N
N

N

HAL

open science

The regularity problem for degenerate elliptic operators
in weighted spaces
Pascal Auscher, Li I Chen, José-Maria Martell, Cruz Prisuelos-Arribas

» To cite this version:

Pascal Auscher, Li I Chen, José-Maria Martell, Cruz Prisuelos-Arribas. The regularity problem for
degenerate elliptic operators in weighted spaces. Journal of Geometric Analysis, 2023, 39 (2), pp.563-

610. hal-03340845

HAL Id: hal-03340845
https://hal.science/hal-03340845

Submitted on 10 Sep 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03340845
https://hal.archives-ouvertes.fr

THE REGULARITY PROBLEM FOR DEGENERATE ELLIPTIC
OPERATORS IN WEIGHTED SPACES

PASCAL AUSCHER, LI CHEN, JOSE MAR{A MARTELL, AND CRUZ PRISUELOS-ARRIBAS

ABSTRACT. We study the solvability of the regularity problem for degenerate ellip-
tic operators in the block case for data in weighted spaces. More precisely, let L,, be
a degenerate elliptic operator with degeneracy given by a fixed weight w € As(dx)
in R™, and consider the associated block second order degenerate elliptic problem in
the upper-half space R’frﬂ. We obtain non-tangential bounds for the full gradient
of the solution of the block case operator given by the Poisson semigroup in terms
of the gradient of the boundary data. All this is done in the spaces LP(vdw) where
v is a Muckenhoupt weight with respect to the underlying natural weighted space
(R™,wdx). We recover earlier results in the non-degenerate case (when w = 1, and
with or without weight v). Our strategy is also different and more direct thanks in
particular to recent observations on change of angles in weighted square function
estimates and non-tangential maximal functions. Our method gives as a conse-
quence the (unweighted) L?(dz)-solvability of the regularity problem for the block
operator
Lou(z, t) = —|z|*div, (|2 A(2)Vyu(z,t)) — 0fu(z,t)

for any complex-valued uniformly elliptic matrix A and for all —e < a < f—_&,
where € depends just on the dimension and the ellipticity constants of A.
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1. INTRODUCTION

The study of divergence form degenerate elliptic equations was pioneered in the
series of papers [20, 21, 22], where real symmetric elliptic matrices with some de-
generacy expressed in terms of As(dx)-weights were considered (here and elsewhere
Ay(dz) = Ay(R™, dx)). The goal of this paper is to obtain the solvability of the reg-
ularity problem for second order divergence form degenerate elliptic operators with
complex coefficients and with boundary data in weighted Lebesgue spaces. To set
the stage, let us introduce the class of operators that we consider here. Let A be an
n X n matrix of complex L*°-valued coefficients defined on R", n > 2. We assume
that this matrix satisfies the following uniform ellipticity (or “accretivity”) condition:
there exist 0 < A < A < oo such that

(1.1) AP <ReA(z)€- € and [A(2) € - ¢| < A,

for all £,¢ € C™ and almost every x € R™. We have used the notation £ - { =
&G+ -+ &, G, and therefore € - is the usual inner product in C". Associated with
this matrix and a given weight w € Ay(dx) (which is fixed from now on, unless stated
otherwise) we define the second order divergence form degenerate elliptic operator

(1.2) Lyu = —w ™ div(w A Vu),

which is understood as a maximal-accretive operator on L*(R", wdz) = L*(w) with
domain D(L,,) by means of a sesquilinear form. Note that writing A, = w A, one
has that A, is a degenerate elliptic matrix in the sense that

(1.3) AP w(@) < Redy(x)€-€ and [ Au(x) € - C| < ALE][¢]w(a),

for all £,¢ € C" and almost every x € R™. Conversely, if A, is degenerate elliptic
matrix satisfying the previous conditions one can trivially see that A := w=! A, is
uniformly elliptic.

The prominent case w = 1 gives the class of uniformly elliptic operators. The
celebrated resolution of the Kato problem in [4] established that if L is a uniformly
divergence form elliptic operator (that is, L = L,, with w = 1) then VLf is compa-
rable to Vf in L*(R",dx) = L*(dz). This led to a new Calderén-Zygmund theory
developed by the first named author in [1] to establish the boundedness in Lebesgue
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spaces of the associated functional calculus, vertical square function, Riesz trans-
forms, reverse inequalities, etc. A key ingredient in that theory is the use of the
so-called off-diagonal or Gaffney estimates satisfied by the associated heat semigroup
and its gradient. This was later extended in [6, 7, 8] where the same operators were
shown to satisfy weighted norm inequalities with Muckenhoupt weights. Conical
square functions have been also considered in [5, 27]. Some of the previous results
in conjunction with the theory of Hardy spaces for uniformly elliptic operators from
[25, 26] led to [29] where the solvability of the regularity problem in the block case for
data in Lebesgue spaces was obtained. This amounted to control non-tangentially the
full gradient of the solution given by the Poisson semigroup in terms of the gradient
of the boundary datum. In turn, using the weighted Hardy space theory developed
in [27, 28, 30], the solvability of the regularity problem in the block case for data in
Lebesgue spaces with Muckenhoupt weights has been recently studied in [11].

Concerning the Kato problem in the general case, where L,, is a degenerate elliptic
operator as above with a generic w € Ay(dz), [18] (see also [16, 17]) showed that
V/Lyf is comparable to V f in L?(w). The boundedness of the associated operators
(functional calculus, Riesz transform, reverse inequalities, vertical square functions,
etc.), both in the natural Lebesgue spaces LP(w) and also in weighted spaces L” (v dw)
with v € A, (w) was considered in [14]. A particular case of interest is that on which
under further assumptions in w one can show equivalence of /L., f and V f in L?(dz)
by simply taking v = w™!, that is, the L?(dx)-problem Kato problem was solved for
a class of degenerate elliptic operators that goes beyond that of uniformly elliptic —
e.g., one can take L, = —[-|7 div(|-|77A(-)V) where A is a uniformly elliptic matrix,
v € (—¢,2n/(n+2)), and € depends on the dimension and the ellipticity constants of
A. Some work has been also done concerning conical square functions with respect
to the heat or Poisson semigroup (or theirs gradients) generated by L,,. For example,
in [12] the last three authors of the present paper established the boundedness and
the comparability of some conical square functions extending to the degenerate case
the results from [27]. Moreover, in [31], the last named author has made a deeper
study of the vertical and conical square functions and some non-tangential maximal
functions arising from degenerate elliptic operators. On another direction, in [9] the
authors considered L2-boundary value problems for degenerate elliptic equations and
systems. In particular, they initiated the study of Dirichlet and Neumann problems
in the degenerate setting using the so-called first order method.

Our goal in this paper to contribute to this theory studying the solvability of the
regularity problem for degenerate elliptic operators and also propose other meth-
ods. More precisely, consider the degenerate elliptic operator L,, = —w ™! div(w A V)
where w € Ay(dr) and A is an n x n matrix of complex L*>-valued coefficients de-
fined on R", n > 2, which is uniformly elliptic matrix (see (1.1)). Introduce the

(n+1) x (n+ 1) block matrix
A 0
=(01)

which is (n + 1) x (n + 1) uniformly elliptic. This gives rise to a degenerate elliptic
operator in R**t,

(1.4) Lyu=—w tdiv,(w AV, u) = —w 'div,(w AV,u) — 0fu = (Ly,)u — Ofu.
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Here and elsewhere, V,; denotes the full gradient, while the symbol V refers just
to the spatial derivatives. Note that in the previous equality we have used that w
does not depend on the t variable, hence it is trivial to see that with a slight abuse
of notation if we write w(z,t) := w(z) for every (x,t) € R™" then w € Ay(R"™!, dx)
since w € Ay(dx).

The operator —L,, generates a C%-semigroup {e " },.4 of contractions on L?(w)
which is called the heat semigroup. This and the subordination formula (see (3.1)
below) yield that {e~ "V v}, o is a C%-semigroup of contractions on L?(w). Hence,
whenever f € C®°(R"), one has that u(z,t) := e Vv f(z), with (z,¢) € R™ is a
strong solution of L,u = 0 in Rﬁ“. It is also a weak solution: by this we mean that
u e W2 (R dw dt) satisfies

(1.5) //Rn+1 A(x)Vu(z,t) - Vyh(z,t) dw(z) dt =0, Vi € Co(RT).

Also, u(-,t) — f in L?*(w) as t — 0T by the semigroup representation. As usual,
dw(r) = w(z)dz.
Consider the L?>-non-tangential maximal function A, defined in [9]:

t>0

1
(1.6)  Nyh(z) :=sup (]6[ \h(y, s)|*dw(y) ds) . he Ly (RT dwdt).
W (x,t)

where W (xz,t) == (cy't,cot) x B(x,cit) is a Whitney region and ¢y > 1, ¢; > 0 are
fixed parameters throughout the paper.

Given 1 < p < oo and v € Ay (w) (note that our assumption w € As(dx) implies
that w is a doubling measure and hence (R™, w, | -|) is a space of homogeneous type),
we say that the weighted regularity problem (R“")pp(auw) is solvable if for every f €
C®(R™) the weak solution of L,u = 0 in R given by u(x,t) := e~®Tw f(x), (2,t) €
R’}fl, satisfies the following weighted non-tangential maximal function estimate:

(1.7) HNw(Vx,tu)HLp(vdw) < CvaHLp(vdw)'

Once this estimate is under control, one can extend the semigroup to general data.
However, the status of convergence to the boundary of the solution needs a specific
treatment that is not addressed here.

As in [1, 8, 14], we denote by (p—_ (L), p+(Lw)) and by (g (L), ¢+ (Ly)) the max-
imal open intervals on which the heat semigroup {e '}, o and the gradient of the
heat semigroup {vtVe tfv}, 4 are respectively uniformly bounded on LP(w). That
is,

t

(L) = int { € (1,00) suplle > niaonri) < 01
t>

py(Ly) = sup {p € (1,00) s sup |le || 1o (u)— Lo(w) < oo} ;

t>0

(L) =it { € (1,00) s sup [VEVE 5 oy < 0
t>0
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—12 Ly
¢ (L) := sup {p € (1,00) : sup |[VtVe | £e (w)— Lr(w) < oo} :
>0

We need to introduce some extra notation (see Section 2). Set r,, := inf {p Dw e
A,(dz)}, and note that 1 < r,, < 2 since w € Ay(dz). Given 0 < py < go < 0o and
v € Ap(w) = A (R™, wdz) define

W Gd0) = {1 € () v € A ()1 Ry 0) .
We are now ready to state our main result:

Theorem 1.8. Let w € As(dx) and let L, be a block degenerate elliptic operator in
R as above. Let v € Ax(w) be such that

(1.9) Wy (max{ry, ¢ (L)}, 4+ (Lu)) # O

Then, for every p € WY (max {rw, %((Lw))} g+ (Ly )) and every f € CX(R™), if
one sets u(x,t) = e ™V f(z), (x,t) € R™, then

(1.10) Nt ooty < CIFS

and (R™) 1o (waw) is solvable.

Let us compare this result with some previous work. When w = 1 (that is, we
are working with the class of uniformly —or non-degenerate— elliptic operators) and

v =1 then, clearly, o, = 1, Wy (max{ru, ¢-(Lv)}, ¢+ (L)) = (¢-(Luw), ¢+ (L)) # O,
and our result gives (1.10) in the range <max {1, ng-(Lw) } ,q+(Lw)), hence we fully

n+q—(Lw)
recover [29, Theorem 4.1]. If we still assume that w = 1 and we let v € A (w) =
Ao (dx), then our assumption (1.9) agrees with that in [11, Theorem 1.10] and the
range of p’s here is slightly worse than the one in that result (the lower end-point in
[11, Theorem 1.10] has been pushed down using an extra technical argument that we
have chosen not to follow here).

Our methods to prove Theorem 1.8, in particular the estimate involving d,u, are
also novel. The above works used advanced technology of Hardy spaces adapted to
operators: developing them in our context is probably a new challenge in itself. In-
stead, we rely on recent change of angle formulas for weighted conical square function
estimates (see Section 2.4) and also the ones we prove for non-tangential weighted
maximal functions (see Lemma 3.7) which allow us to implement more directly stan-
dard tools in the field.

An important consequence of our method is that we can obtain the solvability of
the regularity problem corresponding to data in unweighted Lebesgue spaces. The
main idea consists in taking v = w=! in Theorem 1.8. The following result focuses
in the case of the L%-solvability (more general results are presented in Section 4, see
Corollaries 4.3 and 4.5):

Corollary 1.11. Let w € Ay(dx) and let Ly, be a block degenerate ellz’ptz’c operator
in Rt as above. Given © > 1 there exists €9 = €o(©,n, A/X) € (0, 5], such that
for every w € Ay (dx)N RH o2 14(140) 2 y(dx) with 0 <€ < €y and [w]aydz) < O,
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then
(1.12) INw(Varll 240y < ClIV I L2(an)-

for every f € CX(R™) and where u(x,t) = e ™Vl f(z), (z,t) € R™'. Hence
(R“‘w)Lz(d@ is solvable.

Furthermore, if we set
Lou(z, t) = —|z|*div, (|| A(z)V u(z, 1)) — OFu(z, t)

where A is an n X n matriz of complex L™ -valued coefficients defined on R™, n > 2,
satisfying the uniform ellipticity condition (1.1), then there exists 0 < € < % small
enough (depending only on the dimension and the ratio A/\) such that if —e < a <
20 then (1.12) holds in this scenario and (R™) 124y 15 solvable.

The plan of the paper is as follows. In Section 2 we introduce notations and
definitions, and we recall some known results. We also obtain estimates for some
inhomogeneous vertical and conical square functions which are interesting on its own
right (see Propositions 2.54 and 2.71). To prove our main result, Theorem 1.8, we
split the main estimate into two independent pieces, one regarding N,,(V,u) and the
other one related to N, (9,u), see respectively Propositions 3.2 and 3.5 in Section
3. In Section 4 we study the solvability of the regularity problem in unweighted
Lebesgue spaces and, in particular, we prove Corollary 1.11.

2. PRELIMINARIES

We shall use the following notation: dx denotes the usual Lebesgue measure in R,
dw denotes the measure in R" given by the weight w, and vdw or d(vw) denotes the
one given by the product weight vw. Besides, throughout the paper n will denote
the dimension of the underlying space R™ and we shall always assume n > 2.

Given a ball B, let rg denote the radius of B. We write AB for the concentric ball
with radius Arg, A > 0. Moreover, we set Cy(B) = 4B and, for j > 2, C;(B) =
271 B\2/ B.

2.1. Weights. We need to introduce some classes of Muckenhoupt weights. Namely,
Ao (dz), on which the underlying measure space is (R", dx), and then fix w € A, (dx)
and consider the class A (w) where the “weighted” underlying space is (R", dw).

2.1.1. Ax(dzx) weights. By a weight w we mean a non-negative, locally integrable
function. For brevity, we will often write dw for w dz. In particular, we write w(E) =
[ dw and LP(w) = LP(R", dw). We will use the following notation for averages:
given a set F such that 0 < w(F) < oo,

]{Efdx:ﬁ/Efdx.

or, if 0 < |E| < o0,
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Abusing slightly the notation, for j > 1, we set
1
fdw=——-— / fdw.
]{mm w(2*B) Je, )

We state some definitions and basic properties of Muckenhoupt weights. For further
details, see [19, 23, 24]. Consider the Hardy-Littlewood maximal function

— sup ][ ()] dy.
B>z

It is well-known that given a weight w, M is bounded on LP(w), if and only if,
w e A,(dx), 1 < p < oo where we say that w € A,(dx), 1 <p < oo, if

]i w(z) dx) (ﬁ w(z) 7 dx)pl < 0.

(W] 4, (dz) := SUP (

B

Here and below the sups run over the collection of balls B C R™. When p =1, M is
bounded from L'(w) to L*°(w) if and only if w € A;(dx), that is, if

[ wiyae) ((esssup wiy) <o

(W] A, (dz) := SUP (

B

We also introduce the reverse Holder classes. We say that w € RH,(dz), 1 < s < 00

if :
=50 ( f wie) dx)l (f wiwrdr) < e,
ol = 50 (][ w(z) dx)l ((esssup i) <o

It is also well-known that

and

UAdx URde)

1<p<oo 1<s<oo

Throughout the paper we shall use in several places the following properties.
Namely, if w € RHy(dx), 1 < s < 00,

w(E) |E]
(2.1) e <l (1) VECE.
w(B) ANE]
where B is any ball in R". Analogously, if w € A,(dz), 1 < p < oo, then
[E[" w(E)
(22) <— < [w]AP aw ———, VECB.
|B] “w(B)
This implies in particular that w is a doubling measure, that is,
(23) w()\B) < [w]AP(dx) )\”pw(B), VB, VA> 1.

We continue by introducing some important notation. Weights in the A,(dz) and
RH(dx) classes have a self-improving property: if w € A,(dx), there exists ¢ > 0
such that w € A,_.(dx), and similarly if w € RHy(dx), then w € RH,s(dx) for some
0 > 0. Hereafter, given w € A,(dz), let

(2.4) ro =inf {p: w e A,(dz)}, sw=1inf{q: we RHy(dz)}.
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Note that according to our definition s,, is the conjugated exponent of the one defined
in [7, Lemma 4.1]. Given 0 < py < gy < oo and w € A (dz), [7, Lemma 4.1] implies
that

(2.5) Walpo, q0) := {p € (poqo) : w € Ap (da) ORH(?)/(d:c)} — (Ww, 3_2) .

If pp = 0 and ¢y < oo it is understood that the only condition that stays is w &€
RH(Q_O)/(d:E). Analogously, if 0 < pg and gy = oo the only assumption is w € A» (dz).
P Po

Finally W,,(0, 00) = (0, 00).
Furthermore, given p € (0,00) and a weight w € A, (dz), we define the following
Sobolev exponents with respect to w

NTwP
2.6 wx = ,
(26) (Phus =

and, for k£ € N,

b if nr, > kp,

00 otherwise.

We write p, := pL*.

2.1.2. Ax(w) weights. Fix now w € Ay (dz). As mentioned above, (2.3) says that w

is a doubling measure, hence (R, dw, |- |) is a space of homogeneous type (here and
elsewhere | - | stands for the ordinary Euclidean distance). One can then introduce
the weighted maximal operator
28) MO f(@) = sup f [ 1(w)] du(y)

B>z JB

Much as before, M" is bounded on LP(vdw), 1 < p < oo, if and only if, v € A,(w),

which means that
p—1
(2.9) (0] 4, (w) = sup (][ v(x) dw) <][ v(z) dw) < 00.
B B

B
Analogously, we can define the classes RH (w) by replacing the Lebesgue measure in

the definitions above with dw: v € RHy(w), 1 < s < oo if

Lo dw)* (f de)% .

(2.10) [V] R (w) = Sup (
From these definitions, it follows at once that there is a “duality” relationship between
the weighted and unweighted A,(dz) and RH,(dz) conditions: w™! € A,(w) if and
only if w € RHy(dz) and w™! € RH,(w) if and only if w € Ay (dx).

For every measurable set £ € R", we write vw(E) = [,dvw) = [,vdw =
(vdw)(F) and LP(vdw) = LP(R", v(x)w(x)dz). In this direction, for every w €
A, (dx), v e Ay (w), 1 <p,q< oo, it follows that

21 (1) <l (U5) < Wl blam g VE<B.
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Analogously, if w € RH,(dz) and v € RH,(w) 1 < p,q < 00, one has
vw(E) w(E)\ 7 ! \E|\ 77
< o EI T o NE T vECB.
ou(p) = <w<3> = Pl Wl ao \ 1 i
As before, for a weight v € A (w) (recall that w € A (dx) is fixed) we set
(2.13) t,(w):=inf {r: ve A (w)} and s,(w):=inf{s: ve RHy(w)}.

For 0 < pgp < qo < o0 and v € A, (w), by a similar argument to that of [7, Lemma
4.1], we have

(2.14)
Wy (o, qo) = {p € (Po;q0) = v € Az (w)N RH(qg)'(w)} = <p0tv<w)7§:‘ézﬂ)) :

If po = 0 and ¢y < o0, as before, it is understood that the only condition that stays
isv € RH (0 )/(w). Analogously, if 0 < pg and ¢o = oo the only assumption is

v € Az (w). Finally W¥(0,00) = (0, c0).
Po

(2.12)

Remark 2.15. The proof of our main result will use the Calderén-Zygmund decom-
position from Lemma 2.47 with respect to the underlying measure v(x)dw(x) =
v(x) w(x) dr where w € Ay (dx) and v € Ay (w). In that scenario it was shown in
[31, Remark 2.15] that wv € A, (dz) and moreover r,, < 7,t,(w). The converse
inequality is false in general: let w(z) := |z|™ and v := w™!, then one can easily see
that ryt,(w) =7y S = 2 and 74, = 1.

We state some lemma which will be useful in the sequel.

Lemma 2.16. Given 0 < p < q < oo, let B C R™ be a ball and let 7 > 1, the
following holds:

(a) Ifv € A%(w) then

2 Pdw(x p< x)|%d(vw)(x
(ﬁj(B)lﬂ ) <>> N(][Cj(B)w )l1d(ow) >)

(b) Ifv € RH( )/(w) then

q
P

<][ |f<x>|pd<vw><a:>> s(f |f<x>|qdw<x>>
C;(B) Cj(B)

Proof. We prove the case p < ¢ (when p = ¢ the proof follows similarly and is left to
the interested reader). Assume first v € A%(w). We obtain (a) by applying Holder’s

inequality and (2.9)

Qe

Q=
Q|

1

(J[cjm) |f|pdw> - (J[cjua) |f|pv§v_5dw>
S ][ | f9vdw (][ vl(g)/dw) oy
~ \Jem) 2i+1B

3=

Qe
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< (][ " f"vdw>; (. an) - (]é " |f\qd(vw)> ;

Next assume v € RH

(][ . \f|”d(vw)>

Y (w), we obtain (b) by applying Hélder’s inequality and (2.10)

w(27H1B) \ 7 , z
<'UU}(2]+1B)) (][CJ(B) |f‘ wa)

(F ) (£ rae) (£, o)
<][C . Iflqdw>q-

(g
p
1
p

A

2.2. Square functions and non-tangential maximal functions.

In this section, we introduce several auxiliary operators (vertical and conical square
functions, non-tangential maximal functions) which will be needed at various points
along the proofs.

Consider, for x > 1, the non-tangential maximal function N*% defined as

1
dw(y) \?
(2.17) NEYE(z) := sup </ F(y, ) P——=— | .
t>0 \J B(z,xt) w(B(z,t))
We write N when x = 1. We are particularly interested in the non-tangential
maximal functions associated with the heat or Poisson semigroup. For f € L?(w),
define

21 N = ([ ) el Y
(2.19) N Sa) = s ( / e %) .

Again, when x = 1 we write N} and MVy. We shall obtain weighted boundedness of
these operators in Section 4.2.

We also consider several invariants of the vertical square functions associated with
the heat semigroup which were studied in [14, Sections 5 and 10]:

(2:20) aifo) = ([ ““) ,

2.21) Glanf (@)= ([ [rveLaie o s 2‘“) ,

2 Lye" b f(2)
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(222) 17w = ([ e s ‘ff)

Proceeding as in [14, Propositions 5.1 and 10.1], by a standard argument, we have
the following lemma.

Lemma 2.23. Let L, be a degenerate elliptic operator with w € As(dx) and let
v € A (w). Then

(a) g is bounded on LP(vdw) for all p € WY (p_(Ly), p+(Ly));
(0) GYjo i and G are bounded on LF(vdw) for all p € Wy (q—(Lw), 4+ (Lw))-

Now we recall the following conical square functions studied by the authors in [12].

(2.24) S f( (// £Le b ()| L) dt )1

tw(B(y,1))

where I'*(z) = {(y,t) € R : |x — y| < at} is the cone with vertex at z and
aperture a > 0. When o = 1 we write I'(x) and S¥. According to [12, Proposition
3.1}, we have that S is bounded on LP(vdw) for all p € WY (p_(L,,), 00).

Finally, we introduce the following “inhomogeneous” vertical and conical square
functions:

(2.25) Gista) = ([ 7P Lae s s dt) ,
> dw(y)dt )

t
(226) U/m (L) O] 5ot 0)

By non-homogeneity, we mean that the power of ¢ inside the square functions is not in
accordance with the order of the operator L,,, we are modifying respectively G} and
Sj by removing one power of ¢. The analogues of the above two square functions in
other settings turn to be very useful in the study of Riesz transform and Hardy space
theory, see for instance [13, 25]. Sections 2.6 and 2.7 below study the boundedness
of G“’ and S“’ on weighted Sobolev spaces, which plays an essential role in the proof
of our main results

We finish this subsection by recalling the results about the reverse inequality of the
Riesz transform associated with the operator L,, proved in [14]. The Riesz transform

_1
V L,,? associated with the operator L,, can be written as
7252 Lw dt

Vw:\/_/tv e

consider also the following square root representation (see for instance [9, 18]):

2 [® 2 dt
2.27 L,=— tLye Flv—,
(2.27) VIi-— / e

Proposition 2.28 ([14, Proposition 6.1]). Let max{ry, (p—(Ly))w} <P < D4 (Luw).

V Lw.} H 5 'J LP(w)"
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Furthermore, if p € WY (max{ry, p_(Ly)}, p+(Ly)). Then for all f € S,

| <V 1o oy

LP(vdw)

2.3. Off-diagonal estimates.

Definition 2.29. Let {T}};~¢ be a family of sublinear operators and let 1 < p < oc.
Given a doubling measure p we say that {7} }4~0 satisfies LP(u)—LP(p) full off-diagonal
estimates, denoted by T; € F(LP(u) — LP(p)), if there exist constants C, ¢ > 0 such
that for all closed sets E and F, all f € LP(R"), and all ¢ > 0 we have

(2:30) ([ 1Ef>|pcm) <o ([ If\pdﬂ) |

where d(E, F) =inf{|lz —y|: x € E,y € F}.

Set T(s) = max{s,s '} for s > 0. Recall that, given a ball B, we use the notation
C;(B) =2/"'B\2B forj > 2, and for any doubling measure g

1
0= 55 1 0= g [

Definition 2.31. Given 1 < p < ¢ < oo and any doubling measure pu, we say that
a family of sublinear operators {7}~ satisfies LP(u) — L%(p) off-diagonal estimates
on balls, denoted by T, € O(LP(u) — L%(u)), if there exist 6,0 > 0 and ¢ > 0 such
that for all ¢t > 0 and for all ball B with radius rp,

(2.32) (]i \Tt(le)\qduf ST (%)9 ( B \f|pdl~t>% |

and for j > 2,
) 1
2 r 2 C4J1"2 P
(2.33) ( ’Tt (fle,) } dﬂ) <2J€1’I‘< B) e~ ][ |f|Pdu )
\/E C;(B)
and

a 02 41 2
(2.34) (%}(B) |Tt(f13)\qd,u> < 9ity (2 TB) ( \f|pd,u)

Let us recall some results about off-diagonal estimates on balls for the heat semi-
group associated with L,,.

Lemma 2.35 ([8, Section 2], [14, Sections 3 and 7]). Let L,, be a degenerate elliptic
operator with w € As(dzx).

(a) If p_(Ly) < p < q < pi(Ly), then e v and (tL,)"e "t for every m € N,
belong to O(LP(w) — LY(w)).

(0) Let p—(Lw) < p < q < py(Lw). If v € Appp_(r,)(w) N RHp(1,.)7qy (W), then
e~ ttv and (tL,)™e | for every m € N, belong to O(LP(vdw) — Li(vdw)).
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(¢) There ezists an interval K(L,,) such that if p,q € K(Ly), with p < q, then
ViVe v ¢ O(LP(w) — Li(w)). Moreover, denoting by q_(L,) and q, (L)
the left and right endpoints of K(Ly,), then q—(Ly) = p—(Ly), 2 < q4(Ly) <
(q+(Lw))y < pi(Luw)-

(d) Let q-(Ly) < p < q < q4(Lw). Ifv € Ay 1) (w) N RH g, (1.,)/qy (W), then
ViVe e € O(LP(vdw) — L (vdw)).

(e) If p = q and p is a doubling measure then F(LP(u) — LP(p)) and O(LP(u) —
LP(u)) are equivalent.

Remark 2.36. Since off-diagonal estimates on balls are stable under composition (see
[8, Theorem 2.3]), it follows from (b) and (d) that /tVtL,e v € O(LP(vdw) —
Li(vdw)) for ¢ (Ly) <p < ¢ < q4(Lw) and v € Apjg1,)(w) OV RH g, (1) /gy ().

Moreover, in the following result, which is a weighted version of [28, (5.12)] (see
also [25]), we show off-diagonal estimates for the family {7;,}s0 = {(e "1v —
e~ (WHsHL)MY L  for all M € N,

Proposition 2.37. Let p € (p_(Ly),p+(Ly)) and let 0 < t,s < co. Then, for all
sets By, Ey C R" and f € LP(w) such that supp(f) C Ey, we have that {T;s}si>0
satisfies the following LP(w) — LP(w) off-diagonal estimates:

52 M _cUELLE )?
(2.38) e Tesflw S {2 ) ¢ = el
In particular, there holds
s\ M
(2.39) I7eeflori S () I

Proof. Note that we have
H]'E27;,Sf”Lp(w)

M
1g, (e*t%“’ - ef(t2+s2)L“’) f

- /S?.. /52

Ay E)? E2)2 dr d
1..-Arp
/ / i= 1T7,+JVIt2 (ZM N N MtQ)MHlElfHLp(w)

_ AELE
< (5) e il

where we have applied the fact that (tL,)Me "t € F(LP(w) — LP(w)), for all p €
(p—(Lw), p+(Ly)), (see Lemma 2.35). O

32 M
1p, (/ 9,e~ () Lu d'r’) f
0

d?"l .. .d’l"M

o) My M)

LP(w)

M
(( Z T+ Mt2> Lw>M€ (vail T¢+Mt2)wa

We conclude this section by introducing the following off-diagonal estimates on
Sobolev spaces (for non-degenerate elliptic operators see [1]).
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Lemma 2.40. Let q € (q¢_(Ly),q+(Ly)) and o« > 0. Assume that p satisfies
max {7, (¢_(Lw))ws} < p < q. Then, for every (x,t) € R, there exists 6 > 0
such that

(2.41) (é(mm)

Proof. For simplicity, we write B := B(z,at) and h := f — fip ., where, for every
A > 0, fapw is the average of f in AB with respect to the measure dw. By the

oL ! 9 - —c4d i
wf‘ dw) <T@'S e <][ Vf”dw)
Z B(z,27t1at) | |

Jj=1

conservation property, that is et lu] = 1,
Ve luf = Ve o (f — fip.,) = Z Ve lepy,

with h; := hlg,). By Lemma 2.35, for any ¢ (L,) < q < ¢, we have that
ViVe v ¢ O(L%(w) — L(w)), then

2 q % >
Ve wa’ dw) < (][ ’Ve )
(£ z B
95 (01+02) p—c4? %
GQZ € ][ |h|q°dw .
C;(B)

Using the weighted Poincaré-Sobolev inequality (see [14, Theorem 2.1] and also [22,
Theorem 1.6]), we obtain that for any p > max{r.,, (¢o)w},

1

a0 qi J
(][ ‘h‘qodw> < <][ ’f - f2j+137w’q0dw) i + Z }f21+1B7w - fQZB,w’
C;(B) 2i+1B —

j
< 1B.w quU}) "
£ (o, 17— fren
j :
<N 2ot <][ |Vf|pdw)
; 2i1+1 B

Hence,

0 4 J %
<][ ’ve*t%wf’ dw) < Y(a GZ ‘ 2t <][ \Vf\pdw)
]:1 I—2 2l+lB

< T(a) ie—c‘“’ ( ][ v f|pdw) ’
2/+1B

This completes the proof. O

2.4. Change of angles. We shall use two change of angles results. The first one is
a version of [27, Proposition 3.30] in the weighted degenerate case.
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Proposition 2.42. [12, Proposition A.2] Let w € Az(dx) and v € RH..(w) with
1<7m,r<oc. Foreveryl <gq<7,0<a<1andt>0, there holds

e [ ([ ol gnts) "u(a)tute)

sae0 [ ([ o) Sl " o(e)ho(a).

The second result was proved for the unweighted non-degenerate case in [2] and
for the weighted non-degenerate case in [27, Proposition 3.2]. Consider, for a > 0,
the following operator acting over measurable functions F' defined in R’}r“:

(//( AF dgé,dt))) | aem,

where I'®(z) is the cone of aperture o and vertex at z, I“(z) = {(y,t) € RI*" :
|z —y| < at}.

Proposition 2.44. [12, Proposition 4.9] Let 0 < a < f§ < o0.
(a) For every w € Az(dx) andv € A, (w), 1 < 1,7 < 0o, there holds

(2.45) HABFHLP iy < C (g) ’ JAGE | Loy for all 0 < p < 2r,

nrr

where C'> 1 depends onn, p, v, 7, [W|A(dr), and [v]a, (), but it is independent
of a and f3.

(b) For every w € RHy(dx) and v € RHy(w), 1 < 5,5 < 00, there holds

o\ 757 2
(2.46) JAGE | Lo oy < C (E) HA?UFHLP(MW) for all B <p< oo,

where C > 1 depends onn, p, s, 5, [W]rH,, (d), and [V|rm, (w), but it is indepen-
dent of o and (3.

2.5. Calderén-Zygmund decomposition on Sobolev spaces. Our proofs rely
on the following Calderén-Zygmund decomposition on Sobolev spaces.

Lemma 2.47 ([6, Lemma 6.6]). Letn > 1, a >0, w € Ay (dz), and let 1 <p < o0
be such that w € A,(dx). Assume that [ € S is such that ||V f| r(w) < 00. Then,
there exist a collection of balls {B;}; with radii rp,, smooth functions {b;}; and a
function g € L} (@) such that

(2.48) f=g+> b

and the following properties hold:
(2.49) \Vg(z)| < Ca,  for p-a.e. z,

(2.50) suppb; C B; and / |Vb;[Pdw < CoPw(B;),
B;
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C
(2.51) Zw(Bi) <= /R IV f|Pdw,

(2.52) > i <N,

where C' and N depend only on n, p, and w. In addition, for 1 < q < p., where p%
is defined in (2.7),

(2.53) (][ |bi\qdw>q < arp,.
B;

2.6. Non-homogeneous vertical square function. In this section, we study the
weighted boundedness of Gjj. Our result is the following.

Theorem 2.54. Let w € Ay(dx) and let L, be a degenerate elliptic operator. Given
v € A (w), assume that WY (max{ry,q_(Ly)}, ¢4+ (Ly)) # O. Then, for every f € S
and p € W’ (max{ry, (¢ (Lw))w,s}: ¢+(Lw)), it holds,

(255) HéﬁfHLP(vdw) 5 ||Vf||LP(vdw)'

Before starting with the proof, we make some remarks and prove Lemma 2.62
(stated below). These results not only will be useful in this proof but also in the
remainder of the paper.

Remark 2.56. Given w € Ay(dz) and v € Ax(w), let 0 < ¢- < ¢4 < oo and
p > t,(w) max{ry, (¢_)w.}. Assuming that

(tv(w) max{rw, Q—}, q+/5v(w)) = W;”(max{rw, Q—}v Q-I—) 7& ®7

we claim that

(257) (tv(w) max{rw, Q—}v min{q-i-/gv(w)a P:jw}) 7& ®7

where we recall that by Remark 2.15 vw € Ay (dz), and pf, is defined in (2.7).
Indeed, since by hypothesis v,(w) max{r,, ¢_} < ¢;/s,(w), this can be seen from the
fact that

(2.58) t,(w) max{r,, ¢_} < pl,-

To prove (2.58), we distinguish two cases. If t,(w) max{r,,¢_} = v,(w)r,, since we
are taking p such that p > t,(w) max{r,, (¢-)w.} and since (¢-)u. < g- (see (2.6)),
then

t,(w) max{r,, ¢_} = t,(w) max{ry, (¢-)w } <D < Pyy-

If now t,(w) max{r,, ¢_} = v,(w)g_, we can assume that nr,, > p (otherwise p}, =
oo and the inequality is trivial). Hence, by hypothesis and by (2.7),

1 1 1 1 1 g 1
Prw P Mow  G(W)(G-)ws  MTpw  t(W)gnry, Ny,

1 R R W S 1
a t(w)g Ny rote(w) ) ~ ty(w)g- N v, (w) max{r,, q_}
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Remark 2.60. Let {B;}; be a collection of balls with bounded overlap, w € Ao (dx),
and v € Ay (w). Besides, consider 1 < p < oo, u € LP (vdw) such that 1wl 27 (waw) =
1, and M"" the weighted maximal operator defined as

MY f(x —sup][ |f (y)|d(vw)(y),

B>x

then, by Kolmogorov’s inequality, we have that

(2.61) <Z/ M”w |u|p "} vdw) < (/UB </\/1”“}(|7,L|P))’7 vdw)
<vw<UB>HuHLP(d vw(LZJBl).

We next state a technical lemma which will be used several times. We notice that
the statement, which may appear slightly clumsy, is written so that it can be easily
invoked in some of our proofs.

P

Lemma 2.62. Given w € As(dx) and v € Ax(w), fit a > 0, 1 < p; < oo, {B;};
a collection of balls in R™ with bounded overlap. Assume that there is a sequence
of positive numbers {Z;;}; ; (whose significance will become clear when applying the
result) so that

(2.63) T,; < Cavw(2H B2 iCM=0) >y

Y

where C, C are fized (harmless) constants, and 2M > C + nryt,(w), then

1
sup ZZ illule, s ”LPI(wa avw(UB@) h

, -
Pl (wa) i >4

[l

Proof. Fix u so that |Jul| = 1. Note that we can find p > r,, ¢ > t,(w) so

~ L (vdw)
that 2M > C + nr with r = pg. In particular, w € A,(dx), v € A,(w) and we have
(2.11) at our disposal. This, together with (2.63) and (2.61) with p = p;, allows us
to show that

2.

i >4

« vw( §(@M—~C—nr) w(z)|Prd(vw)(z
S vu(B)2 (fcj(&)un d(vw) >>

i j>4

g P (vdw)

S

1

< ava(Bi) inf (M”w(|u|pll)(x)) n

reEB;

<QZ/ Mvw (Jul?) (x ))Pl vz )ozw(g;)5m;w(UBi)ﬁ

This readily leads to the desired estimate. O
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Proof of Theorem 2.5j. Throughout the proof fix w € As(dx) and denote ¢ :=
q—(Ly) and g4 == ¢4 (Ly)-

If p € WY (max{ry,,q_},q+), then (2.55) follows easily from Lemma 2.23 and
Proposition 2.28. Indeed, we have

1 dt
(2.64) HG fHLp(wa) = H ( tV(2 L, be o /—f)‘z )
LP(vdw)
5 H \ waHLP(vdw) SJ ”vf”Lp(vdw)-

In accordance with (2.14), to go below t,(w) max{r,, ¢_}, we shall show that if p
satisfies

(2.65) ty(w) max {ry, (¢-)w.} < p < t,(w)max{ry,q_},
then for any a > 0 and f € § it follows that

(2.66) vw ({x eR": GYf(z) > }) < ai |V fPodw.

Hence using interpolation between Sobolev spaces (see [10]), we shall conclude the
desired estimate.

In order to prove (2.66), we apply to f the Calderén-Zygmund decomposition in
Lemma 2.47 at height a > 0 for the product weight vw (recall that r,,, < r,t,(w) < p,
see Remark 2.15). Thus by (2.48)

vw <{x eR": GUf(x) > a}) < vw <{x eR": Glg(z) > %})
~ 2c0
eR":GE(Yob)@) > T ) = T+ 1L
+ vw({x i EZ: (x) 3 +
Note that by Remark 2.56 we can pick ¢ such that
(2.67) t,(w) max{r,, ¢_} < ¢ < min {5:1(;) ,p:w}.

Keeping this choice of ¢, by (2.64) we have H@ﬁf”mwdw) S VSl Lawdw)- Besides,
since p < ¢ (see (2.65)), properties (2.49)-(2.52) yield

1 ~ 1 1
I<— |GHg|Tvdw < —/ Vg|Tvdw S — |V fPodw.
R™ ol Rn aP R™

o

To estimate term I1, for every k € Z, let r; := 2% if 28 <rp < 281 Then,

1< vw(U 16B,~)

Hw({xew:(/ 9L _M(z;tb) 2dt> >§}>

(2

+vw<{x€R"\U163i:</ooo 2V Ly, | ; (x)2%>2>%}>

=
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1
S— |Vf|pvdw+lll+llg,

a? Jpn
where we have used (2.3) and (2.51).

In order to estimate term [/, write

(2.68) (/ )vﬁ th(z;tb) 2dt>
([ e (S e s - ([ maert)

where T, := 3V Ly,e "2 and fy(w) == 1 3,2, bi(®).
Moreover, note that 2 € (max{r,,q_},qy), then, by Remark 2.36, for every vy €
3
A/ max{ru,g_y (W) NV RH ., oy (w) we have t2V Lye™"" € O(L*(vodw) — L*(vodw)). In
particular, T} is bounded from L?(vydw) to L*(vodw). Consequently,

1112
o dt 2 e dt
(/ |tht|27) :/ |tht| UOdUJ—
0 0 R™

L2 (vodw)

1112
o dt\ 2
5/ / |ft Uodw— || ‘ft|2t)
0 n

L2 (vodw)

=

Now, by extrapolation (see [12, Theorem A.1] and also [15, Theorem 3.31]), we obtain
that for v € A (w) and any ¢ € WY (max{r,,q_},q+),

([ imse) ([ ety

In particular the above inequality holds for our choices of ¢ and v.

<

~

(2.69)

L (vdw) L (vdw)

Next, the proof follows much as in [3, p. 543], but we write the details for the sake
of completeness. Consider the following sum:

b,
/Bk = _Za
i
i =2k
and note that
=Y Sy -y 2.
i<t ki2k<t =2k T, ok<t

By Cauchy-Schwartz inequality, for every t > 0,
2k 2k 2k 2k
|fi? < ( > 7|5k|2>< > 7) <) 7|5k|2 :ZT|Bk|21[Qk,oo)(t)a
k:2k<t k:2k<t k:2k<t keZ
and hence,

/0|ft|2—<2/m2—@|6k|2 S B

kEZ
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Using the bounded overlap property (2.52), the fact that r; ~ rp,, and also (2.53),

we have
I
> dt\?
() <[2 5
0
L4 (vdw)
Sanvw(Bi)Saq_p/ |V flPvdw.
R?’L

La (vdw)
%

This estimate, (2.68), and (2.69) with ¢ and v, yield as desired

(ZW)Q

keZ

<|(Z1ar)

kEZ

1
1L <=
«

o dat\ |’
Tife)*—
|(/ i )

L4 (vdw)

<L
~ ol

1
5—/ |V fPvdw.
aP Rn

La(vdw)

In order to estimate term I/, notice that

([ vree( ) es ([

Then, by duality, we have
(z)dw(z)

2V Lye "

) E:T@.

1
1, < —

q
’ T:bi(x)| v
al Jgro\(J, 16B;

q
: /
<— Tibi(z)| Ju(z)] v(x)dw(x)
o IIUIILq/(wa) Z R™\U; 16B;
q
1
<- >y / (Tbi()] [ >|v<x>dw<x>)
IIu”Lq/(vdw) 7 ]>4 J( Z
q
1
s~ D) DI T )wa)) |
o ”u”Lq/(vdw) i g>4

To estimate ||Tibi||Lq(Cj(Bi) vdw)» W€ Pick pg close enough to ¢, and gy close enough
to ¢, such that

(2.70) ¢ <po<2<q <qy, and UEA%(w)ﬂRH(LO)/(w).
Note that W¥(q_,qy) # O since by assumption WY (max{r,,q_},qs) # © and
WY (max{ry,q-},q+) € W¥(q_,q+). Notice also that applying Remark 2.36 with

v =1, we have t2VLye v € O(LP(w) — L (w)). Then, by Minkowski’s integral
inequality, Lemma 2.16 (a) and (b) (see (2.70)), (2.53) (see (2.67)), and recalling that

r; = rp,, for j > 2,
1
; 1
2dt\ 2 a
i t_?’) d(’UU}))

. 1 K
||Ebl ||Lq(Cj(Bi),wa) — Uw(23+1B)q (][ (/
Cj(B;) \JO
1
| | . dt a0
S vw(2B,)s ][ </ ) "
Cj(Bi) 0

t?’VLwe_t2

13V Ly e
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1
2 2
) Ti q q0 dt
< vw(23+1Bi)% / ][ ‘t?’VLwe i Odw =
0 C;5(Bs) t

1
o j 205 4972, 2
< 290 (27T By %< |bi |p°dw> / <2 TBi) e d_§
o t t
_ , . g 7
g efc4ﬂ UU}(2J+1B¢)E <][
B;

q . .
d(vw)) 56’04Javw(21+18i)%.
Now we use Lemma 2.62 with py = q, Zi; = || T3bi|| La(c; (B,),vdw)> {Bi}i the collection
i(2M—C) (

i

rB;

—c4J

of balls given by Lemma 2.47, and with e
and C' do not play any role here). Therefore, Lemma 2.62 and (2.51) imply

1
11, ng(UBl-) S &/ |V f|Pvdw.
i R™

Collecting the above estimates, we get the desired result. 0

replacing 277 consequently M

2.7. Non-homogeneous conical square function. In this section, we shall prove
weighted boundedness in Sobolev spaces for the inhomogeneous conical square func-
tion S defined in (2.26). The analogous result for elliptic operators was studied in
[25] for the Riesz transform characterization of Hardy spaces. See also [30] for the
the Riesz transform characterization of weighted Hardy spaces. Our result is stated
as follows.

Theorem 2.71. Given w € Ay(dx), v € Ax(w), assume that

(2.72) Wy (max {rw, ¢ (Lw)} , ¢+ (Lw)) # O.
Then, for every h € S and p € WY (max {1y, (p—(Lw))wx} P+ (L)), it holds

(2.73) ISEA] oy S IV 200

In order to prove this theorem, we shall use Lemma 2.74 and Proposition 2.75.
Lemma 2.74 will be also useful in the proof of Proposition 3.5 (all these results are
stated below).

Lemma 2.74. Let w € Ay(dz) and v € Ax(w) be such that WY (q_ (L), ¢+ (L)) #
@, and let

pE (tv(w) maX{Twa (Q— (Lw))uu*}a tv(w) maX{Twa q- (Lw)})

Given a > 0 and [ € S such that ||V f||irwaw) < 00, let {b;}; be the collection
of smooth functions from Lemma 2.47 (applzed to f, p, o, and w = vw). Write
b= Doy Avy biy, where A, =1 — (1 —e B, LM and M e N is arbitrarily large.
Then, for p1 € W¥(q_(Ly),q+(Ly)) such that 1 < py < p, (note that following
(2.59) we get that tv(w)q,(L ) < pi,)s there holds
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Proof. First of all denote ¢_ := q_(L,,) and ¢, := ¢, (L,). By duality and expanding
Ay, , we have

M
HVb’ LP1 (vdw) / ‘V( Z Z C}g,Meikr%iwai) vdw
R i

p1
—krs L b;

< < Vet w(—)’ |u|vdw> .
B,
||u||Lp1( = :

Besides, recall that by hypothesis v € Az (w) N RH(&)/(w) (see (2.14)) and hence
VTVe ™ € O(LP (vdw) — LP (vdw)). Using this, (2.53), and also (2.3),

2 b;
/ Vkrg Ve Ml (—Z)
n TBi

< wvw(2By) <][

P

|u|vdw

1

P1 P1 i
d(vw) ][ |ulPrd(vw)
C;(Bi)

b‘
\/_TB VeikrB Lw( )
B;

C;(Bi)

Jj=1
; b | " TPIRYt
< Z e~ Y vw(B;) (]é -~ d(vw)) $1£B£ (Mvau‘pl)([L‘)) 1
=1 B ’

< a/ <M”w(|u|p1)> pl vdw.
B;

Consequently, (2.61) with p = p; and (2.51) imply

HVbHLm vdw) S ot <Z/ Mvw \U\pl & wa>

||U||Lp1( o
< ozplvw(UBi> S ozplp/ |V flPvdw.
(2

O

To formulate our next result (proceeding similarly as in [25, 30]), we introduce the
following conical square function

Staatt = ([, [V sl )

Observe that SHf StomV Lw f. Our goal is to see that S}, i f compares with Sy f

(defined in (2.24)) in some weighted spaces (see [31, Proposition 4.5] for a general

version of this result). For the following statement we recall that p,(L,)%* was

defined in (2.7). ’
Proposition 2.75. Given w € Ay(dx), v € Ay (w), and f € L*(w), there hold
(@) IS8 fllzewaw) S IS1)2mf Lo, for all p € Wi (0, py(Lw)3");
0) 18101 f e aw) S NSHFllLewaw), for all p € W0, p4(Luw)y,)-
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In particular, pr S qu;u((]apr(Lw)*w); we have
||S{U/2,Hf||[ﬂ’(vdw) ~ ||Sﬁuf||Lp(vdw).

Proof. We shall use extrapolation to prove both inequalities. Indeed, [12, Theorem
A1, (b)] (or [12, Theorem A.1, (¢)], if py (L)% = 00) allows us to obtain (a) from

(276) ”ngH%Q(vodw) 5 HS{U/Q,Hf”%Q(vodwﬁ V’Uo S RH(p_F(Lw)gJ’*)'(w)
2

and (b) from
(277) ||S$/2,Hf||%2(vodw) 5 ||Sﬁuf||%2(vodw)7 Vo € RH(p+(Lw)ZU)/(w)'

To set the stage, fix w € Ay(dx) and v9 € RH ke (w). Here and below k is

P+(Lw)w
2

either 1 or 2, depending whether we are proving (2.77) or (2.76) respectively.

Note that we can find 7, qo, 7, and M € N such that r, <7 < 2,2 < qp < p3(Ly),
qQo/2 <1 <00, v € RHy/(w), and
nr nr 1
2.78 k+ —————>0.
( ) + 2r Qo M
Indeed, if nr, > kpy(L,), note that we can take r, < 7 < 2 close enough to
Tw, €0 > 0 small enough, and 2 < ¢y < py (L), close enough to p,(L,) so that for

7= Wm we have that ¢o/2 < r < 00, v9 € RH,»(w), and

nr  nr &y, - €0
k+———=—(nr—=kq) >—(nry, —kpy(Ly)) > 0.
= = 2 = k) > 22 (o, — (L)

Then, taking M € N large enough we obtain (2.78).
If now nr, < kpy(L,), our condition on the weight vy becomes vy € A (w). Then,

we take r > 5, (w) and g satisfying max {2, %} < qo < min{p;(Ly),2r} if

Py (Ly) < 00, or qog = 2r if p, (L) = 0o. Therefore, we have that 2 < gy < p4(Ly),
q00/2 <r < oo, vy € RH(w), and
nr nr nr
k4 ————>k— >
2r o P+ (Luw)
Taking further r,, < 7 < 2 close enough to r, and M € N large enough, we obtain

that

nr nr 1 >0
2r  q M '

After this observation we show the desired estimate.

k+

We first prove (2.76). Use (2.27), Minkowski’s integral inequality, and also (2.3)
after noticing that B(x,t) C B(y,2t), for all y € B(z,t). Thus,

Sip f(x)

= ' —52L4 42 —t2 Ly 2 %@ 2 dt
<\ (/ ([, ebee eV B )P ) ) e

NI
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s

=I+1I.

1 2 2
_s2 ) 2 2 dS dt
sLye Lwt2\/ Le ! wa(?J)’ dw(?J)) _> F

s B(x,t))

For I, consider F(y,t) = t\/Lwe_éL“’f(y). Using the fact that 7L,e "t €
F(L*(w) — L*(w)), we get

1

(Ll et
< ;e“] </OO (/:;%)Q/B(L%HJ (y, )|Q%>g

<; eV (/ /B(Mmt )|2%)2’

where in the last inequality we have changed the variable ¢ into v/2¢ and used (2.3).
Then, applying change of angles (Proposition 2.44), we conclude that

11| 22 vy S Z et 2%, NS f ez woawy S 1ST2mf 2 (00duw) -
j>1

For the estimate of 11, consider F(y, s) := (sv/Ly )3 "L f(y). We apply Cauchy-
Schwartz’s inequality in the integral in s, the fact that e=™tv € F(L*(w) — L?(w)),
Jensen’s inequality in the integral in y, Fubini’s theorem, and (2.3). Hence,

L 9L 1 2
*° CLE\NM [t M 27~ 2 d dt
v (] <—> () (f o) )
0 t § § B(z,t) s t
o0 00 1\1 % %
S / : ][ o By, s) () 2 | &
0 B(x,t) s |t
: :
t\ M 2 ds dt
< i / / (—) ][ ,8)| dw(y)——
Z ( ' oy [P au) T
w dsdt
) ( ?/> }qodw ) ?7>
(z,20+1¢)

<z-““(// z

et A= ~ . dw(y) %dtds B
e ( ( / o) w(B(y,zmst/s))) 7?)

B(x,2it1st/s)

=

>‘w
NI

Then, for t < s, applying Propositions 2.42 and (2.3),
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/n </B(x,2j+lst/s) Fly, s)vow(B(;l;gzst/s))) ; vo(w)dw(z)

_ (é)n?(ifﬁ /n (Ji(mzﬁls)}ﬁ(y,s)}%dw(y));‘)vo(x)dw(x).

Denote F(y, s) := s\/Lwe_éL“’. Since 7L,e v € O(L*(w) — L% (w)), then we have

RY 2 w o \E
oo JRwsaw) s (5 duly)
B(z,29t1t) B(x,2i+1s)

< Z C4l2J92][ . }ﬁ(y, s)}de(y)

>1 271 2s)

52 f
Lye 2t F(y, s)

Consequently, applying Fubini’s theorem, (2.78) with k& = 2, changing the variable

s into v/2s, and by (2.3) and change of angles (Proposition 2.44), we get, for C :=

(o 2) -2

r q0 M
”[[”L2 vodw)
—c4 —cdl 564 e 2 ds 2
< Z Z 2 ‘F(y, s)‘ dw(y)?vo(x)dw(x)
j>1 >1 " B(x,21+j+25)
1
< Z —c4) Z —ca! </ / / y, \/_S)IQﬂvo(x)dw(x))Q
i>1 >1 n (z,20+5+35) (B(y7 5))
< Z —c4d Z —c4l (14+7)0vg w ||$1/2 Hf||L2(Uodw
j>1 >1

~S H81/2 Hf”LQ(vodw)-
As for proving (2.77), using again (2.3), (2.27), and Minkowski’s integral inequality,

we obtain

SiU/QHf(x)

= ' —$2Ly —{2La 2 %@ i dt

e /0 </o </B(m,t) 5L ‘ fw)l dw(y)) s) tw(B(x,t))
= = oL o= Twp—tLu 2w %ﬁ i dt

(] ([ ([, et IoPauio) s>tMBu¢»

=: f—i—ﬁ

N[

=
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We first estimate 1. Using that s < ¢ and applying the fact that e~ ™2v € F(L2(w)—
L*(w)), and (2.3), we have

1 2
(s : 2 b ds dt
I = / / - (/ e e Lye e f(y)Pdw(y ) — | T
: ( AV Widew) ) =2 |t n)

1
2

S5 ([ ([ 1) L, st}

NI

—cdd 2 —12L,, o dw(y)dt );
S ;e (/ /B(x 9i+1) "L fy )| tw(B(y,t)))

Therefore, applying change of angles (Proposition 2.44), we get

”[HLQ(Uodw) < Z6_64]2j0v0’w"Sﬁuf|’L2(vodw) S "Sﬁuf"LQ(vodw)-

Jj=1

The estimate of I1 is very similar to that of I1 (in the proof of (2.76)), so we
skip some details. We apply again the fact that e v € F(L?(w) — L?(w)), Cauchy-
Schwartz’s inequality in the integral in s, Jensen’s inequality in the integral in vy,
Fubini’s theorem, and (2.3). Hence, we have

17

T ([ (LEQ) (o) 2 )
(0 (et )
<; w(/ / ( ) (B(MZ ISJ;QL“’G_SQW (y)|q0w(B(;wzgzst/s))%itiS)Q'

Note that, for t < s, Proposition 2.42; and (2.3) imply

g2 dw(y) w
2L 58° Loy qo0 ‘ d
/" </B(9372j+15t/3) e fw) B(y, 2J+1St/3)) vo(@)dw(z)

S (t)() [ (F ot smiety) ) (et

Besides, since e v € O(L*(w) — L9 (w))

>1

( }oIeLae e fy)rduty ><Z gt R T ) Pduty).
B(z,2i+15s)

B(z,20+1+25)
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Hence, applying Fubini’s theorem, (2.78) with & = 1, changing the variable s into
V/2s, by (2.3) and Proposition 2.44 we have

||I]||L2(vodw
1
2 dw(y) ds 2
syt e ([ e g O )
; IZ; n B(x,27+1+35) (B(y, s))
—c —c4! )0w, v w w
S Y e 2 1S oy S ISH ANz o
i>1 1>1
This and the estimate obtained for ||7]| [2(vodw) Ve us (2.77). O

Proof of Theorem 2.71. First of all fix w € Ay(dz), and denote ¢ = p_(L,) =
q—(Ly) (see Lemma 2.35), q; := ¢, (Ly), and py = py(Ly).

We claim that for all p € WY (max{r,,q-},p;+) and h € S,
(2.79) |SER| e (wiw) S |V R| Le (vdw) -

Indeed, applying Proposition 2.75, [12, Theorem 3.1], and Proposition 2.28, we have
that

ISE A Lo wawy = 5172,V Lawhl| Lo waw) = (|85 Luwh| 2o (ua)
5 H V LwhHLP (vdw) ~> ||Vh||LP (vdw) -

Note that WY (max{ry, ¢_},p+) = (to(w) max{ry, ¢_}, p;/s,(w)). Therefore, for
every p satisfying

(280) tv(w) max {Twa (Q—)w,*} < p < tv(w) max{rw, Q—}a
if we show that
(2.81) 18l e ) S IVl oty Vh €S,

then, by interpolation (see [10] and Remark 2.15) we would conclude (2.73).

Now fix p as in (2.80), and note that vw € A,(dx), since 7,, < ryt,(w) < p (see
Remark 2.15). Given a > 0, we apply Lemma 2.47 to h € S, «a, the product weight
w = vw and p. Let {B;}; be the collection of balls given by Lemma 2.47. Consider
for M € N arbitrarily large,

M
BT’B' = (I - eir%iLw)Ma AT‘B. =1 - B?"B. - ch,MeikTQBiLw-
z 1 Rt
Then R
h=g+Y A,bi+Y Bybi=g+b+b

It follows that
(2.82) vw ({:c e R": S¥h(z) > a}) < ww ({x eR": S¥q(x) > %})
+ow ({x e R": 8¥b(z) > %})
+ow ({x e R": §¥b(z) > %}) — [+ 1T+ 11
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Now, since WY (max{ry, ¢}, ¢+ ) # O by assumption and p > t,(w) max{r,, (¢-)w.«}
(see (2.80)), by Remark 2.56 we can pick p; such that

(2.83) t,(w) max{r,,¢_} < p; < min {5;](21) ,p:w} :

Observe that
p1>p, and p €W (maX{Tw,q—},qH-

Note also that in particular v,(w)g- < p1 < 3

=)
(2.84) (NS A%(w) N RH(&)r(w).

p1

Now we are ready to estimate /. Applying Chebyshev’s inequality with py, (2.79),
and properties (2.49)-(2.52), we obtain

(2.85) I< —/ S¥ [P vdw < —/ |Vg|Prudw < —/ |Vh[Pvdw.

In order to estimate 11, apply Chebyshev’s inequality, (2.79), and Lemma 2.74
(with f = h). Then

1
(2.86)  I1<—
oP1 R™

1
Sib| vdw 5 — \Vb\’“vdw<—/ Vh[Puduw.
Next, we estimate //I. Note that, by (2.51)
~ ~ «
2, 111 < ( 1 BZ-) ({ R\ | 168, : S¥b —})
(2.87) vaU@ +ow({ze \LZJ@ Sitb(x) > 5
1
S—p/ |Vh|Pvdw + I11,,

where

I = vw{(x e R™\ LZJ 16B; : gﬁ”/b\(x) > %})
By Chebyshev’s inequality, duality, splitting the integral in x, and applying Holder’s
inequality:

(2.88)
1 Sw Pl
11T < |Siyb|" vdw
aPt Jrn\u;16B;

: % (n s ZZ (/ ’Sw <B’"Bibi>

p1

p1 g
vdw ||U1Cj(Bi) ||LP’1 (vdw)
Lpl( Jw ) i ]>4

P1
1
= % l sup (Z ZIZIZJ ||“1C ||Lp1(vdw)> ’

Lpl( dw) i j>4
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Splitting the integral in ¢ (recall that j > 4), we have
(2.89)

s ([

1

S L dw”‘“) oa )dw@))“

w(B(y,0)
+</<></m/(> PLue (B, (7)) %) o(e)dua >) 1

=: 117;; + I113.

Before estimating IIIl and IIIZ, we take py close enough to ¢_, and ¢y close
enough to ¢, so that

(2.90) ¢- <po <min{2,p1}, max{2,p1} <q <qy, vE An(w)N RH<QO>/(w).
Hence, by Lemma 2.16 (b),
1
(2.91) TIT,
1

. a 1

' N 217 2rp, 2 d dt 2 )

Svw (2B ][ / /  dwly)dt dw(x)].
o;B)\Jo Blx,t) tw(B(y,t))

Besides, note that for x € C;(B;) and 0 < t < 297%rp. we have that B(z,t) C
2712, \ 271 B;. Then, by (2.3), recalling that ¢y > 2, applying Jensen’s inequality
with respect to dw(y) dt, and Fubini’s theorem, we get

(2.92)

theitQLw (BT‘Bi bl)(y)

) 20 1
Y70, 2 2 dw(y)dt \° “©
FL T et (o) @ 7o) e
o; B\ Jo Bla.t) tw(B(y,t))
1 2 %) %
< (Prp)h ][ ][ ][ ‘tL 5 (B, b)) du(y) i | dua)
C;(By) Bla) t ’
40 1
2] 2 ao
<(f / )L e (5,0) ) O Y e
c;(B:)Jo B(x,t) ‘ 13
1
‘LO_l o
27 2 d dt ’
<(f / Y e (5, )
Cj(B;i)J0 B(z,t) ‘ tw(B(yv t))
1
21— y L1 , 2
S, / <2L) th][ tQLweft Ly (BrB.bi) <y) qow .
0 t 2i+2B;\2i-1B; ' t

We estimate the integral in y by using functional calculus. The notation is taken from
[1] and [6, Section 7]. We write ¢ € [0, 7/2) for the supremum of |arg({ L. f, f)r2(u))|
over all f in the domain of L,. Let 0 < ¥ < § < v < pu < 7/2 and note that,
for a fixed t > 0, ¢(z,t) == e *2(1 — e_TQBiZ)M is holomorphic in the open sector
3, = {z € C\ {0} : |arg(z)| < p} and satisfies |¢(z,¢)] < [2|M (1 + |z])~*M (with
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implicit constant depending on y, t > 0, rp,, and M) for every z € 3. Hence, we
can write

(2.93) O(Ly, t) :/e_ZL“’n(z,t)dz, where n(z,t) :/egng(g,t)dg.
r y

Here I' = 0¥z 4 with positive orientation (although orientation is irrelevant for our

computations) and vy = R e*sienmE)v Tt i not difficult to see that for every z € T,
20
r2)
Nz 0 S e
(2] + 12)M+

Moreover, observe that 2728, \ 277! B; = U?:1 Ciij_2(B;), ¥j > 4. Also, our choices
of po and qp in (2.90) yield that zL,e *Lv € O(LP(w) — L% (w)). Thus, by these
facts and Minkowski’s integral inequality, we obtain

<][ q0 dw)qlo
2-7.+2Bi\2j713i
1
w0 12 r2M
< 2 Lo ?lwp,|” dw) R SE— P
< (][B\’ ve ] (el + ey 1

1 . 92 )
. J 4“2, 2 2M
< 21" 71 1by]7° duw pO/T 05| e U TB
B, roo\ |22 2] (2] + 22)M+t

L ; 02 32 2M
< 2j€1t2 ‘b‘|p1 d(vw) = > T QJTBi 6—045& TBz’ @
~ ‘ 3 sM+1 g
B; 0 S2

00
B DR _ O o2 ds
5&7,332 j(2M+2 91)t2/ T(S) 2 pmCs 82M+2
0 S

)
Lye 5 (B, b)

<a 7,1;1 9= (2M+2-61)2

)

where, to obtain the last inequality, we need to take M € N large enough so that
2M + 2 > 0,. Besides, we use Lemma 2.16 (a) in the third inequality; and the forth
inequality follows from (3.7) (see (3.36)) and the change of variable s into 4713 /s*.

Plugging the above estimate into (2.92) and changing the variable ¢ into 2/rg.t,

allows us to obtain
2 dw(y)dt ) dw(x)

2j—27’Bi
][c*j(Bi)(/o /B(a:,t) tw(B(y, 1))
1
292y . 1 01 a0
<arg 9—J(2M+2-061) (/ " (2]7“32.) ’ tq0@> i < 9 I@MA1-01)
0

This and (2.91) yield, for M € N such that 2M + 2 > 65,

(e (B bi) (1)

1

(2.94) TITY, < cow (271 By) o 2 I M H1-00),
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we first change the variable ¢ into t0,, = tvV/ M + 1.

2 b;
t2Lye i (BrBi <T—)> (y)
B;

In order to estimate III?j,
Then

(2.95) L.
2i=2rp, J B(a,t)

> dw(y) dt )é

tw(B(y,1))
1
e’} ) 2 2
5 / ][ t2Lw67t2Lw (BT‘B, ( bl )) (y) dw (y) dt
25-2rp. J B(a,t) " \7B t

o
~ 2] —4r
Bi B(Z’,G}\,jt)

Y}

b;
7;77’Bi tQLwe_tQLw (_) (y)

rB;

where we recall that 7;,, = (e7t*Lw — ef(tQHZBi)Lw)M.

2j_27’B

Next, fix # € Cj(B;) and ¢t > ——=. In this case, B; C B(z,120)t). Thus, by
(2.39) and the fact that 7L,e ™ € O(LP(w) — L*(w)), for 7 > 0, we get

2 bi 2
][ 7;,7“31.152[/106725 L (—) (y)| dw(y),
B($,9]ut) TBi

r2 \ M 1 , b 2

~ ( 2 ) UJ(B(IL‘,@Mt)) /n w€ ( B(a:,lQGMt)T i (y) w(y)
TJQE; 2M ) b )

5 ( tQZ) Z 22nlf tQLwe—t Ly (1B($7120A{t)—2) (y) dw(y)

>1 Ci(B(x,120p1)) TB;

r2 \ M b () 1P 2

() e (f P )
¢ I>1 B(xz,120p,t) | TB;
T%. M w(Bi) % b; PO %

S Z dw
t2 w(B(x, 120]\/[75)) B; B,

2 2M
bi p1 Pl T2 ’
— | d(vw) < o’
rB; t2

() (f

Here the next-to-last inequality is due to Lemma 2.16 (a) and the fact that B; C
B(xz,120)t), and the last inequality follows from (2.53).

Plugging the above estimate into (2.95) and recalling the definition of IIIZZJ» in
(2.89) allows us to obtain

11T} S o / /j_2 (ﬂ) — | wvdw < avw(2HB;)m 272N,
o) \J B \ t

By this and (2.94), for M € N such that 2M > 6, — 2, we have

I17;; < omw(Qj“Bi)ﬁg—j(QM—el).

Then, by Lemma 2.62 with Z;; = I77,;, C = 01, and {B;}; the collection of
balls given by Lemma 2.47, and by (2.51) and (2.88), for M € N so that 2M >
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max{0y — 2,0, + r,t,(w)n}, we conclude that

1
1L < vw(LiJBZ) < J/]R;n |Vh|Pvdw.
This, together with (2.85)-(2.87) and (2.82), yields (2.81). O

3. PROOF OF THEOREM 1.8

In this section, we prove Theorem 1.8 for functions f € S, and conclude the result
by a density argument. Fix w € Ay(dz), v € Ax(w) and f € S, and note that for
every (z,t) € RT and u(x,t) == Ve V0w f(x),

[u(z, ) = [Ve Vi f(@)? + |0~V f (),

where we define the Poisson semigroup {e*V%w},. using the classical subordination
formula, or the functional calculus for L,, (see [1, 14]):

(3.1) e~ tVle = C/ e Ml d)\)\.
0

Therefore, it suffices to see that if WY (max {7y, q¢_(Ly)}, ¢+ (Ly)) # O, then

INw (Ve )l iy SNV Fllowawy and [N (8ee™™ 5 )| o uany S IV | o (o)
for all p € WY (max {7y, (¢—(Lw))wx} , ¢+ (Lw)). We shall see this in Propositions 3.2
and 3.5 below.

3.1. Non-tangential maximal function estimate for the spatial derivatives.
Proposition 3.2. Given w € Ay(dx) and v € Ay (w) such that

Wy (max {rw, ¢ (Lw)} , ¢4 (Lw)) # O.
Then, for all f € S and p € WY (max {ry, (¢—(Lw))was} ¢+ (Lw)), we have

(33) e SV g

LP(vdw)
Proof. First of all, fix w € Ay(dz) and define q_ := q_(L,,) and ¢y := g4 (Ly).
In the context of (1.6) we set a := cycq. We claim that

1
2

Ve VI f(z) ‘de(z)) .

t>0

(3.4) Nuw(Ve VT f)(x) < sup <][B(x ot)

Indeed, by (2.3),

Nw(Ve VP f)(z) = sup < ][ ][
t>0 \ Jegtt<s<eotJ B(w,crt)

<sup  sup ( ][
t>0 calt<s<00t B(z,as)

S sup ( ][
>0 B(z,at)

1

Ve Vi f(2) ‘2dw(z)ds>

<z>)5

2
Ve VEiv f(2)| dw

) .

2
Ve Vo f(2)| dw
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Besides, by the subordination formula (3.1) and Minkowski’s integral inequality,

(][B(x,at)

Ve Vo f(2) )zdw(z)) ’
2 )\

T 1 t2 2
< / e M2 <][ Ve_ﬁwa(z)‘ dw(z)) —
0 B(z,at) A

+/ ez <][
i B(z,at)

Dealing first with term I, note that

I

d\

+2 2
Ve nlhv f(z) dw(z)) 3 I+11.

1

L ISENT 7 d)
1< A Ve b ()| dw(z) ) S
0 B(x,at) A
%1 t2 2 2 %d)\
[ (e ve e s o)) R =
0 B(z,at) A

In order to estimate term Iy, for any p € W (max {r, (¢-)w},q+), we pick po in
the interval (max {7y, (¢—)w«},min{2, p}), close enough to max {r,, (¢—)w,«} so that

q-
v € Ar (w) (see (2.13) and (2.14)). Therefore M2 (f) := (M2 (| f[°))? is bounded
pPo
on LP(vdw). This and Lemma 2.40 yield

1
2 2
o (][ ve i) dule))
t>0 B(-,at) LP(vdw)

>0 551 L7 (vdw)
—c4d w
5 Ze HMpO(Vf)HLP(vdw) 5 ||Vf||LP(wa)'
Jjz1
Consequently, by Minkowski’s integral inequality,

1 1

1, B 2 2 d\
apt <[ aw(f et p@fa) | % S 19
>0 Lp(vdw)  Jo t>0 \JB(.,at) LP(vdw)A

Now we turn to the estimate of term _[2. Write
Ve ke _ Ve t'lv — e < G _ o 2Lw>

and use again Lemma 2.40 and (2.3). Then,

%
0 B(z,at)
00 1
sy [
~ 1 0 B(z,27+2at)

=

Ve’%Lw <e’(ﬁ’%)t2L“’ - ef%Lw)f(Z)
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Since 0 < A < 1/4, there holds

)(Ve_(ﬁ_%)t%“’ — Ve_éLw)f(z))

< [T et s |

V2 V2

1
00 2ds\ 2 N 3 1~
= ( | [t e —5) (10g20) )" < (log A1) Gif (=),
0 s
where G¥ is the vertical square function defined in (2.25). Then, we get
1
sup Iy < Ze’cy / % (logA™") 2 sup <][
=1 0 B(z,2it2at)

>0 >0
s M;, (Gif ) (@),
Then, since M, is bounded on L?(vdw), the above computation and Theorem 2.54
imply

ds

S

§2V Lye* 1w f(2)

éﬁﬂz)\”dw(z))”’d—j

<M (GEN N ooy S NGE ooty S IV oty

sup I

t>0  I1LP(vdw)

We finally estimate term /7. Applying Lemma 2.40, we have that, for every ¢t > 0,

(][ \Vemf(z)lzdw(z))
B(z,a2V/t)

o0 1

STONY (L iera) S VA M)

Jj=1

Hence,

sup [

t>0

o dA
5 [T A R IML TN sy S 19

LP(vdw
Collecting the above estimates, we conclude (3.3). O

3.2. Non-tangential maximal function estimate for the time derivative.

Proposition 3.5. Given w € Ay(dx) and v € Ay (w), assume that
W, (max {rw, ¢ (Lw)} , ¢+ (Lw)) # O.
Then, for all p € WY (max {ry, (p—(Lw))w} P+ (Lw)) and f € S, we have

(3.6) [Wot@e = p)| S UV iy

To prove this result, we need Theorem 2.71, a change of angles result in L?(vdw) for
the operator defined in (2.17), and the boundedness of the non-tangential maximal
square functions defined in (2.18) and (2.19). We obtain these results in Lemma 3.7,
and Proposition 3.12 below.

Our next result is an extension of [25, Lemma 6.2] (see also [28, Lemma 7.3]).
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Lemma 3.7. Given w € A,(dzx) and v € Ax(w), 1 < r,7 < o0, let 0 < p < o0 and
k> 1. There hold

(3.8) NS || oo oy S 6"CF SN || oo o
and
(3.9) N Fl| ooy < 65N || oo

Proof. We will just prove (3.8), the proof of (3.9) follows analogously by writing the
LP(vdw)-norm as an integral of the level sets. Details are left to the interested reader.

Consider, for any A > 0,
Oy:={z eR": NYF(x) > A}, E,:=R"\O,,

and, for y =1 — W, the set of y-density
w(E\N B(x,r))
E*::{ eR":Vr >0, > }
R ' w(B(w,m) =
Note that O; = R" \ Ey = {l‘ € R™ : Mw(lo/\)(l’) > W}
We claim that for every A > 0,
n(r4+1) «
(3.10) ./\/%wF( ) [ ]A (d:z:)2 El (9 ) 2\, Vr € EA'

Assuming this momentarily, let 0 < p < co. Since MY : L™ (vdw) — L™ (vdw), as
we are assuming that v € Ax(w), we get

N F |G b0 (o) = sup Now({x € R" : N¥YF(z) > \})

(vdw

=sup [l an2¥ (9%) e A vur({ € B N F (@) > fu] 2% (90)“520)

A>0

nr n(r (r+1) =
< [l 402 (9%) 5 sup Wow(03) < w55 sup Now(0,)
" A>0 A>0
n( e 47 w
— () FI ey

which would finish the proof.

It remains to show (3.10). First, note that if x € E{ and ¢ > 0, for every y €
B(z, 2kt) we have B(y,t/2)NE) # . To prove this, suppose by way of contradiction
that B(y,t/2) C Oy. Then, by (2.2), since B(y,t/2) C B(x,3kt) and B(z,3kt) C
B(y, 5kt),

B(y,t/2 B(y,t/2 1 1
M1, (0 > PBO2) | w(Bl./2) §
w(B(x,3kt)) — w(B(y,5kt)) ~ [w]a, e (106)™ " [w]a, (g (11K)™
This implies that € Of, which contradicts our assumption.

Fix now € Ef and t > 0, and note that if y € B(x,2kt) there exists zy €
B(y,t/2)N Ey, hence N*F(z0) < A. Besides, since B(y,t/2) C B(xg,t) and by (2.2),
for every y € B(z, 2kt),

(3:11) (/B(y,t/z) 'F“’”‘?wég(j)/m))%




36 PASCAL AUSCHER, LI CHEN, JOSE MARIA MARTELL, AND CRUZ PRISUELOS-ARRIBAS

1
N M dw(z) 2
< P 9 F L
- [w]Ar(dx) ’ il>1I0) </B(:vo,s) | (Z’ S)| w(B(:L‘Q, S))>

1 nr w 3 nr
= [w]j‘r(dx)Q > NYF(z9) < [w]Ar(dx)Q 2\

[un

On the other hand, for every # € R"™ and ¢ > 0, we have that B(z,kt) C
\U; B(x;,t/2), where {B(z;,t/2)}; is a collection of at most (9x)™ balls such that, for
every i, we have that x; € B(z,2kt). In particular, B(z;,t/2), B(x,t) C B(z;, 3kt).

Therefore, by the above observations and (2.2), we conclude that

2 dw(y) nr 2 dw(y)
/B(x,m O B, ) < s (35) Z/ o N B 2))
< (9R) D[]} gy 27N,

where we have used (3.11), since x; € B(x,2xt). Finally, taking the supremum over
all t > 0, we obtain

NP < [} 2" O CTIX, V€ B,
This readily gives (3.10) and the proof is complete. O

Proposition 3.12. Let L, be a degenerate elliptic operator with w € Ay(dx) and let
v e Ax(w). Then

(a) N is bounded on LP(vdw) for all p € WY (p_(Ly,), 00).
(b) N is bounded on LP(vdw) for allp € W (p_(Ly), py(Lw))-

Proof. We first prove part (a). Fix p € W¥(p_(Ly,),o0) and choose py close enough
to p_(L,) so that

(3.13) p—(Ly) < po <min{2,p} and v € Aﬁ(w).

Then e ™5 € O(LP°(w) — L*(w)). This fact and (2.3) yield

N f(x <supZ(

t>0 ]l;(x t

j>1

< SUPZ i1y 2]+1)02 —cdi (][ |f(z)|p°dw(z)> < M;"Of(x)
Ci(B(,t))

t>0 i>1

1
2

b (e, sy f) (2) ‘2dw(2))

Consequently,
INE [l e awy S Moo fllzo@dw) S 11| Lo (o)

since M} is bounded on LP(vdw) by our choice of py.

We now prove part (b). Note that

(e—t\/m_e—t%v)f(z) 2dw(zi::/\/'ﬁ”f(x)+sup L

t>0

t>0

N () SN F(x)+sup (]i .
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By the subordination formula (3.1) and

1= ][
B(z,t)
/ e \z2 <][
0 B(x,t)
i
/ ez (][
0 B(z,t)
+/ 6_)\)\%<][
1 B(z,t)

4

ZIl +IQ

<

In order to estimate I; and I, for each t > 0 consider h; := (e’(u

Next fix p € W (p_(L
fact that e~ "Lv € O(LP(w)

o 1 2
/ e A2 (e‘ﬂLw
0
(e 4>\Lw
t2

37
Minkowski’s integral inequality,
) dx|? :
_ Ly
e ) F(2) 5| duz >)
2 %dA
-t g dut) )
2 %d)\
) 16| au)) 5
P , 24\
e~ mxlv — o7t L’”)f(Z) dw(z)> Y
ax ) L e’éLw)f.

1 1
4 t2 2 2d\
I < /4 A2 <][ e*TL“’ht(z)’ dw(z)) -
0 B(x,t) A
i : 2 d)
1
g/ A2 (][ e~ zhw (1c,m)e) (2) dw(z)) BV
0 ; B(x,t) A
S % dA
g/ Az i (2t e ][ \hy(2)|PPdw(z) ) —
0 o1 B(x,2711t) A
1
! o d)\
< Z 041/ A2 <][ |ht(z)|p°dw(z)) Ay
i>1 B(z,2it1t) A
When 0 < A < 1/4, Cauchy-Schwartz inequality implies
ta/ L1
’(e*(ﬁ*%)t Lw _ o= Lw)f(z)’ < / e 856732wa(z)’d3
t2
Vs 2 2L, 1
S [0 L )T S o) o a1,

where

(3.14) gt /(2) = < /]
Therefore,

j d\
[1§Z€C4/ Az (log A1)z == 3 <][

j>1 B

(x,2911¢)

=

2ds

PLye e f(a)| 2

) |

|gﬁ,tf<z>\p°dw<z>) :

w), P+ (Ly)), and choose py as in (3.13). Then, applying the
— L*(w)), we have
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1

< e (][ gt f(2)]PPdw(z )po
St (f L )

Jj=1

As for term I, note that if A > 1/4, we have that

t
< 52
~ t

(eirbe — e 00) £(2)

_g2 ds
L,e L’”f(z) ~

< </2% 52Lwefs2wa(z) 2%) 2(log(4)\))%.

=

Then, by (2.3),

ws [T (L
<), (oSt

d\
)\7

9 2L, 2 dw(z)ds %d)\
Sl IO B, >>> B

1

dw(z) ds )%u

PLue " f ()]

w(B(z5)) ) A

<

~

RS ()

»N

where Sﬁﬁ’w is defined in (2.24).

From the above estimates for I; and Iy, we obtain that, for all z € R",

15 N S0 s e ()

t>0 i>1

A
SN ()5

SN F@) + M (b)) + [ TS ()

+
gﬁ

dA
)\ Y
where gff is defined in (2.20).
To proceed, we first note that My is bounded on LP(vdw), since v € Ax (w),
PO

and so is gff (see [14]) since p € W¥(p—(Ly),p+(Ly)). Using this and invoking
Proposition 2.44 and [12, Theorem 3.1], for some 6 > 0 depending on v, w, and n,
we conclude that

X

S%/X,w
H f LP(vdw) A

||wa||LP(wa < ||wa||Lp(wa +HM ng HLI’ vdw +/ 6_c>\

=

w - —c d)‘
5 ”f”LP(vdw) + Hng”LP(vdw) + HfHLP(vdw)[ )\0 A )\ ~ Hf”LP (vdw)*

1

This completes the proof. O
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Proof of Proposition 3.5. First of all, fix w € As(dx) and denote
¢ = p-(Lw) = ¢-(Lw), ¢+ = ¢+(Lu), P+ = pr(Lu),

and

u(a, t) = e Ve f(x) = —/Lye Ve f(a).

From the definitions of N, and NV¥ (see (1.6) and (2.19)), proceeding as in the
proof of (3.4) we have that

(3.16) Nopu(z) SN L f)(z), VoeR,
with o = ¢pcy. Consequently, Lemma 3.7, and Propositions 3.12 (b) and 2.28 imply
||qu||L1’(vdw) 5 HNE’U(\/ LU}f)HLP(Q)dw) 5 HV LWfHLP(vdw) 5 ||Vf||Lp(wa)’

for all p € Wy (max{r,, ¢-},py) = (vo(w) max{ry, q¢-},pi/s.(w)) and f € S.
Our goal is to obtain (3.6) for all

p € Wy (max{ru, (¢-)uws} p+) = (vo(w) max{ry, (¢-)uw.}, p+/s0(w)).
Recall that (¢_),.« < g (see (2.6)). Hence, fix p such that

(3.17) ty(w) max {ry, (¢-)w} < p < to(w) max{ry,q-}.
Then, in view of inequality (3.16) and Lemma 3.7, if we show that, for all f € S,
(3’18) HNE’U(V LWf) HLp,oo(vdw) 5 HVfHL"(vdw)’

by interpolation, see [10] and Remark 2.15, we would conclude the desired estimate.

Given o > 0, take a function f € §. We apply Lemma 2.47 to f, «, and the
product weight @w = vw (note that vw € A,(dx) since r,, < ryt,(w) < p, see
Remark 2.15). Let {B;}; be the collection of balls given by Lemma 2.47. Consider
for M € N arbitrarily large,

M

By, =~ e B, Avp, =1 = Brp, = ch,MefkTQBiL“’.
k=1
Hence,
(3.19) F=g+Y Apbi+> B,bi=g+b+b.

To prove the weak-type estimates for g,g, and /l;, we need some preparations. On
the one hand, since we assume that WY (max{r,,q-},q¢s) # O, by (3.17) and (2.57)
we can take p; satisfying

. 4+
3.20 ty(w) max Ty, ¢—j < <m1n{ ) iw}
(3.20) (w) max{ry, ¢} <py aw)?
In particular, t,(w)g_ < p; < qu(;u)’ that is, p1 € W{¥(q—,q+). This can be written as

(3.21) v EA%(w)ﬂRH<qi>/(w).

p1
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On the other hand, take pg satisfying ¢_ < py < min{2,p;} close enough to q_,
and ¢ satisfying max{2,p;} < qo < ¢, close enough to ¢, , so that

(3.22) vE A% (w) N RH(q&)/(w).

P1

Next, by (3.15) and (2.3), we have that for any function h € L*(w)

1
P
NEh(x) SNFh(x) + E e~ oA sup (][ ‘gﬁth(y)‘po dw(y))
I>1 t>0 \J B(z,2!*1¢)

00 d\ i
+ / e*ckséﬁ’%(:c)y = Nfh(z) + Y e " Dauh(x) + Osh(x),

1
>1

IS

where we recall that gif , is defined in (3.14). Besides, note that, the fact that e”™"»
O(LP(w) — L*(w)), and (2.3) yield
N h(x) = sup (

t>0 ]{3(:}:,2&)

s> (f
>0 \JB(z20+11)

>1

<N e qup (][
S22 ey

>1

=: Z e_C4lDUh(x).

>1

Therefore, for any function h € L?(w), we have that

/\/’f;”h(x)§0<z “HO k() + Y e Dy h(x +Dgh(x)>, Vz € R,

1>1 1>1

1
2

e[ du) )

e 2h(y)| dw(y)

") .

e e h(y)

Using this and (3.19), we get

(3.23) Uw({a: eR": NY <mf) (x) > a})
§vw<{x€R”:N§” (@g) (x) >% )
+ vw ({ZL‘ eR": NP (\/LTJE) (x)

+vw ({x eR": CO; (\/TwE> () > %}>

2
=T+ 11+ I, +1V.

m=1

In order to estimate I, first note that p < p; (see (3.17) and (3.20)). Then, apply
Chebyshev’s inequality, Propositions 3.12 (b) and 2.28, and properties (2.48)-(2.52)
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to get
(3.24) 1< _/ MY (V Luwg) | vdw —/ |Vg|p1vdw< — |Vf|pvdw

Now we estimate I1. To this end, apply Chebyshev’s inequality;, Proposmons 3.12
(b) and 2.28, and Lemma 2.74. Then,
1 ~ 1 ~
¥ (VILD)[" vaw 5 —/ V| vl
oP1 R

(3.25) IT<—
oP1 R
1

S — | [VfPudw.
R?’L

We next estimate /V. With this aim, we write b = ), b; so that b=b-b, and
note that

[ngw<{xER”:C533<\/L>wb>(a:)>1a—0})
+vw({x€R" ng(fb) >1—0}>::1v1+1v2.

In order to estimate I'V; apply Chebyshev’s inequality, Minkowski’s integral inequal-
ity, and Proposition 2.44, then

1 = —cu 2\/ﬁw
M= & (/ (VL b)\
1/2H(\/ b) o) ==
< o Z/Bz |V b |Podw < ;UU}(BO S o /Rn |V flPvdw,

where we have used Proposition 2.75 in the third inequality, Theorem 2.71 in the
fourth inequality, and the last two inequalities follow from (2.50) and (2.51).

¥) sl

LP(vdw) LP(vdw)

S& || bHLP vdw)

wb)

p LP(vdw)

As for the estimate of IV, apply again Chebyshev’s inequality, Minkowski’s integral
inequality and Proposition 2.44. Then, [12, Theorem 3.1], Proposition 2.28, and

Lemma 2.74 readily give
du P
LP1(vdw) U

1 = —cu
5 — (/
1
’8H Hv HLFl(vdw ~ J/Rn ‘Vf‘p'l]dw

S/ (VL)

N

LP1 (vdw) b1

Therefore, we conclude that
1

(3.26) IV < —/ |V fPodw.
P Rn

Now, it remains to estimate I11,,, for m = 1,2. Note that by (2.51),
(3.27)

111, <vw<U 16B>+vw<{:c € R"\U;16B; : O e *D,1(v/Lu b)) (2) a})

)
>1
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cal

_/ |Vf|pvdw+lz>1:vw({x € R"\ U;16B; : Dml(\/ib) 602?}>
— _/ IV fPodw + Y " I,
1>1

Applying Chebyshev’s inequality, duality, and Holder’s inequality, it follows that
(3.28)

—cal

11, << / D0t (VL) vdw
aPl Jgre\u,16B;
e—c4l pll P1
S o 2.2 / ) (V Lw(BTBibi)>r”dw et et oy
flu ||Lp1( o) =1 >4

67041 p1
- aP1 Z Z m,l | ) Py (vdw) ’
” ”Lpl (vdw) VeSS

Then, for m = 1, we have that

ij
[1,1

<\ / aw (f
Cj(Bi) \ 0<t<2i=1=3rp, \J B(x,2!+2t)

+/ sup <][ e_tQL“’\/E<BrB,bi>(y)
C;(B;) \t>21—1=3rp, \J B(x,21+2t) i

=: €1 + €2.

p1

”"dw@))%) v<x>dw<x>>“

p1

”°dw<y>)%> v(x)dw(x))l

In order to estimate €, we use functional calculus as in the proof of Theorem 2.71.
Recall (2.93) and take ¢(z,t) := tz3e~#(1 — ¢ "5:*)M . Then ¢(z,¢) is holomorphic
in the open sector ¥, = {# € C\ {0} : |arg(z)| < p} and satisfies |[p(2,t)] <
|2|M (1 + |z|)72M (with implicit constant depending on u, t > 0, rg,, and M) for
every z € X,. We can check that for every z € I' = 0¥z _,

e te/Ly, (Bmi bz‘) ()

tr2M
n(z,t)] S ——2——.
(2] 4+ #2)M*>

Now fix z € Cj(B;), j > 4,and 0 < t < 277'3rp. then B(x,2'7%t) C 27+2B;\ 2771 B,.
This and Minkowski’s integral inequality imply

(][ 6_t2Lw V Lw (BTB,bi> (y)
B(z,21+2¢) ‘
a (][B(m,2l+2t)

U
r B(z,2!+2¢)

1

")

dw<y>)$

1
Po 0 t 2M
dw(y )) 0 ( "5y

— = |aZz
2| +t2)M+g‘ |

Po

otnt) (7)

t

(3w
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m r2M
—2zLy Ppo i
5/ <][ }121+2Bi\21713i6 L bi(y)’ dw(y)) M+§|dz|
I \JB(z,2+2¢) |z| M2

2M

gy
S /M;Suo (La2pzi-1p,e” " bi) (2) |1\B42+§|dz|'
T 2

|z

Recalling that M} on LP!(vdw) since v € Ar (w), and applying again Minkowski’s
PO
integral inequality, we get

1
2M

) P1 i
¢ 3 / / (M2 (Losrappai-ige ) (2)|” v(z)dw(z) oy ldz]
r \JC;(B:) 2|3

1
—zL P1 P1 TQBZZM
<[(/ by () u(y)duwly) ) Bz,
I \J2i+2B;\2i-1B; 2|72
Observe that 27t2B; \ 2/7'B; = U}_,C)1;_2(B;). Then by the fact that el ¢

Jpr2

O(LP* (vdw) — LP* (vdw)), (2.53), and changing the variable s into %,
1 . 6 b2 oM
) a1 Pl 0 Q. g, “od
&1 S ou@ B2 (f b dn) )" [T (T ) e S
B; 0 s2 sM+3 s

27]'(2M+1791) /OO T (8)92 6703282M+1§
0 S

€

< avw(27B;)

< avw(QjHBi)ﬁQ’j(zM“’@l)

provided 2M + 1 > 6,.
We continue by estimating €,. To this end, first change the variable t into
~lrp.
tvVM+1 =: t0y. Next, for any z € C;(B;) and ¢t > 2;1“793, note that B; C

B(wp,, 002"%) = Bl C B(x,0,2"7%5t) (xp, denotes the center of B;). Then,

)

p1 1

o P1
ws(f | s f 7o/ T~ (L)) ()] o))
CJ(BZ) t>2j7l731"31, B(l‘,@]yjzl+2t) ’ !

Onr
P1

SJ</Cj(Bi)<t sup w(B(, 0M2l+2t))_ﬁnh"‘3i\/LTUB_#L“J(lBZL bi)(y) ﬁw(yyc;(vw) (x)>,

2j—1-3
> "Bi

= Y}

M
2 —(t2+r3 )L
where 7;77"8' = (6 Ly _ o (t*+rg,) w) .
7

In the above setting, (2.39), Proposition 2.28, the fact that \/7Ve "rve O(Lro (w)—
LPo(w)), (2.3), and Lemma 2.16 (a) (see (3.22)), imply

1
(3.29) (/ 7;% /Lo v <1ngz‘) Podw) %0

T%, M Po PO
<(#) (/ o)

V€7t2Lw <1B£ bz)




44 PASCAL AUSCHER, LI CHEN, JOSE MARIA MARTELL, AND CRUZ PRISUELOS-ARRIBAS

<2 S w(On(BY 1<r%3¢)M][ P < bi>
N ( Ty e .
¢ Cn (Bl TR,

N>1
1

. N (12 M Po Po
< 2%w(Bl)ro Z e (%) ][ dw
B

L 72 M n i
< (Bl (—) (][ d<vw>)
2 5
2 M
S 2ww(Bﬁ)$a (E) .

Consequently,

QQ 5 QZGQ /
C

1

Po po
dw

bi

TBZ-

bi

rB;

J

P2\ M\ [ .
sup ( Bi) vdw < avw (2T B;) i 27 I2MIRM )
(Bi) \ o2 "°rp, t2

3V

where in the first inequality, we have used that w(B(x, 0,,27%)) tw(B!) < C, since
Bl C B(x,0,,21725¢).

Collecting the estimates obtained for €; and €,, we conclude that, for M € N such
that 2M +1> 02,

(3.30) 17 < avw(2B; ),%2 J2M~61)9l(2M+6)

Next, let us estimate term I;jl. Splitting the supremum in ¢, we have

1

2L Py
1 w po b200)
IS ( / sup <][ <gH\/Lw (BrBibi)(y)> dw(y)) v(ﬂf)dw(w)>
Cj(Bi) 0<t<2i~1=2rg \J B(z,2!+1t)

J

Y P1
Po po
" ( Lo s (L (/T (B ) ) dut) v(x)dw(z))
Cj (BZ) t22j7l727"}31, B($,2l+1t)
=: Dij + D;j.
Regarding Dll'j , we claim that
(3.31) D < quw(27H1B;) g @M +1-0),

To this end, first note that for 0 < ¢t < 297""%rp and x € C}j(B;), then B(x,2""'t) C

272B; \ 277'B;. Next recall that M is L' (vdw) bounded since v € Aw (w) (see
PO

(3.22)). Hence

1

Dzlj 5 (/ ‘M;"O (12j+23i\2j—13igﬁm <BTBibi))‘ wa)
Cj(Bi)
< ow (2 B;)m <][ ’gﬁ\/fw (BTBibi)
20+2B,\29-1B;

1d(vw)) g .
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In view of (3.22), we apply Lemma 2.16 (b) and Minkowski’s integral inequality to
get

(3.32)

, 1

ij j L ™ q w0 dr \

DY < vw(2j+1Bl-)P11 / (][ ‘er'm/Lwe_rQLw <Br3.b¢(£17)>‘ Odw(a:)) vy,
0 \J2i+2B;\2i-1B, ' r

In order to estimate the integral in x, we use functional calculus as in the estimate
of €. Apply the fact that 2L,e **» € O(LP(w) — L®(w)), Lemma 2.16 (a), and
(2.53). Thus,

dw) o

.2 q0
<][ ‘TLwT\/Lwe rLw <BTB,bZ~)
2j+QB¢\2j_lBi !
2. .2M
T TB |dZ|

) 5
5/ ][ |z Ly ;|0 dw ;
r \J2i+2B;\2i-1B; (\zIJr'r’Q)M+§ ||
_ 00 2,.2M
S 2j91/ T(s )92 et _— ( |b; |p°dw)
0

(47}, /52 4 1?) YM+3 s

1

~ o0 ~ r2 P

5 2]91/ T<8)92€7032T2 B < ‘b |p1 vw ) 1
0 (4773, /52 +1?) M+35 s

< a'r’BiQ]@l / T (5)92 e~ 2 A B )
0 (47} [s2 4 )M+5 s

Plugging this into (3.32) and changing the variable r into 2/rp.r, we obtain, for
M € N such that 2M > 6y,

2
o] 00 2M
j 0, : = G ds\d
D < arp, 20 vw(2H B;) / ( / T (s)2 e’ B _S>_”’
0 0

(437’%3,/32—1—7’2)]\“% s)r

=

NI

2
< O['U'LU<2‘7+IB )%2 j(2M+17§1) / 7,_4(/ T (S>§2 e7632 1 @)@
0

0 (1/82+T2)M+% s)r

1
1 bl o0 .
< avw(2H1By) 2RI Gl)<(/ d—)/ T (5)% oo v 8
0 r 0 S

L [e.e] ~
+< / rﬂ) / r@)%cszw%)
1 r 0 S

Now turning to the estimate of DY, we claim

< avw (21 B; )52 JEMA+1-01)

(3.33) D < 91 2MH) (2741 B, 1 27 %M
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For any t > 2/71=2rp and f € L?*(w), we have that

1 1
> . dr\’ > ., dr\”
gﬁ,tf@):( | e 2wa<x>|27) ( T 2wa<x>|2—> -
t 2]7173,"31 T

2
Moreover, recall that py < qo (see (3.22)), this implies the boundedness of the maximal
operator My on L®(w). This, together with Lemma 2.16 (b) and Minkowski’s
integral inequality, allows us to obtain

(3.34)

DY < vw(QJHBi)ﬁ <][

Cj(B;)

L\
, 1 . _a o0 2 2d
Sow (2B w(2B,) W / ( / P2 Lye" Lw(\/Lw (BTB,bi» —T> dw
n 2]'7173,"31 g T

1
o 2 2
5vw<2f'“Bi>éw<2j“B@->;°</ ( / qod“’)%),
2 7 TB'L Rn T
M

where in the last inequality we have changed the variable r into r0,; := rv/M + 1,

141 1 2j7l73TB. .
used that B; C B(xp,,0m2"'r) =t By, for 1 > —5—= and j > 4 (vp, denotes the

—r2Ly e_(7"2+7"1%3i)Lw)M.

IN

1

q0 0
dw)

40

My (et 0y, (VI (Brati)))

7;7”51"/ Lw'rQLwe*”QLw (134 bi)

center of B;), and we recall that 77"7TB¢ = (e

Proceeding as in the estimate of (3.29), but using now the fact that \/7V7L,e v €
O(LPo(w) — L(w)) instead of \/TVe v € O(LP°(w) — LP°(w)), we get

1 9 M
2 q 4 't 1 .
( /R T VLur Ly (15:0:) Odw) " < 9uw(Blw <_B;)

r

Y

7. 2n ) L2 (12 M=,
< 21<9+%>aw(21+13i)%2_ 2 ( Z)
r

2j7l737"}3
O

where in the last inequality we have used that for r > iand j >4, 22HB; C

23B!, and (2.2). Plugging this into (3.34) leads to

B , 9 \ 2M—2n 2
y 1(fr2n _2jn . 1 e B, w0 dr
Dy <25 a2 W vw (218 (/ (—) T
TBZ

72 r
Onm
< 2/CMH) g (2971 B, 27,
provided 2M > Qq—Z.
Gather (3.31) and (3.33), then for M € N such that 2M > max{f,, 2n/q},
I;jl < 2l(2M+5)avw(2j+1Bi)%2*j(2M*§1).
This and (3.30) yield, for 2M > max{gg, 2n/qo, 09 — 1},

[Zz < Clavw(QjHBi)ﬁQ’j@M’CQ), m=1,2,
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with Cy 1= max{6;, 61} and C; := €2/ Then, in view of (3.28), applying Lemma
2.62 with Zy; = 1,7, and { B;}; the collection of balls given by Lemma 2.47, and (2.51),
for 2M> max{02+nrwtv(w), 52, 2n 6’2—1}, we get

q0’

oP

1
I, < 6_64lvw<UB,~) < e_cAJ—/ |V flPvdw, m=1,2.
i R

Therefore, by (3.27)

1 1
I1r, < 26_04l—p |V flPodw < — |V flPvdw.

Collecting this estimate and (3.23)-(3.26), the proof is complete. O

4. THE REGULARITY PROBLEM IN UNWEIGHTED LEBESGUE SPACES

Our main result, Theorem 1.8, establishes the solvability of the regularity problem
in LP(v dw) of the block operator L,,. Recall that w € Ay(dz) is fixed and controls the
degeneracy of the operator and that v € A, (w). This means that we can establish
the solvability of the regularity problem in unweighted Lebesgue spaces by taking
v = w~!. In this section our goal is to explore this idea and study ranges for which
we can solve the regularity problem in terms of the weight w. A particular case of
interest, where we can be more explicit, is that of power weights.

To start fix w € As(dz) and recall the definitions of 7, and s, in (2.4). As just
mentioned, we let v = w™! and observe that from the definitions it is clear that
for every 1 < r < oo one has w™! € A,(w) if and only if w € RH.(dz), and
w™' € RH.(w) if and only if w € A,(dr). Hence, according to (2.13) we have
t,-1(w) = s, and §,-1(w) = 7. Then looking at Theorem 1.8 and using (2.14), we
see that (1.9) is equivalent to

Ly
(4.1) max{ry, ¢_(Ly)} su < ¢+ ),
T
and if that holds we have (RM) Lr(dz) SOlvability for p so that
nryq— (Lw) q+(Lw)
12 L R R R A ]
(4.2) max-sr e+ 0 (L) S < p< -

It is important to note that ¢_(L,) and ¢, (L, ) are defined in an abstract way and
depend intrinsically on w. From [14, Propositions 3.1 and 7.1] and recalling that
n > 2, we know that ¢ (L,) = p—(L,) < 2%, hence we have an estimate for
q—(Ly) in terms of n and r,,. On the other hand ¢;(L,) > 2 and can be arbitrarily
close to 2 (even in the case w = 1), and we do not have an explicit bound in terms
of w (see [14, Proof of Theorem 11.8] in this regard). Taking this into account and

in order to check that (4.1) holds we will replace its right-hand side with %

Our first result for general weights is as follows:

Corollary 4.3. Let w € Ay(dx) and let L, be a block degenerate elliptic operator in
R as in (1.4). Associated with L,, consider the reqularity problem (R™ sy as

in Section 1. Given f € C=(R") if one sets u(x,t) = e~V f(z), (x,t) € R™, then
(4.4) INw(Ve )| oy < CIV Flloan)
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in any of the following scenarios:
(a) If w e Ay(dz) N RHy n(dx) and

nq-(Ly)
n+q-(Luw)
in particular, in the range

max{l, }Sw <p< Q+(Lw)7

{1 2”} <9
max3 1, —— & s, < 2.
o p

b) If w € A, (dz) N RHy (dx) with 1o := min { v/2 Lyl and
(0) If 0 :

(L L
max{rw’ nry (L) } <p< g+ ( w)7
nry + - (L) T
in particular, in the range
{ 2nry }< - 2
max < 7'y, ———— < —.
nry +4 p Tw
(¢) If w € A.(dx) N RHyy(dx) with 1 <r < 1o and s(r) = min{Z%, 22} and
(L L
max{'r’w,—nrwq (L) }5w<p<7q+( w),
nry + q—(Ly) w
in particular, in the range
{ 2nry } cp< 2
max { 7y, ————— ¢ Sw < —.
nry +4 p Tw
(d) Given © > 1 there exists ¢ = €0(0,n,A/\) € (0,5=], such that for every

w € Arye(de) N RH 2 14 (140 2y (de) with 0 < € < € and (W] A3(d2) < O,
then (4.4) holds with p = 2, or equivalently (R™) 124y is solvable.

Proof. We first consider (a). Let w € Ay(dz) N RHy n(dx) then r,, = 1 and s, <
(14+2) =1+ 2. Using that ¢_(L,) < nQ—fz (since n > 2) we have

2n 2
oG (L)Y 50 < {1, }(1 —):2< Ly) =
max{ry (L)} s < max {1, 20 (142 0. (L)

That is, (4.1) holds and according to (4.2) we have (R“")pp(4y)-solvability for p so

Q+<Lw>.

T

that (L)
g\ Ly
max 1,7}%, <p< L,
{ (L) P < q+(Luw)
and, in particular, in the range
{1 2 bsw<p<2
max — ¢t Sw < 2.
) p

To prove (b) and (c) assume that w € A,(dv) N RHyqy(dz) with 1 < r <

8
min {\/5, - QH"} and s(r) = min{r%, "nr;zz} and note that the restriction on r

gives s(r) € [1,00). In particular, r,, <7, s, < s(r), and

2nr
Ty MAXA T, §—(Lay) } S0 < Ty maX{Twaiw}Sw
[ (L)} 50 < .
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2
< max {7“2, in 2} s(r) =2 < q4(Ly).
This implies (4.1) and we have (Rv) Lr(dz)-SOlvability for p in the range given by
(4.2), and in particular for those p’s satisfying

72 0w } Sw < p< 3

nry+4J 7" T e

All these show (b) by taking r = ry so that s(r) = 1 and hence s,, = 1. Also (c)
follows from the case 1 < r < ry.

To deal with (d) we proceed as in [14, pp. 654 655]. There, it is shown that given
© > 1 there exists ¢ = €(0,n,A/X) € (0,5-] such that if w € Ajj(dz) with

0 < € < g so that [w]ay@e) < O then 27, < ¢ (Ly). That is, 2 < q+ (Lw)  On the
other hand, if we additionally assume that w € RH, 1 > 1 (110 (da:) then

< (max { 2 1+(1+)”})/ in { 2 g2 }
Sw max { ——, €)= ¢) =min ,
1—e¢ 2 1+e n(l+e)

max {rw,

) 2 2 2
<m1n{—,1+—}: ,
) g

that is,

2nry,

mas {r, 2070 Vo <o

Ny + 2

Altogether we have obtained that max {Tw, 3?102} S < 2 < %ﬁ“’). This implies

(4.1) and also that p = 2 satisfies (4.2). Consequently, (R"*)rz2(y is solvable as
desired. ]

Concerning power weights we have the following result:

Corollary 4.5. Consider the power weight ws(x) = |z[*P~Y with 0 < 8 < 2, and
let L, be the associated block operator
(4.6) Lou(z,t) = —|x|_"(5_1)div$(|x|"(5_1) A(z)Vu(z, b)) — 0fu(z, t)
where A is an n X n matriz of complex L>°-valued coefficients defined on R™, n > 2
satisfying the uniform ellipticity condition (1.1).

Assume that

8
<6<mm{\/§ - 21+”}

n+2 -
then, for every f € C°(R") if one sets u(x,t) = e~ Vo f(z), (z,t) € R, then
(47) HNw6<thu)HLP(dx) < C”vf”LP(dm)’
for every p satz’sfyz’ng
4—(Lw) nBg—(Lu) ~1 g+ (Luw)
1 1 —_—
max 1,8, 22500 (Lu)’ n6+q(Lw)} A A T

In particular, in the non-empty range

2n  2np
nmx{lﬁ,
n+4' np+4

2
} max{1, 7'} <p < max{1, 3}
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provided

n . 1+4/14+2
m < 6 < mln{\/é,f}.

Moreover, there exists e; = e1(n, A/X) € (0, 5) such that if

1 2n

n
— < <1
n1 o & + €1

then (4.7) holds with p = 2, or equivalently (R*"#)2(ay) is solvable.
Proof. Write wg(z) = |z["®~Y with 0 < 8 < 2 so that ws € Ay(dz). It is not difficult

to see that
Tw; = max{1, 3} and Swy = max{1, 51}

Consider first the case 0 < 3 < 1 so that wg € Ai(dx), ry, =1, and s, = Bt If
f > 5 then

2n 1 qu(Lw )
maX{T’u}qu_(Lw[g)}stn—HB §2<q+(Lw5):7ﬁ
Thus (4.1) holds and if 5 < 8 <1 we have (R"#) ,(4,)-solvability for p such that
1 —} — <p<qi(Ly,).
maX{ 7n+q7(L ) /B p Q+( ﬁ)

In particular, if -%5 < 8 < 1, the solvability holds in the range max{1, 2 ) pt <
p <2

Let us treat the case 1 < § < 2, so that we have r,, = § and s,, = 1. If
/1.8
1 < B8 < min{v/?2, w} then

2n 32

This implies that (4.1) holds and, as a consequence, (4.2) yields that if 1 < g <
min {\/_ I —— } then (R““#) (4 is solvable in the range

npBq- (Lw) Q-i-(Lw)
6+q( >}<p< 5

In particular, if 1 < § < min {\/_ I — } one can solve (RLws) Lr(dz) fOr p satisfying

2n 2
nﬁ+4} <p§B'

2
Tw,e max{rwga q—(LWB)} S max {/6 )

max {6,

max{ﬁ,

Let us finally focus on the (R“"#) 2-solvability. Consider first the case when s <
£ <1 then

1 2
max{l b, —

2n 2np . 2n

1, = {1,—}—<2:7.
n+4’ n6+4} max{l, 57} = max n+4J) max{1, 5}
Hence what we have proved so far gives the (RH‘ 8 ) L2(da)-sOlvability. To consider the
case 5 > 1 we first assume that 8 < 2"“ so that wg € A1+ (dx) Note that one can

easily see that there exists © > 1 dependlng just on n (and independent of () such
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that [ws]a,e) < ©. Next we repeat the argument given in the proof of Corollary 4.3
to find the corresponding ¢, € (0, ﬁ], which depends only on n and A/A. Set €; = ¢
and assume that 1 < S <1+ ¢ < % Pick € >0sothat 1 < <1+¢€ <1+ ¢.
Hence wg € Ajyo(dx) with 0 < € < €; = €y and we can invoke (d) in Corollary 4.4
to conclude the (R]wa’ ) L2(da)-SOlvability. O

Proof of Corollary 1.11. It suffices to observe that the first part is just item (d) in
Corollary 4.3. Regarding power weights, setting o = —n( — 1) and with a slight
abuse of notation the desired estimate follows at once from Corollary 4.5. O
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