Ap-weight 1 on R”™. This is necessary as the literature only seems to treat bounded domains, whilst the
passage to unbounded domains in the uniformly elliptic case (see Section 10 in [Littman et al. 1963] and
[Hofmann and Kim 2007]) relies on a global version of the Sobolev embedding in (2.4), which is not
known for A-weights in general. The degenerate elliptic measure is then shown to be in the Aso-class
with respect to i on the boundary R” in Theorem 5.30 and the solvability of the Dirichlet problem follows
in Theorem 5.34. These results together prove Theorem 1.2.

5A. Boundary estimates for solutions. We require some estimates for solutions near the boundary 0%
of a bounded Lipschitz domain ¥ C R”" (see Section 2 of [Caffarelli et al. 1981] for the standard
definition). These estimates require some regularity on the domain boundary but no attempt is made here
to obtain the minimal such regularity, as the focus is to define and analyse a degenerate elliptic measure
on R”,

The Lipschitz regularity of the boundary 9% ensures that the smooth class C®(X) and the Lipschitz
class C%1(X) are both dense in W,J}’z(E); see Theorem 3.4.1 in [Morrey 1966] and page 29 in [Kinder-
lehrer and Stampacchia 1980]. This allows the usual definition, for £ C 0¥ and u € WMI’Z(E), whereby
u > 0on E in the W“I’Z(E)—sense means there exists a sequence u; in C%1(X) that converges to u in
W,j ’2(2) with u;(x) > 0 for all x € E. This induces definitions for inequalities <, > and =, between
functions and/or constants, on £ in the W,}’Z(E)—sense; see, for instance, Definition 5.1 in [Kinderlehrer
and Stampacchia 1980]. Moreover, with supyy, u :=inf{k € R:u <k on 9% in the W;’Z(E)—sense} and
infyy := — supyx (—u), the weak maximum principle holds [Fabes et al. 1982b, Theorem 2.2.2], and the
strong version follows by the Harnack inequality in (2.18) [Fabes et al. 1982b, Corollary 2.3.10].

We can now state a Holder continuity estimate and a Harnack inequality for certain solutions near the
boundary. For a cube Q C R”, recall the corkscrew point X¢ := (xg,£(Q)) and denote the Carleson
box in R’J‘r"'l by Tp := Q x (0,£(Q)). Also, recall that pu(x,?) := u(x), so du(x,t) = p(x)dxdt,
for (x,t) e R"t1 Ifu e W,j’z(TzQ) is a solution of div(AVu) = 0in T, and u = 0 on 2Q in the
WI}’Z(TZQ)—sense, then

o 1/2
(e, )| < (E(t@) (][T |u|2du) for all (x.1) € Tg. G.1)
20

and if, in addition, u > 0 almost everywhere on T>¢, then
u(X) Su(Xg) foral X € Top, 5.2)

where o is from (2.17) and the implicit constants depend only on 7, A, A and [1]4,. Estimate (5.1) follows
from standard reflection arguments and the interior Holder continuity estimate in (2.17), as observed on
page 102 in [Fabes et al. 1982b]. Estimate (5.2) can then be deduced from (5.1) and the interior Harnack
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inequality in (2.18), as in the uniformly elliptic case; see the proof of Theorem 1.1 in [Caffarelli et al.
1981], which does not use the assumption therein that A is symmetric.

5B. Definition and properties of degenerate elliptic measure. For X € R"T!, x e R” and r > 0, we
use B(X,r):={Y e R"1:|Y — X| <r} to denote balls in R”T1 and A(x,r) :={y e R" : |x| <r} to
denote balls in R”, where A(x,r) is identified with the surface ball B((x,0),r) N R in R"*1. For
each R > 0, consider the bounded Lipschitz domain X g := B(0, R) N [F\R'rrl with Lipschitz constant
at most 1. For each X € X g, the degenerate elliptic measure wfg is the measure on dX g, as defined
on page 583 in [Fabes et al. 1983], such that u(X) = |, 9% 1 h dwfg solves the Dirichlet problem for
continuous boundary data & € C(0XR) in the sense that div(AVu) = 0in Xg and u € C(XR) with
ulysy = h.

We now define the degenerate elliptic measure on R”. If f € C.(R"), fix Ro > 0 such that supp f C
A(0, Rp) and set f equal to zero on Ri"‘l, so then f* e C(dZg) for all R > Ry, where f*(X) :=
max{= f(X), 0}; thus

ug(X):= § fEdo¥ forall X e Tg
R

solve the Dirichlet problem as above in X g for all R > Ry. The maximum principle then implies that
uiﬁl (X) < uj’;z(X), whenever Rg < R < R and X € Xp,, and that supg-., ||uj,§||Oo < || f|loo- This
allows us to define

u(X) = [uh(X)—ug(X)] forall X e R%F!, (5.3)

lim
R—o0
and since the mapping f + u(X) is a positive linear functional on C.(R"), the Riesz representation
theorem implies that there exists a regular Borel probability measure (the degenerate elliptic measure)
wX on R" such that u(X) = [, f do*.

The function u from (5.3) solves div(AVu) = 0 in R’f‘l. To prove this, note that ||u|co < ||.f |lco, SO
for each compact set K C R'jr“, the Holder continuity of solutions in (2.17) ensures the equicontinuity
required to apply the Arzela—Ascoli theorem and extract a subsequence u g; that converges to u uniformly
on K. This combined with Caccioppoli’s inequality shows that u g, converges to u in WMI’2 (K); hence
u e WMI,’I%)C([RR’}FH). Moreover, if ¢ € Cc"o([Ri1+1) and K = supp¢ C X, then

‘ /K (AV(u—uRr). Vo)| < A Voot (K21 —urlly1 2 4. (5.4)

from which it follows that fRn—i-l (AVu, Ve) = 0, as required.

We note by (5.3) that, when restricted to any bounded Borel subset of R”, the measures wl){ converge
weakly to @X, so Theorem 1 on page 54 of [Evans and Gariepy 1992] shows that

wX(U) <liminfowX (U), oX(K)>limsupos(K), oX(B)= lim wx(B) (5.5)
R—o0 R—00 R—o0

for all bounded open sets U C R”, all compact sets K C R”, and all bounded Borel sets 5 C R" such
that @*X (dB) = 0. This construction of the degenerate elliptic measure also provides for the following
expected properties.



CARLESON MEASURE ESTIMATES AND THE DIRICHLET PROBLEM 2131

Lemma 5.6. If Xo. X1 € R""! and E € R" is a Borel set, then »*°(E) = 0 if and only if ®X1 (E) = 0.
Moreover, the nonnegative function u(X) := w* (E) is a solution of div(AVu) = 0 in R’f‘l and the
boundary Holder continuity estimate

(. 0| < (E{@)au(xg) forall (x.1) € Tg .7)

holds on all cubes Q such that2Q C R" \ E, where « is from (2.17) and the implicit constants depend
onlyonn, A, A and [|1]4,,

Proof. The proof follows that of Lemma 1.2.7 in [Kenig 1994], except we must account for the fact that
the solution to the Dirichlet problem in [Ri'_ﬁrJrl defined by (5.3) requires boundary data to have compact
support, which is easily done as we now show. Suppose that X0 (E) = 0 and that K C E is a compact
set. The regularity of the measure implies that w*9(K) = 0 and, for each € > 0, there exists a bounded
open set U D K such that w*X°(U) < €. In particular, we may assume that U is bounded because K is
compact, so by Urysohn’s lemma there exists g € C.(R") such that g(x) =1on K,0<g(x) <1lonU,
and supp g C U. It follows that u(X) = [pn & dw”X is the solution to the Dirichlet problem in [Ri’j_“
defined by (5.3) with boundary data g. Applying the Harnack inequality from (2.18) and connecting Xo
with X via a Harnack chain then shows that there exists C > 0, depending on X( and X, such that

wX1 (K) <u(Xp) <Cu(Xp) < Ca)XO(U) <Ce forall e>0;

hence wX1 (K) = 0 for all compact sets K € E, and so w*' (E) = 0 by regularity.

The proof that u(X) := w* (E) is a solution of div(AVu) =0 in [R{’f'l also follows that of Lemma 1.2.7
in [Kenig 1994]. It remains to prove that the boundary Holder continuity estimate holds on all cubes QO
such that 2Q < R” \ E. We first consider when E is bounded. In that case, let Us denote the open
§-neighbourhood of E and set y. s := ¢e * 1y, for all § > € > 0, where ¢¢(x) := € "¢(x/€) and
@ € CX(A(0, 1)) is a fixed nonnegative function with [, ¢ = 1. In particular, since U is open, we have
1p <1y, <liminfe¢ y 5. Consequently, if X = (x,7) € R’rrl, then

u(X) =X (E) <X (Us) < / lim inf .5 do* < liminf/ Xes do™. (5.8)
R" R"

e—>0

The function x, s belongs to C2°(R") and thus extends to a function in C°(R"*1). The construction of
the degenerate elliptic measure (see pages 580-583 in [Fabes et al. 1983], which was the starting point for
our extension to the upper half-space above) thus implies v (X) := .fR” Xesd X isin W1’2(T(3 /2)0)
and vanishes on %Q whenever 0 <€ < § < %E(Q), so estimate (5.8) combined with the boundary Holder
continuity estimate in (5.1) and the boundary Harnack inequality in (5.2) shows that

t o
u(x,t) < lign_)i(r)lfve(x, 1) < (@) lign_)i(r)lfve(XQ) forall (x,7) € To. 5.9

We now let Us . denote the open e-neighbourhood of Us, in which case x5 < lys, and ve(X) <
X (Us.¢), so by (5.9) and the regularity of the degenerate elliptic measure we have

u(x, 1) < (ﬁ@)a lign_jgwaQ(Us,s) S (%Q))anQ(U(;) for all (x,7) € Tp.
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This proves (5.7) if E is bounded, since the regularity of the measure also implies that X2 (Us)
approaches wX2(E) = u(X o) as § approaches 0. If E is not bounded, then applying (5.7) on the
bounded sets E := Lyx+1 0\2% 0 E, for k € N, shows that

w0y =S 0¥ (Ep) < (L)anQ(Ek)z(L)anQ(E) for all (x.1) € Tg.
2 2\ 70 )

k=1

as required. O

5C. Preliminary estimates for degenerate elliptic measure. In the uniformly elliptic case, there is a rich
theory for the Green’s function on bounded domains, and specifically, estimates and connections with
elliptic measure; see, for instance, Theorem 1.2.8 and Corollary 1.3.6 in [Kenig 1994]. This theory also
extends to unbounded domains; see Section 10 in [Littman et al. 1963] and [Hofmann and Kim 2007]. In
the degenerate elliptic case, the theory was developed on bounded domains in [Fabes et al. 1982a; 1982b;
1983], but it is not clear if there is always such a Green’s function on unbounded domains. In particular, the
construction in [Hofmann and Kim 2007] for the uniformly elliptic case relies on the (unweighted) global
version of the Sobolev embedding in (2.4), which is not known for a general A,-weight. In what follows,
we combine the properties of the Green’s function on the bounded domain Xz := B(0, R) N [R{’_"_H with
the limit properties in (5.5) to deduce estimates for degenerate elliptic measure on R”. These will be used
to prove Lemma 5.24 and ultimately Theorem 5.30.

For each R > 0, the Green’s function g g : X g X X g > [0, 00] is constructed by following Proposition 2.4
in [Fabes et al. 1982a]. In particular, for each ¥ € X g, the mapping X +— gr(X,Y) is the Holder
continuous function in X g \ {¥'} that vanishes on 9% g and satisfies fER (AVgRr(-,Y),V®) = O(Y) for
all ® € C°(XR). As explained on page 583 in [Fabes et al. 1983], these properties are valid on any NTA
domain, hence a fortiori on X g. The proofs do not rely on the assumption therein that A is symmetric,
although the symmetry property gr(X,Y) = gr (Y, X) is no longer guaranteed, as g (X, Y) :=gr(Y, X)
is the Green’s function for the adjoint operator — div(A*V). We will rely on the following two lemmas,
which are immediate from Theorem 4 and Lemma 3 in [Fabes et al. 1983], respectively, to estimate the
Green’s function g g and the degenerate elliptic measure wg on Xg.

Lemma 5.10. If X,Y e Zgpand | X —Y| < %dist(Y, 0XR), then
dist(Y, 05 g) §2 ds
ex(x.1)= [ -
1X—Y]| p(B(Y.s)) s
where the implicit constants depend only on n, A, A and [jt]4,.

Lemma 5.11. If R > 0 and Q is a cube in R" such that T,p C X R, then

gr(X0.Y) _ y  £(Q) wi(0)
o)~ uTy) = o)

where the implicit constants depend only on n, A, A and [|t]4,.

forallY e Zgr\ T,



CARLESON MEASURE ESTIMATES AND THE DIRICHLET PROBLEM 2133

The degenerate elliptic measure “)1)1( satisfies the doubling property a)g 20) < Coa)l}g (Q) for all

cubes Q in R" such that 7,9 C X g and all X € X g\ T2, where the doubling constant Co > 0 depends
only on n, A, A and [u]a,. This is proved in Lemma 1 on page 584 of [Fabes et al. 1983] by using
the estimates in Lemma 5.11, the Harnack inequality in (2.18), and the doubling property of . The
doubling constant Cp does not depend on R, which allows us to use the inequalities in (5.5) to show that
the degenerate elliptic measure w¥ is locally doubling on R”, in the sense that

¥ (20) <liminfo} 20) < liminfwy (30) <limsupog (10) < 0*(0) (5.12)

R—o0 R—o0 R—00

for all cubes Q C R" and all X € R’rrl \ T20. where the implicit constant is CZ. In particular, the
doubling property implies 0¥ (3Q) = 0 for all cubes Q C R” (see page 403 in [Garcia-Cuerva and Rubio
de Francia 1985] or Proposition 6.3 in [Hofmann and Martell 2014]), so (5.12) actually improves to
0¥ (20) < CowX (Q), since by the equality in (5.5) we now have

0X(0) = Rlim wx(Q) (5.13)

for all cubes Q C R"” and all X € [R{TLI \ T>p. This provides the following estimate for degenerate
elliptic measure.

Lemma 5.14. If Q is a cube in R, then wX2 (Q) = 1, where the implicit constant depends only on n, A,
A and [la,.

Proof. Let Q denote a cube in R” and fix Rg > 0 such that 7,9 C X g,. The Holder continuity at the
boundary in (5.1) and the Harnack inequality in (2.18) imply (see the proof of Lemma 3 on page 585 in
[Fabes et al. 1983]) that

wx2(Q) 21 forall R> Ry,

where the implicit constant depends only on 7, A, A and [1t]4,, and so does not depend on R. The result
follows by using Harnack’s inequality to shift the pole (from X>¢p to X¢) in (5.12)—(5.13) to obtain

0¥ (Q) = limg_s0o 032 (0) Z 1. O

The estimates in Lemma 5.11 also imply the following comparison principle. The result is stated on
page 585 in [Fabes et al. 1983] and the proof is the same as in the uniformly elliptic case; see Theorem 1.4
in [Caffarelli et al. 1981] or Lemma 1.3.7 in [Kenig 1994], neither of which use the assumption therein
that A is symmetric.

Lemma 5.15 (comparison principle). Let Q denote a cube in R" and suppose that u,v € WMI’Z(TZQ) N

C(TzQ) withu,v > 0on Tyg. If div(AVu) = div(AVv) =0in Tr9 andu = v = 00n 2Q, then
u(X) _ u(Xg)
v(X)  v(Xo)

forall X € Ty,

where the implicit constants depend only on n, A, A and [jt]4,.

The following corollary of these preliminaries will be used in Proposition 5.18 to estimate Radon—
Nikodym derivatives of the degenerate elliptic measure.
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Lemma 5.16. If Q¢ and Q are cubes in R" such that Q < Qo, then

0¥ (0)
wX(Qo)

where the implicit constants depend only on n, A, A and [j1]4,.

wX20(0) = forall X e R\ Thg,,

Proof. Let Q C Qg be cubes in R”, suppose that X € R’f’l \ T> ¢, and consider R > 0 large enough so
that X € X and T49, C X g. Lemma 5.11 shows that

0% (00) £(Q0) = 11(Q0) gr(X 04, X),
X (0)0) = 1(Q) gr(Xg, X)
©a*%(0) £(0) = 11(Q) gr(X 0. X30,)-

Ifu(Y)=gr(Y,X)andv(Y)=ggr(Y, X30,), then div(4AVu) =div(AVu)v =0in Trg, andu =v =0
on 20y, so the comparison principle in Lemma 5.15 shows that
§r(Xo.X) _ u(Xg) u(Xg,) _ &r(Xgo X)
gr(Xg.X30,) v(Xg) v(Xg,) gr(Xg,. X30,)

Also, Lemma 5.10 shows that gr(Xg,. X30,) = £(Q0)/1(Qo), so together we obtain

0z (Q) _ 8r(Xg. X) pu(Q) £(Qo) _ 8r(Xg.X30)) 1(Q) {(Q0) _
wx(Q0)  &rR(Xg,. X) £(Q) 1(Qo) ~ gr(X0y. X30,) £(Q) u(Qo)

0% (0).

b'¢
The Harnack inequality from (2.18) then shows that wg (0) = a)if (Qo)wg Qo (Q) and the result follows
by using (5.13) to estimate the limit as R approaches infinity. O

If X,Xpe€ [R{:’LH, then Lemma 5.6 shows that ®* and X are mutually absolutely continuous, so the
Lebesgue differentiation theorem for the locally doubling measure wX° implies that the Radon—Nikodym
derivative of 0¥ satisfies

doX X ’
K(Xo. X.9) = 205 0) = lim %

where Q(y, s) denotes the cube in R” with centre y and side length s. The following decay estimate for

wX0-ae. y e R, (5.17)

the kernel function K extends Lemma 2 on page 584 in [Fabes et al. 1983]. It is the final property of
degenerate elliptic measure needed to prove Lemma 5.24.

Proposition 5.18. If Q¢ and Q are cubes in R" such that Q C Qy, then

—1 max{—ly_xQ|
0% (Q) £(0)

where o >0 from (2.17) and the implicit constant depend only on n, A, A and [j]4,.

—
K(Xgy. X0.y) < ,1} . wX%-ae. ye Q.
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Proof. Let Q C Q¢ denote cubes in R” and fix J € N such that 2/ =10 € Qg €27 Q. If y € Q, then
Lemma 5.16 and the Harnack inequality in (2.18) show that

X220 (Q(y,s)) _ 0¥ (0(y,s))
wX200(Q) X0 (Q)

whenever 0 < s < dist(y,R" \ Q). If y € 2/ 0 \ 2/71Q for some j € {1,...,J}, then the boundary
Holder continuity estimate in (5.7) combined with Lemma 5.16 and the Harnack inequality in (2.18) show
that

0X2(Q(y.s) =

Q)
2/724(Q)

(Q) )"‘w"@o(Q(y,s))

* ij_2 —_
) w Q(Q(Y,S))~(|y_xQ| Q)XQU(ZJQ)

0¥2(Q(y.9)) (
whenever 0 < s < dist(y, R” \ (2/ Q \ 2/720)), where « > 0 from (2.17) and the implicit constants
depend only on n, A, A and [u]4,. The result follows by using these two estimates to bound the limit
as s approaches zero in (5.17). O

5D. The A o-estimate for degenerate elliptic measure. We now combine the properties of degenerate
elliptic measure with good €gp-coverings for sets, as introduced in [Kenig et al. 2000] and defined below
(see also [Kenig et al. 2016]), to construct bounded solutions that satisfy the truncated square function
estimate in Lemma 5.24. This result, combined with the Carleson measure estimate from Theorem 1.3,
allows us to prove the Ac-estimate for the degenerate elliptic measure in Theorem 5.30. This avoids the
need to apply the method of e-approximability, as was done in [Hofmann et al. 2015a], and so simplifies
the proof in the uniformly elliptic case.

Let D(R") denote the standard collection {2%(j 4 [0, 1]") : k € Z, j € Z™} of all closed dyadic cubes S
in R”. For each S € D(R") and n = 2K, where K € N, define D(S) :={S’ e D(R"): S’ € S} and

D7(S):={S" e D(S): £(S") =27K¢(S)}, (5.19)
so D" (S) is precisely the set of all dyadic descendants of S at scale 27K £(S).

Definition 5.20. Suppose that Q¢ is a cube in R™. If ¢¢ >0, k € N, O € Q¢ is acube and E C Q,
then a good €g-cover of E of length k in Q is a collection {01}5‘=1 of nested open sets that satisfy
EC O COp_1 C---C 01 € Q and each of which has a decomposition O; = U?i1 Sl.l given by a
collection {Sl-l tien € D(R™) of dyadic cubes with pairwise disjoint interiors such that

wX220(0; N SI7Y) <o wX220(S!I7Y) foralli €N, foralll € {2,... k). (5.21)

Let us record a few important consequences of this definition that will be needed. It is proved on
page 243 in [Kenig et al. 2000] that for each i € N and / € {2, ..., k}, there exists a unique j € N such
that Sl.l is a proper subset of S;_l; thus E(Sl.l) < %E(S]l._l). Also, for m € {2, ..., k}, iterating (5.21) as
in Lemma 2.5 of [Kenig et al. 2000] shows that

X220 (0; N SM) < eb™MwX220(SM) foralli €N, foralll € {m,.... k}. (5.22)
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In the uniformly elliptic case, the following result is Lemma 2.3 from [Kenig et al. 2016]. The proof
extends to the degenerate elliptic case, since it only relies on the fact that the degenerate elliptic measure
0X220 is doubling when restricted to the cube Q.

Lemma 5.23. Suppose that Qq is a cube in R™. If g > 0, then there exists 5o > 0, depending only on €,
n, A, A and [|1]4,, such that the following property holds:

If O € Qg is acube and E C Qg such that w*X220 (E) <6y, then there exists a good €g-cover of E of
length k in Q for some natural number k < 10g(wX2Q0 (E))/log €g, where the implicit constants depend
onlyonn, A, A and [|1]4,

We can now prove the following lemma by adapting the proof in [Kenig et al. 2016] to the degenerate
elliptic case. The original argument has also been somewhat modified.

Lemma 5.24. Suppose that Qg is a cube in R™. If M > 1, then there exists 6pr > 0, depending only on
M, n, A, A and [u]a,, such that the following property holds:

If QO € Qg isa cube and E € Q and wX?20(E) < 8pr, then there is a Borel subset B of R" such that
the solution u(X) := X (B) of div(AVu) =0 in RT‘I satisfies

y4(Q) p
u(y) dt

Mf/ / [tVu(y,t)|>? ——=—— — forallx € E,
Ax,yt) W(A(x,1)) t

where y > 0 is a constant that depends only onn, A, A and [t]4,.

Proof. We introduce three constants €q, §, n € (0, 1) that will be chosen with § < &g, where 3¢ is determined
by €o as in Lemma 5.23, and n = 27X for some K e N. Therefore, if E € Q € Q¢ and wX220(E) <6,
then there exists a good eg-cover of E of length k in Q such that k = log(w*220 (E))/ log €o. This cover
is denoted by {0 }5‘21 with 0; = 72, Sil as in Definition 5.20, and for each such cube Sl.l , a dyadic
descendant S‘il in D7(S l.l) that contains the centre of S l.l is now fixed and

o0
0= 8. (5.25)
i=1
where we note that E(S?) = nZ(Sil) in accordance with (5.19).

We claim that there exists a Borel subset B of R” such that 15 = Z 1= 1 8,_1\0, To see this, suppose
that Zl — 01 no, (& (x) # 0 and let /o denote the smallest integer / € [2, k] such that 1 5 \01 (x)=1.
It must hold that x € 010 1\ Oy, so then x ¢ Oy, which implies x ¢ O; and x ¢ 0, for all l > lp; hence
10] O (x) =0 for all [ > [y and the claim follows.

We now aim to choose €g, 17 € (0, 1) such that u(X) := wX (B) on Rn+1 satisfies

|M(X775f)_u(xn§f)| > 1 for all SA'il € ID"(Si), foralli e N, foralll € {l,...,k}, (5.26)

where the implicit constant depends only on the allowed constants n, A, A and [u]4,, and if x and fc
denote the centres of §; I"and S;, §!, then the relevant corkscrew points are precisely X ns! = (x nE(S ))
and X ns! = ( 2Z(S )). To this end, we proceed to obtain estimates for u (X Sz) and u(X S’)
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To estimate u(X, ¢/), write
l

u(X, g1) = / 1 dw*ns! +/ 1gdwXns! =1 +11.
i R\ S! s!
The boundary Holder continuity in (5.7) shows that I < wX nst(R*\ S l-l ) < Con“, where Cp, @ > 0 depend
only on the allowed constants. To estimate /7, write

_ X ~ X o
11 = Z/ 3,-1\0, dwX ns! 4 Z / 8,-1\0, dw*ns! +/Sl 101\01+1dw ns!

j=l+2 i
=: 111+ 11, + 115.

First, observe that 1/; = 0, since if m € {2,...,1}, then Sl.l C 0; € 0j and so (5j_1 \Oj)N Sl.l =g@.
To estimate /15, the kernel function representation in (5.17) and estimates in Proposition 5.18, the local

doubling property of the degenerate elliptic measure in (5.12) and property (5.22) of the good €g-covering,
show that

k
= [ K (Xagy, X1, ) dw™200(y)
j=l+27(0i=1\O)NS;
Gy X
E— w 2QO((OJ l\Oj)mS)
Gy X
R wX220(0,_1 N 5}
X2Q()(S )jXI-:i-Z
Z ej 1-1 X2QO(S)< Cnéo’
Xon(S )J ey T 1—¢g

where the constant C;, > 0 depends only on 7 and the allowed constants.
To estimate 113, observe that Sl-l N 51 = §l.l by the definition of 51 in (5.25); hence

115 = /~ dwXns! — /_ doXns! =: 115 — 11
S! SIN0; 41

The term /1] is estimated in the same way as I, above to show that

C ~ C
" < n X220 I < N ,X20 Iy <
113 =< —a)XZQo(Sil)w 0(0[+lmS ) X2Q0(S ) 0(0[+10Sl)_cn€0.
We estlmate I1}; from above and below. First, note that anz (x nE(SI)) x € §l and €(§ )= nE(S ),
so wX ns! (S )=~ w s’ (S ) by the Harnack inequality in (2 18), whilst w s’ (Sl) > 1 by Lemma 5.14.
Thus, there exists co € (0, 1) depending only on the allowed constants such that 17§ = ® ns{ (Sl ) > co.
Next, choose a different dyadic descendant § f # §l.l in I]])”(Sl.l ) that contains the centre of Sl.l . The
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preceding argument shows that a)anll (§f) > ¢, whilst a)anl! (§f N §l.l) < a)anl? (8§l.l) = 0; hence
co < 11} = 0Xns! (S)) = 1 —0%ns! ®R*\ §7) < 1—w¥ns! (8}) < 1—co.
The above estimates together show that if o € (0, %), then
Co Su(XnSi’) < Con* +3Cpep + 1 —co. (5.27)

To estimate u (X 0! ), write
1

“(Xngl) :/ . lea)Xn§l4 +/A 1Bda)Xn§l! =:1+1I,

J R\ S !
as well as
1 k
T — / ~ X o
1= Z[g:z 0;-1\0 dw”ns] + Z [g:z 10/—1\0 do®ns, +/:‘1 O/\O;+1 do”ns]

=1ﬁ1+ﬁ2+ﬁ3.

The arguments used to estimate I, I/1 and /1, show that I < a)Xn§ll (R” \ASA’l.l) < Con~, ﬁl = 0 and
172 < Cyeo/(1 —€p). To estimate ﬁg,, observe that

SN0\ 041) =S NSH\ 0141
where either a)Xn§l! (fl.l N S;.Z) =0and IT3 =0, or S\'l.l = 5'1.1 and
3= | dCl)Xn§{—/; dw*ns! =: 1T, — IT4.
S 8/N0;+1
The boundary Holder continuity estimate in (5.7) shows that
1% = 05! (§)) = 1 — wXns! R"\ §) > 1 - Con®,
whilst repeating the arguments used to estimate /75 shows that

7} < Cn

¢ C
X l X i
= %200 SH " 2200141 N S}) < 5 =—-0*220(013.1 N S}) < Cyeo.
1

10}
w¥X220(S?)
These estimates together show that if € € (O, %), then either
0< M(Xn§f) < Con*+3Cpeop or u(Xngil) > 1—(Con* + Cyeo). (5.28)
The estimates (5.27) and (5.28) together imply
|u(XnSf) - u(Xn§{)| > co—2Con* —4Cyeo.

We thus obtain (5.26) by first choosing 7 € (0, 1) so that 2Con® < %co and then choosing g € (0, 3)
(depending on 1) so that 4Cpeg < %co. These choices of 1 and €g, which depend only on the allowed
constants, are now fixed.
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To complete the proof, suppose that M > 1 and x € E, and recall that § € (0, §p) remains to be chosen,
where 8¢ is now fixed by our choice of €y as in Lemma 5.23. First, fix a cube S¥ in {Sl-k }ien such that
x € Sk, The remarks after Definition 5.20 then imply that for each [ € {1,...,k — 1}, there exists a
unique cube S in {S,-l}ieN such that x € % and S/t ¢ S7; thus £(S!*1) < %Z(Sl). Next, for each
le{l,... k}, fix a dyadic descendant S’ in D"(S?) such that x € S%.

Observe that, for some t € (0, 1) sufficiently close to 1 and depending only on 7, the corkscrew points
X, st and X n§1 both belong to the dilate rQl of the cube

0y = {(y.0) e R 1y —xloo < (3 + §1)USH, 377U(ST) <1 < (1 +n)e(shH},

with E(Qé) =(1+ §n2)€(S ). Therefore, if ¢! := fQi, u, then the Moser-type estimate in (2.16), the
Poincaré inequality in (2.5) and the doubling property of p show that

2 12 12 12
(X 50) = u (X 52 S u(X ) = ' P (X, 50 =<' 2 S u =12 o)

S f lu=clPdps @2 £ 1veP dn
on on

£(S*) 2
(A (11 n)f(S’)))/ IVl

du(y) dt
|1 Vu(y, ) ———— —. (5.29)

// w(A(x.0)
Iterating the bound £(S!*1) < %E(Sl) shows that £(S!") < 2!=1"¢(S") when I’ > I. This implies that
the collection {Q,17, cees Q’g } has the bounded intersection property whereby, for each [ € {1,...,k},

there are at most 3 + 21og, (1/n? + 1)) such cubes Qi,/ satisfying Qfl/ N Qf7 = . This allows us to sum
estimate (5.29) over [ € {1,...,k} and then apply (5.26) to obtain

> du(y) di _ (vHD » du(y) dt
ks // o OOy A N T

for some y > 0 that depends only on 7 > 0 and thus only on the allowed constants.

To conclude, recall that k < 10g(wX290 (E)~1)/log(1/eg) >log(1/8)/1og(1/€), since wX220(E) <
8 < 1. Therefore, the result follows by choosing § € (0, §o] such that M < log(1/48), since Sps :=§
depends only on M and the allowed constants. O

We now combine the above technical lemma with the Carleson measure estimate from Theorem 1.3 to
prove the main Aso-estimate for degenerate elliptic measure.

Theorem 5.30. Suppose that Qg is a cube in R™. If X € RT_I \To, and w := wX | Qo denotes the
degenerate elliptic measure restricted to Qq, then w € Ao (14) and the following equivalent properties
hold:

(1) For each € € (0,1), there exists § € (0, 1), depending only on €, n, A, A and [jt]4,, such that
the following property holds: if Q C Qg is a cube and E C Q such that w(E) < $w(Q), then

p(E) < en(Q).
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(2) The measure w is absolutely continuous with respect to | and there exists q € (1, 00) such that the
Radon—Nikodym derivative k .= dw/du satisfies, on all surface balls A C Qy, the reverse Holder

estimate
1/q
("< fsan
A A

where q and the implicit constant depend only on n, A, A and [t]4,.

(3) There exist C, 0 > 0, depending only on n, A, A and [j1]4,, such that

w(E)\’
C r~ 7
w(E) = (u(Q)) (@)

for all cubes Q € Q¢ and all Borel sets E C Q.

Proof. It is well known that (1)—(3) are equivalent; see Theorem 1.4.13 in [Kenig 1994]. Moreover, by
Lemma 5.16, it suffices to prove (1) when X = X5 ¢,,. In that case, by Lemma 5.24, the Carleson measure
estimate in Theorem 1.3, Fubini’s theorem and the doubling property of p, it follows that for each M > 1,
there exists a7 > 0, depending only on M and the allowed constants, such that the following property
holds: if O € Qg is acube and E C Q such that w(E) < dprw(Q), then there exists a solution u of the
equation div(AVu) = 0 in R with [[u]les < 1 such that

rHQ) du(y)  dt
2—_
Mu(E) < /E [O fA vt P s )

)M(Q) 5 d[
< / / V(. 0P duy) 2 < u(0).
0 y0 t

where the implicit constants and > y > 0 depend only on the allowed constants. Therefore, if € € (0, 1),
we choose M(€) > 1 and thus dps(¢) € (0, 1), depending only on € and the allowed constants, such that
W(E) < eu(Q), as required. d

5E. The square function and nontangential maximal function estimates. The Lﬁ(R”)—norm equiv-
alence between the square function Su and the nontangential maximal function N.u of solutions u
in Theorem 1.5 is now a corollary of the main Aso-estimate for the degenerate elliptic measure in
Theorem 5.30. This was proved by Dahlberg, Jerison and Kenig in Theorem 1 of [Dahlberg et al. 1984],
which actually provides the more general result in Theorem 5.31 below. In particular, the degenerate
elliptic case is treated on page 106 of the same paper, noting that the normalisation #(X¢) = 0 assumed
therein is actually only required for the so-called N < S-estimate.

Theorem 5.31. Suppose that ® : [0, 0c0)— [0, 00) is an unbounded, nondecreasing, continuous function
with ®(0) = 0 and ®(2t) < CD(¢) for all t > 0 and some C > 0. If div(AVu) =0in Ri“, then

/ O(Su) du < / S(Naw) dy.
R” R7
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and if, in addition, u(Xg) = 0 for some Xg € [R{T'l, then

/ B(Ny) du S / O(Su) .
Rn Rﬂ

where the implicit constants depend only on Xo, ®, n, A, A and [jt]4,.

The next result is also a consequence of the main Ao-estimate in Theorem 5.30. It will allow us to
construct solutions to the Dirichlet problem (D), ,, as integrals of Lﬁ(lR”)—boundary data with respect to
degenerate elliptic measure.

Lemma 5.32. Suppose that 1/p + 1/q = 1, where q € (1,00) is the reverse Holder exponent from
Theorem 5.30. If X = (x,t) € RT‘I, then the Radon—Nikodym derivative k(X,-) 1= dwX /du is in
L% (R") and

[ K07 du) 2 a0y,

Moreover, if f € LL(R") and u(X) := Jan f() dw™X, then ”N*””LZ(R") < ||f||Lﬁ(Rn)- The implicit
constant in each estimate depends only on n, A, A and [|L]4,.

Proof. Suppose that X = (x,t) € [R{’f'l. The proof of Proposition 5.18 shows that
k((x,271), )

0w &2/ D (A(x,271))

Applying the reverse Holder estimate from Theorem 5.30 then shows that

k((x,t),y) <277 forall y € A(x,27t)\ A(x,2/71¢), forall j € N.

/ k(1) ) dp(y) = / | |
R” A(x,t) A(x,27 )\A(x,27711)

s

(D) () + Y / K((x, ), 9)7 dpa(y)
Jj=1

o0
S AL T 2 (A 27 0) TS (A )) T
j=1
To obtain the nontangential maximal function estimate, it suffices to consider the case when f > 0,
since in general we may then decompose f = f+ — £~ into its positive and negative parts T, f~ > 0.
To this end, suppose that xo € R” and that X = (x,¢) € R’f‘l in order to write

o o
S = F1a@o20 + Z S IAGo.27H D\ Axo,27 1) = Z Ji
Jj=1 j=0

and define
uj(X):= /R i) doX (y) = /R SiO) kX, y)du(y).

The self-improvement property of the reverse Holder estimate from Theorem 5.30 (see Theorem 1.4.13
in [Kenig 1994]) implies that there exists an exponent r > ¢ such that

1/r 1
(][A K((x.1). y) du(y)) < ][A K0 ) du) = s (5.33)

for all surface balls A C A(x, %z)
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Now suppose that X = (x,1) € I'(xg). To estimate 1o, we apply the interior Harnack inequality in
(2.18) followed by Holder’s inequality and (5.33) to obtain

wo(x. 1) = uo(x. 61) < / FOYk(Gx.60), y) d(y)

A(x0,2t)

1/r , 1/r’
- ( / |k<<x,6z),y>|’du(y)) ( / FOY du(y))
Alxo,21) A(xo,21)

, , 1/r’
< 1(AGro, 2017 ( /A Oy du(y))

< M, (f")(xo)]V".

To estimate u; when j € N, we apply the boundary Holder continuity estimate from (5.7) and then

(x0,21)

proceed as in the estimate above to obtain
o
(2 Jpy = p—ja Jj+2
uj(x,t) < 377 uj(x0,27t) =277%u;(x0,2’ 7°1)

<9 / FO) k((x0.2721), y) dpu(y)
A(x0,27F11)

‘ . 1/r , 1/r’
<27/ ( / k(0,270 y) du(y)) ( / oy JOV du(y))
A(xo,27 F11) A(x0,27+11)

) , 1/r
sz—f“(f oy du(y))
A(xo,27 +11)
<27 M (f7) (x0T

The above estimates together show that

Nau(xo) < [Mp(f ) (o))"
for all xo € R", and since r’ < ¢’ = p, it follows that [INsullz < I1f 1|z, as required. O

We conclude the paper by using the preceding lemma to obtain solvability of the Dirichlet problem
(D)p, .- A uniqueness result is also obtained but only for solutions that converge uniformly to O at infinity.
This restriction does not appear in the uniformly elliptic case; see Theorem 1.7.7 in [Kenig 1994]. It
arises here because of the absence of a Green’s function for degenerate elliptic equations on unbounded
domains (see Section 5C) and it is not clear to us whether this can be improved.

Theorem 5.34. Suppose that 1/p + 1/q = 1, where g € (1,00) is the reverse Holder exponent from
Theorem 5.30. The Dirichlet problem for Lﬂ(R”)-boundary data is solvable in the sense that for each
f e Lﬁ(IR"), there exists a solution u such that

div(AVu) =0 in R,

Niu € Lﬁ(R"), (D)p.u

hmt—)O u(' ’ t) = ﬁ
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where the limit converges in LF, w(R™")-norm and in the nontangential sense whereby

lim u(y,t) = f(x)

r'x)>(y,t)—>(x,0)

for almost every x € R". Moreover, if f has compact support, then there is a unique solution u of (D)p .
that converges uniformly to O at infinity in the sense that img_,« ||u ||LOO(H:£H+1\B(0 R) = 0.

Proof. Suppose that f € L%, 1(R™") and define u(X) := [ f dwX forall X € R”+1 We first prove that
div(AVu) = 0 in R, 1 Let ( f;);j denote a sequence in C.(R") that converges to f in L% 1 (R™) and
consider the solutlons uj(X):= fRn Ji dwX. The L4 (R")-estimate for the Radon—Nikodym derivative
dwX /dp from Lemma 5.32 and the doubling property of x show that

lluj —ulloocky Su.kx I1fi = fliz@n

for all j € N and any compact set K C [R{TLl, SO u; converges to u in Li 1oc (R™). Moreover, Cacioppoli S
inequality and the arguments preceding (5.4) show that u; converges to a solution v in W, 0 lOc([RR") SO

then ¥ = v is a solution in R”H as required.

The nontangential max1mal function estimate || NVyul|| LE@®Y) S < |fI L2 @) is given by Lemma 5.32.
To prove the nontangential convergence to the boundary datum, first recall that u; € C ([RR” 1) with
ujlge := fj, 80 imr(x)s(y,1)—(x,0) 4j (¥, 1) = fj(x) (see Section 5B). We combine this fact with the
bound

u(y.t) = F@] < (o) = (O] + |y (0. 0) = 5O+ 1 = ) (0]
to obtain

limsup — |u(y, 1) = f(X)] = [Nu(u —u;) ()| + [(f = f) ()]

r'(x)>(y,t)—>(x,0)

for all x € R"™. For any 1 > 0, we then apply Chebyshev’s inequality and the nontangential maximal
function estimate from Lemma 5.32 to show that

p({xeR": lim sup lu(y.t)— f(x)| >n})
Fx)2(y,1)—>(x,0)

< u(fx € R Nuu—1))(x) > 3n}) + p(fx € R (f = )@ > 3n))
S0 PN =D g gy + 1 = Fi12 )
SIS = S0 p gy

It follows, since fj converges to f in Lf(R"), that

lim u(y,t) = f(x)

r'(x)>(y,t)—>(x,0)

for almost every x € R”, as required. The norm convergence lim;_q |[u(-,?) — f|| 2wy then follows
by Lebesgue’s dominated convergence theorem.

It remains to prove that u is the unique solution satisfying lim x| [u(X)[lco = O when f has
compact support. In that case, fix Rg > 0 such that f is supported in the surface ball A(0, Rp). If
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X e [Ri'_’;rl and | X | > 2Ry, then the reverse Holder estimate in Theorem 5.30 shows that

u(X)| < fA SO K(X. y) dp(y)

(0,Ro)

1/q
<1 egon ([, i K )

1
S gy (A0 31XD) 17 f k(X ) dpa(y)
A(0,|X[/2)

-1
< £ g (AQ. 31xD) 7.

whilst img o0 (A0, R)) = o0, since p is in the Aso-class with respect to Lebesgue measure on R”;

thus limpg oo ||| L@ F\B(O.R)) = 0. The maximum principle allows us to conclude that any solution
. . + ’ .

of (D)p,, with this decay must be unique. O
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