CRITICAL PERTURBATIONS FOR SECOND ORDER ELLIPTIC OPERATORS. PART II:

l.
2.
2.1.
2.2.
2.3.
2.4.
3.
4.
4.1.
4.2.
5.
6.

NON-TANGENTIAL MAXIMAL FUNCTION ESTIMATES
S. BORTZ, S. HOFMANN, J. L. LUNA GARCIA, S. MAYBORODA, AND B. POGGI

AsstrAcT. This is the final part of a series of papers where we study perturbations of divergence form sec-
ond order elliptic operators —divAV by first and zero order terms, whose complex coefficients lie in critical
spaces, via the method of layer potentials. In particular, we show that the L? well-posedness (with natural
non-tangential maximal function estimates) of the Dirichlet, Neumann and regularity problems for complex
Hermitian, block form, or constant-coefficient divergence form elliptic operators in the upper half-space are
all stable under such perturbations. Due to the lack of the classical De Giorgi-Nash-Moser theory in our set-
ting, our method to prove the non-tangential maximal function estimates relies on a completely new argument:
We obtain a certain weak-L” “N < S” estimate, which we eventually couple with square function bounds,
weighted extrapolation theory, and a bootstrapping argument to recover the full L? bound. Finally, we show
the existence and uniqueness of solutions in a relatively broad class.

As a corollary, we claim the first results in an unbounded domain concerning the L”-solvability of boundary
value problems for the magnetic Schrodinger operator —(V — ia)?> + V when the magnetic potential a and the
electric potential V are accordingly small in the norm of a scale-invariant Lebesgue space.
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1. INTRODUCTION

This is the second in a series of two papers, where we study the L? Dirichlet, Neumann and regularity
problems for critical perturbations of second-order divergence-form equations by lower order terms. In
the first paper [BHLMP22], we obtained square function estimates and uniform L? estimates on slices
of the layer potentials (see Theorem 1.4). In the present manuscript, we complete the L* theory for these
operators, by proving the non-tangential maximal function estimates (Theorem 1.5), as well as the existence
and uniqueness of solutions to the boundary value problems (Theorems 1.10 and 1.11).

Consider operators of the form
(1.1) L:=—-div(AV+B)+B,-V+V
defined on R = {(x,1) : x e R",t € R}, n > 3, where A = A(x)is an (n + 1) X (n + 1) matrix of L®
complex coefficients, defined on R” (independent of ¢) and satisfying a uniform ellipticity condition:

n+l

_ 1
(1.2) AEP < Re (A, €) == Re ZAij(x)'fjfi’ Al @y < 7

ij=1

for some A > 0, and for all £ € Cn*+1 x € R". The first order complex coefficients By = B(x), By = By(x) €
(L”(R”))'1 (independent of ¢) and the complex potential V = V(x) € L3 (RY) (again independent of 7) are
such that

(1.3) max {||Bill»@n, |1Balleen), ||V||Lg(R,,)} <p

for some p depending on dimension and the ellipticity of A in order to ensure the accretivity of the form
associated to the operator £ on the space

YI,Z(R}'H—I) = {u e L22+1(Rn+1) -Vu e LZ(RI’L+1)}

equipped with the norm

||M||yl,2(Rn+1) = ”u”LZ:HI(R”“) + ”Vu”LZ(RVH-l),
where 27 | = % is the Sobolev exponent in 7z + 1 dimensions. Our smallness assumption on the critical

norms (1.3) of the lower order terms is very natural in the #-independent setting, as it implies a small
Carleson perturbation assumption; see Remark 1.15.

We remark at this stage that, under the current hypotheses on the coefficients, the potential term V may
be absorbed into the drift terms By, B, by writing V = —divV(=A)"2(=A)"12V, and as a consequence,
we will not explicitly mention the potential term in any of our estimates. A more detailed account of this
reduction can be found in [BHLMP22, Lemma 2.17].
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We interpret solutions of Lu = 0 in the weak sense; that is, u € WIIO’CZ(R"“) is a solution of Lu = 0 in
Q c R*™! if for every ¢ € C;°(€), it holds that

// ((AVu +Biu)-Vo+ B, - VL@) =0.
Rnﬂ

Our methods here are of a perturbative nature and we construct solutions via layer potentials. We de-
note S and D as the (abstract) single and double layer potentials, respectively. Further, smallness on the
lower order terms By, B,, and V is imposed (depending on dimension and ellipticity) in order to guarantee
boundedness of these layer potentials in natural Banach spaces', but it is important to note that no struc-
tural assumptions are made on the matrix A until we begin to prove existence and uniqueness (starting with
Section 7). When we do prove existence and uniqueness, we must ensure that the “boundary operators” for
the layer potentials associated to the operator’ Ly = divAV are invertible and we must also ensure that the
lower order terms are small depending on dimension, ellipticity and operator norm of the inverses of the
boundary operators (see Theorem 1.11). In special cases, where A has some structural assumption, such
as being Hermitian, we already know that the operator norm of the inverses of the boundary operators is
uniformly bounded in terms of dimension and ellipticity so this restriction is redundant (see Theorem 1.10).

The first paper in this series [BHLMP22] established L? square function and “slice” estimates for layer
potential operators. The following theorem summarizes these results. We denote by S£ and D%+ the single
and double layer potentials, respectively (see Definitions 2.45 and 2.47).

Theorem 1.4 ( [BHLMP22]). Let
L:=—-div(AV+B)+B,-V+V

where A, B1, B,V are as above. There exists p1 > 0 depending on dimension and the ellipticity of A such
that if

max {|1Billr@n, 1B2llirgny, V2@ b < Pis
then the following estimates hold for the single and double layer potentials.

(i)
dxdt
// |3 vSEFo xt < Cullflf2gnys  Sfor eachm € N,
R:l:”l
(ii)
sup | Tee SEfIl 2+ sup I Te, VS fli @y < Cllfll 2,
0 Ln=2 (R") 0
(iii)
dxdt
// VDR f(o)| xt < CullfIj2gn, for eachm €N,
RT—]
(iv)

sup || Trr D5 fll 2@y < Cllfll2@n.-

0
Here, C depends on dimension and ellipticity, while C,, depends on m, dimension, and ellipticity.

IThis means L bounds on certain square functions or non-tangential maximal functions.

2More generally, Ly could be an operator of the same form as L, whose lower order terms are small enough to ensure that the
non-tangential maximal function estimates hold (see Theorem 1.11).
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Items (iii) and (iv) were not treated explicitly in [BHLMP22]. However, using the identity in Lemma
2.63 of the present article, and the square function estimates for the single layer obtained in [BHLMP22,
Theorem 1.3], estimate (iii) follows. Finally, (iv) then follows from (iii) and [BHLMP22, Theorem 6.17].

In fact, the analysis in [BHLMP22] (primarily these estimates) along with the existence and uniqueness
sections of this work are enough to prove the existence and uniqueness for solutions with square function
estimates. On the other hand, we desire to have the more natural non-tangential maximal function estimates
for the single and double layer potentials, under (essentially) the same hypothesis as in Theorem 1.4. The
non-tangential maximal function estimates are significantly stronger than the uniform slice estimates (ii)
and (iv). This is where we place a significant amount of our effort in this work. Along the way, we will
further be able to extrapolate the L? estimates to L” estimates in a window around 2. We prove:

Theorem 1.5. Let £ := —div(AV+B1)+B,-V+V, where A, By, By, V are as above. There exist p1 € (0,p1)
and g1 > 0 depending on n and A such that if

max {||Bill»@n, 11Ballzen, ||V||Lg(R,,)} <p1>

then the following estimates hold for each p € 2 — 1,2 + €1):

(i) IN2(VSE)llr@ny < Cllf o,
(i) IN2( D5 Py < Cll Al .

Here, the constant C depends only on dimension and ellipticity, and N, is the modified non-tangential
maximal function (see Definition 2.5 below).

The idea to proving Theorem 1.5 begins with a weak “N < S result; namely, we show a weak-L”
bound (L”* bound) for the non-tangential maximal function in terms of the LP norms of the vertical and
conical square functions (see Lemma 5.2). Then, interpolation will show that Theorem 1.5 holds provided
that the vertical and conical square functions are bounded in L? for an open interval (in p) around 2. The
starting point for obtaining such bounds for the square functions is to prove general bounds for operators
with sufficient off-diagonal decay which satisfy a local reverse-Holder inequality using the extrapolation
theory from weighted norm inequalities [Rub84, GR85,DR86,CMP11,CMP12] (see Lemmas 3.1 and 3.7).
Arguments similar to ours have been used in [Pril19] to treat square function estimates for operators built
out of the heat or Poisson semigroups associated to an elliptic operator; however, in our case we must
grapple with the added difficulty of having very mild off-diagonal decay. On the other hand, the local energy
inequality for the equation (the Caccioppoli inequality) allows us to obtain the necessary off-diagonal decay
for related operators with added (transversal) derivatives. Having done so, our remaining task is to “remove”
these additional derivatives, a process which we call “traveling down”. Due to its definition, this process
for the vertical square function is a relatively simple integration by parts computation. For the conical
square function, the additional spatial average impedes the simple integration by parts and our argument
for this object requires the boundedness of the non-tangential maximal function with the same number of
derivatives. Luckily, our Lemma 5.2, when combined with Proposition 5.1, gives that the non-tangential
maximal function bounds (for this family of operators) depend on square functions with more® derivatives.
This allows us to employ a two-step induction scheme where one alternates between bounding the L” norm
for a non-tangential maximal function by the L” norm of square functions (with more derivatives) and then
bounding the LP norm of the conical square function by the L” norm of a non-tangential maximal function
(with the same number of derivatives). Thus, in finitely many steps, we remove these additional derivatives.

3Note that in Lemma 5.2, we may use that [[V(®,; Hllrery <m IV(Opmr1 H)llr@n), by the aforementioned integration by parts
argument. The subscript m refers to the number of transversal derivatives.
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(Recall we can start this process, that is, obtain L” bounds for the vertical and conical square functions, by
introducing enough transversal derivatives.)

With the square function and non-tangential maximal function bounds for layer potentials in hand, we
turn our attention to the solvability of the following boundary value problems with data in L?” spaces: We
consider the Dirichlet problem

Lu=0  inR™
(1.6) (D), € lim; o u(-,1) = f strongly in LP(R") and u — f non-tangentially®,
Nou € LP(R"),
the Neumann problem
Lu=0 in R’fl,
(1.7) (N), § 24 := —e,.1(AVu + Byu)(-,0) = g € LP(R"),”
Na(Vu) € LP(R"),
and the regularity problem
Lu=0 in R+,
(1.8) R), uC,t) —> f weakly in Y!-»(R") and non-tangentially,
Na(Vu) € LP(R™),

Remark 1.9. At this stage we would like to point out a couple of things related to the definition above. First,
we chose to state the boundary value problems in terms of the (modified) nontangential maximal function as
this is typically the quantity of interest. Second, if the solution u is given by layer potentials (as will always
be the case for us), appropriate square function estimates are always available, regardless of solvability (see
Remark 1.13 and Theorem 1.4).

We are ready to state the main result of this series of articles.

Theorem 1.10. Let Ly be a divergence form operator of the form
Lo = —divAyYV,

where Ay is either Hermitian, block form or constant. Then there exist pg > 0 and €y > 0 depending only
on dimension and ellipticity such that if

Li=—-div(A+M)V+B)+B,-V+V,

and
max {||Ml|z=g, |1Billzren, |1B2llsen, ||V||Lg(Rn)} <o

then for each p € (2— &, 2+ &), the problems (D), (N),, and (R), are um’quely6 solvable’ for the operator
L1, and the solutions can be represented by layer potentials.

4Since the solutions u do not satisfy pointwise bounds, non-tangential convergence is also understood in an averaged sense; see
Definition 2.5.

The boundary data is achieved in the distributional sense, see Section 2.
6See Remark 1.14.
7Solvability throughout this paper means that we have accompanying L? bounds for the non-tangential maximal function.
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Remark that the previous theorem gives the first solvability results for boundary value problems with
control on the (modified) non-tangential maximal function for second-order elliptic operators with complex-
valued lower-order terms.

Our most general theorem concerning boundary value problems with p = 2, is as follows®.
Theorem 1.11. Let Ly be an operator of the form
Lo = —div(AV+B))+B,-V+V
where A, By, B2, V are as above and

max {|1Billr@n), 1B2llir@ny, IVIp2@n b < pis
9

where py is as in Theorem 1.5. Suppose further that the associated boundary operators
1 -
Syt s L") = YR, 251+ K2 PR - LR,
1
(1.12) o1+ KL 2R — LA(RY)

are all invertible. Then the boundary value problems (D), (N),, (R), are uniquely'® solvable for the oper-
ator Ly, with solutions given by the appropriate layer potentials.

Moreover, there exists p = p(Ly) > 0 such that if
L =—div(AV+B))+ B, -V+V
with A, By, B», V as above and satisfying
max {[I4 ~ Allzg. 1B1 = Billresy, 1B2 = Ballusoy, IV = Vil 5 0} < 1

then the boundary operators, S(fo, i%[ + KLo, TL%I + KL, are invertible and the problems (D),, (N),, (R),
are uniquely solvable for the operator L, with the corresponding layer potential representations.

Here, the constant p(Ly) is chosen with two constraints. The first is to ensure that A has ellipticity
constant less than twice that for A and

max {||Billr@n, I1B2llircrn)s ||V||L%(R,,)} <p

where p' is as in Theorem 1.5 for matrices with ellipticity twice that of A. The second constraint depends
Lo

on the operator norms of the inverses of Sy°, i%l + Ko, 1%1 + Kfo,

The solvability result for Theorem 1.11 is proved in Theorem 7.18, while the uniqueness results are
argued in Theorems 8.14, 8.10, and 8.9. These theorems together also resolve the case p = 2 of Theorem
1.10. The case p # 2 of Theorem 1.10 will be addressed in Section 9.

Theorem 1.11 is modeled after the results in [AAAHKI11], where a purely second order perturbation
theory is developed, while in the presence of De Giorgi-Nash-Moser estimates for solutions of £ and
L. We remark that it is only the failure of these estimates that prevents the application of the results
in [AAAHKI11] to a complex elliptic operator, such as £y in block form or Hermitian. In this sense our
results also bridge the gap between the “standard" layer potential approach and the abstract, first-order
approach used in [AAM10a] and [AAHO8], to obtain perturbation results.

8Theorem 1.11 also has an appropriate analogue for p sufficiently near 2, but then the boundary operators have different domains
and ranges; see Section 9.

9See Section 7 for the definitions of the operators S%, K, and K.
1OAgain, see Remark 1.14.
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Remark 1.13. The solutions to the problems (D), (N),, and (R),, satisfy two further properties: square
function estimates and decay at infinity. More precisely, the solution to (D), satisfies that

lim u(-,#) = 0 in the sense of distributions, and
1—00
ISEV)llLr @y < oo,

where S is the conical square function from Definition 2.2. The solutions to the Neumann and regularity
problems satisfy:

tlim Vu(-,t) = 0 in the sense of distributions, and
”S(Z‘6[VM)||U(Rn) < 00,

Remark 1.14. Uniqueness, under the background hypothesis of invertible layer potentials and sufficient
smallness of the lower order terms, is established among what we call “good D solutions” (in the case of
(D),) and “good N/R solutions” (in the case of (N), and (R),). We show that non-tangential maximal
function estimates or square function estimates imply that solutions are “good”. For instance, if p = 2 and
under the aforementioned background hypothesis, suppose that u € Wllo’c2 (R™*1) solves

~ [Lu=0  inR™M!,
D)2 1 . o,
lim,o u(-,t) = f strongly in L“(R"),

for some f € L?, and suppose that u has one of the following properties:

e yis a good D solution,
o ”N2M||L2(Rn) < 00 Or
) ffR’l“ 1Vu(x, > dx dt < oo.

Then u is the unique such solution and has the other two properties. In the case of the Neumann problem,
our solutions are unique modulo constants if the operator £ annihilates constants.

Let us mention some well-known operators in mathematical physics for which our solvability results
are new. For the magnetic Schrodinger operator —(V — ia)> when a € L*(R")"*! is —independent and has
small L"(R") norm, we have as a corollary to our Theorem 1.10 the first L” well-posedness results of the
Dirichlet, Neumann and regularity problems on an unbounded domain. Another operator which satisfies our
hypotheses is the Schrodinger operator — div AV + V where V € L2(R") is t—independent, complex-valued,
and has small L2(R") norm, and thus we obtain new solvability results in this setting as well. However,
we mention that, for non-negative V, there are solvability results for boundary value problems under the
assumption that V belongs to a reverse Holder class [She94, Sak19, MT].

Remark 1.15. Small Carleson perturbation conditions have been shown to preserve solvability of boundary
value problems in the same L? space, at least when the operator is a purely second-order divergence-form
elliptic operator [AA11,HMM15a, AHMT,DP19]. Let us point out the connection between our perturbation
condition (1.3) and the theory of Carleson perturbations. It is easy to prove that, under the assumption
that B) and B, are complex-valued and t-independent, if they satisfy the condition (1.3), then each of the
measures du = (|By| + |B2|) dxdt and du = (IB1|? + |Ba2|?) dx tdt satisfy the Carleson measure condition

(1.16) u(B(xo, 1) N Q) < pr”, for each xg € R, r > 0.

Note that this embedding of our condition (1.3) into the small Carleson perturbation condition (1.16) does
not hold for the analogue perturbative conditions on the second-order term. Indeed, suppose A, Ag are ?-
independent complex matrices such that ||A — Agl|z~®r») < &o. Then solvability results for the L? Dirichlet,
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Neumann, and regularity problems have been obtained [AAHO8, AAAHK11, AAM10b], but this perturba-

tive condition does not imply the classical Carleson perturbation condition [FKP91, AA11, HMM15a] that

AM=-Ao0)
t

SUPyep(x./2) dx dt is the density of a Carleson measure (and cannot imply it unless A = Ag!).

We now make a few historical remarks concerning our results.

Firstly, we should emphasize that all the results in this paper, as well as the ones in the first part
[BHLMP22], concern t-independent operators. While solvability results are available for t-dependent co-
efficients (see for instance [HMM15a, DHP, MPT]) we will not concern ourselves with them at all here.

Even in this restricted setting of elliptic equations with f-independent coefficients the literature is vast,
and we make no attempt at a complete historical account; we refer the reader to the first part of this series of
papers, [BHLMP22], for a more thorough overview of the area. We will now restrict attention to the works
very closely related to our solvability and perturbation results.

The case of Hermitian Ag is treated in [AAMI10a]; in fact here the authors treat a perturbation theory
analogous to our own (by a different method, and only for second order perturbations) for all three classes
of Ag. We also note that the solvability for real symmetric second-order equations was already known from
the work in [JK81] for the Dirichlet problem and [KP93], [KP95] for the Neumann and regularity problems;
moreover, in this setting of real equations, the above works also obtain solvability for the problems in L? for
2—¢g < 2 < oo inthe case of Dirichlet, and 1 < p < 2+& for Neumann and regularity. The issue of solvability
by layer potentials goes back to [Ver84] for the case of the Laplacian, but the technique of using a Rellich
identity to obtain the invertibility also works in the case of real symmetric [KP93] or Hermitian [AAM10a]
matrices.

For A of block form, it was remarked by Kenig in [Ken94], solvability is equivalent to the Kato con-
jecture, in the case of the regularity problem, and to boundedness of a Riesz Transform associated to the
elliptic operator £y for the Neumann problem'!. On the other hand, special results were known before,
see [BHLMP22] and [AAAHKI11] for a more detailed account of this. L? solvability results (via layer
potentials) for perturbations of z-independent symmetric coefficients were obtained in [HMM 15b].

Finally, when Ag is a constant matrix, an explicit Poisson kernel is constructed in [ADN59], while the
Dirichlet problem is solved in [FJK84], and the Neumann and regularity problem in [AAAHKI11]. See
also [MMMM17].

The works cited above dealt mostly with equations of pure second-order. The literature in the setting with
lower order terms present (that is, not all of by, by, V are identically 0) is much more sparse, but has in recent
years garnered a lot of attention, at least when the lower order terms are real. In [HLO1], parabolic operators
with singular drift terms b, were studied, and their results would later be applied toward (D), for elliptic
operators with singular drift terms b, in [KPO1] and [DPPO7]. When A = I, b; = b, = 0 and V > 0 satisfies
certain conditions, Shen proved the solvability of (N), and (R),, on Lipschitz domains in [She94]. More
recently, Morris and Turner [MT] proved the L? well-posedness of the Neumann and regularity problems
in the half-space setting for the Schrodinger operator —div AV + V with t—independent Hermitian A and
t—independent potential V in the reverse Holder class RH2. The problems (D), and (R), for equations
with lower order terms have been considered by Sakellaris in [Sak19] in bounded Lipschitz domains, under
some continuity and sign assumptions on the coefficients. Solvability results and foundational estimates for
solutions for the variational Dirichlet problem of equations with lower order terms on unbounded domains
have been obtained by Mourgoglou in [Mou], with very lax assumptions on the (real) lower order terms.

The Dirichlet problem is a consequence of semigroup theory, since the double layer potential in this setting is a constant
multiple of the Poisson semigroup associated to L.



CRITICAL PERTURBATION THEORY, PART II 9

The fundamental solution for operators with lower order terms has been studied recently by [BD], and
the Neumann Green’s function on Lipschitz domains for operators with lower order terms is considered
in [KS].

The paper is organized as follows. In Section 2, we review relevant preliminaries and definitions, in-
cluding properties of the layer potentials and the theory of extrapolation of A, weights. In Section 3, we
develop certain extrapolation theorems for both conical and vertical square functions, in the presence of
sufficient off-diagonal decay. In Section 4, we use the general extrapolation results of Section 3 to obtain
L? estimates for ‘slices’ and for conical and vertical square functions of operators arising from the layer
potentials with enough transversal derivatives. In Section 5, we prove the non-tangential maximal function
estimates, under the background assumption of good square function bounds. In Section 6, we proceed to
‘travel down’ on both the square and non-tangential maximal functions, to dispense of the hypothesis of
good off-diagonal estimates. In Sections 7 and 8, we show the existence and uniqueness, respectively, of
solutions to the boundary value problems (D),, (R), and (N),, with representations of solutions via layer
potentials. Finally, in Section 9, we prove the L? solvability of the Dirichlet, Neumann, and regularity
problems, for p € (2 — &, 2 + &), with & small enough.

2. NOTATION AND PRELIMINARIES

We recall notation from [BHLMP22], as well as introduce concepts to be used throughout the article.

e Throughout, we assume that n > 3. We write (x, f) for the coordinates of R™! = R" x R, where
x€R"andt € R, and Rﬁr’” = {(x,7) : x € R", t > 0}. The lower half-space will be denoted R
Similarly, for any 7 € R we write R?*! := {(x,£) e R"™"! : ¢ > 7}

o We always take A = A(x) to be an (n+ 1) X (n+ 1) matrix of L®, r—independent complex coeflicients
satisfying the ellipticity condition (1.2), while By, B, € (L'(R™M)Y™*! and V € L"?(R") are complex-
valued, t—independent (vector) functions satisfying (1.3), with p < 1. Under these conditions, the
term V can be “hidden” into first-order terms El, EZ (see [BHLMP22, Lemma 2.17]); therefore,
without loss of generality we will omit the zeroth order term V from consideration.

e For —co < a < b < oo we define the slab Eg ={(x, ) eR™! 1a<t<b).

e Fora vector ¥ = (vy,...,vu41) € R we write #) := (v1,..., V), ¥ := vpy1. For vector functions
B:R" — C"! we define Bj and B, analogously.

e For a cube Q C R" we denote by Ry the Carleson region above Q; that is, Rp := Q X (0, £(Q)).

e For R > 0 we define I := (R,R)*"' c R™! and Iz :=IgrN Rﬁ“.

e We denote by M the (uncentered) Hardy-Littlewood maximal function in R"”, and more generally
for r > 0 we define M,(f) := M(fIH"".

e Given a cube O C R" we denote by Q* a concentric dilate of Q by a factor that depends only on 7.

e We denote by /; the fractional integral of order 1 in R"; that is, for nice enough f,

Lif(x) = Cn/ L)_ld)’-
re X ="

e We denote by D the collection of all dyadic cubes in R", and for ¢+ > 0 we define D, to be the
cubes in D which satisfy £(Q) < ¢ < 2£(Q). Similarly, for a cube O c R" we denote by D(Q) the
collection of dyadic subcubes of Q.

e For (x,1) € R we define the Whitney regions Cy; := {(y, s)eRM™:|x—y| < t/8,]t—s| < t/8}.
Given xg € R", we denote by I'(xg) the non-tangential cone with vertex xgp, given by

2.1) T(xo) := {(x, 1) : [x — xo| < ).
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e Let X be a topological space with Borel o—algebra B, and let u be a non-negative o—finite measure
on B. If p € [1,00), we denote by LP(X,u) the Lebesgue space of p—th integrable (complex)
functions f on the measure space (X, B, u). We often write LP(R") = LP(R", m,), where m,, is the
n—dimensional Lebesgue measure. If v € L]IOC(R”), we write LP(v) = LP(R", v).

e Given an open set Q ¢ R d > 3, we denote by C2(Q) the space consisting of all compactly
supported smooth complex-valued functions in Q. As usual, we denote 2 = C=°(R"*!), and we let
9’ = 9* be the space of distributions on R"*!. The space . consists of the Schwartz functions on
R"™! and .#” = .#* is the space of tempered distributions on R"*!.

e We call a measurable function v : R” — R a weight if v > 0 Lebesgue-a.e. on R” and v € Llloc(R").
We say that v is doubling if the measure v(x)dx is doubling; that is, if (with a slight abuse of
notation) v(2Q) < Cov(Q) for a constant Cy > 0 and all cubes Q c R”.

e For 1 < p < m, the upper and lower Sobolev exponents of order 1 in m dimensions are respectively

* ,_ _mp . _mp
P = Pan = iy

Sometimes, we drop m from the subscript when the dimension is clear from the context.
e Given an open set Q c R"™*!, for p € [1, o), we denote by W'”(Q) the Sobolev space of functions
in LP(Q) whose weak gradients exist and lie in (L”(Q))"*!. We endow this space with the norm

ledllwrr oy := llullLr) + IVUllLr)-

We define W(;’p (Q) as the completion of C°(€2) in the above norm. We shall have occasion to

discuss the homogeneous Sobolev spaces as well: by Wl’p(Q) we denote the space of functions
in Llloc(Q) whose weak gradients exist and lie in LP(€). We equip this space with the seminorm

|’4|‘3,1, o = [IVullrr(q), and, if 0Q is sufficiently nice, we point out that W“’(Q) coincides with the
completion of the quotient space C*(€2)/C in the | - |v°v1’p(§2) (quotient) norm.

Definition 2.2. If F : R"*! — C, we define the conical square function of F as

dydi\1/2
srei= ([ roaoP )"
I(x) t

where I'(x) := {(y,1) € R’}r” : |x —y| < ¢}. Similarly, we define the vertical square function of F as

Zﬂ)l/z
; .

VF(x) = ( / IF(x, 1)
0
Remark 2.3. In the definition of S, we could have chosen a different aperture; that is, for n > 0, we can set

dydi\ 1/2
srw=( [ iror )
[x=yl<nt !

It is well-known that different apertures give rise to objects with equivalent L” norms (see for instance
[CMSS8S, Proposition 4] for the unweighted case and [CMP20, Proposition 4.9] for the weighted one).

In contrast to the L? case, if p # 2 the (L” norms of) conical and vertical square functions are not equivalent.

Proposition 2.4 ([AHM12, Proposition 2.1]). Let F : R**! — C be measurable.

(i) If 0 < p < 2 then [N (F)llLrwny Snop ISUD) L.
(ii) If 2 < p < oo then [|[S(F)l|Lr@®ny Snp IV e .-
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Definition 2.5 (Non-tangential Maximal Functions). For F : R"*! — Cand ¢ > 0, let

1/
(2.6) a,(F)(x,1) = (]f[ IF(y, s)lqdyds> !

Cus

We define the non-tangential maximal function of F as

N(F)(x) := sup|F]|,
T'(x)

and Nq(F )(x) = N(ay(F))(x). We also define the lifted modified non-tangential maximal function, for

>0, as N S(F )(X) := SUppx—y|<i—s Aq(F)(y, ). Similarly, we define a truncated version of the non-tangential
>

maximal function as N, (8)(F )(X) 1= sup|x—yj<s ag(F)(y, ). Given a measurable function g on R" X {t = 0}, we
say that F' — g non-tangentially if for ﬁranost every x € R”, we have that
@7 lim F(Y) = g(x),
Yel'(x)
where I['(x) is the non-tangential cone defined in (2.1), and F (z,0) := UCCX.: F(y,s)dyds.

We now prove a result on the boundary behavior of solutions, under the assumption that we have good
control of a modified non-tangential maximal function.

Proposition 2.8. Ler u € WIIOCZ(R") solve Lu = 0 in R™!'. Then u converges non-tangentially at every

x € R" where K/l (Vu)(x) < oo, in the sense that for any such x € R", the limit in (2.7) exists and is finite.

Proof. We follow [Kf‘93, Theorem 3.1(a)], with modifications due to lack of pointwise estimates for u. Let
x € R" be such that N1 (Vu)(x) < co. Our goal to show that for ¥, Z € I'(x) N B(x, r) we have

2.9 (Y) - W(Z)| < CrN1(Vu)(x),

from which we may easily establish (via the Cauchy criterion) that )1/11)1/1{ u(Y) exists, and consequently
define g(x) to be the limit. Write Y = (y, ;) and Z = (z, t2). Then, to estgfbrl(ixs)h (2.9), it is enough that
(2.10) max {Iﬁ(Y) —u(x, 1), [w(Z) —u(x, tz)l} < CrN1 (Vu)(x),

and

2.11) li(x, 12) — w(x, 1) < CrAN1(Vu)(x).

To prove (2.10) and (2.11) we use the following fact.

Claim 2.12. For X e R™!and r > 0let I(X, r) := {W € R"™"! : |X — W| < r} be the open cube with center
X and side length 2r. Let I; = I(X;,r;), i = 1,2, Q ¢ R"™! open with I; ¢ Qi = 1,2 and ¢ € WH(Q). If
a € [0,2) and | X — X3| < amin{ry, r,} then

71
‘][ <pdxdt—][ (,odxdt) SCamax{rl,rz}(max{%,:? 2 max ][|Vgo| ,
I L

where C, = C(n, @). In particular, if r| ~ r, ~ r then

(2.13) ’][ cpdxdt—][ godxdt <c rmax ][|v¢|2 ,

I b
where C,, depends on the implicit constants in the expression r; = ry = r.
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Proof of Claim 2.12. Let X3 = Xlgxz then [X3 — Xj| < %, i=1,2,and hence I = I(x3,r) C I;, i = 1,2
for r = (1 — @/2) min{ry, r}. It follows from the triangle 1nequa11ty and the Poincaré inequality that

fo-fot =t fole o~ = fe)”

L 1/2 71 1/2
SCa(max{%,Z 2 En?)z( ][‘go f <Camax{r1,r2}(max{’—1 21)2 max ][|V<,0|2 .

r’ i=1,2
Now let us prove (2.10) for the term with Y (the proof for the term with Z is identical). Note that
[x—y| <t <rsince Y € ['(x) N B(x,r). Let I = I(z,t1/2), for z = (x + y)/2, then |z — x| = |z — Y| < #;/2.
This allows us to apply (2.13) with ¢ = u, I} = I(x,t;/2), and I} = I(y,#,/2) to obtain (2.10).

We turn our attention to (2.11) and we assume, without loss of generality, that t1 <t.Leta=2/3, s =

dt fork =0,1,...,K, where K = max{k : a*t, > t;}. Notice that for k = 0,. =1, sk — Sg+1l = S“l =
min { 5, } Defining sg+1 = t1, we see that the choice of K guarantees that |sx — sg+1| < min { x, ’21 }
Set Iy = I((x, sp), 2 %), k = 0,...K + 1, then the previous two inequalities allow us to apply (2.13) with
¢ = u and the consecutlve cubes Iyand I,k =0,1,..., K (in place of /| and I, therein). One then obtains

K-1

i, 11) = T, 1)) < [Cx, sic41) = W, s+, s¢) = W, sk
k=0
< HNIV)() + 1> d NI(Vu)(x) $ rN (Tu)(x),
k=0

as desired (since ) ak = 3). O

Definition 2.14 (CLP Family). We say that a family of convolution operators on L>(R"), (Q;); is a CLP
family (Calderén-Littlewood-Paley family), if there exist o > 0 and ¢ € L'(R") satisfying |y(x)| < (1 +
|x])™""¢ and |1/7(§-‘)| < min(|€]7, |€]77), such that the following conditions hold:

(i) For f € CX(R™), we have the representation Q,f = g = f := s"Y(-/5s) * f.
(i1) For each f € C°(R"), we have the bound

sup [|Qs fl 2y + SUP sV fll2 @y S W llc2qmy-

>0

(iii) For each f € C(R"), Q; satisfies the square function estimate

IS@s MHlr2®ey = IV @s Hll2wey S 1 l2@n)-
(iv) The Calder6én Reproducing Formula holds; that is,

® ,ds
/ Q? - = IdLZ(Rn),
0 N

where the convergence of the integral is in the strong operator topology on the Banach space of
linear bounded operators on L*(RM).

Definition 2.15 (Carleson measure). A non-negative measure u on R"*! is a Carleson measure if

HRo)
llullc = sup @ -
Q:Q is a cube in R” |Q|
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Lemma 2.16 (John-Nirenberg Lemma for Carleson Measures). Let u be a non-negative measure on R'1.
Suppose there exist n € (0,1) and Cy > 0 such that for all cubes Q C R", there exists a disjoint collection
(Q))jen C D(Q) satisfying ijl 191 <nlQl and u(Rg \ (U;Rg,)) < ColQ|. Then i is a Carleson measure.

Remark 2.17. We may replace the Lebesgue measure on R” by any other Radon measure. If we assume
that the hypotheses only hold for dyadic cubes, then we require the measure to be doubling.

Lemma 2.18. Suppose that F : R™! — R, F > 0 and define the local square function Aor :R"—> Rby

dydt 1
tor=( [ wroor O
¢ —yl<1<6(Q) s

If there exists Cy > 0 with the property that for every cube Q C R", the estimate |, 0 AZQ’ rdx < Col|Q| holds,
then for every p > 1, there exists a constant Cy depending on p,n and Cy such that for every cube Q,

/QAZ,F dx < C1|Q.

Proof. When p < 2, by Jensen’s inequality, the result is trivially true with C; < Cg/ 2. Now assume p>2.
For ease of notation, we will write Agp = Ag r. Moreover, for a > 0 we define

&(Q) dydt. 1
Aga(®) = / / Fo.0P 2) "
|x—yl<at

When @ = 1, we may omit the subscript @. We also set K, := supycgn fQ A’é. Note first that K, , ~q,p
K, , =: K,,. We defer the proof of this fact to the end, and proceed with the proof of the lemma.

Let us momentarily assume that K, < oo a priori, and set @ > 0 and N > 1, both to be specified
later. Consider the open set Qy = {x € Q : Ag,(x) > N}. By the Chebyshev inequality, we see that
QN S0 CoN72|Q). In particular, given o > 0, we may choose N =, VCop so that Qy C Q. Observe that

/A” /A”/ AP_1+11
Qn 0\Qy

By definition of Qy, we have that 11 < N?|Q\Qy|. On the other hand, if (Q;), is a Whitney decomposition
of Qy, we can write (exploiting the convexity of s > s/2)

1<,y / Ag, ()P dx+) (AQ(x)2 — Ag,(x))""? dx.

Jz1 J=1

For the first term, we easily have that

Z/ Ap,(0P dx <Y KylQjl = KplQul.

j=1 j>1
For the second term, by definition of Ag and A, we see that

‘o dydt
Aol =g wi= [ [ rf O
0Qj Jlx—yl<t

If x € Qj, then there exists x. € Q\Qy (recall Q\Qy # 0) such that |x — x.| = £(Q;) with implicit constants
depending only on n. In particular, for some @ = a(n) > 0, we have the inclusion

{0 eRI : x—yl<t, €Q)<t<€Q}C{yneRM:  |x.—yl<at, 0<t<lQ)},
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s0 that Ag(x)? — Ag,(x)* < Aga(x.)? < N2, since x, € Q\Qy. Accordingly,

> / (Ag(x)* = Ag,(x)*)""* dx < NPIQ.
=1 79

Combining these previous estimates, we obtain that I <, K,|Qy| + N?|Qy|, and so
/ Ag(x) dx <pn KplQul + NP|Q| < CoKp,N72|0] + N?|Q).
o

Dividing by |Q| and taking supremum over cubes gives K, <, CoKpN‘2 + NP. Choosing N = M Cy
with M > 1 large enough, we may hide the first term to the left-hand side, and thus obtain K, <), Cg 2

Finally, to do away with the restriction K, < oo, we fix 7 > 0 and work with F, := F1, <1/ 1,<<1/7
for which K, < co, and appeal to the monotone convergence theorem in the limit 7 — 0%.

We now turn to the proof of K, , # K. Notice that we only used this in the case p = 2, so we will only
prove this special case. We will also work only with @ > 1. By Fubini’s theorem, if w, := |B(0, 1)| is the
volume of the unit ball in R”,

) ) S
/ Agu(xPdx = / / / 10(O Ty F O D ddy o
Q O n Rl‘l

) d
o / / (][ ﬂQ(x)dx)|F(y, N
0 n |x—yl<at t

We claim that!?, for some dimensional constants ¢, ¢’ and every 8 > 1,

B Lo(y) Sf Tlo(x)dx < 1opp, whenever 0 <t < {£(Q).
[x—yl<pt

This claim follows immediately by noting that JCI v—yI<pt Lo(x)dx = %. Using the second inequality

with 8 = @ and the first with 8 = 1 and ¢’@Q in place of Q, we arrive at

. ) L odi @ L dr
/ Apa(xPdx <un / / Fo.P dy 2 = / / LeaoO)F G, OF dy ™
o 0 caQ t 0 n t

(9] dt
Sn / / (][ ]lc’ﬂ/Q(x) dx>|F(y, t)|2 d)’* Sn,a' / AQ(X)Z dx < / AC:QQ(x)z dx Sn,a Kp|Q|
0 n N |x—yl<t 1 ¢aQ a0

The result now follows from taking the supremum over all cubes. m|
2.1. Weights and Extrapolation.
Definition 2.19 (A, weights). Let 1 < p < co. A weight v € L} (R") is said to be an A, weight if there

loc
exists a constant C > 1 such that for every cube Q c R", the estimate

(]lg V) (/Q ) <c

holds. The infimum over all these constants is denoted [v]4 s We refer to it as the A, characteristic of v.
We say that v € A if (Mv)(x) < Cv(x) for a.e. x € R". The infimum over such C is denoted by [v]g4,.

Closely related to A, weights are the reverse Holder classes.

12\We remind the reader that the notation C QO means the concentric dilate of Q by a factor C > 0.
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Definition 2.20 (Reverse Holder class). Let 1 < s < oo. A weight v is said to satisfy a reverse Holder
inequality with exponent s, written v € RH, if there exists C > 1 such that for every cube Q Cc R”,

(][Q VS>1/S < C][Q y.

Let us summarize most of the basic facts about A, weights which we will need.

Proposition 2.21 ( [GR85, Theorem 1.14, Lemma 2.2, Lemma 2.5, Theorem 2.6]). Let 1 < p < g < oo.
The following statements hold.

(i) ([GR85, Ch. IV Theorem 1.14 (a)]) A, C A,
(ii) A weight v belongs to A, if and only if v™' € Aj.
(iii) ([GR85, Ch. IV Theorem 1.14 (b)]) If v € A, then W oe Apforany 0 <o < 1.
(iv) ([GR85,Ch. 1V Lemma 2.2]) If v € A, then vdx is a doubling measure, and the doubling constant
depends on v only through [v]a, (and p).
(v) ([GR85, Ch. IV Lemma 2.5]) If v € A, then v € RH, for some s that depends on the weight only
through [Va, (and p).
(vi) ([GR85, Ch. IV Theorem 2.6]) If v € A, then v € A,_, for some & depending on v only through
[v1a, (and q).

(vii) If v e Ay and s > 1, then v € RH if and only if v* € Agg-1)+1-

(viii) (Coifman-Rochberg [CR80, Proposition 2], [GR85, Ch. II Theorem 3.4]) If f : R" — C is such
that (Mf)(x) < oo for a.e. x € R", then for every 0 < § < 1 we have that vs := (Mf)° € Ay and
moreover [vsla, < Cs depends only on 6.

(ix) (Muckenhoupt’s Theorem [Muc72, Theorem 2], [GR8S5, Ch. IV Theorem 2.8]) Forany 1 < p < oo,
veApand f € LP), IMfllrey Spia, 1/ 1lLre)-

(x) (Coifman-Fefferman [CF74, Theorem III]) Let T be a “regular” singular integral, as defined
in [CF74], and T. the associated maximal operator. Then, for every v € A and f € CZ(R"), we
have that | T« fllirvy Spn IMfllrey). In particular, by Muckenhoupt’s Theorem above, we have that

T ey S, I llLrn-

The following result was originally proved by Rubio de Francia in [Rub83,Rub84]. We refer to [CMP11,
Theorem 1.1] for a simple proof of this fact.

Theorem 2.22. Let 1 < py < oo and let T be an operator satisfying ||T fllrro) S Ang Il f1lzro vy, for all v €
Ap, and all f € LPO(v). Then, for every p € (1,00), v € Ay, and f € LP(v), we have ||T flrr(y) Stvla, 1A 1lzr ().

It is important for applications to note that the above theorem does not require any special structure on
T'; it does not need to be linear or sublinear. In fact, we have

Theorem 2.23 ( [CMP11, Theorem 3.9]). Fix pg € (1,) and F a collection of pairs of non-negative
measurable functions (f, g). Suppose that || f||rro() s[y]APO ligllzro(v) for all v € Ay, and all (f, g) € F. Then

for every p € (1,0), v € Ap, and (f,8) € F, we have ||fllre) iy, I8llLro)-

In practice, the collection F often takes the form (|S 1/, |S 24]) for some operators S; and / in some nice
class of functions. A corollary of the previous theorem and this observation is the following.

Corollary 2.24 ( [CMP11, Corollary 3.14]). Let r € (1,2), and suppose that T is an operator satisfying
T fllz2v) S /122y for each | € CZP(R™) and all v € Ayjy. Then ||T fllLawny Sq 1fllLary for all g > .
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To prove the corollary, one defines S f := [T f|", Sof := |f|". Then, by hypothesis, [|S1 fll 2y Sp1 A
IS 2 /1l z2/r(,)» and hence by the previous theorem, ||S 1 fllLr(v) Stvla, IS 2 fllzrvy for p € (1, 00). Setting v = 1
and p = g/r gives the desired result.

Theorem 2.25. Let (Qy); be a CLP family (see Definition 2.14) and let v € A,. It holds that

® d
/ / (@HEP v dx <up,, / [f@Pv(x) dx.
R" JO t R”

Remark 2.26. By Theorem 2.22, we obtain that the vertical square function associated to (Q;), is bounded
on LP(v) forevery v € A, and 1 < p < oo; that is, [V(Qs Nllrt) S Ifllzre) for every v € A,

Proof of Theorem 2.25. The idea is to use the method in [DR86, Theorem B], to interpolate a “good” bound
with a plain uniform bound in order to obtain another “good” bound in between. We will combine this
with interpolation with change of measures as in [SW58, Theorem 2.11], exploiting the self-improvement
property of A, weights. Since this idea will be used quite often throughout the paper we write out this
portion of the the argument in full here, and refer back to it when applicable.

We first claim that it is enough to prove the following estimate:

(2.27) / IQséfflzv S{vls, Min (é, ;)a Q. 12, for each 5,7 > 0,
R" R"

for some @ > 0 and some CLP family (ét),. Indeed, once this is shown, the desired result follows from a
familiar quasi-orthogonality argument (see for instance the proof of [Gral4, Theorem 4.6.3]).

To prove (2.27), we claim that it is enough to prove the following estimates.

(i) (Unweighted quasi-orthogonality) There exists 8 > 0 such that for any s, ¢ > 0, we have the estimate
s t

B ~
S ek,
Rn t s R
(i1) (Uniform weighted estimate) For any s > 0 and v € A;, we have the estimate

A Q@ f12v < Co([V]a,) /R Q. f 1.

Assume that these hold for the moment and fix v € A;. By properties of A, weights, there exist 6, C > 0
such that v!*0 € A, with [v!*]4, < C. In particular, the uniform weighted estimate holds with v!*¢
in place of v, with the implicit constants depending only on [v]a,. Therefore, if we define the measures
du, = v(*97 dx, interpolation with change of measure (see [SW58, Theorem 2.11]'%) gives

~ _ s 1\BU1-7) -
[ @@rtau<cici(3.0)" [ @b
R t s R~
The desired estimate (2.27) is exactly the case 7 = 1/(1 + ¢) with @ = 86/(1 + ¢). This completes the proof,
modulo the above pair of estimates.

QAP =<ai

The first estimate, unweighted quasi-orthogonality, is a consequence of classical Littlewood-Paley the-
ory. On the other hand, the weighted estimate follows from both the fact that |Q; f], |Q;f] < Mf pointwise
in R" and Muckenhoupt’s theorem on the L*(v) boundedness of M for v € A, (see Proposition 2.21). ]

13Strictly speaking, the statement of [SW58, Theorem 2.11] explicitly excludes the case under consideration (indeed the proof
given does not apply in this case); however as is mentioned immediately after the statement of said Theorem, we may run an
argument similar to the standard proof of the Riesz-Thorin Theorem, employing instead the three line lemma for sub-harmonic
functions as in [CZ56].
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Lemma 2.28 (L? inequalities from weighted L? bounds). Suppose that T : L*(R") — L*(R") is a bounded
(not necessarily linear) operator; that is, ||T fll 2wy S 1fll2n)-
(i) Suppose that there exists M > 1 such that for all v € A with the property that vM € Ay it holds
that ||T fll72) s[yM]Al /1220y Jor every f € CX(R™). Then for every p € (2,2 + 1/M), it holds that
T fllzeery <p WflLe@ny.
(ii) Suppose that there exists M > 1 such that for all v with the property that v-™ € Ay it holds that
1T 112 s[y_M]Al /12 Jor every [ € CZ(R"). Then for every p € (2 — 1/M,2), we have that
T fllzeery <p WfllLr@ny.
(iii) Suppose that there exists M > 1 such that for all v € A, with the property that vM € A», it holds
that ||T fllz2(,) S[VM]AZ fllz2) for every f € CZ(R"). Then for every p € (2 - 1/M,2 + 1/M), we
have ||T fllLr@®ny <p 1flLrgn)-

Proof. This lemma and its proof are contained in [CMP11, Corollary 3.37] for the much more general
setting of restricted extrapolation of A, weights. However, since we will later on need to modify the
arguments used in the proof a little to fit our needs, it seems appropriate to write the proof down for future
reference. The key fact that we will use is the Coifman-Rochberg theorem (see Proposition 2.21).

We start with (i). Fix p > 2 with M < 1/(p —2) and f € CX(R"). Note that v := (M(T f]))?"2 € A, and

s | T fEMAT )P $pom, /R FEMaT £

< (L) (Lomarnr)™™" s, (L) "( [mee)

If we first assume that ||T f|[z»») < oo, then the result follows. To get rid of this assumption, we instead
consider the sequence of operators S f(x) := (T f)(x) 17 s1<k(x) on L*(R™). Then {S i}k is uniformly bounded
on L>(R"), and they satisfy the same hypotheses as 7 with constants independent of k. Then, for f €
CX(R"), we have that S f € L?>(R™)N L*(R™), and so by our argument above, ISk fllLreny <p WfllLrcrny. We
now let k — oo and use the Monotone Convergence Theorem.

We turn to (ii). Fix p < 2 with ﬁ < M and f € CZ(R") not identically 0. Note that v := (M(|T f| +
|f|))p‘2 satisfies v™! € A| C A,, and hence v € A,. We estimate

Rn

- ITfIP < Rn(M(ITf|+|f|))‘”=/Rn(M(ITfIHfI))Z(M(ITfI+|f|))”_2

So, [ TR 11P s, [ 1fPrs [ Ponpr < [ owpr,

where we have used Muckenhoupt’s theorem, yielding the desired result.
The third statement follows from the first two and Jones’s factorization theorem of A, weights (see
[Jon80]) as quotients of A; weights. O

Sometimes we will not be able to conclude boundedness on all weights v¥ € A,, but rather only on
weights whose characteristic is uniformly bounded. An inspection of the proof of the above lemma, together
with Proposition 2.21, reveals that this is enough to conclude the unweighted L” estimates.

Corollary 2.29. Let M > 1, 0 < 6 < 1 and T be an operator satisfying, for every v € A, with [YM] < Cs
(where Cy is as in Proposition 2.21), that ||T f1l;2(y s[yM]Az If1lz2v)- Then, for every p € (2—6/M,2+6/M),
T fllrery <p WfllLrrry. Analogous statements for the one-sided versions of the estimates also hold.
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Lemma 2.30 (Weighted Carleson’s Lemma). Suppose that yi is a measure in R*! and that v € L} (R") is
a doubling weight. Assume further that for every cube Q C R", it holds that (Rg) < v(Q). Then, for every

measurable function F : R™' — C and every p > 0, we have that / |FIP du <pgoub | (INF)P v.
R)rrl Rn

The proof is exactly the same as the usual one when v = 1, and thus omitted. Next, we will need a
version of Carleson’s Lemma that uses the modified non-tangential maximal function N in place of N; its
proof is straightforward and thus omitted.

Lemma 2.31. Let du(x,t) = m(x,t)dxdt be a non-negative measure on R"*' and v is a doubling weight.
n+l

For every (x,1) € R, suppose that du(x, t) := (SUP(y,s)er,, m(y, s)) dxdt satisfies p(Rg) < Cov(Q) for every
cube Q C R". Then, for every q > 0, // [F1? du <doub Co/ (K/qF)q V.
1+1 R”

Definition 2.32 (A, classes). Let 1 < p < g < co. We say that a weightve A, , = A, ,(R") if there exists
a constant C > 0 such that for every cube Q c R",

(f; qux>1/q(][Q ad dx)l/p, <C.

The infimum over all such C is written [v] Apg

Theorem 2.33 ([MW74, Theorem 4]). Let 1 < p <nandset1/q:=1/p—1/n. Thenv € A, if and only
i 1 fllzaoey Spia,, 1 llLeer)-

Throughout, there will be instances where multiplication by an L"*(R") function is acting as, or rather in
place of, a (spatial) gradient. The following proposition should be interpreted as stating that, at least in L?
spaces, the two operations are not far from each other. We remind the reader that we assume n > 3.

Proposition 2.34. Let B € L"(R") and f € CZ(R"). Then, for every v € Ay, we have

WL (B - Pllzzey S, IBllr@nllfllzze).-

In particular, for every 1 < p < oo, it holds that ||I1(B - f)llr®ry <p Iflrre), where the implicit constants
depend on ||B||1»wn), p, and n. If in addition we have that V212 € Ay with2* = 2, then

[|B - Ilf”LZ(v) S[VZ*JAZ ||B||L”(R”)||f||L2(v)'
Accordingly, ||B - I fllLe@ny Sp fllLe@ny, for 1 +2/n < p <3 -=2/n.

Proof. Let v € A, and set w := v!/?

||11(B : f)||L2(v) = ||11(B : f)”LZ(wZ) $[w]A2*'2 ||B : f||L2*(w2*) < ||B||L”(R")||f||L2(w2)’

. We claim that w € A;, ». Assuming the claim, we have

where we used Holder’s inequality in the last step. To prove the claim, we use Jensen’s inequality to see that
2/2. _ . . . . .
(fQ w‘2*) / < fQ w2 Using this estimate in the definition of w? € Ay, we deduce that [w]a,,, < [v]fl‘/f.

This completes the proof of the first part. The second part follows the same lines, using instead that

(][Q o) (][Q o) s (]2 o) (][Q o) <P,

so that [w]a,,. < v/ 2]/14/2 2. The LP estimate finally follows from restricted extrapolation (see Lemma

2.28), using the fact that 2/2* = 1 —2/n. O
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Proposition 2.35. Let P; be an approximate identity with smooth, even, compactly supported kernel. Then,
foreveryv e Ay and f € C°(R"), it holds that

VG (1 = PP, =

I—P; |2v(x)dxdt
1 EEEE <, M,

Proof. Recall that I denotes the fractional integral of order 1; hence V| I} = I}V = R, where R is the vector-
valued Riesz-transform (with symbol £/|£]). In particular, ||[Rf||;2(,) = [|f1l12() for all v € Az, allowing us to
reduce matters to the estimate

& I—-P; 12 v(x)dt -~
| LS 0 s i, s e,
0 n

We now use a quasi-orthogonality argument, with a change of measure interpolation (see the proof of
Theorem 2.25), to reduce matters to the pair of estimates: If we denote T, := I;(1 — P;)/t, then for some
CLP family (Qy); (see Definition 2.14),

(2.36) T/ fll2qem) ( ) Qe N2y
for some a > 0, and
(2.37) IT:@ flli2) S, 1Qs Iz

Indeed, with (2.36) and (2.37) in hand, we may follow the proof of Theorem 2.25.

For (2.36), we compute, via the Fourier transform and Plancherel’s theorem, and using ¢; and i for the
kernels of P, and @y respectively,

1 - n n 2
! 9"( L= g i) de,

where as usual we have abused notation and written ¢, zp for the one-dimensional functions representing
them. Consider first the case t < s,

gt L= QUEDR oo oo a1 (V2o
/R ,, bsieho| de = (L) /]R ISP de < () Mhlese,

where we used the properties of the CLP family and the fact that |1 — §(7)| < 72 for 7 near 0, since @ is even.
For the case s < t, we use instead the Fundamental Theorem of Calculus to obtain

so(tlfl) R 2 L 20G(sIEDP & o S\2, o
/ soie| de= (3) [ | [ emar M R de < (2) Wi,
where we used that ¢ € L0, 00) and ¢(T)/T € L*(0, o0). Using now that h = Qf gives (2.36).

The weighted estimate (2.37) follows from the pointwise inequality

T f(0)] = 7' (1 = PHILf(0)] £ MRF)(),
where R = I1V) is as before. We sketch the argument: Write 1 — P, = (1 — E;) + (E; — P;), where E;
is the dyadic averaging operator; that is, E;f(x) = fQ“ f, where Q. is the unique dyadic cube Q,; € D;
containing x. Writing g = I; f, we have that ’

ITiQshlIZ 2z, = Cn 5

I(E; — Pg(x)| ~ ’][ ]|[ » e(=) (g —g(Z))dde‘
it 1X=yI<Ct

< ][ ][ 120) — g0 dydz < r][ Vg0l dy < M(V;)(0),
B(x,Ct)J B(x,Ct) B(x,Ct)
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where we used Poincare’s inequality in the second to last step. Since I; V| f = Rf, we have the right bound
for this term. To handle the term 1 — E;, we telescope

(1= ENg(x) = > (Ey-si; = Eyi)g(x) = Y (Eyy,, — E;)g(x),

J=0 j=0

and we compute that

I(Etj,y = Ei)g(0)l = ’][Q (Ei;8(x) = g(») dy) s]{z |Ey;8(x) — g()ldy < t]][ Vgl < 27/ tM(V)8)(x).

The result now follows by summing over ;. |

We will need for the following properties of the heat semigroup associated to the Laplacian A in R”".

Proposition 2.38. Let P, := e and Q; := t0,P,. We define the measure

IQv(x)? dxdt

du(x,t) = Pl Pv(x)
t

This object satisfies the following properties

(i) For any weight v € RH; for some s > 1 it holds that |Pyv(x)| < Jﬁx—y| <« v dy, with constants
depending on the RH and doubling constants of v.
(ii) The measure du satisfies the hypotheses of the modified Carleson’s Lemma 2.31, provided v € RH>.

Proof. The proof of (i) is a simple computation: the kernel of P; is given by
oi(x—y) = cnt_”e_(lx_yl/mz, x,yeR" >0,

and we can write

Pv(x) = / (x = y)v(y)dy + Z / } e(x = yv(y) dy.
[x—yl<t 2/t<|x—y|<2/*1t

Jj20
Clearly, the first term satisfies the desired estimate; it remains to control the tail. For this, we set A; := {y :
2/t < |x —y| < 2/*1#} and employ Holder’s inequality to obtain

/ sy < / aitx =) dy) (/ Y0 dy) "

Now we see, using that v € RH,
1/s R ! Cn
([ )" sy [ oy s Cams2 OV, vy
Aj [x—yl<2/*1t [x=yl<t

On the other hand, for y € A; we have that ¢;(x —y) < 1™ exp(=27), so that
’ l/sl 1/s . NSNS .
( / o = y)° dy) < AV exp(=27) < 20 exp(=27).
A;

Combining these estimates, (i) follows.

The proof of (ii) is somewhat more involved. We ought to show that

(IQ OE 1Q, v(y)l )dxdt

Pyy =: du(x,
PP PipamE’ Y Hx-1)

Pov(y)~ )dxdt (
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is a Carleson Measure. For this purpose, first note that, using (i) and the doubling property of v, it is not
hard to show that P,v(y) = P,v(x) for all (y, s) € Cy,. In other words,

1 dxdt
Pyv(x) t

diitx.y) ~ ( sup Q)P
Cs
Now we let a > 0 be small enough so that s* — a?1* ~ 1* whenever |t — s| < t/8 and write

st(y) — Sa (e(a t SZ)A —a l Av(y)) _ _2s2Ae(a I SZ)A —a l‘ AV(y) — —(S a t )AQ V(y)

22
Therefore, there exists a universal constant ¢ > 0 such that |Qv(Y)| < Pe|QuvI(y), for all |s — ¢ < ¢/8.

Setting g,(z) := |Quv(2)|, we see that

y—2

_I‘—z\2
Pugi(y) = ¢y / (ct)™"e s g(2)dz = / (ct)™"e 4<”>2 g(2)dz + Z / (ct)e “? g(z)dz =: 1 +11.
R" [x—z|<t

Jz0

For I, we simply note that I < flx—zl < 8(2)dz < P1g(x). For the tails, we use that |y — z| > %Ix — 7] for any
z € A}, to obtain the bound /7 < P.,g;(x). We conclude that |Q,v(y)| $ PelQuvI(x) for (y, s) € Cy.

We have thus reduced matters to proving a (weighted) Carleson Measure estimate for du’(x,t) :=
”’”lg‘;i’(‘igx)) dxdi. that is, we want to show that 1(Rp) < v(Q), for all 0 c R". So fix a cube O c R™.
We run a stoppmg time argument to obtain a collection of maximal (dyadic) subcubes (Q;);>1 of Q with

respect to the properties

either (a) va][ v, or (b) vsA_l][ v,
Qj (@) Qj 0

for some A > 1 large. We call ¥ the collection of Q; satisfying the property (a), and ¥ the collection of
Q; satisfying (b).
Note that, by construction, if Q; € ¥; we have |Q;| < A'y%'Q) i) 0,750 after summing over J, ZQ,E?I Q)] <

%. By the A, property of v, if A is large enough, we may write ZQJ_E% v(Q)) < @. On the other hand,
if Q; € > we obtain directly that v(Q;) < A‘llelfQ v, so that ZQ’E% v(Q)) < @, if we choose A > 1/4.

By Lemma 2.16 it is enough obtain u’'(Rp\(Ug urRo;)) < v(Q). Moreover, notice that for (x,7) €
Ro\(Ugur Rp;), we have that fQ v < Piv(x), by construction of the Q; . Accordingly, it is enough to show

/ (Pct|QaIV|)(
Ro

To do this, we use Minkowski’s inequality to write

/ PP E) <3 / (PulQulr @ ) = 377,
Jj=0 Jj=0

2 dxdt dxdt V(Q)2
s 10

where we denote Ry = 2Q and R; = 271 0\27Q for j = 1. For the first term T, we employ the fact that P;
is uniformly L>(R")—bounded and that @; satisfies an L? square function estimate to obtain

® dxdt _ [ dxdt
T} < / (PalQu(LryD()* == / QuUa(F == S/ .
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We now use the reverse Holder property of v to see that sz v < |0"'W(Q)?, which gives the desired
estimate for 7. For the others, we use the kernel representations; first recall that if ¢, is the kernel for P,
and ¥, the one for Q; then |¢;(2)|, W:(2)] < clt‘”e‘Q'Z'z/ 2, Calling v; = 1g,v, we compute

[ eauierax= [ ([
0 © '

2
/ ) Cet(X = WWaur(y — 2)vj(2) dZ‘ dy) dx

oy —cbotte—d? 2
< ( W) [ e gy dz) dx.
0 “JR; R

7

It is easy to verify that |x — y|* + |y — 2> > (Jx — y|* + |x — z|*)/4, and hence

=z 2 e @Je0)? ~
/ (PalQuv D) dx < / ( / vre ) v 5 / (B,
o 0 R; 0

7

where we define P, the convolution operator with kernel 1e~kP/2™)  Now we see, from the proof of part
(1), that P,v(x) < JCI voyl<t v(y)dy < v(Q)/t". Therefore,

—c/(zji(izg))z &lel

/ (PelQuv D0 dx < e o
0

The desired estimate for 7'; now follows by integrating in 7 over (0, £(Q)). m]

2.2. L" — L1 Off-diagonal estimates. Throughout this section we denote by T;, with ¢ # 0, an operator
mapping functions C2°(R”; C?) to measurable functions in R” with values in C* for some integers di, d>.

Definition 2.39 (L" — L7 Off-diagonal estimates). Let 1 < r < g < co. We say that a family of operators
(Ty)1z0 satisfies L" — L9 off-diagonal estimates if there exist Cy > 0 and numbers y; € R, v, > 0 such that
for every cube Q c R”, the following estimates hold with y := y| + 5.

() If |f| ~ £(Q), then
IT(fLry)llzeco) < Col@I™ NI fllLr)-

(i) If # € R and we set R;(Q) := 2/*1Q\2/Q for j > 1, then

l#]

njys 1g-1/r
721'{’(Q)) |0 f 1R c0)-

IT(fLg;0)llzacg) < Co27 (

(iii) If r € R and supp f C Q then
4
216Q)

Proposition 2.40 (Weighted estimates from off-diagonal decay). Suppose (T});>¢ is sublinear and satisfies
L" — L? off diagonal estimates for some 1 < r <2 andy > 1/r. Then for all v € Ay, and every t > 0,

H (]I[X—y|<t |th(y)|2 dy) "

Proof. This proposition is contained within [GH17], but we provide the proof for completeness. We first
decompose R" into cubes in the dyadic grid D, of sidelength ~ ¢ to obtain

H (]{c—qu £ OF dy) N ody) <de;, /Q]{C_qu T, f G dy V(x)dX) v

. njy: B
ITiPllsryon < €027 (572=2) " 1017 f o)

<
L2(vdx) Sy, 1A llz2)-
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(X ]{2 * /Q TR dyvodx) s 30 (3 ]{2 * /Q a0 dyvoi) = 1

Qeby Jj=0  QeD;

where as usual we define Ro(Q) := 2Q and R;(Q) := 2/*10\2/Q for j > 1, and we used Minkowski’s
inequality in the last line. We now exploit the off-diagonal decay of T} to get,

12 . 1/r

([ manosontas)” szmeazin( [ ypgyray)”

Q Ri(Q)
Going back to I, we see that

I< Zz—jnytna/z—l/r)(zj[ (/

>0 Q€D RO

< Z2—jn7tn(1/2—1/r)(2jt)n/r( Z]{Q (]{g.@ |f(y)|rdy) 2 v(x)dx) 12

j=0 Q€D

2/r 1/2
O dy) " vidx)

. 1/2 .
< Y23 ][Q MNP x) 32 IIM Pl < Ml

j=0 Q€D =0

since y > 1/r. Since r < 2 and A/ C A, we have [ glVJAz/r IIM,(f)lle(,,) S Nz m]
2.3. Properties of Solutions and Layer Potentials.

2.3.1. Functional-analytic setup. First we recall our definitions of layer potentials. Formally, for instance,
the single layer potential is given by S£ = (Trgo(L*)™1)* £, but we need to give a precise functional-analytic
context for the operator £ to be able to talk about the traces of its inverse adjoint operator.

Let Q C R™! be an open set with Lipschitz boundary, and fix f € Ll (Q), F € Ll (Q,C"), and

loc loc
u € Wli)’z (Q2). We say that u solves the equation Lu = f — divF in Q in the weak sense if, for every

@ € C2(Q), we have that

(2.41) // ((AVu+Blu)-V<p+Bz-Vugo)=// (f5+F-Vg).
Rn+l R'”'l

For p € (1,n + 1), we define the space YLP(Q) as
(2.42) YP(Q) = {u € LW (Q): Vi e LP(Q)}.
We equip this space with the norm [lully1,q) := HMHL%(Q) +IVullrr ().
Define the sesquilinear form B, : CX(R™!) x CX(R™!) — C via
Brlu,v] = //Rn+1 [AVu Vv +uB)-Vv+7B, - Vu}, v € CO®R™D,
and the associated operator £ : ¥ — &’ via the identity

(Lu,v) = Brlu,v], u,ve C‘;"(R”“).

In fact, when (1.3) holds and p <« 1, the form B, extends to a bounded, coercive form on Y L2(RrHly %
Y'2(R™1), and the operator £ extends to an isomorphism Y2(R"*!) — (Y'2(R™*1))* [BHLMP22, Propo-
sition 2.19]. Associated to £ we also have its dual £* : YL2(R"!) — (Y'2(R"*1))*, defined by the relation

(Lu,v)y = (u, L),
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and it is a matter of algebra to check that the identity

Lv = —div(A*Vv + Byv) + By - Vv
holds in the weak sense (2.41) for any v € Y12(R"*!). In particular, £* is an operator of the same type as £
and if p < 1 so that £7! is defined, then (£*)~! is well defined, bounded, and satisfies (£*)™! = (£71)*.

We turn to the mapping properties of traces. For fixed + € R we define the trace operator Tr, :
CER™!) — CX(R") by

(2.43) Tru = u(-, 1).

1
Let ¥ : L2(R") — L*(R") be the Fourier transform and write i = Fu. Define Hg (R") as the completion of
C2’(R") under the norm |u|H b e fRn |€]1(&)|> dé. Then [BHLMP22, Lemma 2.8] gives that Tr; extends

uniquely to a bounded linear operator
1
(2.44) Tr, : Y2@R™Y) — HZ (R™).

1
We write H‘%(R”) = (Hj (R™))*, and we note that we are departing from notation used elsewhere in the

literature, since our H ‘%(R”) does not coincide with the usual (inhomogeneous) fractional Sobolev space
of order —1/2 (for more on this, see the remarks before Proposition 2.5 in [BHLMP22]).

Definition 2.45. Let y € H™'/2(R"). We define the single layer potential S£y € YL2(R"*!) as
(2.46) S*y = (Troo(LY™")y

For fixed 7 € R we denote Sy := Tr, S<y.

Definition 2.47. Let ¢ € H, 12(Rm). We define the double layer potential D%+ ¢ € YH2(R™M1) as
(2.48) D5 = =Olgut + L7(F g,

where @ € Y!2(R"!) is any extension of ¢, and F§ € (Y2(R"1))* is given by

(FE,G) = // (AVCD VG +B®-VG + B - (V(D)é), for each G € Y2 R™1),
RT’I

The layer potentials are studied in detail in Section 4 of [BHLMP22].

2.3.2. Properties of weak solutions.

Proposition 2.49 (Caccioppoli Inequality in LP. [BHLMP22, Proposition 3.9]). There exists an open inter-
val I containing 2 such that for every p € I, every weak solution u € Wllof ®R™Y of Lu = 0 in R™!, and

every (n + 1)—dimensional ball B satisfying that 2B C Rﬁ“, it holds that

(2.50) (]ﬁ IVulde)l/p< B ]f[ |u|de i

with implicit constants that depend only on n, p, ellipticity of L, and p.

Proposition 2.51 (Caccioppoli Inequality on Slices. [BHLMP22, Lemma 3.20]). For p, I, u as in Proposi-
tion 2.49, every cube Q C R" and a > 0, we have that

1/p C t+al(Q) 1/p
(2.52) ][ [Vu(x, )P dx < — ][ lu(x, )|P dxds ,
( ) <70 e 1o )

whenever Q* X (t — af(Q), t + af(Q)) C R”” with C depending only on n, p, a, ellipticity of L, and p.
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Definition 2.53. We define the interval (2_,2.) as the largest open interval, symmetric around 2 with the
following two properties:

(D) 2n/(n+1)=24<2_<2<2, <2¥:=2n/(n-1).
2) If p € (2_,2,), then for every weak solution u € Wllo’z(R’}r”) of Lu=0in Rﬁ“, the estimates (2.50)
and (2.52) hold, with constants depending only on n, p, @, ellipticity of £, and p.

Proposition 2.54. Letu € WIIO’CZ(Q) be a solution to Lu = divF in Q c R, with F € LIZOC(Q). Let B be an
(n + 1)-dimensional ball in R™*' with 2B c Q. Then, for any q > 1 we have that

with implicit constants depending only on q, n and ellipticity, and where we define

1 1 1 1 1
" = — — y " + =1.
2 T2 el 2, 2ewn

Proof. We first prove the result for a ball B with r(B) = 1. To simplify notation, during this proof we will
write 2* = 27 . Fix I <t < s < 2, then, from the proof of the Caccioppoli inequality (see [BHLMP22,
Proposition 3.1], and note that f = O for us), we have

1 1
IVullz2s,) < ;HMHLZ(BQ +IFll2s,) < EHM”LZ(BS) +1Fll228)»
where B, denotes the concentric dilate of B by a factor of z. On the other hand, if as usual we denote by up
the average of u over B, then by the Poincaré-Sobolev inequality we have that
leall 2+ g,y < 1+ 12T Ul oy + 1T Jug | < 1Vl 2s,) + ),

where we use that > 1/2. Combining these two inequalities, we obtain

1
lull 2 g,y < ;“””LZ(BS) +1Fll2p  + lullpi2p)-

Note that if here we set = 1 and s = 2, the desired estimate (2.55) follows for ¢ > 2. It thus remains to
treat the case g < 2. Recall, from interpolation of L” norms (here we use g < 2) and the Cauchy inequality
with a parameter,

1
1-6 6 1/(1-6
IwyﬂMmeﬂn“)Mw+;ﬁMm,

valid for any n > 0, and where 6 satisfies % = 128, g. Choosing /=9 ~ t — 5 and setting T :=

2*
F 228y + lull 125, We arrive at the estimate

1 C
llutl | 2+ ) < EHMHLZ*(BX) + WHUHM(BS) +T7,

forany 1 <t < s <2. We are now in a position to apply the result in [HL97, Lemma 4.3] and conclude that

llullz> ) < mllullm +T.

Setting now ¢ = 1 and s = 2 we obtain that
lutll 2 gy S Nlleaay + Nl 2y + 1F 2 2)-
This is the desired inequality, since g > 1 and r(B) = 1.

To obtain the result for a general B, we simply note that for > 0, u,(X) = u(rX) solves L,u, = divF, in
rQ, where the coeflicients of L, are given by A.(X) = A(rX), B; ,(X) = rB;(rX), F(X) = rF(rX). It can be
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checked that these coefficients satisfy the same conditions as the originals, with the same relevant norms,
except for F, which satisfies ||Fyl| 21,5 = r(‘”“)/ZIIFlle(B). The estimate (2.55) follows. ]

Proposition 2.56 (Oftf-diagonal Estimates. Part 1). Let ©,,, denote either of the following operators:
momvSE, v SEiv),  (9"VSED - P,
where P; is an approximate identity with smooth, even, compactly supported kernel.
Let2_<q<p<2;yand Q CR" acube. Forevery h € L1(R"), |t| = €(Q), and k = 0 it holds that

1O m(hLlLr20) Snp.q Il q”h”Lq(Q)
Moreover, for any j > 1 and t € R, if we write R;j(Q) := 2/*10\2/Q, then

_ [fl \™ _1_1
(2.57) 19 m8llLr ;) Snp.gm 2™ <%) 1017 7lIgllLac),
and
_ l#]
(2.58) 1©:,m8llLr(Q) Sn,pgm 2 "VI(M(Q)) 1017 llglzecr o

wherey, = 1/2¥~1/p if@®,,, = t’"aTVS,L (recall that 2* is given in Definition 2.53), and y; = 1/2*-1/p—1
in the case that @, ,, = tm(?:”_lV(S,LV).

Proof. The proof of this result is essentially contained in [BHLMP22, Proposition 4.28]. We sketch some
of the modifications needed.

We start with the case @;,, = t’"@}"VS;’:. Here, estimate (2.57) was obtained in [BHLMP22, Proposition
4.28]. By duality, estimate (2.58) is equivalent to (2.57) for @, = t’"(?}"(SfV); let us thus prove estimate
(2.57) for @y, = "I"(SEV).

Let R, := (3/2)R; x (t — 2/£(Q), 1 + 2/£(Q)) and suppose that g € CX(Q). Then (S{V)g) = Sidivyg is
a solution in R ;. By a careful application of Caccioppoli’s inequality on slices, followed by the standard
Caccioppoli inequality in L? (m — 1) times, we obtain
el \™
2f€(Q)) (w’(Q)

1737 (SEVD - lircrycn = 7107 SEdiviglonyon < ( / S divyg(x)l” dxds)

By duality again, it is enough to prove that ||V||th||LqI(Q) S 2‘”71|Qll/p‘l/qllhlluf(3/2Ri), uniformly for
s € R. For this, if we define Q :=3/20 X (s —£(Q), s + £(Q)), by Caccioppoli’s inequality we have that

L 1 s 1/q
”VIISs h”[ﬂ’(Q) S — f(Q) f(Q) /lS h(x)lq dxd‘r)

s+0(Q)
<oV~ —1/2%- l/n<
Q) Js-wo)

where we used the mapping property S£ : L?#(R") — Lz#(R”) uniformly in s € R, and Holder’s inequality.

’

l/q, # , ’
1/24-1 1/p—1/2 1/q4'-1
RTIONYT, ) 202 QU

The above proof works, with straightforward modifications, in the case ®;,, = tm(?;"_lV(S,LV). The case
of O, = tmagnvsfl - P; is handled with the previous estimates and [AAAHK11, Lemma 3.11]. O

The following proposition follows the same lines as the above, the appropriate modifications being out-
lined in the proof of [BHLMP22, Proposition 4.37].
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Proposition 2.59 (Off-diagonal Estimates. Part 2). Let B € L*(R"; C*™*!) and set G)fm = t’"@}”S,LB- acting
on functions CZ(R"; C™). Then, for2_ <r<2<q<2, @B, satisfies the L™ — L9 off-diagonal estimates

.M
of Definition 2.39 withy = m/n — « for some a > 0 depending only on dimension, r and q.

We shall also need the following quasi-orthogonality result.

Proposition 2.60 (Quasi-orthogonality). Let ®;,, := t’”(’);”(S,LV), B € L"(R™;C"), and let Q; be a standard
Littlewood-Paley family. There exists mg such that if m > mg and v € Ay, (here r is as in the L" — L?
off-diagonal estimates for ®,,, in Proposition 2.56), then the estimate

1/2
|(f  teun@emra)
[x=yl<t

holds for some B > 0 (possibly depending on v only through [v]a,, ).

s\B
Sivlay,, (;) 1Qs8ll 2y, s <1,

L2(v)

Proof. The unweighted case is proved in Lemma 4.30 in [BHLMP22]. The idea is to use interpolation with
change of measure to reduce matters to proving a uniform weighted bound of the form

1/2
I(f__toumsn@swra)
x—y|<t

o) Sy, llgllz2¢)-

This in turn follows from the L" — L2 off-diagonal estimates of ®;,, in Proposition 2.56 and Proposition
2.40, together with the bounds for I B from Proposition 2.34; we omit the details. m|

The first author would like to thank Moritz Egert and Olli Saari for showing him the simple computation
that yields the following bound for the vertical maximal function ( [BES19]).

Proposition 2.61. Let m > 1 and ©,,, be either t’"@;"V(S,[V), or tmé);"VZ);E. Then, for almost every x € R”,
we have the estimate

SUP O f () S V(Ormf)(X) + V(Op i1 f)(X) + 1O 1 f (2.

>0
Proof. First we observe that, owing to [BHLMP22, Lemma 2.3], the function ¢ — Oy, f(x) =: g;(x) is

absolutely continuous for a.e. x € R”. Therefore, by the fundamental theorem of calculus, for such an
xeR"andevery 0 < s < t,

GOP = gs(IP +2 / Re(g/(x): () dr.

Notice that
t t d
| [ Retela | < [ el 0l < V)07 (rorg 00

by the Cauchy-Schwarz inequality. The result now follows by setting s = 1 and using Cauchy’s inequality
with a parameter. O

We record here also a weighted version of the Riesz transform estimates for £, and, more importantly
for us, estimates for the Hodge decomposition associated to L.

Theorem 2.62 ( [CMRI18, Proposition 9.1]). Let L) := —div|AV. Then there exists M > 0 (depending
only on dimension and the ellipticity of Ay) such that if v € Aj satisfies that v € Ay, then

-1/2 —1/2 4.
maX{HV”_E” / ||L2(V)4)L2(V) s ”L” / le””LZ(V)HLz(V)} S[VM]AZ 1.
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In particular, if for f € L*(R"; C") we write Hodge Decomposition f = AV F + H with F € W'2(R") and
divyH = 0, then for v as above, we have that ||V || Fl| 2, S[VM]AZ f 1122 ()

We end this subsection with an identity characterizing the double layer in terms of operators involving
only the single layer. This will allow us to focus, as far as the square and non-tangential maximal function
estimates are concerned, on operators involving only the single layer.

Lemma 2.63 (Double Layer Duality for L? functions). Denote by N the outward unit normal vector of the
upper-half space. The following formula holds for each f € C°(R"):

DEFf(0) = (SEVYANf)(x) + (SEB)(N f)().

Proof. We have, by Proposition 4.18 (ii) in [BHLMP22], that (DX f,9) = (f, 3 .8t g) for f,g €
CZ(R"). On the other hand, since St gisin YRR, we may use the L? realization of the conormal (see
Lemma 4.11 (i) in [BHLMP22]) from which it follows that
(f, (9V£[*,+S£*g) = <f, 8V£t*’+8£*g>L2(Rn) = (f, ﬁ . [A*VS'E;g + EQS{:g] >L2(R")
= (Nf,[A"VSY g + BaSE gl) oy = (SFVIANS) + (SEBDWNS), 812y

where we used the properties of the operator (S,LV) (see Proposition 4.2 (viii) in [BHLMP22]) for the last
line. This gives the desired identity for f € C.°(R"). O

2.4. Good Classes of Solutions.

Definition 2.64 (Slice Spaces). For n > 3 and p € (1, o), we define
DY := {v € Co((0,0): LP(RM) : [lully < 0},
with norm given by ||v|| p? 1= SUPsg [V(Ollzr ). We also define
S% = {u € G5 ((0, 00); YP(RM) = ' (1) € Co((0, 00); LP(RM)), Nlullr < oo},
with norm given by
llullgr == sup lu(®llyron + sup ' (D)l + sup [’ (O)llyony + sup 1w @)llyony.
>0 >0 >0 >0

In particular, both DY and S are Banach spaces. Similarly, with obvious modifications, we can define the
slice spaces D” and S’ in the negative half line (—co, 0). For the rest of the article, except for Section 9, we
will consider only the case p = 2, which corresponds to the case of the problems (D),, (N),, and (R),.

Definition 2.65 (Good D Solutions). We say that u € WI’Z(RTI) is a good O solution if Lu = 0in R**! in

loc
the weak sense, u € Di, and u; :=u(-,-+717) € Yl’z(Rﬁ“) for any 7 > 0.

Definition 2.66 (Good N /R Solutions). We say that u € Wll’g(R’}r“) is a good N/R solution if Lu = 0 in

O
R™*! in the weak sense, u € §2, and du, € Y'2(R™*!) for every 7 > 0.

The following result is a companion to [BHLMP22, Corollary 6.20]. Together they will imply that our
uniqueness statement holds among the two most commonly used classes of solutions (those with either
square or non-tangential maximal function estimates).

Lemma 2.67. Letu € W1’2(R’}r+1) be a solution of Lu = 0 in R\, The following holds

loc

(i) IfK/z(u) € L*(R"), then u is a good D solution (see Definition 2.65).
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(ii) UK/Z(VM) € L*(R") then either u is a good N /R solution (see Definition 2.66) if L1 # 0, or there
exists a constant ¢ € C such that u — ¢ is a good N |R solution if L1 = Q.

Proof. As will be seen from the progf, (i) will follow the same outline as (ii), and is a bit easier. We first
prove that sup,.o [[Vu(:, Dll2rny S IN2(Vi))||2gny- Fix £ > 0 and let ¢/ : R — R be a nonnegative Lipschitz
cutoff function such that y(¢) = 1, ¥(3t/4) = 0, and |’ (s)| < 4/t for each s € R. We make the computation

IVu(-, D3 = i IVu(, t)2y(r) = . IVu(-, 2w (2) - i IVu(-, 3t/4)Py(3t/4)

t t
= / / as[wmx,s)ﬁw(s)} dsdx < / / [2|Vu<x, $)IIVau(x, H(s) + [Vu(x, s)|2|¢'<s)|] dsdx
n J3t/4 " J3t/4

t t2 t
<2 / ][ Vu(x, s)> dsdx + — / ][ IVO,u(x, s)>dsdx =: I + 11,
nJ3e/4 16 JgnJ31/4

where in the third equality we used the fundamental theorem of calculus and in the last line we used the
Cauchy inequality with £ > 0. We now use Fubini’s theorem to see that

!
I = 2/ ][ ][ Vu(y, s)|2 dsdxydy < 8/ ﬂ IVu(y, S)|2 dsdydxo
n |y—x0\<t 31/4 R~ [xo =yl <t

|s—1 <t/2

<38 /R sup ( ]%”m Vu(y, s)I* dsdy) dxo = 8N (Va3

" (X,T)E')’(XO) Is—1l<7/2

It remains to control /7; for this we will use the Caccioppoli inequality as follows:

t2 t 5t/4
<+ / ][ ][ IVO,u(y, s)1* ds dxo dy < / ][ 0su(x, s)I* ds dy dxo,
nJly—xol<t/2 J3t/4 nJxo—yl<t J1/2

and thus it is clear that we may handle /I as above. We have obtained that for each ¢ > 0, [[Vu(-, Dll> <
[IN2(Vu)||> which yields the desired result.

We now improve this to lim;—e [[Vu(, )l 2gny = 0, where V = (V). 0y) is the full gradient in n + 1
variables. This follows from the above estimate on slices: Notice that the proof actually gives that

IVa Dll2ny < INS (Vi 2y
where we use the truncated non-tangential maximal function (see Definition 2.5) on the right hand side.

We claim now that K/g) (Vu)(x) — O for every x € R" as t — oo. To see this, assume to the contrary that

lim sup,_,, K/é’ )(Vu)(x) > 71 > 0, for some x € R". This means there exists a sequence #; — oo and points
X with |x — xz| < ¢ such that

]§[ IVu(y, s)]* dyds > n°.
ka,tk
By the definition of the non-tangential maximal function we then have

Ra(Vao(@? > ff - Vuty. )P dyds >
Crony
for every z € R” such that |z — x¢| < #. Integrating over this set gives

Ry > [ Ro(Vad@Pds > eurP.

|z—xx|<tx
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Since #; — oo, this contradicts our assumption that K/z (Vu) € L*(R™). With the claim now proved, and since
Ng)(Vu) < N3(Vu) by definition, the dominated convergence theorem gives

IVuC, Ollzen S INS (Villpgny — 0, ast— oo,

Appealing to Caccioppoli’s inequality and the above, together with [BHLMP22, Proposition 6.14], we
see that u € S2 when L1 # 0. If £1 = 0, we proceed as follows: First, by the sup on slices estimate above
and Caccioppoli’s inequality on slices we see that d;u(-,t) € W'2(R") for every ¢ > 0; in particular

t
/ deu(-,7)dr € WHR™) c Y'2(RY), forall0< s <t < .
S

On the other hand, again by the sup on slices and [BHLMP22, Lemma 2.1], we have that for every ¢t > 0
there exists a constant ¢, € C such that u(-, ) — ¢; € Y"?>(R"). Therefore, by the fundamental theorem of
calculus, forany 0 < s < f < oo,

/ Oeu(-, T) dT = (cr = ¢5) = u(-, 1) — ¢, — [u(-, 5) = ¢5] € Y2 (R").

We conclude ¢; = ¢, = ¢ as desired, and sou — ¢ € S%.
Finally we show &, := du(-,- + 1) € YI2(R™!) for every T > 0. For this we simply compute, decom-
posing R" into cubes in D and using Caccioppoli’s inequality on slices together with Fubini’s Theorem

ds

// Vou(y, s + )P dyds = / / VOu(y, )P dyds < sup IVuC-, Dll 2 / — <.
RUAR T n >0 r S
For (i), we run the same argument with u in place of Vu. m|

3. Two GENERAL EXTRAPOLATION RESULTS

In this section we prove two extrapolation theorems for conical and vertical square functions. The
takeaway from these considerations is that conical square functions have good estimates in the range (r, co)
in the presence of L — L? off-diagonal estimates plus an L? square function bound. The vertical square
function on the other hand requires (for our argument) that the operator satisfies a reverse Holder inequality
(and in fact, in this case we see that the vertical square function is controlled by the conical square function
on an interval around p = 2; this should be compared with Proposition 2.4 which is optimal for general
functions F, see [AHM12, Proposition 2.1 (¢)]).

Lemma 3.1 (Extrapolation for Conical Square Functions). Suppose T, is an operator satisfying, for g = 2
and some r < 2, the off-diagonal estimates'* in Definition 2.39 with y > 1/r. (Notice this allows us to
define T(1 as an element of LIZOC. ) Set R, := T, — T,1 - P, for a given approximate identity P, with compactly
supported kernel of the form P, = P,P, for another approximate identity P, Finally assume that for every
[ € P®"), ISTiPllz@ny < 12y, and

s\B
(32) IR Mz < () 1Qf ey, fors <t
for some (and therefore any) CLP family Qq (see Definition 2.14) and some 8 > 0. Then
(3.3) IS(T: Pllz2ry S Wfllzy,  Sfor each v € Ay,

In particular, ||S(T; ey < fllrny, for each p € (r, o).

145 fact we will only need the first and second estimates in Definition 2.39 for 7', in the range [f| = £(Q).
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The above lemma can be thought of as a Calderén-Zygmund-type theorem. In this case the off-diagonal
decay plays the role of the usual size condition while the quasi-orthogonality estimate for R, plays the role
of Holder continuity of the kernel. Note also that the case ¢ < s in the quasi-orthogonality estimate (3.2) is a
consequence of the off-diagonal decay of R; and [AAAHKI11, Lemma 3.5]. Therefore, with the off-diagonal
decay of R; as a background assumption, (3.2) is equivalent to

Y] . t s ﬂ
IR@ Mlzery < min (. ) 1Qu MMz
Proof. Let f € CZ(R"). We begin by writing
(3.4 Tif(x) = R f(x) + [Ti1(0)] - P f(x),

where R; and P; are as in the hypotheses. To handle the first term we use interpolation with change of
measure (see the proof of Theorem 2.25) to reduce the weighted estimate of S(R;) to the pair of estimates

(35) |(f  ra@sora) ., smin(55) e
' i<t V) M ST s) e,
for some 5 > 0, and
12
2 2
(6 I(f, marore) "], s, 1@,

for r as in the statement of the lemma.

The unweighted quasi-orthogonality estimate (3.5) follows from Fubini’s Theorem and the good oft-
diagonal decay.

The uniform weighted estimate follows from Proposition 2.40 and the fact that |Q,A(x)| < Mh(x) and M
is bounded on L?(v) (because A, /r C Ap). This shows the desired weighted estimate, and so by interpolation
with change of measure,

s

(for a possibly smaller 8 than the one for (3.5)). The estimate ||S(R,f)|| L) < 1f1lz2(v) now follows from a

/S t\B
< min (;, ;) 1Q, 1120,

L2(v)

standard quasi-orthogonality argument, once one realizes that S(R;) = V(R,) if

ﬁth(x) = <]|[

x—yl<t

5 1/2
RGP dy)
Now it remains to establish the square function bound for 7;1(x)- P;. For this we first claim that the measure
dxdt
dueyi= (f  Ta0R @) o,
[x=yl<t ?

is a v-Carleson measure, i.e. that for every cube Q, u(Rg) < v(Q), where Rgp := Q x (0,£(Q)). Let us
assume the claim for a moment. By a weighted version of Carleson’s lemma (Lemma 2.30) and the fact
that |P; f(y)| < P,(Mf)(x) whenever |x — y| < t (since P, = P,P;), we obtain that

dyd ®
/ // (T AG)PIPfO)P nyﬂt v(x)dx < / / IP{ M) du(x, 1)
n JJT(x) t R Jo

< / NEMD)D v(x)dx < / MM v(x)dx < / FOP v(x)dx,
R R R
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where we used the fact that M : L*(v) — L?*(v) since r > 1. This accounts for the contribution of the
second term in (3.4), using Theorem 2.25.

To prove the claim we invoke Lemma 2.18 and the reverse Holder inequality for A, weights (see
Proposition 2.21) in the following way: For a fixed cube Q c R", using Holder’s inequality

0o
H(Ro) = // ][ |Ttl(}’)|27 v(x)dx —/ // TGP n+1)V( )dx
[x=yl<t<€(Q) |x—y|<t<£(Q)
1/(1+61) 1/(1462)
= /QAQ(X)V(X)de (/QA2Q(1+5')dx> 1 (/QVH‘SZ dx) ”

where 61 = 1/, and 1 + 9, is the exponent corresponding to the reverse Holder inequality for v so that

1/(1+61)
uRo) < ( / AgVax) T Q0 y0) < QI QI I+ y(0) = w(Q),
0

where we used Lemma 2.18 in the second to last line. We should remark here that the implicit constant
depends on ¢; and the constant in the reverse Holder inequality for v, but these in turn depend only on
[v]a,,, (see for instance [Ste93]). This finishes the proof of the weighted estimate (3.3). The unweighted
result now follows from Corollary 2.24. m|

We now proceed to the extrapolation result for vertical square functions. The idea will be the same, which
is to reduce matters to a weighted L? estimate. However, notice that before we used crucially the properties
of cones in both the weighted estimates for R; and the Carleson measure estimate for 7; in Lemma 3.1. In
order to handle this issue we will transform V(7,) into S(T,) for an appropriate T involving the weight; this
makes the analysis more involved than in Lemma 3.1.

Lemma 3.7. Let T, be an operator satisfying, for some r < 2 < q and 6 € (0, 1), the L" — L? off-diagonal
estimates in Definition 2.39 for some y > —1/n + 2/r + log,(Cs)/n (here Cs is as in (viii) of Proposition
2.21). We also require that, for every cube Q C R”,

(3.8) (]f[ IT,f(x)quxdt>l/qs(]§[ |S,f(x)|2dxdz)”2,
1(Q) 1(Q")

where [(Q) = QX (€(Q)/2,(Q)) and S is an operator satisfying ||S(S )l 2wm—r2rm < 0. The assumption
ony allows us to define T,1 as an element of leoc, and we set

(3.9 R f(x) == [T; = T 1(x) - P1(f)(x),

for some approximate identity P, with compactly supported kernel. Suppose further that R, satisfies the
quasi-orthogonality estimate |R,Q3 fll;2zny < CYIIfl2@ny, s < 8, for all f € L*(R") and some B > 0, and
that T, satisfies the L? square function estimate ||V(T:f)lli2wry < Wflli2@ny. Then, if v € RHy N Ay for
M > max(2r/(r — 2),(q/2)") and [v]a, < Cs, we have that

V(T POll2ey < 1 ll2)-
In particular, for any p € (2 —6/M,2 + 6/M), it holds that
V(T ey S I1f lLen.-
If T:1 =0, that is, if Ty = R;, then we can dispense of (3.8).
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Remark 3.10. As will be seen from the proof, we can weaken the reverse Holder condition on 7 to

(]f[ T dsar) ' < (]f[ S fCol ddr) .
1(Q) 1(Q")

for every r < g < g, and where the operator S satisfies both [|S(S /)l 2y < |If]lz2®r) and a reverse Holder
inequality. In our intended application where T; = t’”a;"VStL, we do not have a reverse Holder inequality
for T;, but we do have such an estimate for solutions, S; = t’"‘la’,"S;’:.

Proof. We note that, by Proposition 2.4, in the range p < 2 we have that |[V(T, )o@y < IS(T:)llr@wnys
and for r < p < 2, by Lemma 3.1 (recall that vertical and conical square functions coincide on L?) and
Corollary 2.24, we have [IS(T:)llr®» < IIfllLrgny. Therefore, it is enough to consider the case p > 2.
We proceed to rewrite our vertical square function into a conical square function by introducing an average
adapted to v. For this purpose we set, for x € R" and ¢ > 0 fixed,

Ve = ][ V) dy.
|x—yl<t
We thus write, using Fubini’s theorem,
© dt © v(y) dt
/ V(T )X v(x)dx = / / T f () — v(x)dx = / / ][ AT f P dy—s v(x)dx
Rn R JO t nJo Jlx—yl<t Vit r
v(x) dxdt ~ dxdt ~
= / //| Nt fop et YOy = / //| | T f P 2 vy = ISTiDlzery-
n X n x—y|<t

—yl<t Vxi

We are now in a position to try and mimic the proof of Lemma 3.1. Unfortunately the process is quite a bit
more involved and, rather than proving a full weighted estimate, we will use the specific form of our weight
v. To simplify notation we introduce the operators:

v(x)

ﬁl‘f(x) = Rt’

Vit
where R, is as in (3.9). It follows that 7, f(x) = R, f(x) + T,1(x) - P,f(x).
As was done in the case of the conical square function, to handle the second term it is enough to show

the v-Carleson measure estimate (see Lemma 2.30) u(Rp) < v(Q) for every cube Q C R", where Ry :=
0 x (0, £(Q)) and the measure u is defined as

du(x, 1) = (]l[

x—yl<t

TAOI dx) v ™.

For this we reduce matters to an unweighted estimate via Lemma 2.18 as follows: For any g > 1,

~ dxd
u(Ro) = / ( // TAP 2 vy dy = / A3()v(y) dy
0 N —yl<1<t(0) r 0

< (/QAZ‘quy)l/%/Qv(y)q' dy)w Svlen, (/QA2Qq>l/q|Q|_l/q/QV(y)dy: <][QA2quy)l/qv(Q)’

where as before the quantity [v]RHq, is admissible if say M > §’(see Proposition 2.21). Therefore it is

enough to show that (fQ Aqu dy)' < 1. Furthermore, by Lemma 2.18, we reduce to proving that fQ AzQ dy <
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1. Using Fubini’s theorem, we see that this last estimate is equivalent to the unweighted Carleson estimate

“Q) ~ dxdt
G.11) b/ /umm2s@%
0 0" t

where as before Q" = ¢, Q is a dilate of Q. Since the above has to hold for every cube, we write Q in place
of 0" in what follows. Moreover, since the quantity v/vy, is invariant under scalar multiplication of v by a
positive constant, for a fixed cube Q we may assume that v(Q)/|Q| = 1.

First we use a stopping time argument to deal with v,;: For a fixed constant A~! < 1/4, to be selected
later, we let {Q} jen be the collection of maximal dyadic sub-cubes of Q with respect to the conditions

f

We say j € I if the first condition holds, and j € I, if the second does. By the first condition we have

Z|Qj|<ZA—1/_v(x)dxsA—I/Qv(x)dsz—HQL

jel jeh 9

v(x)dx > A, or ][ v(x)dx < A7\
0

J J

since v(Q)/|Q| = 1. On the other hand if j € I,

/ v(x)dx < A7'Qjl, and / v(x)dx > A7'Q3,
Qj Q;

where Q7 is the dyadic parent of Q;. Therefore, 3., v(Q)) <> ), ANQj < A1QI = A™1(Q). By the
A property of v we can choose A, depending only on the A; characteristic of v, small enough such that the
above inequality implies that | Uje;, Q) < %IQI. Combining this with the corresponding estimate for /;, and
using the fact that the cubes Q; are pairwise disjoint, we see that ijo |0l < B|Q|, for B=1/2+ A< 1.
By Lemma 2.16, the above implies that it is enough to show that

v(x) dxdt
G.12) I S2iraep ™ < coo
EQ Vx,l t
where we define the sawtooth region Eg := Rp\(U j20R0;). To handle (3.12) we first claim the following:
(3.13) Ver 2 1, for each (x,1) € Eg,

with implicit constants depending only on the doubling constant of v. To see this fix (x, ) € Ep and consider
first the case x ¢ U;»0Q); so that Al < fQ, v(y)dy < A, for any dyadic subcube Q' € D(Q) containing x. In
particular, choosing Q; € D,(Q) with this property, and using the doubling property of v we see

A‘ls][
0

On the other hand if x € Q; for some j > 0 we proceed as follows: If # > 4£(Q), it means that, if as before
Q; € D«(Q) is the unique dyadic subcube of Q containing x, then Q; is not in the collection {Q;}; so by
definition A~ < fQ; v(y)dy < A, and we conclude as before since this average is comparable, by doubling
of v, to vy, If £(Q)) <t < 4£(Q)) (the first inequality owing to the definition of E) then by definition the
dyadic parent 0 ; of Q; satisfies A< f@j v(y)dy < A, so that, again by doubling of v, the claim follows.

We conclude, using (3.12) and (3.13), that it is enough to establish (recall v(Q) = |Q)|)

v@@zf V() dy = v
lx—yl<t

,
t

(3.14) / T, 1(x)*v(x) dxdi < ColQI.
Eg !
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To show this we first fix ¢ = z//Q € C2(4Q) with the property thatyy =1in2Q and 0 < tﬁ < 1, so that
// |Tt1<x)|2v(x> axdt / |T,w<x)|2v(x> / IT/(1 = y)(x)Pv(x ) —— = I +1II.

We first handle /11: Using Holder’s inequality, with g/2 > 1 as in the hypotheses, we recall that we have
chosen M > (q/2)" so that v € RH(y2y (see Proposition 2.21),

Q) 4(9)] , 1/(q/2y 2/
Ills/ /IT,(I—:,//)Izv(x)dth s/ (/VWD (x)dx) ! (/ |T,(1—l//)|qu> e di
0 0 ! 0 0 0 t

“Q) 2/ d «Q) 2q d
< [t [ina-wiax) = [t ( [ ina-epa) ™
0 0 0 0 f

t

where we used the normalization v(Q)/|Q| = 1 in the last line. Now, since T satisfies L> — L9 off-diagonal
estimates (see Definition 2.39), using as usual R; = R;(Q) = 2/+10\2/Q for j > 1 and recalling that
1 — = 1 outside of 40,

1/q 1/q
(/QITI(I—w)qux) sjzzl(/gwt[(l—w)hj]wdx)
—njy t nyz (1 Ja— 1/2
<2 (gy) 1@ ( f, n-vfa)

; t ny: t t ny2
< 2—"17( ) g(Q)n(l/q 1/2)|R |1/2 < —njly= 1/2)< ) |Q|1/q ( ) |Q|1/q
J.Zzl Q) Z Q) Q)
since y > 1/2. Plugging this into the estimate for /// above we see, since y, > 0,
K(Q) t 2n'y2 dt
s [ o) e
0 Q) t

This is the desired estimate for 711.

To handle 11 we first define, for Q" € D(Q), I(Q’) := {(x,1) € Rg : x € Q', {(Q')/2 <t < {(Q")}, the
Whitney region in R%*! associated to Q’. We see that

// TwPv) 24
X t

We now use Holder’s Inequality with g > 2 so that the L? reverse Holder inequality for 7, holds, again
noting that we have chosen M large enough to guarantee v € RH /2y, to conclude that

dxdt , dxdt 14y dxdt
ne 5 ([ men B s I s ([ gt
Q) Q) 10"

Q'eD(Q) Q' D(Q)
0'¢Q;Vj 0'¢Qj,¥j

Q'eD(Q)
Q'NQ;=0.Y;

where we used that for Q” satisfying Q" ¢ Q; for all j (i.e. for Q" not contained in any of the Q;) we have,
by construction of the Q;, fQ, v(x)dx ~ 1. We now use reverse Holder assumption on 77 to obtain

dxdt dxdt
(ff, mor S < ffswr S
10 z Q') ?
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S, lﬁlz dxdt // ISMIZ dxdt
Q*

The desired estimate now follows from the fact that 7, satisfies an L2(R") square function estimate and
Wl 2y < IQI% by construction. Combining the estimates for I/ and /11, (3.14) follows and thus, by our
previous reductions, we have shown

Therefore, using this in the estimate for /1,

s |Q|”P|Q|”P]§[([Qq sutaars Y

Q'eD(Q) g'en(g) M1MCT)
Q,(ZQ/ VJ Q,(ZQJ V/

IS(T: - Pefllzey S 1A lle2g)-

It remains to handle the contribution of R,. Notice that so far, we have only required that v € A/, and
v > 1/r. The extra assumptions will be needed in order to handle R;. Again as in the proof of Lemma 3.1
we will appeal to interpolation with change of measure (see Theorem 2.25). For this it is enough to prove
the following pair of estimates:

(3.15) H(]lf | o) <o min (40 i@
ie

L2(R)

valid for some (and therefore all) Littlewood-Paley family (Qy), and some 8 > 0; and

(316 I(f_ Rerors)”
x—yl<t

') Spomyy, Qs llr2)-

We remark that in the first quasi-orthogonality estimate (3.15), even though the estimate itself is un-
weighted, R, still has a dependence on v. The uniform L*(v) estimate is handled the same way it was
done for the conical; setting / := Q% f we see

([ bR amenax) < (3 / /
mSx=yl<t [x—

~ ) 172
R dy V()
QeD, V<t

1/2
(X2 ][ * YO0 g bty dy V(x)dx)

Qeb; 0 Yyt
By Holder’s Inequality with exponent g/2 > 1 and M > (2/q)’, we see
) v(y) |4 )’ 1/<’1>' B 2
Sommo)P v < ([ 72 o &5)" s, 10175 ([ R ay)’.
0 Vyi vt Q

Plugging this into the first estimate, we can now proceed as in the conical case (see Lemma 3.1), exploiting
the L” — L9 off-diagonal decay in place of the L — L.

For the quasi-orthogonality estimate we proceed as follows: We exploit the off-diagonal decay that R,
inherits from R;. More explicitly we have, for fixed ¢, s > 0 using Fubini’s Theorem and duality

/ ][ RQ P dxdy = / YR @ F(OP dxdy
nJ |x—y|l<t ")

x—yl<t Vxir

- / YD R @ dx = / Y0 @ fx) - RQEF ) ddy

V.t n V.t

= [ R (S2R@ 1) - @ 5 IR iR Pl |2 e
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where R; is the adjoint of R,, for fixed # > 0, in L%(R™). Since IIQf fllzeny S 11QsfllL2@n)> we have reduced
matters to showing

(3.17) /

for some a@ > 0. To save space we denote by [ the left-hand-side of this last inequality. Recall that we
denote by D; the collection of dyadic cubes of scale 27 where /2 < 27% < . We compute, denoting by
Q" = ¢,Q for any cube Q C R" where ¢, is a dimensional constant,

a1 1= (3 / R (30rauf)[ ax) " - / ]|[ \
x—yl<t

v(x)

R (V(X)R,QZ )(x)‘ dx < min (; é) 1, F@PR dx,

Vxt

v(x

)RtQ f) ‘2 dy dx) 2

Vxl

v(x)

2 1/2 2 1/2
Rthf) ) dx dy) S ]]-R (Q) R;st> ‘ dx dy) S

where we define Ry(Q) := 2Q and for j > 1, R;(Q) := 21”rl Q\2j Q and we used the triangle inequality in the
last line, together with the L?>(R")-boundedness of R?. We now use the off-diagonal decay for R} to write,

(]lR (Q) V(X) thf) ‘2 dx < 2_’1jy|Q|1_2/r X (/Rj(Q)

~ 20 Dig) (ﬁ e @ fe| dx)” <20Pig (. mare) < (f =

where 77! = 1/r — 1/2 by Holder’s inequality. Plugging this estimate into (3.18), we see that

FOoON2F N2

(3.19) "y (Y ][ ol ][ IRQf(0 dx) (][ ‘V(x) dx) " dy)
Ri(Q) Ri(Q) ' Vi

Jj=0 Qeb;
where we have defined C; := 27m=2/") Since M > T, so that v € RH5 (see Proposition 2.21). Moreover,
using the doubling property of v and denoting Cy,,» to be the doubling constant, we have

‘ v(x)

Vot

RtQif(x)‘r dx) Y

2
s

7
dx) R

(3.20) Vg > 2/ C;;fub"x,zfr ~ Cigubz‘i"(Q;)’

where Q' is any cube with é’(Q;-) ~ 2/t containing x. Therefore decomposing R ;(Q) into N = N(n) cubes

r V(x) )7‘) 1/}7
SpyM dx
s (2 (f, 5
B V(OO N\ /7 -
(5 (102)) " <z
doub %: V(Q’)lQ’| doub
where we used (3.20) in the second to last line. In what follows, we absorb this constant into C;, now

writing C; := 27(+1/n=2/r-logz(Canw)/™)  Plugging this into the estimate for I, appearing in (3.19), and
using Fubini’s Theorem, we have that

11/2<Z Z][*CZ|Q]Z |R,Q2f(x)|2dxdy) Z Z/ ][x

+1
jz0  Qeb; j20  QeD, —y|<2k+1¢

Q' of sidelength 2/t we compute

v(x)|" 17
(o o) (3,

v(x)|”

Vxt

1
R@fP dxdy)’
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% 3 172 N1
T4 (& / . ]|[ i R@fP dxdy)” s /R IR@ S0P dx) (;cJZ)

< ([ raseora)’

where in the last step we used that Cyoup <S5 [V]1a, < Cs. This gives the desired estimate (3.17), since we
have good quasi-orthogonality estimates (see the proof of Theorem 4.4). |

4. EXTRAPOLATION OF SQUARE FUNCTION ESTIMATES

In this section, we obtain weighted and L” estimates for operators of the form t’"c’);"V(S,LV), for some
m € N large. The main ingredients for these estimates are the L" — L? off-diagonal diagonal decay estimates
for our operators (see Propositions 2.56 and 2.59) for r < 2 < ¢, used implicitly through the extrapolation
results of the previous sections.

At this stage we also mention the work [Pri19], where the vertical and conical square functions for objects
associated to the heat and Poisson semigroups of £ (without lower order terms) are considered. We remark
that our objects are a bit more technically involved to handle, in part due to the mild off-diagonal decay
that they enjoy. Nevertheless, the basic idea of extrapolation and control of the vertical square function by
a conical square function is the same.

In order to simplify the statement of our results, we make use of the following definition which encap-
sulates the assumptions that £ must satisfy.

Definition 4.1 (Hypothesis A). We say that the operator L satisfies hypothesis A if the following hold.
(1) £ has the form £ = —div(AV + B}) + B, - V, for some B; € L"(R";C"*!) and a complex elliptic,

t-independent, matrix A, that is, for some A > 0, a.e. x € R” and every &, ¢ € C"*! it holds that
AEP < Re(Ax)é - &), A - ] < %Ifll( l
(2) With p; > 0 as in Theorem 1.4, we have
max{||Billz»@n, IB2llr@n} < pi1.
We will say a quantity depends on ellipticity if it depends only on A and pj.
Next, we state the main result of this section.

Theorem 4.2 (L? extrapolation of square function estimates). Suppose that L satisfies Hypothesis A (see
Definition 4.1), and let ®, ,,, be any one of the operators

rOmIV(SEY),  marIN(SEB),  MITTIB(SEY),  i=1,2.

Then there exist g > 0, mg € N, and pg > 0 depending on dimension and ellipticity, such that for every
m > mgand p € (2 — &9,2 + &y), we have the estimate

ISO@rmLr@ey + IV Orm Ollewny <p 1flLe@n),
provided that max{||B1l|»w»), | B2ll2®m)} < po.

Let us give a quick roadmap to the location of the proofs of the various estimates summarized in the
previous theorem.
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e The conical square function estimate for tmﬁ’t"‘IV(SfV) is obtained in Theorem 4.11, while the
vertical square function estimate is given in Theorem 4.12.

e The estimates for #"9"! V(S£B) are contained in Corollary 4.13.

e The results for t’”a’,"‘lB(S,LV) are obtained in Lemma 4.7. There the results are obtained for the
operator with the gradient replaced by a ¢ derivative. A careful inspection of the proof though shows
that, as long as we have good estimates for the operator "3/~ V(SfV), the same argument applies.

o Estimates for the double layer potential are obtained in Theorem 4.14.

4.1. Estimates for VSZ. In this subsection we prove the relevant estimates for operators of the form
t’”a’,"VSf:. These will follow immediately from the extrapolation results from the previous section; together
with the off-diagonal estimates obtained in Propositions 2.56 and 2.59.

Remark 4.3. We would like to be able to apply Lemmas 3.1 and 3.7 to ©;,, = tm(?;”(StLV”) to handle
the double layer potential; it is not a simple matter however to obtain the necessary quasi-orthogonality
condition in those (one reason is that in the regime s < r we need to “add” derivatives to @, ,,, while taking
them away from Q;; however adding derivatives to @, is tricky since we already have a V) in front. We
will have to use the equation to circumvent this issue). We will treat this operator separately, in Section 4.2.

Theorem 4.4. Suppose that L satisfies Hypothesis A (see Definition 4.1). Let ©,,, = tm(');"VSf, then there
exist €1 > 0 and my € N, depending on dimension and ellipticity, such that if m > myand?2 —g1 < p < o

then |IS(®; m HllLrwry Spom 1fllLr @),

Proof. This follows immediately from Lemma 3.1. The off-diagonal decay is contained in Proposition 2.56,
while the quasi-orthogonality estimate (3.2) for R, is obtained in the proof of the L? square function bound
for ©;,, (see [BHLMP22, Theorem 5.1]); we sketch it here for completeness. Fix 0 < s < ¢ and we choose
Q, = sdivjQ;, so that

s

O m@sh(x) = 13"V SL(sdivyQsh)(x) = ;t’"“(?}"V(SfV”)(ésh),

and we appeal to [BHLMP22, Lemma 6.2], which shows that the operator t’"“a’,"V(S;LVH) is uniformly
bounded in L?>(R"), moreover so is és. This takes care of the contribution of ®,,, to R;. To handle the other
term we further choose P; = IS,ISI for an approximate identity 13t and note that |®,,ml(x)|13t is uniformly
bounded in LA(R") while P,Q, satisfies good quasi-orthogonality estimates when s < ¢. Finally, the L?
square function bound is obtained in [BHLMP22, Theorem 5.1, Lemma 5.2]. m]

We now turn to the appropriate vertical square function bounds.

Theorem 4.5 (L” Bounds for Vertical Square Function). Suppose that L satisfies Hypothesis A (see Defi-
nition 4.1). Let Oy, := t’"@}"VSf:. There exists £, > 0 and my € N, depending on dimension and ellipticity,
such that if p € (2 — 2,2 + &) and m > my then ||V(O n llLrwry < I fllr@wny.

Proof. We use Remark 3.10, with T, = t’”(?;”VS;’: and S; = t’"‘lﬁg”S,L. Then the square function bound for
T, follow from [BHLMP22, Theorem 5.1, Lemma 5.2], while the square function bound §, follows from
[BHLMP22, Theorem 5.1]. The comparability of 7" and S, as in Remark 3.10, follows from Caccioppoli’s
inequality (Proposition 2.49), and the Reverse Holder inequality for S, is contained in Proposition 2.54,
recalling that S,f(x) is a solution of Lu = 0 in Rﬁ“ (see for instance [BHLMP22, Proposition 3.16]).
The necessary off-diagonal decay for both S and 7 is in Proposition 2.56, choosing m large enough. The
conclusion now follows from Lemma 3.7. m|
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While the extrapolation result in Lemma 3.7 is interesting on its own, it turns out that in our context,
exploiting Caccioppoli’s inequality, it is easy to get a much stronger bound (in fact the moral of the proof
seems to be that, if 7; enjoys a reverse Holder inequality on slices, then we can always control the vertical
square function by the conical in an interval around p = 2). We state this in the following

Theorem 4.6 (Weighted Bounds for Vertical Square Function). Suppose that L satisfies Hypothesis A (see
Definition 4.1). Let ©,,, := tma;"VStL. There exist my € N and My > 1, depending on dimension and
ellipticity, such that for every m > m5, M > M, and every v € A, with the property vM € A, it holds

||V(®tm)||L2(y) ~ |S(®sz)||L2(v) RvM]a, ||f||L2(v)’

= - v(x) _ |y (x
Ormf(x) = Fror YO)y T g O f(x) = ®sz (x).

Proof. We note, from the beginning of the proof of Lemma 3.7, that the comparability [[V(®y, f)(xX)|l12¢) =

where we define

||S(@),,m D2y holds for any weight v. Therefore it remains to estimate the conical square function associ-
ated to ®;,,. First, we write

~ *© v(y) dt
[HCE A / / 7[ YO, ) dy 2L vy,
nJo Jix—yl<t Vv ?

and then, by the Holder and Caccioppoli inequalities,

v(y) q 1/q 1/q
f o Desoras (f )" (f |®,,mf<y>|2‘fdy)
lx=yl<t Vy.t lx—yl<t Ix—y|<t

) 312 ) 1
S (f__10ws o) s (f i s dvas)
[x—yl<t |x—y|<2t

where we have defined 6;,,-1 := tm—la',"s,f, and chosen ¢ € (1,2) such that our operators satisfy a 2¢q
Caccioppoli Inequality on slices (see Proposition 2.51) and then chosen M > ¢’. Now since 6 ,,—; satisfies
a reverse Holder Inequality (see Proposition 2.54) we see that

£ 1 z 7t/4
2 4
(f f owvoaa) <f ] oisoraas{ Cf R s
5 Jlx—yl<2r T JIx—yl<3e [x—y|<ds

The desired result follows now from Fubini’s theorem and the fact that conical square functions with dif-
ferent cone apertures are comparable (see the comments after Definition 2.2). O

vo)
Vy’[

In what follows we need square function estimates for the operators th;”BSL, where B € L"(R") is
independent of the transversal variable. The L? case follows from the bounds for t’"c');"VS,L and Sobolev’s
inequality, the case p # 2 requires a more involved argument both for vertical and conical square functions.

Lemma 4.7. Suppose that L satisfies Hypothesis A (see Definition 4.1). For a function B € L"(R"),
independent of the t variable and m € N consider the operators @ S (X) = thmBSL f(x), Oppf(x) :=

tm(?’t”V”Sf:f(x). Forevery 1 < p <nand f € CZ(R") it holds
VO, Allr@n < VO pmf)llLrn.
Moreover, if 0, f = tma’"HSLf, then for any 1 < p < oo,
IS@©7, Nir@ry SISO mHlir@ny + 11SOm-1 Ollr@ny < 1SOmar e -
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Proof. We begin with the bound for the conical versions. Note that the second inequality follows from the
fact that conical square functions always “travel up" by the L> Caccioppoli inequality. To handle the first
inequality we note that for fixed x € R" and ¢ > 0 we have, by Holder’s and Poincaré-Sobolev Inequalities,

2 _ Bl
(f  ebsopay) < Ple(
[x—y|<t t

|x—yl<t

. 1/2*
"3 SEFOI dy)

< 1Bl e [(][
|x:

where (6;,,-1f)x: denotes the average of 6;,,—; f on the n-ball |[x — y| < ¢. The result now follows from
Jensen’s inequality and the definition of S.

1/2
©unfOIPdy) "+ Ermr N

—y|<t

The vertical square function is a bit more involved. The idea is to write
®F,.f(x) = BLLRVt"3]'SF f(x) = BL|R®,, f (),

where [ is the fractional integral of order 1 and R is a vector valued Riesz Transform (note that the above
makes sense in L?(R") owing to the slices estimates of [BHLMP22, Theorem 1.4] and the mapping proper-
ties of /1 and R). Therefore, by Holder’s Inequality

V@2, Alltrny < 1Bl VI ROl oy

where 1/p* = 1/p — 1/n is the Sobolev exponent in dimension n. The desired result follows from the
following estimate: Let F : R"*! — C, then for every 1 < p < n,

||V(11RF)||LP*(Rn) < ||V(F)||LP(R")-
To show this, first note that for every 1 < p < oo we have
IVRF)|ILr@ny < IV Lr@n.-

This is a consequence of the weighted estimate

0 d 0 d
/ / IRF(x, 1) {v(x)dxs / / F(x, D)2 {v(x)dx, ye A,
n 0 n 0

and the extrapolation theorem for A, weights (see Theorem 2.22). Therefore it is enough to prove the
estimate for /; alone. For this we will need an off-diagonal extrapolation result (see [CMP11, Theorem
3.23]) to reduce matters to proving

( / ,, /O ) |11F(x,t)|2%v2(x)dx>l/2 < ( / n ( /0 L FG P %)M v(x)z*dx)”z*,

where 1/2, = 1/2 + 1/n, and the above holds for every v € A;, » (see Definition 2.32). To prove the above
inequality we appeal to Theorem 2.33 to obtain, for a weight v as above, ||11gll;2(,2) < llgll 2 (,2-). Therefore

</" /OOO PG % Vz(x)dx> " s (/ooo ( - |F(x, D> v(x)2*dx) 2/2*%> 1/2.

The desired bound now follows from Minkowski’s inequality (in L?/%+). m|

Remark 4.8. More generally, the proof above gives weighted inequalities and, in fact, shows the following:
Weighted bounds T : L*(v) — L(v) imply that [[V(T F)ll 2y S IIV(F)llz2()- The same is true for the conical
square function if 7" in addition has good local estimates, we refer to [AP17].
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4.2. Estimates for (SfV). We will need the analogue of Lemma 4.7 for the dual (in L2(R"Y)) operator.

Lemma 4.9. Suppose that L satisfies Hypothesis A (see Definition 4.1). Let B € L"(R";C") and set
O = tmE);"(S,LV“) and ®fm = tma;"s,ﬁB. then for any weight v € A, we have

IS(®F,. N2 Stv1ay 1Bl 1SO Lm0y 120 1l 20)-

In fact the constant can be shown to be at most a dimensional constant times [v]}g“ for some a < 1 (see for

instance [Pet08] and [LMPTI10])

Proof. We begin by writing, for f € C(R";C"), B f = divy[{ [} V(B - f) = divy;R(B - f), where I; is the
fractional integral of order 1. Therefore 2, f = ©,,,(I;R(B - f)), and so
IS@©F, N2y S 1S@umllz2 )20 IRTIB - Pll2y.

Since R : L*(v) — L3(v) by the Coifman-Fefferman maximal inequality (see Proposition 2.21), the result
follows from Proposition 2.34. O

Theorem 4.10 (Square Function bounds for (S£V)). Suppose that L satisfies Hypothesis A (see Definition
4.1). Let @y, := "9"(SEV) and O, := ("INSEV)) and 5 € (0,1). Then there exist M > 0, m3 € N
(depending only on dimension, ellipticity, and for mz also &) such that for every m > ms and if v/ € A, is
such that [VM]A2 < Cs (with Cs as in 7 of Proposition 2.21) then

ISz Scom 12,
provided that" |1By |2y < p3, for some p3 depending only on dimension, ellipticity 0f.[:||16 and Cs.
In particular, for p € (2 —1/2M,2 + 1/2M), it holds
ISOrmNLr@ry < N1 flLe@n).-
Proof. We follow the same outline as in the proof the corresponding unweighted L? bound for this object
(see [BHLMP22, Lemma 5.26], which in turn is based on the method in [HMM15a]). Throughout we fix
@y a CLP family (see Definition 2.14) with smooth compactly supported kernel, and set P; := — ftoo @ %
By the Hodge decomposition and the weighted estimates in Theorem 2.62, we see that it is enough to show
1S@tmA\VIF)r20) Spiny, IVIF N2
We start by writing, via the Coifman-Meyer technique [CM86],
0}, AV F(x) = (O),,(A|V|F)(x) - [0),,A1(x)] - P,V F(x)) + [O),,4)(:)] - PV} F(x)
= R(VF)(x) + [0, A, ()] - P,V F(x).
Since these objects already satisfy good (unweighted) L? estimates, the difficulties now shift to the
“error" term R;; indeed, using the weighted version of Carleson’s lemma (see Lemma 2.30) to handle

the second term it is enough to show that u(Rp) < v(Q), for each Q C R", where we have defined the
measure u as (recall that we are trying to control a conical square function)

dxd
du(x,t) := <]{ |®|t|,mAH(y)|2 dy) M

x—y|<t t

I5This is one of the few places where we may require additional smallness in addition to that imposed in [BHLMP22], prior to
discussing existence and uniqueness of the solutions to the boundary value problems.
16More precisely, the dependence on the ellipticity of £ is through the constants appearing in Theorem 2.62.
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To obtain this estimate, owing to the off-diagonal decay of ®|,|’m in Proposition 2.56 and the fact that du is a
Carelson measure when v = 1 [BHLMP22, Lemma 5.26], we mimic the argument in the proof of Theorem
3.1 involving Lemma 2.18; we omit the details.

It now remains to show that R, has good square function bounds. This is the main part of the proof; we
will follow almost verbatim [BHLMP22, Lemma 5.26], replacing weighted bounds where appropriate. We
begin by rewriting R; in the following way:

R, = 0),A| - [0],A1P, = (®|t|,mA||P ,— [O),A1P r) +0),,A1I - P = R + R

Since ®|t"m has good off-diagonal decay by Proposition 2.56 (see also [AAAHK11, Lemma 3.3]), so does R,
and satisfies the quasi orthogonality estimate (3.2), thanks to the presence of the P, term. We can then apply
the extrapolation lemma for conical square functions (Lemma 3.1) to conclude that IIS(RP]V”F M2y S

IV Fll 2, for each v € Ay, and some 1 < r < 2. For the term R?] we will use the equation in the form
of the identities on slices (see [BHLMP22, Proposition 3.19]). For notational convenience, we will denote
Z,:=(1=P)),and also b := (A,41.105- - Ansin)s @ = (Alnsls - - - s Ansine1). We write

RV F) = 0, A\ ZVF = O , AV ZF = 8,0,,,dZF — 6,,,(bNZF) + ©,,,B\ZF
— l‘@t,m_l(32||V||ZtF) + Qt’m(BzJ_Z,F) = J1 + J2 + ]3 + J4 + J5,

where as usual we have defined 6, ,, := t’”c?ﬁ”“S,L. To handle J; we note that, owing to the L™ — L? off-
diagonal decay of ©,,, (Proposition 2.56) and the average weighted estimates on slices of Proposition 2.40,

« e dt
IIS(J1)II%z(v) = / / ][ 10 m+1dt ™ ZF ) dyv(x)dx —
0 nJ |x—yl<t t

0 o dt
<ple @t Z,F ()P v(x)dx— < IV F 2,
2/ 0 R” t

where we have used Proposition 2.35 to handle the square function associated to Z; in the last line.

For J, we rewrite as follows:
J2 = et,m(g' V”F) + <9t,m(g' P,V“F) - [et,m];] . P,V”F) + [Gt,mg] . P,V”F = .12,1 + J272 + .]2,3.

Again appealing to Lemma 2.18 (see also the proof of Lemma 3.1) we see that the contribution of J; 3 is
under control by the weighted version of Carleson’s lemma (Lemma 2.30). The term J,, we can handle the
same way we did RE”; we omit the details. Finally, by Theorem 4.6, we have good weighted conical square
function bounds for 6, ,, and be L™ (R™), so the contribution of J; ; is also under control.

For J3 we appeal to Proposition 2.60, which, for s < ¢, gives the bound (for I,g = F)

1/2 s\B
I(f__ewsin@sora) |, < () Qs
x—yl<t

L2(v) ~ A\t

Therefore

e dt
(ISl 120 = / / ][ 0 B1(1 — PYF) dy v(x)dx —
0 nJ |x=yl<t t

)L

t d 2 d
O mB11 / Qgg(y)?s‘ dyv(x)det
0
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* N s u
< / / ][ / (*) OB Qg — dy v(x)dx —
0 nJx—yl<t JO NS s p

[T rs\BI2 st ds
<[] G T S 1@l < el
0 s t t s

where we invoked Theorem 2.25 in the last line. To conclude we note that I1g = F and so Rg = V||F,
where R is the vector-valued Riesz transform (with symbol £/|£]) and we know ||Rgll;2) = llgllr2(, for
every v € Aj; the desired bound follows from this since A/ C Aj.

To handle J4 we write it as
Js = =161 By |V |F + 16,11 By VP F =: Ja1 + Jas.
For J4; we appeal to Lemma 4.9 to bound
ISUa0lz20) Sivie, 1Bl @ IVIF Nl 2o 100l 20 20)-
Therefore, if [|B>||z#rn) is small enough we may hide this term on the left hand side.
We rewrite Jy 5 in the following way:

Jio = <l9z,m—1(32|| < PV F) = [16; u-1B] 'PtV|IF> + [10; 1Byl - P,V F =: RP! + [6; m—1By1 - PV F.

The term RP] may be handled the same way as RP], using Proposition 2.59 to obtain the right L" — L?
off-diagonal estimates. It remains to show, by an application of the weighted version of Carelson’s lemma,
a v-Carleson measure estimate for

du(x,t) := <]|[

x—y|<t

d
3} SE B dy) v =

This follows, once again, by an application of Lemma 2.18 (see also the proof of Lemma 3.1)"".

Finally, to handle Js, we appeal again to the L — L? off-diagonal estimates of tm“(');"“S,LBz 1 (Proposi-
tion 2.59) and Proposition 2.40 (which give that t’"“@}"“S[LBz 1 satisfies good averaged weighted bounds

on slices) to conclude
ISUs)lz2) < / /
0 Jrr

We conclude by the square function estimates of Proposition 2.35, the same as we did for Jj.

&y
t

2
v(x) % .

Combining all the above, we see that we have shown:

SOz 220y Sy, 1+ IBayllrnlISOL 2020

This gives the desired bound if the left hand side is finite and ||B|[z»® is small enough. To achieve the
former we may work with the truncated square functions given by

I/n d
SO nw= [ elsorad
n x—y|<t

which satisfy IIS,,(G)I,l,m)ll 2(v)>I2(v) < ©0, owing to the estimates on slices of Proposition 2.40. Fix now Cs
as in the assumptions, i.e. [VM] < Cj, then our estimates read (see also Theorem 2.62)

||S(®|t|,m)”L2(V)—)L2(V) SCO 1+ ”BZII”L"(R")”S(®It|,m)||L2(v)—>L2(v)'

Notice that, since we already have good unweighted L? square function estimates for ®,,,, the John-Nirenberg lemma gives
us that this object is under control; as opposed to the unweighted case, where we were forced to hide this term.
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Thus, choosing ||Byllr®ry < p = p(Cs) we can hide the second term on the right hand side and conclude
the result. The L” bounds are a consequence of this and Corollary 2.29 if we choose ¢ = 1/2, where recall
C12 is defined as in 7 of Proposition 2.21. ]

Theorem 4.11. Suppose that L satisfies Hypothesis A (see Definition 4.1). Let @y, = t’"@}"_IV(S,LV) and
0 € (0,1). There exist my € N and M > 0 (depending only on dimension and ellipticity, and for my4 also on
0) such that if m > my and v € A is such that [vM] 4, < Cs, then

||S(®t,mf)||L2(v) S[VM]A2 ||f||L2(V)’

provided ||Byj|lpxwmy < pa, for some ps depending on dimension, ellipticity of L), and Cs only.

In particular there exists g4 > 0 (depending on dimension and ellipticity) such that if p € (2 — 4,2 + &4)
and m > my then

ISOrmNHlze@ny Sp N1fllLe@ny.

Proof. Notice that it is enough to consider V| instead of V in both instances; otherwise we are in the
situation of Theorem 4.4 or Theorem 4.10. Therefore, without loss of generality, @, = 8"~ 'V|(S£V)).
In this case, for f € C°(R"; C") we can write

Ornf(x) = "IV SEivy f)(x) = 9"V SEg(x).

By the Caccioppoli inequality on slices (Proposition 2.51) we see that, for fixed x € R* and ¢ > O,

8] dt oo p5t/4 dt
/ ][ "3 VI SEFOIP dy— < / ][ ][ "oy SEe (I dy—
0 Jlx—yl<t t 0 Jija  Jix—y<2t t

i Agm-1, oL 2 dt ® L am-1, oL 2 . ds
- / ]1 ][ 151 (SEY R dyds / 1 SETFOP dy .
0 Jiya Jix—yi<r t 0 Jlx-yl<2s §

The result now follows from Theorem 4.10 and the change of angle formula for square functions (see the
comments after Definition 2.2). m]

The following is the weighted version of Theorem 4.2 for the vertical square function.

Theorem 4.12. Suppose that L satisfies Hypothesis A (see Definition 4.1). Let ©®,, := t’”(?;"_IV(StLV) and
0 € (0, 1). There exists ms € N and M > 0 (depending only on dimension and ellipticity, and in the case of
ms also on 0) such that if m > ms and v € A, satisfies [vM] 4, < Cs, then

IV©rmli2e) Sco 1f 125

provided ||By|| < ps, for some ps > 0 depending only on dimension, ellipticity of Ly, and Cs.
In particular there exists 5 > 0 (depending on dimension and ellipticity) such that for p € (2—&s5,2+¢&s)

VO mHllreny < Nfllzr@ny-

Proof. By Theorem 4.6 and t-independence, it is enough to consider the operator ©,, := """ V(SfV”).
Now the idea is to repeat the proof of the weighted bound for V(t’”c?’t"Vng), with g = div) f, in Theorem
4.6, using now instead Theorem 4.11; we omit the details. O

The next corollary is useful when dealing with square functions involving the double layer potential.
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Corollary 4.13. Suppose that L satisfies Hypothesis A (see Definition 4.1). Let €y > 0 and My > 0 be as
in Theorem 4.2. Let @fm = t’"BT_IV(S,LB)for some B € L"(R"; C"™1). Then for every f € CX(R";C"*1)

IIS(Gfmf)||L2(V)’ ”V((afmf)HLz(v) s[v’”h2 ||f||L2(v)

Proof. Write By- fjj = div|V i1 [1(By - fjj) = divyRI1 (B - fjj) = div)g). Notice that, by the proof of Proposition
2.34, we know |Igllzrw) < llfjllLrrry for every 1 < p < co. On the other hand we can also write B, f| =
divyRI (B, f1) = divyg, where |lg llrrrny < lIfLllzrrry. Combining these two observations the result
follows from either Theorem 4.11 for the conical version or Theorem 4.12 for the vertical. m]

Recall that for N = —e,41 the exterior normal to GRTI we have the representation formula for the double
layer DL f = (S£V) - AN f+(SEBy) - N f, for f € C°(R"). As an immediate consequence of this and the
previous results we have

Theorem 4.14 (Square Function Bounds for Z),L Part 1). Suppose that L satisfies Hypothesis A (see
Definition 4.1). Let g9 > 0, my € N, and po > 0 as in Theorem 4.2. Suppose ©,,, = t”’a;"VZ),L. Then for
m>mg, p€(2—-¢gy,2+¢p)and f € CJ(R")

ISO®m e @y, IV Orm Ollr@®ey S N fllLr@ny-

Theorem 4.15 (Estimates on Slices for VStL). Suppose that L satisfies the hypotheses of Theorem 4.2. If
g0 > 0is as in Theorem 4.2 and p € (2 — £9,2 + &9), then for f € CZ(R")

ISE Al oy + IVSE Fllr@ny Smp 1 llLrn)s 1>0.

Proof. The proof of this result is essentially contained in [BHLMP22, Theorem 1.4], using the L? square
function estimates from the previous section instead. We omit the details. |

As a consequence we obtain the necessary boundedness on slices of our operators.

Corollary 4.16. Suppose thatL satisfies the hypotheses of Theorem 4.2. If &g is as in Theorem 4.2, then for
everym> 1, p € (2 — &0,2 + &) and f € CX(R"; C"*1)

12707 (SEV) - fllp gy + 170 V(SEV) - fllr@ny Smp Ifllr@n, — £> 0.

If either of the gradients is replaced by 0,, then the above remains true for m = Q.

Proof. Tt is enough to treat V(S#V)) by r-independence. The idea is to write V(SZV,f) = VSEdivyf
and apply the L? Caccioppoli’s inequality on slices (Proposition 2.51) once, and then use induction (recall
that the off-diagonal decay already gives uniform L? bounds for m large enough). Details can be found
in [AAAHKI11, Lemma 2.11]. O

Similarly we have the result for B; in place of the gradient, the proof is a simple application of Sobolev’s
inequality for m = 0, Caccioppoli’s inequality on slices, and duality.

Corollary 4.17. Suppose that L satisfies the hypotheses of Theorem 4.2. If g9 > 0 is as in Theorem 4.2,
m>0,and p € (2—gp,2+ &), thenfor f € C’(R") and g € CZ"’(R";C”“)

"0 BiSE fllr@ny < Ifllergeys "3 SEB)) - gllir@ny < lglle@n)-

The following result is really a corollary of the above estimates; we state it on its own for future reference.
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Theorem 4.18 (Estimates on Slices for DX). Suppose L satisfies the hypotheses of Theorem 4.2. If &y is as
in Theorem 4.2, then form > 0 and p € (2 — gp,2 + &) and f € CZ(R"),
1" DF fllerny < M fller@nys 1> 0.
Proof. Again by Caccioppoli inequality on slices it is enough to treat the case m = 0. The result is an

immediate consequence of the following representation formula for the double layer given earlier: For
f € CZ(R") we have Z)ff = (St[V) . (Aﬁf) + (S,LEZ) . ﬁf, where N = —e,41 18 the exterior normal. m]

The following result will be used in the proof of the non-tangential maximal function estimate.

loc = S}Ef or
u = DLg for some f,g € C. For any positive Lipschitz function ¢ : R" — R with ||V¢||p=®r) < 1, if we
define the function uy(x,t) := u(x,t + ¢(x)), (x,1) € Rﬁ“, then we have

Lemma 4.19. Suppose that u € WI’Z(RTI) is a solution of Lu = 0 in R™!, given by either u

sup [lug (-, Ollzr@ny S IVEVW)r@n,
>0

for p € (2 — &9,2 + &9) as in Theorem 6.1 (one has to keep in mind here that the vertical square function
“travels down" as long as we have good estimates on slices).

Proof. We sketch the proof: The function u, solves an elliptic equation Lyu, = 0 of the same type as L,
with the corresponding norms of the operator £, controlled in terms of those for .£ and |[V||z=rn). Next,
we apply [BHLMP22, Theorem 6.12] (or, more precisely, its proof of the uniform Y'>(R") estimate). O

5. NON-TANGENTIAL MAXIMAL FUNCTION ESTIMATES

Proposition 5.1. Let u € Wl1

that'®

’CZ(RTI) be a solution of Lu = 0 in R™'. Forall ¢ > 1 and & > 0 it holds

O

N3 (Vi) £ MNG@w)) + MVju(-, ) + M, 8)) - Ma(B1),
with implicit constants depending on dimension, ellipticity and q. Here we recall that we have defined, for
anyr > 0and g € L .(R"), M,(g) := MgIHY". In particular, if 1 < p < nand u(-, &) € Y'P(R") for every
e >0,

IN2(Vi)llr ey < IIN1(Ost)llLe ey + sup [[Vyu(, €)llLrn)s
>0
whenever the right hand side is finite. Moreover, for u we have that for any p > 1,
IN2@@l e ey S IN1V@Lpey-

Proof. The statement for u follows from the reverse Holder inequality for solutions (Proposition 2.54) and
the comparability of N defined with different parameters for C, ;.

Fix & > 0 and set u.(x) = u(x, €). Fix z € R" and (x, r) € I'(z). Recall that we defined the cylinders C; in
Section 2. We denote by C}, the concentric dilate 2Cy, and a} the L' average built with C}, instead of Cy,
in (2.6). By the reverse Holder inequality in Proposition 2.54, for any ¢ € C

1
ar(Vu)(x, 1) < ;aT(u —o)(x, 1) + |cla5(By)(x, 1) =: [+ I1.
If we choose ¢ := fA” ug dz, then we immediately see, exploiting the #-independence of By,

11 < M(ug)(2) - a3 (B1)(x, 1) S M(uz)(@) - Ma(B1)(2).

183ee Definition 2.5 for the truncated maximal function K/f).
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It remains to estimate /. For this purpose we compute
ay(u—c)x, 1) <aj(u—ug)(x,t) +aj(ugs — c)(x,1).

From the definition of ¢ we see that
aj(ug — c)(x, 1) = ]5[ ug(y) — ][ ug(w) dW‘ dyds < l][ [Viueldy < tM(Vyue)(2),
C;r Ax,t Ax,t

where we used the Poincaré inequality in L'. On the other hand, by the fundamental theorem of calculus,
and introducing an average in space, we have that

@} — up)(x,1) = ]f[
Chi

S S
u(y, s) — u(y, 8)) dyds < ]§[ / |0:u(y, T)| dt dyds < ]§[ / |0-u(y, T)|dtdyds
;,/ &€ C;,z 0

2][ /][ f |0:u(y, T)| dwdy dtds
[t—s|<t/8 JO J|x—y|<t/8JS|y—-w|<T/8
S][ ][ /][ |0-u(y, T)| dydt dwd.s.
[t—s|<t/8J |x—w|<t/2 JO J|w-y|<T/8

s 27kg
/ ][ |6‘ru(y’ T)l dydT pS Z 2_ks ][ |5Tu(y’ T)' dydT
0 Jiw—yl<t/8 Iw—yl<27k=35

1=0 27

Now we notice, for fixed s > 0,

<Y 27%s5a (@0, 277 2s) ) 2K sNIBr)() S SN Br)().
k>0 k>0

Plugging this estimate into the inequality preceding it we arrive at

@ u)(x ) < ][ SN @ea)(y) dyds < IMON: @r0)(2),
|x—w|<t/2

|t—s|<t/8

where we used the fact that r ~ s for the last inequality. We conclude I < M(K/ 1(0:u))(z), which, when
combined with the estimate for /7 yields the desired result in the case that ¢ = 1. m|

Lemma 5.2. Suppose that L satisfies Hypothesis A (see Definition 4.1). Let u(x,t) = 8,3,1: f(x) for some
f e CPRY) oru(x,t) = Z);’:gfor some g € CX(R™). There exists mg € N and g¢ > 0 such that if m > mg
and p € (2 — &6,2 + &) then for every g < p,

INg@rmPlr@ry SISO pmer Ol + 1V (Ot F)llocen,

with implicit constants depending on p,m,n and ellipticity; and where we have defined, in the case of

u(x, ) = 0, SFf (),
Oppf = "IVSES = 9" VU, and O f = "0, SEf = "0"u,
and in the case of u(x,t) = Z),Lg,
Ounf = "I"VDETf, and O, f = "D
Therefore the conclusion can be rewritten, in terms of u, as

||K/q(fm(9inu)||Lw(Rn) S ISE™ VU)o @y + IV (EV)l| Lo zo)-
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Proof. For m > 0 let us define a modified version of the averages a, given by
1/q l/q
a0t i= (ff a1 dyas) "~ (fF 153 o avas)
Cx,t Cx,l
In particular, for z € R”, K/q(ﬁt,m)(z) A SUP(y er(z) dgm(UW)(x, 7). Writing for 4 > 0,

iz € R : NyBrmf)(@) > W < iz € R : NyBrmf)(@) > A, S(Opms1 ) < YA
+ iz €R" : SO i1 NE) > YA,

we see that it is enough to prove that, for y > 0,

|Eael =1z € R": K/;(@z,mf)(z) > A, SO 1)@ <y S APNV(O1 HllLr @,

with constants uniform in € and A. Define the function ¢, as follows:

@e(x) ;= inf {t >eg: sup agmu)(y, s) < /1}.
,8)e(x,0)+I°(0)

Recall that we have, from the control on slices in Corollary 4.16, if p € (2 — 9,2 + &9) (here g is as in
Theorem 4.2 and Corollary 4.16)
(5.3) sup [[" 0" u(-, )|l gy < o0,

>0
S0 in particular
(5.4) agmW)(y, s) < s Sup "9} s ee)-

>

We conclude that lim,_, SUP epn agm(m)(y, s) = 0, and so & < @.(x) < oo for every x € R". Moreover ¢,
is a Lipschitz function with constant 1, since it satisfies the appropriate uniform cone condition. We set
Ly, :={(x,0) € R’fl : t = @s(x)}, the graph of ¢.. Finally recall that we denote ()4 the average of u over a
set A € R™*! of finite measure.

We first claim that, for every z € E, . and if we denote Z; := (2, 9(2)), 4 < Mr oo (Agm(W)(Ze), for some
implicit constant independent of A and &, and where Mr,denotes the maximal function on I',, with its
natural surface measure, which we denote by o. To see this fix z € E; . and (x, ) € Z, + I'(0) and note that,
owing to (5.4) there exists R > 0 such that a,,,(u)(x, 1) < A/2 if t > R. Moreover using that K/g(@,,m HE) >
A, so that ¢.(z) > &, there exists (y, s) € Z; +I'(0) satisfying ag,,(u)(x,t) > A. By continuity of a,,,, in
Rﬁ“ we conclude from the above that there exists a point (x, 1) € Z + I'(0) such that a,(u)(x, 1) = A, and
(x,1) € {agm(u) > A}. Note also that the above implies (x,7) € I'y,, i.e. 1 = ¢g(x): For every 6 > 0 there
exists (y, s) € B((x,1),0) such that a,,,(y, s) > A, and so, since B((x,1),0) C (x,1 — \/56) + I'(0), we have
Ye(x) > t— V26. Since § was arbitrary we conclude ¢.(x) > ¢. On the other hand, by the Lipschitz condition
on ¢, it can’t happen that Iy, intersects the interior of the cone Z; + I'(0), therefore ¢.(x) < . Notice that,
in fact, the above shows that (x, ) = (x, @:(x)) € 0(Z; + I'(0)).

Given such a point (x, ) = (x, p(x)) := X, and for any (y, s) € B(X.,1/100) we have, by the Poincaré-
Sobolev inequality and writing v,,(w, 7) := 07u(w, 1),

l/q
A= aq,m(”)(X, 1) < (# t2m|vm - (Vm)CX,,lq deT) + l’ml(Vm)Cx,, - (Vm)C)-,J + tm|(vm)CN|
C

Xt

1/2
< ( // |r’"va|2rl‘"dwdr) +"(Vi)e, | S S@pmi1 ) + " (Vm)c, |
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<yd+ tml(vm)Cy,sl <yd+ aq,m(“)(y, s),
where we also used the fact that x € E, . and that T =~ s = . Choosing y < 1 small enough we can write
A < agm(u)y,s), foreach (y,s) € B(X,,1/100).

From here (5.4) follows easily: Integrating the above inequality on I',, we have

1< ][ 1y ()W) dor(W) < ][ g ()W) (W),
B(X,.1/100)1T,, B(X,.)NT,,

where we have used o(B) ~ r(B) for any ball centered on I'y_. Moreover, since X, € d(Z,; +I'(0)), we have
|z— x| = [t — @e(2)] = t — pe(x) < t, and so we conclude Z, € B(X,, t) and (5.4) follows. Since (5.4) holds for
any z € E, . we see that

|Eael S HW € Ty, : Mr, (agm@)(W)}| < 477 / aqm)’ (W) do(W).

Ye

Therefore, it is enough to prove that

55) [ a0 9 W) < 10

F‘Ps
We make a further reduction as follows: Note that, by the L7 Caccioppoli’s inequality applied m times, for
any (x,1) € R,

gm)(5,1) = % "y, dyds) < (]f[ ty. W dyds) ' = a0 0.

x.t Xt

Therefore the result would follow from the estimate

/R a3 g dy /F a5 (W)IP do(W) < [V iloes.

Ye

To simplify notation we set g(x) := ay(u)(x, p(x)), and v(x) = M(g)(x)P~9. We then have that

/R 16 0) 6, @GO dy = /R () dx < /R S1Cov(x) d.
Note that

4 4 (x)
g%(y) < @e(x) < g(pg(y), whenever |x — y| < "DST,

owing to the fact ¢, is Lipschitz with constant one.

We now go back to the definition of g and a;, to compute,

5¢s(x)/4
/g"(x)v(x)dxz/][ ][ lu(y, $)|? dsdy v(x)dx
R nJx—yi<ge /4 300()/4

5/3
< / / ][ Wy Tes NI dy v(x)dx dr
4/5 " Jx=yl<ee(x)/8

5/3
< /4 /n M(|u(.,np8(.))|q) (x) v(x)dx dr.

/5
By Holder’s Inequality with exponents p/q and p/(p — q) we see

[ Mt m ) 3 v < M 7D Wi
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and, since g < p, by the boundedness of M, in L?

q/p
||Mq(u("T‘ﬁs(')))”%p(w) < (/ lu(x, T%(x))lp dx)
Rn
Similarly,
- (p-a)/p
Mluso-arsey = M@ < ([ g0 )
Rn

Combining the above estimates, we obtain

5/3 i
/ gP(x)dxs/ ( |M(X,T<p8(x))|pdx>q/p(/ gp(x)dx>(p q)/pdT'
8 4/5 Rn -

Using Holder’s inequality again (perhaps with g(x)1 ¢y if necessary in order to divide by ||gl[z»®)),

5/3
/ gl(x)dx < / / lu(x, e (x))IP dxdr.
n 4/5 R~

We now note that 7¢, is a Lipschitz function with constant 7. Therefore the function v(x, ¢) = u(x, t + p-(x))
solves L, v = 0 in R"*!, where the operator Ly, is of the same type as £ and moreover its coeflicients
are controlled (in the appropriate norms) by those of L. Therefore, by the control on slices by the vertical
square function in Theorem 4.15 (see also Lemma 4.19)

/ uCx. TR dx = / VCx, 0)F dx / ( / v )" ax
. ! n N Jo t

® 2 P2 p
<[ () IVuCeoPud)” dx < IVGV0I g,

©s(x)
This yields (5.5) and the result is proved. O

Remark 5.6. Notice that in the above lemma, the only things required for its proof were:

(1) 6, satisfies good estimates on slices (as in (5.3)).
(2) We already have, for all operators of the form £ = —div(AV + By) + B, - V (with sufficient smallness
of the first order coefficients), the control on slices by the vertical square function

[luC, DllLr@ny < WVEVWLr@n).

The following result uses the fact, proved in the next section, that V(tma?l‘IV(S,LV)) satisfies L” bounds
forall m > 1.

Corollary 5.7 (L? estimate for non-tangential maximal functions of layer potentials). Suppose that L sat-
isfies the hypotheses of Theorem 4.2. If 9 > 0 and mq are as in Theorem 4.2, and if p € (2 — &9,2 + o) and
m > mg > 1 then B

IN2@r i lLewey S fllLee,
where @y, is either t’"@;”V(SfV) or t’"(?T_1VZ),£.

Proof. We treat only the single layer. The double layer argument is identical. Also, notice by ¢ indepen-
dence it is enough to treat the operator with the inside gradient replaced by V). First, from the pointwise
inequality in Proposition 5.1 and the dominated convergence theorem, we see that for any ¢ > 1 and p in
the above range, and setting 6, = t"9"(SEV)) = —"3""SEdiv), we have

IN2(®r i )l Lreo @y S NGO m|Lre@ny + SUP 1O f Lo wn).-
>0



52 S. BORTZ, S. HOFMANN, J. L. LUNA GARCIA, S. MAYBORODA, AND B. POGGI

In particular by the slices estimates in Corollary 4.16 and Theorem 4.18, and choosing g as above,

||/§/2(®t,mf)”LP’°°(R") SISO mHllir@ny + VO 1 Ollrwny < N fllLr@wny,

where we have used Theorem 6.1 for the last step; ensuring that V(®, 1 f) is under control. The result now
follows from real interpolation. m|

6. TrAVELING DowN

We first establish the vertical square function estimates, since there is little difficulty there. The discrep-
ancy between these so-called traveling down procedures for the vertical and conical square functions should
be contrasted with the situation in the extrapolation arguments.

Theorem 6.1. Suppose L satisfies the hypotheses of Theorem 4.2. Let €y be as in Theorem 4.2, then for
p €2 -¢&p,2+ &) and every m > 1 it holds

IV ®rm ey Sm fllLe@n),
where @, , is either 1"0"~'V(SEV) or "3 ' VDL,
Proof of Theorem 6.1. We employ the same idea as in the L? case from [BHLMP22]; integrating by parts
in ¢ to control the square function of ®,,, in terms of ©;,,+1 plus terms that are bounded in L”. Notice that

for m > my large enough the desired bound is a consequence of Theorem 4.2 and Lemma 4.9 for the case
of the double layer.

We start by defining, for > 0,

” di\ /2 1n di\pl2
p at o ) dt _
/ K /0 OunfP ) dx lim | ( /n Ounf 0P )" dx =i 1.

In particular, owing to the estimates on slices from Corollary 4.16, we see that I;, < oo for all such . We
now carry out the integration by parts

1/n /2
I, = / ( / 218"V SEdiv, f(x)lzdt)p dx
" n
. 1/n\ p/2 1n dr\ /2
< [ (wapvstavreor] ) ave [ ([ @ums@h0maron )" ax
n = n TI

» 1 dr\pl2
<Calllygnt [ ([ 1Ol sol)" ax
R” n

where we used the estimates on slices in Corollary 4.16 for the single layer and Theorem 4.18 for the double
layer for the last line. Finally we use Cauchy’s inequality with a parameter to obtain

M dr\p/2 1 dis 2
/ ( / 1O1mf (D) 7) dx S | fIEpceny + / ( / 1Omi1 f() 7) dx.
n )7 R” r]

Letting n — 0 we can write [|[V(Orm llLr®ry < IIflle@ny + IV(Orms1/)llLe@ny. The result now follows by
induction and Theorem 4.2. O

We now turn to the much harder task of traveling down with the conical square function. Here, although
the idea is the same integration by parts technique, the arguments become much more elaborate due to
the ‘space averaging’ happening alongside the integration over the transversal variable. To handle this we
will make use of the non-tangential maximal function estimates from the previous section (see Lemma 5.2)



CRITICAL PERTURBATION THEORY, PART II 53

through a modified version of the classical Carleson embedding lemma (see Lemma 2.31). However, the
use of the non-tangential maximal function makes the traveling down procedure for either this object or the
conical square function a bit subtle. It is our hope that the following lemma (which should be read with the
results of the previous section in mind) and Theorem 6.11 clarifies the intertwining of these two procedures.

We also note that for the range p > 2 we already have the conical square function bounded by the vertical
(see Proposition 2.4) by general facts about square functions, so it is only the case p < 2 that is of interest.

Lemma 6.2. Let O, ,, be either t’”@j”_lV(S,LV) or t’"a’,"‘lVD,L. Suppose that m > 1 is given such that
SO mf). SOpms1 ), VOpms1 ). V(O f), N (O f) € L*(R"),
and sup,.o 1O fll 2wy < 00, iMyse0 1O fll 2wy = 0, for every f € CZ(R"). Then, for every 1 < p <2,
IS@LmNHllr@ry S USOpmrt ey + IV(Opmr1 llLr@r)
+ VO Pl + IN @ Pliory + SUp 1O fllr .-

>0

Proof. We fix m > 1 as in the hypotheses and define g,, := sup,.o1®:mfl . hm = N (@), and Hy, :=
SO m+1f) + gm + hy. Recall from Proposition 2.61

lgmllz2mny S VO umNllr2wey + IV Opmet Hllp2ny + SU(I)) 1O fllz2(n)-
>

Therefore H,, € L*(R") and so, by the Coifman-Rochberg theorem, we see that if we define v(x) :=
MESO®y,n f) + H,))(x)P~% for some 1 < p < 2, then vY € A, for any M > 1 satisfying M(2 — p) < 1 and
moreover [vM],, depends only on the quantity M(2 — p).

We now mimic the proof of the extrapolation lemma 2.28 and write, for fixed 1 < p < 2,
(6.3) SO dx < | ME@nf) + Hp)(x) dx = | MES@nf) + Hy)(x)v(x) dx
R? R R
S | ME@umME V) dx+ | MHp) () v(x)dx
R R

Spin, /R SO N V(x)dx + | MUE) dx 5 /R SO N V(x) dx + / Hp(0)" dx,

where we used the boundedness of M in L?(v), by the above discussion, and in LP(R"). By definition of
H,,, and Proposition 2.61, we have

6.4) NHullr@ny <$p IVOrmNlle@ny + IV Orme1 ey + sup [|@rm fllLr@ny
>0

+ SO 1 HllLr@ny + ”N(®t,mf)”LP(R”)-

It thus remains to estimate the first term in (6.3). For this we will try to emulate the procedure for the
vertical square function, introducing an approximate identity P, to smooth-out the averaging implicit in the
definition of S. We will first fix the approximate identity: For r > O we define P; := e’zA, O = tc'),e’ZA =
t0;P;. We will also need to truncate our weight to formally justify our computations so we define, for N > 0,
vy = min(v, N). We compute, using Fubini’s theorem,

/ @ f)()? v(x)dx=/ / ) ][ O fOIP dy 2 y(0) dix
R” nJo  Jlx—yl<t t
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o0 d o0 dvd
= / / |®t,mf<y>|2f v dx L dy < / / O f WP 2L = 1,
n O |x—y|<t t n 0 t

Now, by the monotone convergence theorem,

1/e ydt
I= lim lim I,y := lim lim / / 1O fO) Py (y) ——
R Je

N—oo g0 N—oo g—=0

Recalling the definition of ®,,, and integrating by parts in ¢ we obtain, recalling that Q, := 19, P;,
1 Ve 2 2 1 2 l/e
(6.5) I.n = o / / 6,<|(9:”St£f| P,vN>t " dydt + / |O¢ i f1"Prvy dy‘t
R & n =&

1 1/e dydt 1/e dydt
<= / / |®tmf||®tm+1f|PtvNy— — / / 1Oy ] |Q,vN|y—
m R Je R Je

1
* o / 1©1/emfIPP1jevn dy = 5 / 1@ f*Pevy dy
m Jgrn 2m R
=: II£,N + III&N + IVS,N + V&N.
We handle the boundary terms first. To start we note that by Theorem 1.4 in [BHLMP22] we have that

im0 1O f1I2rry — 0O, so that, using |P;vy| < N pointwise in R”, we obtain

IVen < N/ |®l/s,mf|2 dy -0 as &—0.
Rn

Therefore

(6.6) lim lim IVyy = 0.

N—oo -0

On the other hand, as ¢ — 0, we have P.vy — vy pointwise a.e. and |®, f ? < g,%l, by definition of g,,.
By the Dominated Convergence Theorem (recall g, € L2(R") and P,vy < N) we get that

Ven S / g2 Pevy dye=0 / givydy < / givdy s / gh dy,
RV! R)‘l RV! Rﬂ

where we used the definition of v in the last line to conclude v(y) < /\/((g,,,)(y)l”_2 and the Hardy-Littlewood
maximal theorem. We conclude

6.7) lim sup limsup Ve n < / gh dx.
RI’L

N—oo &e—0

The first term /1 y we can treat as usual; using Cauchy’s inequality with a parameter we see

l/e dyd l/e dydt
(6.8) Ilen <6/ / 1O fI? PlvNi +C(6)/ / 1O mer fPPvy —— y
dydt

1/e
=0l n + C(0) / |®tm+1f| Py —
R)l P t

Choosing ¢ small enough we can hide the first term on the right hand side of (6.5).
Finally, we rewrite /11, y in the following way, using the Cauchy-Schwarz inequality,

Iy = / / Oun 1o /PO, VP P <y / / @ R (5, 1),
n & n E

|Pvn
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where we have defined

10N dxdi
dun(x,1) := szVN(X) 5

By Proposition 2.38 and the modified Carleson’s lemma (Lemma 2.31) we obtain

1/e .
L[ emstanons [ K@umPwds= [ howays [ #has
Rn & R}’l n Rn
Therefore, applying once again Cauchy’s inequality with a parameter, we see that

(6.9) I,y <6l +C©) | hPdy.
R}l

Combining the estimates (6.8), (6.9) we arrive at

e 2, dydt »
Is,N < |®t,m+1f| P T + Hm dy + IVS,N + VS,N7
R" Je R~

where we notice that I,y < co owing to the fact that vy < N and sup,. (1O fll2g» < 0. We now use
Proposition 2.38 to get that |P,vy(¥)| < Jfl vy dx and so

x—y|<t

1/e dydt l/e dydt
/ / 1Oumet SOPPN () 22 < / / ][ 1Oume SO Z50(x) i,
R* Jg ! nJeg [x—y|<t t

Now taking first the limit as € — 0 and then as N — oo, and using (6.6), (6.7) and the previous equation,

I< / S(®me1)* vdx + / HP dx < / HP dx.

The result now follows from the definition of H,,, more specifically (6.4). O

Remark 6.10. As far as the hypotheses of the previous result are concerned, we note that we have good
control on the quantities involving V, by Theorem 6.1. Moreover by [BHLMP22, Theorem 6.12] (see also
Hypothesis A in Definition 4.1), the conditions on the quantities ||, f|/;2(r~ are also satisfied. Therefore,
under the same hypotheses as Theorem 4.2, we may rewrite the above as

ISOpm Hllzr®ey < NSOp a1 Ollrwny + ||N2(®t,mf)”LP(R")-

As a corollary of this result and Lemma 5.2 on the boundedness of the non-tangential maximal function
we have the following

Theorem 6.11. Suppose L satisfies the hypotheses of Theorem 4.2. Let p € (2 — &9,2 + &), with & as in
Theorem 4.2. Then, for every f € C°(R"), we have that

ISEO.VSEN @ < Ifl@y,  INAISENN @y < I lLr@ns
and that N
ISEVDElireny < W fllrenys  IN2DEOIe@n < 1A lLrn)-

Proof. We define Oy, to be either 9"~ 'V(S£V) or 9"~ 'VDE. For p > 2 we have by Proposition 2.4
and Theorem 6.1, [|S(O.1 Hllrwry + IV(Or1 Ollrwry < lfllLr@n. It remains to show the non-tangential
maximal function bound when p < 2 and p > 2 and the conical square function bound when p < 2. We
will show both the square function and non-tangential maximal function bounds in the case p < 2. (The
case of the non-tangential maximal function bounds when p > 2 the same.)
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We treat the case of the single layer first. By Theorem 4.2, together with the traveling down for vertical
square functions in Theorem 6.1 and Corollary 5.7 we see that for some mgy > 1,

(6.12) IS(®r g N Lr ey + ||K/2(®z,mof)||LP(R") S A lleeagny-

We shall show that (6.12) holds with mg replaced by mg—1, as long as mp—1 > 1. To treat the non-tangential
maximal function we appeal to Corollary 5.7 to obtain

(IN2(Os - DllLr ey S SO OllLr ey + SUP [Op g1 fllrwny + | fllLr@wny < N fllLr@ny.
>0

This gives the desired bound as long as my — 1 > 1. By the traveling down procedure for the conical
square function (Lemma 6.2) we have (recall that the vertical square function is under control for any m by
Theorem 6.1)

IS(®s my—1/)zr@ry < WSO OllLrwry + ||K/(®t,mo—1f)”Ll’(R”)

+ sup O my—1llrwny + I fllrwny S N f L@,
>0

and this gives the desired square function bound for my — 1 > 1. We have shown by induction that
IS@1,1 Ao, IN2 @ Dl S 1 fllzos)-
To get the bound for NZ(VS,L) we use Proposition 5.1 to get

IN2(VSE Plleen < INg@:SENNLr@ny + sup IVSE flleen,
>0

for any 1 < ¢q. In particular, choosing ¢ < p we can apply directly Lemma 5.2 and interpolation to obtain
the result. Lastly, the double layer is handled in the same way, owing to the appropriate estimates from
Theorem 4.14, Theorem 4.18 and Corollary 5.7. |

7. EXISTENCE

In this section, we tackle the existence of solutions to the problems (D),, (N),, and (R),; the case p # 2
is addressed in Section 9 and consists of essentially the same analysis. We must first probe the mapping
properties of the single and double layer potentials (see Proposition 7.1, Corollary 7.9, and Lemma 7.13),
which will allow us to deduce the jump relations (Lemma 7.8 and Proposition 7.12) and the invertibility
of the associated boundary operators (Corollary 7.3 and Theorem 7.16). By developing this machinery, in
Theorem 7.18, we give the desired existence result.

Proposition 7.1 (Mapping Properties, Part I). The operators S£ : C*(R") — §2, DL+ : CXR") — D?
both have unique continuous extensions to LZ(R”); that is,

S.L . LZ(R") N SZ, D.L,+ : LZ(R") N Df_

Moreover, for f,g € L*(R") we have that Stg, DL+ f € Wlt’cz(R’}r“) are solutions of Lw = 0 in R™!, and
we have the square function estimates

ISEO,VSEDl2en S lgllp@eys  ISEYDET Pl S 12

Similar considerations also hold in the lower half space (in this case we work with D).
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The proof is a simple density argument (using the fact that S2 and D? are Banach spaces), and as such
is omitted.

The next result is a statement about Sobolev functions that will allow us to eventually assign boundary
values to the extensions of the layer potentials defined above.
Proposition 7.2. Let u € Y'2(R™). The following statements hold.

(i) If u € Di then ugy = lim,_,o+ u(f) exists as a weak limit in L*(R"). Moreover uq agrees with the
trace of u in the sense that for every ® € C>(R")

(g, D(-, 0)) = //R . (m?,d) + 8,1/14)),

where (-, ) denotes the inner product in L*(R").
(ii) Ifu € Si then Uy = lim,_o+ u(t) exists as a weak limit in Y2(R"). Moreover, Uy agrees with the
trace of u in the sense described in i).

Proof. To prove i), we start by noticing that since u € D2, there exists a subsequence #; — 0* and a function
uy € L>(R") such that uy, — up weakly in L*(R™) as k — co. Now, again since u € D%, we only need to show
that lim,_o+(u(?), ¢) = (uo, @), for each ¢ € C°(R"). Consider @(x, 1) = dp(x)n(t), where n € C°(-2,2) is
such that 7 = 1 in (=1, 1), so that ® € CX(R™*!). Now, the hypotheses imply that, for fixed t > 0,

(u(t), (-, 1)) = // (ua@ +8,u®>,
erﬁ-]

holds, which, for our particular choice of @ and ¢ < 1, implies that

w(®), §) = // N (uat(l) + 6,u<I>>.

Hence, the dominated convergence theorem yields the desired result since u € L%(Rﬁ“) and Vu €
Lz(Rﬁ“). The second part of the statement in i) now follows by the fact that ®(-,7) — @(:,0) strongly in
L*(R") for any ® € CX(R™1).

The proof of ii) follows similar ideas. Arguing as before, we can prove that there exists a weak limit
Up € L¥/"=2D(R™), and that it agrees with the usual trace in the sense described in i). Similarly, along a
subsequence #; — 0, we have that Vju(t) — v € L*(R") weakly for some v € L*(R™)". If we can show that
v =V, Uy, then the result would follow from the uniqueness of the limit. To this end, we fix ¢ € CZ(R"; C")
and compute that (v, ¢) = im0 (V)ju(tx), ¢) = — limy 00 (u(tr), divy¢p) = —(Up, div)¢), as desired. m|

Combining the two previous propositions, we arrive at the following corollary whose proof is standard.
Corollary 7.3. For every f,g € L*(R") we can define the bounded linear operators
SE PR - Y2RY, DFT I PRY) - AR,
given by
Spg = lim Sfg, DFtf = Jlim DFY,
where both are weak limits, the first being in Y'2(R") and the second in L*(R™).

We may remove the condition «# € Y'>(R"*!) in Proposition 7.2 for solutions with trace decay at infinity.
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Proposition 7.4. Suppose that u € WIIO’CZ(RTLH) N S? satisfies that Lu = 0 in R™*'. Then there exists
up € Y'2(R") such that lim,_o+ u(t) = ug exists weakly in Y *(R™). Moreover, since u € Wlloc2 (RTI) NS i C
WI’Z(I;E) for any R > 0, the trace Tryu exists as an element of LIZOC(R”), and Trou = ug as distributions.

In particular, the conclusion holds for u = Stg for g € L*(R") or u = DL f with f € Y'2(RY) (see
Corollary 7.9).

Proof. Since u € S% there exists a subsequence #, — 0* and i € L2V (=2)(R") such that limg_e u(ty) = uo
weakly in L2(=2(R"). Now, since u € Yl’z(Eg) for any b > 0, we have that for each ® € C;"(R””), there
exists b > 0 such that

(). 00)) = = [[ | WD1® + D, yud,
g
Fixing ¢ € C°(R") and extending it to R so that (-, f) = ¢(-) in a neighborhood of ¢ = 0, we see that
(uo, @) = — //h(an+1d> + Dp1u®),
Z0

which gives the uniqueness of the limit uy. Therefore, lim,_,g u(f) = ug exists as a weak limit in L2 =2(RM),
To see that ug € Y2(R"), we proceed as follows: Since for any weak limit v in L*(R") of V\u, we have
that for any ¢ € CZ(R"; C"), (v, ¢) = limgeo(Vju(ti), ¢) = — limy 0 (u(tx), divy¢) = —(up, div¢), and we
conclude that v = Vjuo. This shows that the weak limits are unique and thus, since u € S2, the full limit
exists; that is, lim,_,o Vjju(#) = Vjup weakly in L*(R"). Now, we recall that every element £ € Y L2(R")* can
be written in the form
t(w) = Wow + ¢ - Viw), for all w € Y'2(RY),
Rll

for some Yo € L/ 2D(@R™) and ¢ = (1, ..., ¥,) € L*(R")". This gives that u(f) — uy weakly in Y12(R").

We now turn to the proof of the final statement in the proposition. Since for every ®(-,7) € C®(R"!)
we have that O(-, 1) — @(-,0) strongly in L*(R™), we need only check that lim;_,o(u(?), ©(¢)) = (ug, ©(0)).
Along these lines it is enough to prove that

(u(t), () = — // (UDyp1® + Dyou®),  forall >0,
Rt

but this in turn follows from [BHLMP22, Proposition 2.16], since u € Wﬁ)’f (Z‘;}’z). m]

Proposition 7.5 (Conormal derivative of solutions in slice spaces). Suppose that u € WIL’CZ(RTI) ns2
satisifies Lu = 0 in R™*'. Then there exists g in L>(R") such that

(3,6) = // ((AVu +B)V® + B, - Vb@), forall ® € CXR"™),
RT—]

where ¢(-) = O(-,0). We write g = 0,c+u. Moreover, g = limy_,o+ —ep4+1 - Tr;(AVu + Biu), where the limit
is taken in the weak sense in the space L>(R™). In particular, this notion of the conormal derivative agrees
with our previous definition in Y'>(R"*) whenever both exist.

Proof. We follow the proof of [AAAHK11, Lemma 4.3 (iii)]. We will first show that for any R > 0, there
exists gg € (C.°(Ag))* such that for any @ € C°(Ig),

(7.6) (2r, D(-,0)) = // | ((AVu +B)-VO+B, - v;@).
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In particular, this allows us to define g € (C.°(R"))" such that g = limg; gr in the sense of distributions

and (7.6) holds for any @ € Cg"(R”“) and g in place of gg. Thus, fix R > 0, ¢ € C(Ag), and ® € Wé’z(IR)
any extension of ¢ (that is, Tro® = ¢). We define the (anti-)linear functional A : C.°(Ag) — C by

Ar(®) = //W1 ((AVu +Byu) VO + B, - VL@).

To see this is indeed well-defined, that is, it does not depend on the extension ®, we simply note that
for any two extensions @, ®,, we have that &; — O, € Wé’z(lkf), and u € S% solves Lu = 0 in R’fl.
Now, as in the proof of the Lax-Milgram theorem, we have that [Ag(¢)| < |[Vul| Lz(zg)qu)H [213)- Construct
® to satisfy that Ad = 0 in I, ® = ¢ on Ag, and ® = 0 on dlg N R"*!. In this case, we have that
[[VO|| 2y S llll H2(AR) by the usual extension theorem. Combining these last two estimates, we arrive at
[AR(@D)| < |Vul| Lz(z§)||¢|| F1/2(ag)» Whence via the Riesz representation theorem there exists gr € (H 12(AR))*
such that (gr, #) = Ar(¢) for each ¢ € C°(Ag). From the definition of Ag, we see that the restriction of gg
to Ag equals gg whenever R’ < R. In particular, this allows us to define a distribution g such that

(g, 0) = // ((AVu +B)V® + B, - w@),
Rﬁ“

for all ® € C?(R”“) with ®(-,0) = ¢. It remains to show that g € L?>(R"). For this, note that via the
previous procedure we can define a conormal at height # > 0, which we denote as g’, as the distribution
which satisfies

(7.7) (g, d') = // ((AVM +B)VD + B, - V@),
R;Hl

for all ® € C?(R"“) where @(-) = ®(-,¢). This formula shows that the conormal affu in [BHLMP22,
Definition 4.9] agrees with g’, as distributions in R”. In particular, from the proof of [BHLMP22, Lemma
4.11 (i)] we see that, for any ¢ > 0, g’ € L>(R") and g’ = —e,,,1 - Tr;(AVu + Bju). Moreover, since u € S%r,
we have that ||g’|| LRy S ||u||53 . By weak compactness, we can extract a subsequence f; — 0 and g such
that g’ — g weakly in L?(R"). From (7.7) it is then easy to see that g = g = g as distributions, and the
result follows. m]

We now take the first step towards proving existence of layer potential solutions, by proving the appro-
priate so-called jump relations for the Double Layer and the conormal derivative of the Single Layer.

Lemma 7.8 (Jump Relations). There exist bounded linear operators K, K: L*(R") — L*(R") such that for
every f,g € L*(R") we have that (+ 1 + K)g = 05*(S%g), and (¥ I+ K) f = Z)OL’if.

Proof. First, by [BHLMP22, Propositions 4.18 and 4.22], we can define operators K : H'?(R") —
H'2R™), K : HV2(R") — H™V2(R"), such that the identities in the lemma are satisfied for f, g € CX(R™).
Moreover, by Propositions 7.1 and 7.5, we obtain that K, K are LZ(R”) bounded (that is, admit a unique
linear, continuous extension to L*(R")); the result now follows via a density argument. O

Corollary 7.9 (Additional mapping property of D). Suppose L satisfies Hypothesis A (see Definition 4.1).
Assume further that the operator (Sé:)_1 s YL2(R") — L2(R") exists and is bounded. Then we have

L,
sup [|D; +f||yl»2(Rn) S I Nyr2ggeys
>0

with implicit constants depending on dimension, ellipticity of L, and the norm of (SOL)_I.
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Proof. We know by Theorem 7.16 that the map Si : L>(R") — Y'?(R") is bounded and invertible. In
particular we have that the set

F = {f eY’RY: f=S§y, v e C?(R")}

is dense in Y1-2(R"). We note that for f € ¥ we have f € H'/2(R") n Y'2(R") by [BHLMP22, Proposition
4.7 (iii)]. For such an f and ¢ := (SOL)_lf we set u(-,7) := S&, 7 < 0. Then by [BHLMP22, Theorem
4.16 (iv)], applied to u in R™*!, we have

(7.10) DL (f) = -840,c-u), inR™
Now recall from the jump relations (see [BHLMP22, Proposition 4.22 (ii)]) that
1 ~ )
b= (=31+K)w. in PR,

so that, using the definition of u, (7.10) becomes

(7.11) DEH(f) = —Sf-'(( - %1+ K)w) - —35(( - %1+ 1?)(3015)-1f).

Finally from Proposition 7.1 and Theorem 7.16 we know the following maps are bounded
1 ~
SL @R - §2, ( -1+ K) AR - [2(R"),
(SO YERY - LARY,
which gives the desired bound

ID5*(Plls2 < Mfllyragny,  f€F.
We conclude the claimed inequality from the density of # in Y2(R"). m|

Proposition 7.12. Suppose that L satisfies Hypothesis A (see Definition 4.1). Assume further that (SOL)_1 :
YL2(RY) — L2(R") exists and is bounded. Let f € Y"2(R"), then the operator K from Lemma 7.8 extends
to a bounded operator from Y'">(R") to itself. Moreover we retain the jump relation

1
( oI+ K)f — lim DL (),
2 t—0
where the limit on the right is a weak limit in YL2RM).

Proof. The proof of the first statement follows from Corollary 7.9, which together with Proposition 7.4
guarantees the existence of a weak limit in YL2(R") for f € CZ(R™), and Lemma 7.8 which gives the
desired identity. m|

Lemma 7.13 (Additional mapping property of S). Suppose L satisfies Hypothesis A (see Definition 4.1).
Assume further that the inverse operators (SOL*)_I, (SOL)_1 : L2(RY) — [YR2(RM)]* and

1 -1
(-5+K) 2@ - L@,
exist and are bounded. Then the operator S extends as a bounded operator S : [Y l’Z(R”)]* - D_%, that is,
sup IS gll 2y < llgllyragenye»
>0

with implicit constants depending on dimension, ellipticity of L and the norm of (SOL)_] , (SOL)_].
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Proof. Notice that, by the mapping properties of —37 + K (see Corollary 7.9), and using the smallness of
| Billz» (=), We obtain that

1 ~
5+ K: YL2RY) - YRARY)

is bounded and invertible. From this and the Green’s Formula (see [BHLMP22, Theorem 4.16 (iv)]) we
have that for any g € C°(R")

(7.14) DEH(SEg) = —S£<< - %1+1?)g>.
By Proposition 7.12 and Corollary 7.3 we have that, taking weak limits in Y!>(R") as t — 0
(— %1+ K)(Sé:g) = —S§( - %1+ I?)g,
or equivalently
—(SOL)_1 ( - %I+ K)SOLg = (— %I—f- E)g =: h,
which means, using the corresponding mapping properties for —(1/2)I + K and SOL (see Proposition 7.12
and the fact that ad j(SOL) = SOL*), that we can extend
—%1 + K YRR RY - YRR
as a bounded and, with smallness of ||B;|[z»®»), invertible operator. In particular ||g||Y1,2(Rn)* ~ [[Allyr2ggey-

Using this in (7.10) we arrive at the fact that, for g € C;°(R") it holds Sth e D_% and
||St£h||D3 < ISEllz@n < lgllyrany: = llyrzgny--
Since the set
1 ~
{h - (— E1+K)g Lge cg"(R")}
is dense in Y12(R")* we conclude the desired property by a density argument. O

Definition 7.15 (Hypothesis B). We will say £ satisfies Hypothesis B if the following properties hold.

(1) L satisfies Hypothesis A, along with the hypotheses of Theorem 6.1 and Theorem 6.11.
(2) The following operators are invertible

¥ 1
SE,SELPRY) - YIARY, -5 +K: L*(R") - L*R").
(3) The following operators are invertible

1
5+ K YRR — YI2RY,

1 -~
5+ K : L*(R") > L*(RM).

The first condition in Hypothesis B ensures that we have the right square and non-tangential maximal
function estimates in L”(R") for the layer potentials associated to £ and .L*. In particular the first condition
implies that the objects in item (2) are well-defined and bounded (not necessarily invertible in general).
The objects in item (2), more specifically their inverses, are used in the previous Propositions to define the
objects in (3); this is the reason for the statement to be written in this way.
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Theorem 7.16 (Invertibility of Layer Potentials). Suppose Ly satisfies hypothesis B (see Definition 7.15),
with coefficients AV, B? fori=1,2, and let L be defined by

Ly = —div(A° + M)V + (B + B))) + (B + By) - V.

There exists p > 0 depending on dimension, ellipticity of Ly, and the norms of the inverse operators in item
(2) of Hypothesis B with the property that if

max{||M||zewny, [|1Billergny, |1Ballz@n} < p,
then L satisfies Hypothesis B.

Proof. Set ||M|| =1 and ||B||l, = 1, i = 1,2, and then define the operator
Lou = —div((A + zM)Vu + (BY + zB)u) + (BY + zB>) - Vu, z€C, ue YR,

We write £, = Ly — zM. The idea will be to show that K, I?Z and SOLZ are analytic in z in a neighborhood
of the origin. Note that, by Lax-Milgram, £ is always invertible, and thus there exists &y such that if z €
B, = B(0, &9), then L, is also invertible, and moreover £Z‘1 =L, 1 ZZO:O(ZM£6 D) the series converging
in the operator norm of B(Y2(R™1)*; Y12(R"*1)). In particular, the map z — L' is analytic in B,
Now fix t+ > 0. By definition of the single layer, we conclude that sz is also analytic with values in
BHV2R"); H'2(R™)). Since ' HY2(R™ — H™Y2([R"), we have that V”S,LZ is analytic in B,, with
values in B(H~'(R"); H~'/>(R")). Thus, for f € CX(R") and g € CX(R";C"), we have that the map
P (V”SfZ f> &) is analytic, and

sup Sup||S}£7||L2(Rn)_>yl,2(Rn) < 1.

Z€Bg, 120
It follows by [Kat95, Theorem 3.12] that z — SILZ is a holomorphic map with values in B(L*(RM); YL2(RY)),
for any ¢t > 0. In particular, we have that SOLz is analytic. Similarly, BVLZ’JrSLZ is analytic with values in
BH2(R"); H-V2(R")), and for f, g € CX(R"), we have that

(7.17) sup 105 S5 2@m 2@ S L,
zeBs0

and the map z > (,2.-S%f, g) = lim,_>0(AVSt£Z f+zB IS,LZ [, g) is analytic. Thus we obtain that 8V£Z’+(SLZ)
is analytic with values in 8(L*(R")). By the jump relations in Lemma 7.8, I?Z is also analytic with values in
B(LX(R")). The analyticity of K. follows from that of K, by noting that (D" £, g = (f, 0+ SLig)—(f. )
for f, g € CZ(R") (see [BHLMP22, Proposition 4.18 (ii)]).

We have thus shown that the maps z — Sézz, 7 K, 7 I?Z are all analytic. Therefore, by the Cauchy
integral formula, we obtain that

. -
sup HLTZKZHLZ(R")—)LZ(R”) Seo SUP 1Kl 2@n— 2@ Se 1
2€B,y /2 2€By,

where we used (7.17). Consequently, for any z, w € B, /2, we have that
IK; — Kl 2rry—12rry S lz—wl. This implies that for all z small enough, K is invertible. The other boundary
operators are treated similarly. O

Theorem 7.18 (Existence of Solutions). Suppose L satisfies Hypothesis B (see Definition 7.15). Then the
boundary value problems (D),, (N),, and (R),, as given in (1.6)-(1.8), admit a solution.
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1 -1
Proof. To solve the Dirichlet problem, we fix f € L>(R") and set F = ( - El + K> f, which is well-

defined by Theorem 7.16 as an element of L*(RM). Let u := DL F. Then the fact that u € D% follows from
Proposition 7.1, the non-tangential maximal function estimate follows from Theorem 6.11, while Lemma
7.8 gives the weak convergence to f.

To upgrade the convergence of DtL’Jr f to strong convergence in L?>(R"), we mimmick the proof of
[AAAHKI11, Lemma 4.23]. First, we note that by Theorem 7.16 we have that A := {Sé:diV” g:8€CrRM}
is dense in L*(R"). Indeed, since ad j(SOL) = Soﬁ, we have that SOL : YR2@R™Y* — L2(R") is invert-
ible, and therefore any h € L2(R"Y) may be written as & = SOLH for some H € L*(R"). Moreover, any
H € YY2(R")* can be written as H = div) g for some g € L*(R™" (as can be seen for instance by embedding
Y'2(R") — L*(R")" via u — Vju and using the Hahn-Banach and the Riesz Representation Theorems).
These observations yield the claim.

Now fix f = S§(div||g) for some g € C°(R") and define u = Sf(divug) for s < 0. By [BHLMP22,
Theorem 4.16 (iv)], we have that Z)IL’Jr f = -8£(3% u) in R"*!. Therefore, for any 0 < ¢’ < 1, we have that

t
D5 f = D" fllizgny = || / 0rSEOF 1) d | oy < (= ONOF T ull 2z,
t/

where we used the estimates on slices from Theorem 4.15. Thus {Z),L’+ f}; is a Cauchy sequence in L*(R")
ast — 0.

For the Neumann problem we proceed in a similar way, with w := S£(1/21 + K)'h, and we appeal to
Lemma 7.8, Theorem 7.16, Proposition 7.1, and Theorem 6.11.

Finally for the regularity problem we set v := S£(§ (f)‘l g, and make use of Corollary 7.3, Theorem 7.16,
and Theorem 6.11.

It remains to show the non-tangential convergence statements, to which we now turn.

The convergence for the regularity Problem goes as follows: By Proposition 2.8 we have that the solution
v has a non-tangential limit, call it gg, so we only need to show g = go. We know that v(-,¢) converges
weakly to g in L2 (R") as t — 0*. Define

3t/2
V() = v(-, s)ds
t/2

then w’(-, ) converges weakly to g in L¥ (R") as t — 0*. Indeed, for fixed pE L* we have
[ e - [ gtopo)] <
n Rﬂ

where €,(¢) | 0 as t — 0". From this one may establish v'(-, #) converges weakly to g in L* (R™). Moreover,
if for f € L\ (R™) we define

loc

A0 = ][ £ dy

[y—xleo<t

then v(x, 1) = (A,v")(x) and it follows that v(x, f) converges weakly to g in L> (R") as t — 0*. Indeed, for if
¢ € L then

/R (A dx = / V(DA d
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and since v'(-, 1) converges weakly to g in L? (R") as t — 0" and (A,p)(x) converges strongly in L?* as
t — 0" we have that

/ V(x, 1) (A0)(x)dx — / g)p(x)dx, ast— 0",
R7 R?

It follows that go(x) = g(x) for a.e. x € R™.

For the Dirichlet problem, we use compatible well-posedness (see below in the proof) to get that for
smooth initial data f € C°(R") the solutions to the Dirichlet and regularity problems obtained via layer
potentials agree. In particular, if uy = DLH(=1/2+K)7' f, then u r has a non-tangential limit. Since C°(R")
is dense in L2(R") and we have the maximal function estimate

IN2(u )l 2wy S WS ll22Rn)s

the existence of a limit for general f € L*(R") follows a standard argument.

Now we turn to the compatible well-posedness statement: If f € C°(R") and we set
1 -1
upi=DH(=5+K) £ vpi=SHSHS,

the layer potential solutions of the Dirichlet and regularity problems with data f respectively, we claim then
uy = vy and both agree with the solution furnished via Lax-Milgram with Dirichlet data f.

We first prove that u; agrees with the Lax-Milgram solution. For this, by the mapping properties of the
double layer (see [BHLMP22, Definition 4.6]) it is enough to show that

Tf = (— % + K>_1f e HP®m),

We know (see Theorem 7.16 and Proposition 7.12) that T maps L*(R™) and Y12(R") to itself, so in particular
TfeW2R") c H)?.

For vy we proceed similarly, noting that (S(f)‘l maps YL2(RY) to L*(R") and L*(R") — [Y2(RM)]*
(see Theorem 7.16 and Lemma 7.13). It’s thus enough, by the mapping properties of the single layer
(see [BHLMP22, Proposition 4.2]), to prove that

(7.19) [YY2@®RD) N L2(RY ¢ H 2R

This follows from the fact that elements of the first space are of the form G € L*(R") such that G =
divH for some H € L*(R";C"), while the second space contains all elements of the form (=A)'/2F with
F e Hé/ 2(R”). Fix G, H as above. By the Riesz representation theorem in Y'2(R") there exists a weak
solution F; € Y2(R") of the problem G = divH = —AF; set F := (=A)!/2F, so that it’s enough to prove
F € H'>(R"). First, clearly F € L*(R") by Plancherel’s Theorem, since VF; € L*(R"); moreover, since
(-A)'2F = G € L*(R"), we have that F € W'2(R"), and by interpolation, F € H'/2(R") as desired. o

8. UNIQUENESS

In this section, we show that the solutions to the problems (D),, (N), and (R), are unique among the
wider classes of good D solutions and good N/R solutions respectively (see Definitions 2.65 and 2.66).
The methods mainly rely in showing that good solutions satisfy a Green’s formula when the operator .L is
already known to have invertible layer potentials. For the case p # 2, see Section 9, although the methods
are mostly the same.
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We first state a technical lemma before moving on to the uniqueness of solutions for the Neumann and
regularity problems; the uniqueness of the Dirichlet problem is dealt with last. The next lemma will allow
us to prove a representation formula for solutions to the Neumann and regularity problems.

Proposition 8.1. Suppose L satisfies Hypothesis B (see Definition 7.15). Let u € Wllo’f(RTl) NS2 bea
solution of Lu = 0 in R"™'. Then for every 1y > 0 and every t > 0 we have

Delr=rg DF* (Trgity) = D (Tro(Dr1t,)),
and
Ocle=rySF@,rttz) = SF(8, s+ (Dpsi i)
Proof. We work with the double layer first. For this we consider, for ¢ > 0 fixed, the following functions:
f@) = Trour = Trew,  H(T) := DFF(f(D).
We note that, by hypothesis and Corollary 7.9, we have
f € C(0,00); Y'2RM),  H € C((0, 00); Y2R).

The idea is now to use [BHLMP22, Theorem 2.14] to get the desired differentiability of f. For this purpose
define

(8.2) @(7) = [ Tee(Dps1llyrany = IV Tee(Dus1)ll 2y € Line((0, 0); R).

First we note that by [BHLMP22, Lemma 2.3] we have that f : (0, c0) — Y'2(R™) and ¢ :(0,00) - R are
continuous functions. By the Lebesgue Differentiation Theorem it is then enough to show

& 1/2 () & 1/2
(83) (]{guf(ms)—f(n+s)||2yl,2(R,,)ds) < / (]{ggo%sw)ds) dr,

for all &£ small enough (depending on 71 and 73). For this purpose we compute, calling / the left hand side
of (8.3),

§ 1/2
1= (][ IV|| TrT2+s u(x) - V|| Tr7'1+s u(x)|2 dxds>
— RVL

&

- (][ IVjtte, (x, 5) — Vit (x, ) dxds) = (][ /
—& JR? —& n
T & 5 1/2 T & ) 1/2
S/ (][ V) 0-u(x, T+ s)| dxds) dT=/ <][ t,o(s+7’)ds) dr,
T —& JR? &

T1 -

T2 2 1/2
/ V) 0ru(x, T + ) dT‘ dxds)
7

where we used the Fundamental Theorem of Calculus and Minkowski’s inequality. As mentioned above
this shows that f € W:2((0, 00); Y2(R"™)). Now we will show that

C

(8.4) f' (@) = Tre(Dpyu), for each 7 > 0,
and moreover the difference quotients converge weakly
Af@) - f(), for every 7 > 0.

For this fix ¢ € C®(0,00), ¢ € CX(R*;C") and let £ := —divj¢p € Y'?>(R")*. Using that the function
T f(oW'(t)eY L2(R™) is continuous (see again [BHLMP22, Lemma 2.3]) and compactly supported on
(0, 00) and properties of the Bochner integral (see for instance [CH98, Proposition 1.4.22]) we obtain

( /0 f@OW @) dr, ) = /O @OV (@), 0 dr = /O /R Vi TreuCe’ (D (x) dxdr
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= / / Viu(x, O (T)p(x) dxdt = — / / VIDps1u(x, Y (T)d(x) dxdt
0 R” 0 Rn
= - / / VI Tre(Dp ) OY(T)(x) dxdt
0 R»

= - / Trr(Dyri(2), O dr = (- / T (D) d, £),
0 0

where we used integration by parts in the fourth line. Now we conclude, since the collection {div¢ : ¢ €
C?(R";C")} is dense in YL2(R™)*, that indeed (8.4) holds. The convergence of the difference quotients is a
consequence of the fact that f* € C((0, o0); Y*(R")) and the Fundamental Theorem of Calculus. In fact we
get strong convergence in Y'2(R") as h — 0 of A" f() for every T > 0.

With this we can conclude the argument for the double layer: Define
H(t) := D Trour = OF Trou
We claim that H € C'((0, o0); Y'*(R™)) and
H' (1) = DF* (Tro(Dys1ur)) = D (Tee( Dy ).

Notice first that H € C((0, 00); Y2(R™)) by the mapping properties of the Double Layer (see Corollary 7.9)
and the fact that H(t) = Z)f*( f(1)) (recall that # > 0 is fixed throughout). Morever, using these two facts
again we see

’

lH (1) = H@)llyro@ny < If(T1) = f(@)llyre@ny < ’/ e(s)ds

where ¢ is defined in (8.2). This shows that H € W.>2((0, c0); Y"2(R")). Moreover we have
A'H(7) = D (A" f(0),

so that, by the linearity and continuity of D" in Y'2(R") and the weak convergence of A" f(t) in Y'2(R"),
we obtain for every 7 > 0
N'H(T) = D (f'(1) = DF (Tro(Dps 1)
weakly in Y12(R”) as h — 0, as desired.
The proof for the Single Layer follows the same lines. Define, for # > 0 fixed and 7 > 0,

8(1) =0, c+ur = BVTL,M,

where the second equality follows from [BHLMP22, Lemma 4.11 (i)]. As before we first claim that g €
C1((0, 00); L*(R™)) and we have

g,(T) = ayL’f(DrH—lM‘r) = 6V£~+(Dn+lu)-

For this purpose we use the L? characterization of the conormal derivative (see again [BHLMP22, Lemma
4.11]) so that

g(t) = N - Trg(AVu; + Biu;) = N - Tr(AVu + Biu)
= N - Tr(AVju + Biu) + N - Trg(@Dpy 1) =: 81(7) + g2(7),

where A := (@ij)1<i<n+1,1<j<n and d := (ajn+1)1<i<n+1- We note that by the Holder’s and Sobolev’s inequali-
ties

B

llg1(r2) = g1l 2@y S I1f(12) = f(TDllyr2@n) < ‘ / w(s)ds
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where f, ¢ are as in the proof for the Double Layer. Therefore it is enough to control g,, and for this we
can proceed exactly in the same way as we did for f: For fixed 7, 71 and € > 0 small

&

E
F llete )=+ My ds = IDusltnx9) = )P s
—&

—& Rn
&
_]{s /"

and (1) := ||TrT(D3 allzen € L120C(0, 00). Therefore by [BHLMP22, Theorem 2.14] we get that g €

Wllo’f((o, 00); L2(R™)) and the difference quotients converge a.e. to g’. To verify the formula for g’ we

compute, for ¢ € C°(R") and ¥ € C°(0, c0),

() 2 & (9
/ D2, u(s +7) dr‘ dxds < ][ / | Trrss(Dp )l 2y dTdls,
T] - J1

< /°° g () dr, ¢> = /°° N - (AVu(x, 1) + Bru(x, )Y (7)d(x) dxdt
0 L2®RY  Jo Jre

L2(R™)

—= [ | N @Dt + BD it o) dxdr = [0, e Duniwer0)
0 R 0

This gives the desired representation for g’(r). Moreover, using this representation we see that g’ €
C((0, 00); L3(R™)) and so the difference quotients satisfy Ahg(r) — g’(1) weakly for every 7 > 0. The
result now follows from the mapping properties of the single layer (see Proposition 7.1). O

8.1. Uniqueness for the Neumann and regularity problems. We begin with a lemma that gives a repre-
sentation of good /R solutions above a positive height.

Lemma 8.5. Suppose that L satisfies Hypothesis B (see Definition 7.15). Let u be a good N [R solution
and u(-,-) = u(-,- + 1), as above. Then

(8.6) e = =D (Trour) + S5y ur),
where Trou; € YY2(RY), dyu, € L*(RY), and DL+ and St are viewed (as their natural extensions) from

. . 2
these spaces mapping into S;.

Proof. We have Trou.(-) = u(-,7) € Y"?(R") (by the fact that u € S2) and d,u, € L>(R") (by Proposition
7.5). For the latter we may consider u;» € Y1’2(R’}r“), a solution in R’}r“, since the operator L is t-
independent. The mappings of the layer potentials into S2 come from Proposition 7.1 and Corollary 7.13.

By Proposition 8.1 together with the Green’s formula for d,u, € Y'2(R"*!) (see [BHLMP22, Theorem
4.16 (ii)]) we know that for 79 > 0

Orttrle=ry (x,1) = =0:[ D5 (Trour) + SE@yun)l| _, (x.1),
as functions in §2. We may now integrate in 7 to obtain
ur = =D (Trour) + SE@yuz),
where we must use the decay at infinity hypothesis in the definition of S2. O
Now we push the representation above down to the boundary.

Lemma 8.7. Suppose that L satisfies Hypothesis B (see Definition 7.15), and that u is a good N | R solution.
Then

(8.8) u=-Df+ 8,
where f € Y'2(R") and g € L*>(R") are as in Propositions 7.4 and 7.5 respectively.
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Proof. By Propositions 7.4 and 7.5, u.(-,0) — f € Y"?(R") and d,u, — g € L*>(R") weakly in Y'2(R")
and L*(RM) respectively as T — 0*. Set u.(,0) = f; and d,u, = g, then rephrasing the above, we have

he = (fr, &7) converges to (f, ) = h weakly in Y L 2(R”) X LZ(R”) Let 74 | O then by Mazur’s lemma there
exists a sequence {hl} S, CY L2(R™) x L*(R") such that hl —h stronglyin Y L2(R™) x L2(R") with

N()

hy = Z Akl
k=l

where [ < N(I) < oo, A¢; € [0, 1] and Z,?/:(? Akg = 1. Set
= D5+ 8Ly
To prove the lemma it is enough to show that for each ¢ > 0, u(-, r) = u(-, t) as elements of ¥ L2(RM).
We have from Lemma 8.5 that
ur = =D (f) + SE(go).

Set
N()

uy .= E /lk,lu-rk~
k=1

We show (-, ) converges strongly to both u(-,#) and u(-,7) in Y'2(R™). From the bounded mappings
DL+ YL2(R") — §2 and SE : L2(R") — S2 we have

||V[fl:t/(7 l’) - Ltl(-’ l)]”LZ(Rn) S ||h - hl||Y1’2(R")><L2(R") — 0 as l — 09,

where we used the strong convergence of Zl to /1. To show u(-,t) converges strongly to u(-,¢) in Y L2(R™) we
write for [ > 0,

N()
IV, 1) = VuC, Dllaey = 1> Ad Ve, =l Dll 2
k=l
N()
< Z Al g, = u]C, Dl 2@y
k=l
< sup |[VIu(, 7 + 1) — ul, Dlll2@wns
k>1
where we used ZkN:(? g =land u(-, - +7) = u(-, ) = DE*(f)+S5£(g,). We can then use the continuity of
Vu(-,t) in L>(R") (see [BHLMP22, Lemma 2.3]) along with 74 | 0 to obtain [|Vu(-, 1) = Vu(-, Dll2wry — 0
as [ tends to infinity. m|

Theorem 8.9 (Uniqueness of the regularity problem among good N/R solutions). Suppose L satisfies
Hypothesis B (see Definition 7.15). Suppose u is a good N [R solution, with u(-,0) = 0, interpreted in the
sense of Proposition 7.4 (i.e. lim,_o u(f) = 0 weakly in Y'*(R™)). Then u = 0 in R’fl.

Proof. By Lemma 8.7, we have u = —D5* f + SLg, where f and g are as in Lemma 8.7. It follows
that u = SZg, since f = 0 (see the proof of Lemma 8.7). Moreover, by taking traces (in the sense of
Proposition 7.4) in Y'2(R") we obtain 0 = Sfg, for g € L*(R"). It follows from the invertibility of
S§: A(R") — Y'2(R") that g = 0. This gives u = 0. O
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Theorem 8.10 (Uniqueness of the Neumann problem among good N /R solutions). Suppose that L satisfies
Hypothesis B (see Definition 7.15), and that u is a good N [R solution, with d,u = 0, in the sense of
Proposition 7.5. Then u = 0 in R,

Proof. By Lemma 8.7, we have u = —D%+ f + SLg, where f and g are as in Lemma 8.7. It follows that
u = —DL*f, since g = 0 (see the proof of Lemma 8.7), where f € Y?(R"). From (7.11), we have after
taking conormal derivatives, in the sense of Proposition 7.5'%, and using the jump relations for the conormal
of the single layer potential

0=0,ceu=-0,0. D" f = (-1 + KA+ K)Sg'f in L2(RY).

The invertibility of +37 + K : L*(R") — L*(R") and S5' : Y'2(R") — LX(R") yields that f = 0 and hence
u=0. O

8.2. Uniqueness for the Dirichlet problem. The first lemma here simply states that the conormal deriva-
tives are uniformly bounded in the transversal variable, for good D solutions.

Lemma 8.11. Suppose L satisfies Hypothesis B (see Definition 7.15). Assume u is a good D solution. Then
foreveryt>0,0, uec [YY2(R™)]*, with the bound

sup ||8yru||[y1,z(Rn)]* <C sup ||u||L2(R”)‘
™0 >0

Proof. By symmetry of hypotheses and Lemma 7.13 and Theorem 7.16 the operator SOL* : L2(R") —
Y12(R™) is bounded and invertible. Then the collection of functions F := {peY L2(R™) - =39S OL* f.fe
C>} is dense in Y'2(R"). Notice that v, = SE([SF17'¢) = SLf € YR since f € CX(R")
H™'2®R"). Also, Trou, € H(])/Z(R") since u; € YI’Z(RTI), where, as above u.(-,-) := u(:,- + 7). Then by
definition of 8,v, € H1/?(R") (see [BHLMP22, Definition 4.9]) with
(Trour, av*v(p) = (av*vga’ Trour)
= By [Vga’ ur] = Brlus, Vnp]-
Now Bylur,v,] = (0y,u,¢), since v, solves the regularity problem with data ¢ by Theorem 7.18. In
particular ¢ is the weak limit of v,(-,7) in YY2(R") ast — 0.
Having established
Oy u, ¢) = (Trous, 0,:vy)
for ¢ in ¥ we see that d, u € [Y L2Z(Rm)]* by the fact that the map

an = av*vga = av*SL*([S(f*]_lgo)

maps Y12(R") — L?(R"), by Proposition 7.5, the mapping property mentioned at the start of the proof for
SOL*, and the density of ¥ in Y12(R"). O

Next, we prove a Green’s formula for good D solutions.

19We note that, having obtained the mapping property D — S2, the equality of (7.11) holds on every t-slice in the space
Y'2(R") therefore the weak L?(R") limits, in ¢, of the co-normal derivatives 8,, are the same.
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Lemma 8.12. Suppose that L satisfies Hypothesis B (see Definition 7.15) and let u be a good D solution.
For v > 0, set (fr, gr) := (Trour, Oyur) = (Trour, 0y, u) € L2(R™) x [YY2(RM]*, where we use Lemma 8.11 to
identify 0, u as an element of [YL2(RM)]*. Then

u=-Df+ 8,
where the pair (f,g) € L*(R") x [Y'"2(R™)]* is any convergent weak limit of (fre> 8w T« L O in the space
LZ(Rn) % [YI,Z(Rn)]*

Remark 8.13. We note that the existence of at least one such limiting pair (f, g) is guaranteed by the fact
that f;, g. are uniformly bounded in L?(R") and Y"?>(R")* respectively (the first by the hypothesis u € D?
and the second by Lemma 8.11) together with the fact that both of these spaces are reflexive.

Unlike the case of good N/R solutions, here we make no assertion about the uniqueness of such a
limiting pair.

Proof. The proof is quite similar to Lemma 8.7, but we provide the details here. We have that u, €
Y2(R™1) with Lu, = 0 we have

ur = =D (Trour) + SL0,ur)

for all T > 0. Let ﬁTk = (fr, 80) — (f,8) =t he L*(R™) x [Y12(R™)]* be as in the statement of the lemma.
Using Mazur’s lemma there exists a sequence {El}j’il c L>(R™) x [YP2(R™)]* such that %l —h strongly in
L2(R") x [YV2(R™)]* with

N

hy = Z Al
k=l

where [ < N(I) < 00, 4; € [0, 1] and S-0 Ax; = 1. Set
U= D5+ 8L

and
N()

uy .= E /lk,lurk.
k=1

We show (-, ) converges strongly to both u(-, t) and u(-, t) in L*(R™). From the bounded mappings DL+
L*>(R") — D? and S : [Y!2(R™)]* — D? we have

”/IZ(, t) - I/l[(‘, t)”LZ(R") < ”h - hl”LZ(R”)X[Y]‘Z(R”)]* — 0asl — oo.

To show u(-, t) converges strongly to u(-, ) in L>(R") we write for [ > 0,

N()
latr (-1 ) = o Ol g2y = 1Y Aalter, = 1] Dll 2
k=1
N()
< Al = wlC Ol 2y
k=1

< Sup ||I/l(', r+ Tk) - M(" t)HLZ(Rn),
k>l
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where we used Z;{V:(? Ay =Tland u(-,- +7) = u.(-,-) = DE*(f) + S£(gr). We can then use the continuity
of u(-, 1) in L>(R") (see [BHLMP22, Lemma 2.3])20 along with 74 | 0 to obtain ||u(-, ) — u(-, Dll2gry — 0
as n tends to infinity. Therefore u =  in D? and the lemma is shown. O

Theorem 8.14 (Uniqueness of the Dirichlet problem among good D solutions). Suppose that L satisfies
Hypothesis B (see Definition 7.15), and that u is a good D solution, with u(-,t) — 0 weakly in L*(R™). Then
u=0.

Proof. By Lemma 8.12, we have that u = S£g for some g € [Y'2(R")]*, where g € [Y?(R")]* is any weak
limit of g, = 8,z+ur,, ¢ | 0 as in Lemma 8.12. We also have (see (7.14))

Stg = DFH(SEI-11+ KT 'g),
where we used [-17 + K] : [Y"2R™)]* - [Y'2(RM]* and Sf @ [Y'2(RM]* — L*(R"). Taking weak
limits in L>(R") we obtain B

0=[-1I+KISS[-31+ K] g
The invertibility of the mappings —17+K : LA(R") — L*(R"), 8§ : [Y"2(R")]* — L2(R")and [-11+K]™" :
[YI2@RM]* — [Y2(R™)]* give that g = 0 in [Y12(R™)]* and hence u = 0. o

9. L? SOLVABILITY FOR P IN A WINDOW AROUND 2

In this final section, we extend the L? existence and uniqueness results of the last two sections to an L”
solvability result for the boundary value problems considered, provided that p is close to 2, hence finishing
the proof of Theorem 1.10.

The square function and non-tangential maximal function L? estimates for the case p € (2 — &p,2 + &)
for 9 small enough are already contained in Theorem 6.11; and thus, if one assumes that f € C;°(R"),
then the boundary value problems considered admit a solution, represented via layer potentials, with the
appropriate L? estimates. If f € LP(R") is not smooth and p # 2, then an approximation argument via
smooth f; € CZ°(R") will work once we have established the mapping properties of the layer potentials and
the jump relations that work with boundary data in the L? space. As the methods here are very similar to
those of Section 4 of [BHLMP22] and Sections 7 and 8 of the present document, we will omit many details
for the sake of brevity.

Proof of Theorem 1.10, case p # 2. Recall that the space Y'»(R"*!) has been defined in (2.42), and let ¢
be the Holder conjugate of p, so that % + é = 1. When pg is small enough, the operator £ associated to

the sesquilinear form B, defined in Section 2.3 maps YR — (YY(R™1)* and is a bounded, linear
invertible operator by the Lax-Milgram theorem. The horizontal traces of Y'»(R"*!) continuously embed

. 1_%’17 o« e . . . . . . . _1
into the Besov space B, " (R") consisting of functions vanishing at infinity and with finite B rP@®M)

1-1 :
seminorm?! (see [Leol7, Theorem 15.20]). Moreover, given a function f € B, " p(R”), there exists an

extension F € Y!-P (Rﬁ“) with Tr F = f on GRﬁ“ ( [Leol7, Theorem 15.21]?%). We also have the Sobolev
embedding

1-1, _np_
B, ""(R") < L7 (R"),

20yve may modify this Lemma, using now the function space W'2(2) instead of Y"*(Z%) to obtain the desired continuity in
L*(R") instead of L* (R").

21For a definition of the Besov space, see Definition 14.1 of [Leo17]

22Technically, Leoni considers the non-homogeneous case; however his proof easily gives the result stated here



72 S. BORTZ, S. HOFMANN, J. L. LUNA GARCIA, S. MAYBORODA, AND B. POGGI

1-1
whenever p < n+1 ([Leol7, Theorem 14.29]), and C°(R") is dense in B, * p(R”) (see [BGCV21, Theorem
3.1).

The properties mentioned above ensure that the single layer potential
1-1,
S By TR - Y@,

defined via the formula (2.46), is still a well-defined bounded linear operator. Similarly, one may check that
the double layer potential

-1
DL B, TRY - YR,

is well-defined via the formula (2.48), with the appropriate modifications. Then, via a density argument and
using the slice estimates Theorems 4.15 and 4.18, we may show that the layer potentials extend uniquely as

SL:P@®Y - s, oLt [P(RY) - DP,

where S% and DY are the slice spaces of Definition 2.64. Furthermore, Theorem 6.11 ensures that we have
the required square function bounds.

We now briefly sketch the existence argument. We are able to carry out the arguments from Section 7 and
obtain the boundary operators SOL : LP(R™) — YP(RY), 2')01:’Jr : LP(R") — LP(R™), which are given by the

1
formulas of Corollary 7.3. On the other hand, the conormal derivative af’i s ybe (RTI) - (B(l)_a’q(R"))*
is also well-defined (as in [BHLMP22, Definition 4.9], with appropriate modifications), and one may thus
show that the several variations of Green’s formula from [BHLMP22, Theorem 4.16] and the jump relations
[BHLMP22, Theorem 4.22] hold in this setting, with essentially the same proofs. These facts allow us to
construct, as in Lemma 7.8, the bounded linear operators K,I? : LP(R") — LP(R") which satisfy the
identities

(31 +K)g = 0F*(S*e),  (F3+Kf=DF*f
forany f, g € LP(R"). Then one may prove proper analogues of Corollary 7.9, Proposition 7.12, and Lemma
7.13 under the assumption of bounded invertibility of the boundary operators S§ . LP(RY) — YLP(RM),
SOL* : LY(R") — YR, and (—%I + K) : LP(R") — LP(R"™). This assumption (which is an analogue of
hypothesis B from Definition 7.15) is satisfied for the operator £y = —divAoV when Ay is either Hermitian,
block form or constant®*, and by the method of analytic perturbations in Theorem 7.16, the operator £ also
satisfies this assumption, showing the invertibility of layer potentials.

With the invertibility of the layer potentials and the appropriate analogues of the mapping properties at
hand, we may finally obtain the existence of solutions for the problems (D), (N),,, and (R),, in the same
way as in Theorem 7.18.

We turn to the uniqueness of the solutions to the boundary value problems here considered. As in the
case of p = 2, we are able to consider uniqueness in the wider class of good D solutions (Definition 2.65)
for the Dirichlet problem with exponent p, and good N/R solutions (Definition 2.66) for the Neumann and
regularity problems with exponent p>*. Once again, the methods of Section 8 work in this setting, with very
little change , since we have the appropriate analogues of the Green’s formulas from [BHLMP22, Theorem

2 An application of Sneiberg’s Lemma, and the known L? results (see the introduction), reduces the invertibility of the boundary
operators in Hypothesis B to the uniform boundedness of said operators in L? for p in a neighborhood of 2. In turn this last is
achieved by the methods of this paper.

24of course, the definitions of good D/N/R solutions have to be appropriately modified to work with the exponent p and the
slice spaces D} and S%.
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4.16] and the various analogues of the mapping properties and jump relations from Section 7. We omit
further details. a
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