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THE ENDPOINT PERTURBED BRASCAMP-LIEB INEQUALITIES
WITH EXAMPLES

RUIXIANG ZHANG

We prove the folklore endpoint multilinear k;-plane conjecture originating in a paper of Bennett, Carbery
and Tao where the almost sharp multilinear Kakeya estimate was proved. Along the way we prove a more
general result, namely the endpoint multilinear k;-variety theorem. Finally, we generalize our results to
the endpoint perturbed Brascamp-Lieb inequalities using techniques in earlier sections.

1. Introduction

The endpoint multilinear kj-plane theorem. The multilinear k;-plane conjecture was implicitly proved
by Bennett, Carbery and Tao [2006], except for the endpoint case. In the first part of this paper we
formulate and prove the endpoint case. In fact we will prove the endpoint multilinear k;-variety theorem,
which is more general.

The proof uses the polynomial method. We will set up the polynomial like Guth [2010] did in his
proof of the endpoint multilinear Kakeya conjecture. Then we make some crucial new observations
and development of the theory, enabling us to estimate “the quantitative interaction of the polynomial
with itself” in terms of its visibility. As a result, we are able to deal with the codimension difficulty and
complete the proof.

The multilinear k;-plane estimate is a natural generalization of the famous multilinear Kakeya estimate.
Albeit weaker than linear Kakeya, the multilinear Kakeya theorem and the methods it inspired recently
had remarkable applications to classical harmonic analysis problems as well [Bourgain and Guth 2011;
Bourgain 2013a; 2013b; Guth 2016b; 2016¢; Bourgain and Demeter 2015]. See the beginning of [Guth
2015] for a good introduction.

The nonendpoint case of the multilinear Kakeya conjecture was proved by Bennett, Carbery and Tao
[Bennett et al. 2006] and later Guth [2010] proved the endpoint case, which we state below.

Theorem 1.1. For1 < j <d,let{T;,:1 <a < A(j)} be a family of unit cylinders in RY We set Vj 4 to be
the direction of the core line of the cylinder T; ,. Assume the core lines of cylinders from different families
are “quantitatively transversal”; i.e., for any 1 < a; < A(j), we have vi 4 AV2g, A+ AVgq, =60 >0,
where 0 is fixed. Then we have

Sl V@=n 1/d-1 d 1/(d—1
fRd<]_[Zxr,.a) Sa 07D T AN A, (1-1)
j=1a=1 j=1

MSC2010: 42B10.
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Guth’s approach to proving Theorem 1.1 is very different from the approach of Bennett, Carbery and
Tao. He was able to take a polynomial that approximates the intersection of tubes sufficiently well, along
the way employing some nice tools and lemmas from algebraic topology and integral geometry.

In the Kakeya setting we have cylinders which are neighborhoods of lines. A natural analogue is to
replace lines with higher-dimensional affine subspaces and this will exactly be our multilinear k;-plane
setting. In Remark 5.4 of [Bennett et al. 2006], the authors note that their techniques can be also used to
obtain nonendpoint cases of multilinear k-plane transform estimates considered in [Oberlin and Stein
1982]. There is also a k-plane version of the Kakeya problem [Bourgain 1991] that could be relevant here.

They did not state the result precisely and we will state what we can get from their proof below. If
we go check the proof, similar techniques in [Guth 2015] can also give us the result. Here we allow
subspaces of different dimensions and hence call the theorem a “multilinear k;-plane theorem”.

Before stating the theorem we introduce our terminology to describe a “higher-dimensional” analogue
of cylinders.

Definition 1.2. In a space of dimension d, for any 1 < b < d define a b-slab to be the Cartesian product of
a b-dimensional ball By and a (d—b)-dimensional ball B; (the spaces spanned by both balls are required
to be orthogonal). The radius of B; will be called the size of our b-slab and the radius of B, will be called
the radius of it. The Cartesian product of B and the center of B; is called the core of this b-slab.

By the above definition, a 1-slab is a cylinder. Its length is the size in our language. Our definitions of
radius and core are consistent with familiar definitions for cylinders. As explained above, we call our
theorem a k;-plane theorem because when the size is large, a k-slab looks flat and is like a “fattened”
k-plane.

Theorem 1.3 (multilinear k;-plane theorem with R® loss [Bennett et al. 2006]). Assume R is a large
positive number. Assume K, K3, ..., K, ; {1,2,...,d} aredisjointand K, U---UK, ={1,2,...,d}.
Let kj = |KJ|

For1<j<n,let{Tj,:1=<a=<A(j)} beafamily of kj-slabs of size < R and radius 1. Assume that
Jorany 1 < a; < A(j), the core of Tj 4; is on a kj-plane that forms an angle < § against the k;j-plane
spanned by all e;, i € K.

Then when & > 0 is sufficiently small depending on d, we have

n AQj)

1/(n—=1) n
f 1 (]'[ > xr_,.a) Sea RE[[AGHY, (1-2)
Re .
j=1

j=1 a=1

When n =d and K; = {j}, this theorem is the multilinear Kakeya theorem with R® loss, which is the
main theorem of [Bennett et al. 2006]. In [Guth 2015], a simpler proof of this special case is also given,
and it can be generalized easily to prove the whole Theorem 1.3.

We can obtain various kj-plane theorems by taking different n and K; in Theorem 1.3. As we saw
in Theorem 1.1, Guth [2010] was able to remove the R® in the multilinear Kakeya case. So in general we
would also expect the removal of R®. Conceptually, this will allow us to have slabs with “size co” (that are
actually 1-neighborhoods of k; planes) in the theorem. It turns out to be true and will be proved in this paper.
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Theorem 1.4 (multilinear k;-plane theorem). Take the same assumptions as Theorem 1.3, but with no
restriction on the size of slabs. We have

n A(j) 1/(n—1) n
/ d(]‘[ > xr,,a) Sa[JADYD. (1-3)
R .
j=1

j=1a=1

Theorem 1.4 has an affine-invariant version, just like the multilinear Kakeya case, which was first
pointed out in [Bourgain and Guth 2011]. We will actually prove this version (Theorem 1.5 below).
Theorem 1.4 is a direct corollary of it.

In order to state the theorem, we introduce some notation. For any g < d vectors vy, vy, ..., v,, We
define |[v; Ava A--- Ay to be the volume of the parallelepiped generated by vy, v2, ..., v,. Moreover,
for any m (affine) subspaces V1, V3, ..., V,, with a total dimension d, we can define |V AV A -+ A V|
tobe [vi 1 A AV G AVILIA AV G A AUy 1 - AVp g, |, where {v;; : 1 <i <d;} form an
orthonormal basis of the linear subspace parallel to V;.

Theorem 1.5 (affine invariant multilinear k;-plane theorem). Assume the positive integers 1 <k, ..., k, <
d — 1 satisfy Z;’:l ki=d. For1<j<n,let{T;,:1=<a=< A(j)}bea family of k;-slabs of radius 1.
Assume the core kj-plane of T; , is parallel to the linear subspace H; . Then for any real numbers p; q;

we have
A1) An) n 1/(n—1) n ,A@) 1/(n—1)
L o, @ i nenmg) el I(C i) - 0
aj=1 ap=1j=1 Jj=1 “aj=1

Remark 1.6. We refer the reader to [Bennett and Bez 2010] for an explanation of why the exponents
are as they appear in Theorem 1.5. Also we note that in that paper the authors already observed the
affine-invariant Finner inequality, which is an “unperturbed” version of Theorem 1.5.

Our Theorem 1.5 has some application in the multilinear restriction theorem too. Foreach 1 < j <n
assume %, : U; — R? is a smooth parametrization of a subset of a smooth submanifold €2 ; whose closure
is compact. Also assume 27:1 dim Q; = d. Here we assume Uj is a neighborhood of the origin 0. We
can associate the extension operator to ¥; as follows:

E;g(6) = fU B g0 dx, (1-5)

Assume T, )21 A+ - -ATx, 0)$2, # 0. Then just like the classical multilinear restriction case discussed
in [Bennett et al. 2006], we can form the endpoint multilinear restriction conjecture:

Conjecture 1.7 (endpoint multilinear k;-restriction conjecture). Assume we have X; as above such that
Ts, 01 A ATx,0)2: #0. Then when the U; are sufficiently small, we have

n n
— 2/(n—1
/Rd [TiEig P <a T TUsi 17, - (1-6)
j=1 j=1
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The methods in [Bennett et al. 2006] yield the following local variant of the conjectured (1-6) with
R?-loss:

n n
- 2/(n—1
/ [T1E /&1 Sac R [T 1851750 ). (1-7)
BO.R) j_ P i

We can use Theorem 1.4 to slightly improve (1-7). Using exactly the same proof techniques as in the
proof of Theorem 4.2 in [Bennett 2014], from Theorem 1.4 we deduce that there exists a k = k(d) > 0
such that

n

n
_ 2/(n—1
1E;g; 1D <4 Qog R [ | llgi 1250 (1-8)
L*(Uy)
BO.R) ;_; =1 !

The endpoint perturbed Brascamp-Lieb inequalities. Everything in the previous section in its unper-
turbed version, including the Loomis—Whitney inequality and the multilinear k;-plane theorem, is a
special case of the Brascamp-Lieb inequalities. In this paper we also generalize the Brascamp—Lieb
inequalities in the same way we do with the multilinear k;-plane theorem, with some new combinatorial
ideas. We state our endpoint perturbed Brascamp-Lieb inequalities in this section.

We first briefly review the Brascamp-Lieb inequalities. We will mostly follow the notational convention
in [Bennett et al. 2008; 2010], which are two important references in the literature. Assume that in RY we
have n linear surjections B; : R —> E i Then for certain positive numbers p;, 1 < j < n, the following
Brascamp-Lieb inequality holds for any measurable function f; on E;(1 < j < n) with some C > 0:

n n pj
/ [](fi0B)” gc]_[</ fj) : (1-9)
R j=1 j=1 N Ei

If this is the case, we call the minimum possible constant C such that (1-9) holds the Brascamp—Lieb
constant BL(B, p). Here we use B to denote the data (Bj, ..., B,) and p to denote the data (py, ..., pu).
The pair (B, p) is called the corresponding Brascamp—Lieb datum. If (1-9) fails for any finite C, we define
BL(B, p) = +o00. Note that no a priori assumptions are made on the relationship between d and n here.

Lieb [Lieb 1990] showed:

Theorem 1.8. BL(B, p) =BL,(B, p), where

n;l:1(det5,~ Aj)Pi ))1/2 1-10)

det(3=7_ i Bf A; B

with the supremum is taken over all A; : E; — E; such that A; is a positive definite linear transform.

BL,(B, p) = sup<

An alternative way to state Theorem 1.8 is that the Brascamp—-Lieb constant is what one would obtain
by restricting attention to the special case in which each f; is a certain Gaussian function.

Subsequently, Bennett, Carbery, Christ and Tao [Bennett et al. 2008; 2010] determined a necessary and
sufficient condition for BL(B, p) =BL, (B, p) < +00. They proved that BL(B, p) =BL,(B, p) < +00
is equivalent to the following two conditions:
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(1) Scaling condition:

Y pjdimE; =d. (1-11)
j

(2) Dimension condition: for any linear subspace V C R

dimV < Z p; dim(B; V). (1-12)
J
So we know when we can have the actual Brascamp-Lieb inequality (1-9) thanks to their work.
Inequality (1-9) has an equivalent version that is easier to understand intuitively. We state it in the
following proposition and refer the readers to [Bennett 2012] for this observation.

Proposition 1.9 (combinatorial Brascamp-Lieb). Assume we have a Brascamp—Lieb datum (B, p) in R4,
Assume k; =dimKker B; and we have n families of slabs. Assume the j-th family T; consists of only k;-slabs
of radius 1 whose cores are all parallel to ker B;. Also assume each |T,| is finite. Then BL(B, p) < +00
if and only if we always have

n pj n
/ 1‘[( 3 xT,> <TTm». (1-13)
Re .
j=1 "T;el; j=1
In light of the last subsection, a perturbed version of this proposition should be true. This can indeed
be proved; recently, Bennett, Bez, Flock and Lee [Bennett et al. 2015, Theorem 1.2] proved the following
(nonendpoint) theorem via generalizations of Guth’s method [2015].

Theorem 1.10 (perturbed Brascamp-Lieb with R®-loss [Bennett et al. 2015]). Assume we have a
Brascamp—Lieb datum (B, p) in R? with BL(B, p) < +00. Let k; = dimker B;. Assume we have
n families of slabs and the j-th family T; consists of only kj-slabs of radius 1 and size < R. Assume each
|T;| is finite. Also assume that each slab in the j-th family has its core k;-plane within a §-neighborhood
of ker B;j on the corresponding Grassmannian (with a given standard metric). Then when § is sufficiently
small depending on (B, p) we have

n pj n
/ H(Z xT,.) SapBLe.p.e R[] IT;17. (1-14)
R

d
j=1 “T;€T; j=1

They conjectured that R® can be removed here (see inequalities (7) and (8) of [Bennett et al. 2015])
and we prove their conjecture in the last section of this paper.

Theorem 1.11 (endpoint perturbed Brascamp-Lieb theorem). Assume we have a Brascamp—Lieb datum
(B, p) in R? with BL(B, p) < +00. Let k; = dimker B;. Assume we have n families of slabs and the j-th
family T; consists of only k;-slabs of radius 1. Assume each |T;| is finite. Also assume that each slab in the
J-th family has its core kj-plane within a §-neighborhood of Ker B; on the corresponding Grassmannian
(with a given standard metric). Then when § is sufficiently small depending on (B, p) we have

Dj n
(Z ij) Sapus.p | |17 (1-15)

TjE-ﬂ—j j=1

n

L

j=1
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Remark 1.12. Theorem 1.11 formally implies the stability of Brascamp-Lieb constants, which was a
result of Bennett, Bez, Flock, and Lee [Bennett et al. 2015]. However, it is worth noticing (see the proof
later in Section 8) that the main result in [Bennett et al. 2015] is an input rather than an output in our
proof of Theorem 1.11. In particular, we do not have a new proof of the main result in [Bennett et al.
2015] in this paper.

Our proof of Theorem 1.11 will follow the same scheme as the proof of Theorem 1.4. Some new
difficulties present themselves and we deal with them in due course.

Like what we had in the end of last subsection, our perturbed Brascamp-Lieb theorem has some
impact on the endpoint Brascamp-Lieb-type restriction conjecture formulated in [Bennett et al. 2015].
To introduce it, we use the same setup that we did in Conjecture 1.7, but this time we don’t assume that
Zj kj =d or that T, )21 A+ - - A Tx,0)2, # 0. Instead, we assume that there exists p = (p1, ..., pn),
pj > 0, such that BL(B(X), p) < oo, where B(X) = (Tx, )21, ..., Ts,0)£2,) (here we abuse the
notation a bit and for each component we really mean the linear subspace of R? parallel to it).

Conjecture 1.13 (endpoint Brascamp-Lieb-type restriction conjecture). With the above setup, when the
U; are sufficiently small, we have

n n
o 120 < (12Pi B}

[ TTESP? Sopme.n [T181%,: (1-16)

Jj=1 j=1

In [Bennett et al. 2015] a local variant of (1-16) with R®-loss is proved'
2 .
/ 1_[ |Ejg1*" Sd.pBLB(E).p).c R 1_[ lei 1% - (1-17)
BO.R) ; =1 !

By Theorem 1.11 and again the same method as in the proof of Theorem 4.2 in [Bennett 2014], we
can slightly improve (1-17): there is a k = k (BL(B(X), p)) > 0 such that

|E; g1 <ap Qog R | | llg || (1-18)
/B(OR)H J p 1_[ J LZ(U)

Idea of the proofs. When looking to remove the factor R® in Theorems 1.3 and 1.10, the methods in
[Bennett et al. 2006] or [Guth 2015] do not feel very appealing. Instead we will follow the path led by
Guth [2010] and try to come up with a version of the so-called polynomial method.

However, there is a major difficulty to generalizing Guth’s argument: note that the zero set of one
polynomial has codimension 1. In the setting of [Guth 2010], because a line has dimension 1, a line will
intersect the above zero set at discrete points. And the number of such points is controlled by the degree
of the polynomial. Hence we can do some counting to obtain estimates. In particular, Guth’s proof relies
heavily on the following cylinder estimate.

Lemma 1.14 (cylinder estimate). Let T be a cylinder of radius 1 and P be a polynomial of degree D.
Let v be a unit vector parallel to the core line of T. If we define Z(P) to be the zero set of P, then the
directed volume (see Definition 2.1) satisfies

Vzpynr (v) Sa D. (1-19)
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In the k;-plane setting, the zero set of a single polynomial no longer interacts well with a k;-plane:
because the latter generally has a smaller codimension, it won’t intersect the former at discrete points in
general. Due to this issue we cannot do counting and seem to lose our main weapon (Lemma 1.14).

In this paper, we deal with this difficulty and obtain our Theorem 1.4. The main idea is the following:
for a k-plane, instead of finding one single polynomial, we would like to take zero sets of k polynomials
to interact with it. Because the codimensions of the k-plane and zero sets of the k polynomials add up
to d, they will intersect at points and it is possible to do counting to estimate the intersection again.

Along this line, we are taking more than one polynomial to approximate an arbitrary set of N cubes.
We would like the zero sets of all the polynomials to be “transverse”; with this requirement we can choose
at most d such polynomials. Like the original polynomial method, we would like to know how low the
degrees of our polynomials can be. Guth [2010] showed that we can always choose the first polynomial to
be of degree <; N'/¢. But for the second polynomial this degree bound may already be no longer valid.
Think about N unit squares lining up on a line in the plane R% Any polynomial with degree significantly
less than N would have most of its zero set “almost parallel” to the line, see [Guth 2016a], and hence
two such polynomials cannot interact transversely at most of the squares. However, in this example it is
possible to find two transverse polynomials with degree product N. One can also look at examples of
cube grids, or more generally transverse intersections of hypersurfaces, and similar phenomena happen
there. Based on the above discussion, we are willing to ask the following question in the spirit of the
polynomial method.

Question 1.15. Given any N disjoint unit cubes in R? and A, > 1 for each given cube Q,, do there
always exist d polynomials Py, P, ..., Py such that ]_[f.lzl deg P; is roughly ), A,, and the zero sets of
all P; have “quantitative interaction” 24 A, at each of the above cubes?

We notice that it looks like a “continuous version” of the inverse Bézout’s theorem; see for example
[Tao 2012]. The analogue is very difficult in algebraic geometry, see [Tao 2012] for part of the reason,
and is conceivably very hard in its current continuous version too. We believe it can be formulated as an
explicit question with an affirmative answer though. One can make this question rigorous by specifying
the meaning of “quantitative interaction”; see the discussion below and (6-9) for a result of this flavor.

Luckily enough, we find the full power of this hard version is not needed this time. Instead, it will be
equally useful to have a positive answer to the following “softer” question.

Question 1.16. Given any N disjoint unit cubes in R? and A, > 1 for each given cube Q., do there
always exist d polynomials Py, P,, ..., P; and positive numbers «, > 1 such that ]_[?:1 deg P; is roughly
>, oAy, and the zero sets of all P; have quantitative interaction 24 o, A, at each of the above cubes?

This question is weaker than Question 1.15 because there we have the additional requirement that
a, = 1. In other words, we allow polynomials of higher degree here but “with the right multiplicity”. In
general, higher-degree polynomials, even with the right multiplicity, do not necessarily work as well as
ones with lowest possible degree; see for example some estimates in [Guth 2016a]. But in this application
it makes no difference, as we are in a situation similar to what we have in [Guth 2010].
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Surprisingly, it turns out that after some further refinement of the question, we find that we can take
P1, ..., Py all to be the same P and that we can obtain P by the refined polynomial method of Guth
involving visibility. Once this is clear we are able to prove our theorem with a great amount of help from
(multi-)linear algebra and geometry.

To be more specific, we find that we can take a single nonzero polynomial (that is complicated enough
to look like the product of several transverse polynomials) such that the following holds: If we define
Z(P) to be the zero set of P, then for each relevant Q,, d copies of Z(P) N Q, interact in a sufficiently
transverse manner. Since the d copies of Z(P) N Q, interact in a very transverse way, and the copies are
all the same, for any j and any Q, we deduce that k; copies of Z(P)N Q, interact sufficiently transversely
with the part of the j-th family of slabs inside Q. But for any j, the j-th family has a limited capacity of
transverse interaction with k; copies of Z(P) by Bézout’s theorem. This gives us an estimate that leads
to Theorem 1.4.

As we saw above, we end up taking one single polynomial d times. Nevertheless, we choose to keep the
entire thought process on “d transverse polynomials” here because after all, it is how we eventually come
up with the solution and the reader might find our thought process useful elsewhere. Also, Question 1.15,
which remains open, is still fundamental, as it’s a general one concerning the polynomial approximation
of any N cubes. For example, it implies the existence of the polynomial in the polynomial method. Its
discrete analogue is also open; see [Tao 2012]. But progress in various subcases has been made.

In the multilinear k;-plane setting, our method actually proves a stronger theorem (multilinear k;-variety
theorem, Theorem 6.1) which largely generalizes Theorem 1.4. We will state its exact form after a bit
more preparation. Here let us briefly describe it.

Let’s take a new viewpoint. Knowing that a point belongs to a slab of radius 1 is equivalent to knowing
the existence of another point on the core of the slab that lies in its 1-neighborhood. Also note that
the union of all cores (k;-planes) of the j-th family of slabs can be viewed as an algebraic variety of
degree A(j) and dimension k;. This variety is a smoothly embedded k;-manifold except some zero-volume
subset. Our Theorem 1.4 is basically saying that the n families of k;-planes have limited capacity of
“transversally interaction”. We will prove that this is the general case for any n algebraic varieties with
total dimension d in Theorem 6.1.

This multilinear k;-variety theorem immediately has interesting special cases. For instance, we have a
theorem about collections of sphere shells in the flavor of Theorem 1.4.

The proof of Theorem 1.11 is with almost the same machine, but we have some new difficulties: When
we use this machine, we want to know how well each kj-plane interacts with our polynomial. However,
the information on the Brascamp-Lieb constant seems to be very hard to use when we try to look at
things “locally”, as we do in the proof of Theorem 1.4. We address this issue in Section 7 and Section 8
by proving a weaker “integral version” of our previous pointwise estimate. Albeit weaker, it already leads
to a proof of Theorem 1.11.

Like the situation of Theorem 1.4, Theorem 1.11 has a generalization to algebraic varieties (Theorem 8.1)
and we prove the latter to automatically imply the former. Again the current form is quite strong and
interesting in its own right.
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Outline of the paper. In Sections 2 and 3 we review Guth’s polynomial method [2010] and develop
all we need in this subject. Section 4 consists of linear algebra preliminaries and Section 5 consists of
integral geometry preliminaries. We prove Theorem 1.4 and Theorem 1.5 in Section 6 and Theorem 1.11
in Section 8 after some preparation (Section 7). We will prove them by generalizing to versions about
algebraic varieties.

2. Polynomial with high visibility

In this section, we review the refined polynomial method by Guth [2010]. We review the definition and
properties of visibility and state Guth’s theorem that we can find a polynomial with reasonable degree
and large visibility in many cubes. Along the way we define a relevant notion, namely the fading zone,
for future convenience.

Definition 2.1. In R for any compact smooth hypersurface Z (possibly with boundary) and any vector v,
define the directed volume

Vz(v)=/ |v-n|dVoly, (2-1)
z

where n is the normal vector at the corresponding point of Z.

If v is a unit vector, there is a formula for Vz(v) that is geometrically more meaningful. Let 7, be
the orthogonal projection of R¢ onto the subspace v>. Then for almost y € v, we have |Z N 7, () is
finite and, see [Guth 2010],

Vy(v) = / 1ZO7; ()] dy. 2-2)

Definition 2.2. The fading zone F(Z) is defined to be the set {v : |v| <1, Vz(v) < 1}. It is a nonempty
convex compact subset of the unit ball; see [Guth 2010]. The visibility Vis[Z] = 1/|F(Z)|.

First we explain the heuristic meaning of the two concepts. Imagine that it is midnight and we are
looking at a glittering object with exactly the same shape as Z from a fixed distance. To describe the
situation mathematically, we can find a vector v such that its direction is the direction of the object and
its length is the brightness of the object. Then we can intuitively think that Z fades away when v enters
the fading zone. And naturally the less visible the object is, the larger we want the fading zone to be.
Hence we can define the visibility to be the inverse of the volume of the fading zone. See the beginning
of Section 6 in [Guth 2010] for how to intuitively understand visibility and a few simple examples.

It is good to keep in mind that in this paper we will mostly deal with hypersurfaces Z with Vz(v) 24 1
for any unit vector v. For hypersurfaces that don’t satisfy this we will typically fix it by taking its union
with several hyperplanes parallel to coordinate hyperplanes.

Clearly as long as Z has finite volume, F'(Z) has a nonempty interior.

We are interested in polynomials and want to use the notions above to study them. Recall that the space
of degree D algebraic hypersurfaces in R? is parametrized by RPX for K = (D :{d) — 1 in the following
way: any such hypersurface corresponds to a polynomial P up to a scalar. By viewing P also as the
(D :{d)—tuple of its coefficients we find this parametrization [Guth 2010]. We want to think of the directed
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volume and the visibility as functions over RPX. However, as Guth [2010] pointed out, they are bad
functions that may even be discontinuous.

Following [Guth 2010], we get around this difficulty by looking at the mollified versions of them. If we
take the standard metric on RPX, we will mollify those functions over small balls around some P € RPX.
In the rest of this paper, we take & to be a very small positive number depending on all the constants, and
in application on the set of cubes and visibility conditions. This kind of assumption is often dangerous but
as we can eventually see, here it does no harm at all (mainly because all the algebraic hypersurfaces of
degree D satisfy the same intersection estimate (5-5) uniformly), just like the case of [Guth 2010]. There
instead of the intersection estimate, we have the cylinder estimate (1-19) as a special case counterpart.

For any P € RPX, let B(P, ¢) be the e-neighborhood of P. Let Z(P) denote the zero set of P. Note
that for any P, the set of singular points on Z(P) has zero (d—1)-dimensional Hausdorff measure. And
the rest of Z(P) is a smooth embedded hypersurface by the implicit function theorem.

Definition 2.3. For any bounded open set U and any vector v, define the mollified directed volume

Vzpynu (v) = Vzprynu (v)dP'. (2-3)

|B(P, &) Jpp.e

Define the mollified fading zone and mollified visibility based on the mollified directional volumes:

FZ(PYNU) = (v: o] < 1: V2o < 1), (2-4)
. 1
Vis[Z(P)NU] = ————. (2-5)
® \F(Z(P)nU)|

Like we had before for F(Z), F(Z(P)NU) is a convex compact subset of the unit ball with a nonempty
interior. By John’s ellipsoid theorem [1948], for any convex set I' with interior, there is an ellipsoid
EII(I") such that EII(I") € I" € Cy EI(I") and | EII(I")| ~4 |I"|. It is easy to see that if the convex set is
symmetric about the origin (which will be the case for all convex sets considered in this paper), then we
may require the ellipsoid to be symmetric about the origin too. We assume so henceforth in the paper.
We call any such EII(I") an elliptical approximation of T

Vz(p)my(v) and \TS[Z(P) N U] are continuous with respectto P € RPY [Guth 2010]. In the same
paper, Guth also proved the following key lemma.

Lemma 2.4 (large visibility on many cubes [Guth 2010]). For any finite set of cubes Q1, ..., Qn and
nonnegative integers M(Q;), 1 <i < N, there exists a polynomial P of degree < D (but viewed as a
degree-D polynomial when we mollify) such that Vis(Z(P)N Q) > M(Qy) and D <4 (ZZNZI M(Qk))l/d.

3. Wedge-product estimate based on visibility

As we are actually dealing with the mollification version of everything, it is convenient to have a
generalized definition of visibility on any space of finite measure. The generalized setup here will also be
cleaner and more flexible in the inductive arguments which are needed.
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Assume we have a measure space (X, u) with w(X) < oo and a vector-valued measurable function
f: X — R For any vector v € R? define the total absolute inner product of v and f as

wszﬁmemmm 3-1)

(the directed volume of the last section being the example we have in mind).

Define the fading zone F (X, f) = {v < 1: Vx s(v) < 1} and visibility Vis[X, f] = 1/|F(X, f)|.
As we had in the end of the last section, we have an elliptical approximation EII(F (X, f)) such that
EWN(F (X, f)) € F(X, f) € C4EN(F (X, f)).

Next we obtain a lower bound of a wedge product integral in terms of visibility.

Theorem 3.1 (wedge product estimate). Assume that for any unit vector v we have Vx r(v) > 1. Then

///\f<>

Proof. We do induction on the dimension d to prove the theorem. First observe that if EII(F (X, f)) is an
elliptical approximation of F(X, f), then for any linear subspace W of R?, we have EIl(F (X, Hnw
(an ellipsoid) is also an elliptical approximation of F'(X, /)N W by definition (this may seem problematic

du(xn) dp(xz) -+ - dpxa) Za Vis[X, f]. (3-2)

as the C4 will vary, but for the conclusion only finitely many intermediate dimensions are involved in the
whole induction process and we can set Cy of them to all be the same).
For d = 1, by definition we easily see

Vis[X, f]=%/x | f ) du(x) (3-3)

and the conclusion holds. Note that even in the argument here we are using the hypothesis to ensure we
have (3-3).

Assume the conclusion holds for d < dy and dy > 1. Now we deal with the case d = dy. Assume
vi, ..., Vg, are parallel to the semiprincipal axes of any elliptical approximation EII(F (X, f)), respectively,
and that they form an orthonormal basis (we can arbitrarily choose a set of orthogonal semiprincipal
axes if there is ambiguity defining the semiprincipal axes). Among them we assume v; is parallel to a
semiminor axis (i.e., a shortest semiprincipal axis) that has length #,. Taking v = Av;, where A ~4, 1 in
(3-1), we deduce

1
f |f)ldu(x) = . (3-4)
X 1
Next for any unit vector v € R%, we prove
/- : '/d ]|f(X1) Ao A fXgp—1) Av|dp(x) du(xo) -+ dp(xge—1) Zd, 11 - Vis[X, f1. (3-5)
Xdo=

Let 77,1 be the orthogonal projection from R% to its subspace v'. Define f,. = m,. o f. If we identify
R%=! with v*, then f,. is another (dy—1)-dimensional vector-valued function on X. By definition,
we know Vx j(w) = Vx 7, (w) for any w € vt. Hence F(X, f,1) = F(X, f) Nv". By the previous
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discussion, we know we can choose Ell(F (X, f,1)) to be EII(F (X, f))N vl But among all the (dp—1)-
dimensional sections of Ell(F (X, f)) passing through the origin, the section cut by v1 has the largest
volume (see also Lemma 7.4), which is ~g4, | EI(F (X, f))|/t1 = 1/(t1 - Vis[X, f]). Hence

1 1
[FX. fy0  © [BI(F(X, fy0))] R

Vis[X, f,1]1= t1 - Vis[ X, f1].

By induction hypothesis we have
/‘ : / |FOD A A fap—1) Av]dp(ar) dpu(xa) - - dp(xgy—1)
xdo—1
/' ' / ) |va(X1) Ao A for (Xgp—1)] dp(x1) dpe(x2) -+ - dpe(xgy—1)

Zdo Vis[X, fy1] Za, 11 - Vis[X, f1. (3-6)

This is (3-5).
Combining (3-4) and (3-5), we have

(o) dpe ) diaea) - i)
/If(X)I(/ / A Gl mﬁ : du(xl)dwz)---du(xdo_o) dp )

Za 1 ViLX, F1- [ 109100 2 ViSLX, £ (3-7)
which concludes the induction. O

4. Linear algebra preliminaries

Our proof relies heavily on linear algebra. In this section we do the linear algebraic part and prove two
useful lemmas.

Lemma 4.1. Assume Vi,...,V, € R? and k; = dim V; satisfies Z;l:1 ki = d. Then for any vectors
wi, ..., wy € RY we have

n
1
max l_li(vl) A wi_,"l ARRRRA wij,kj | sz |V1 A
j=1

d
AVl - /\wi', (4-1)
i=1

where the maximum is taken over 1 <i;, <d for1 < j <n, 1 <h <kj, where each 1 <i <d is chosen

exactly once among all i j,.
Proof. Assume that {v; s }1<n<x; is an orthonormal basis of V;. Then by definition we have

d
‘(vw--Avn)-(/\w,-)'zuvj,h-w,-n. (4-2)
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By the generalized Laplace cofactor expansion, the determinant on the right-hand side of (4-2) is a
sum of terms in the form

+det(vy,, - wy,p) det(va, - Wa,p) - - - det(vy,p - Wy 1) (4-3)
where Wy 1, W12, ..., Wik, W2 1,..., W2 kys-ovs Wp 1,..., Wpi, 1S a rearrangement of wy, ..., wy. Hence
for some such rearrangement we have

d
/\ wi' Sa |det(vy - W1 p) det(va g - Wap) - - - det(Vpp - Wi p) |- (4-4)

i=1

|V1/\.../\Vn|.

By the properties of the Hodge x-operator, we then have
| det(vj - j.0)] = (kv 1 A AV ABj LA AW | = VA A AT (4-5)
which concludes the proof. 0

The rest of this section is dedicated to the computation of a determinant that will be useful in the next
section.

Lemma 4.2. Assume that 0 < c¢; < d are integers, 1 < j < m, satisfying Zle cj =d. For any j, assume

V1, V2,..., V)4 is an orthonormal basis of R4 (written as column vectors). Then we have
vl,cl+l S Vg v2’62+1 S Vg 0 0o -.. 0 0
V] 1 -+ Vg 0 0 v 1 oo+ V3gq --- 0 0

det 1+ s 3,03+ 3,
vl,c1+1 vl,d 0 0 0 0 vm‘cm_H vm’d

= |det(vi,1 - Vi V21 Ve Vil U, ) |- (4-6)

Proof. For2 < j <m,let Aj = (v 1---0v,60---0---vj1--- Vjg " -0---0). The rule here is that its
first ¢; columns are vy 1, ..., V1, and its (Zj’<j cjr+1)-th to (Zj,<j ¢j’)-th columns are v 1, ..., Vj.c,.
while its other columns are zero vectors. The left-hand side of (4-6) is equal to

/I o0 o0 o o o o o o0 o0 o o o0 o

Ay Vil Vid V241t V24 O e 0o 0 0
det A3 Vig+l ~+° Vg 0 0 V3chl ~o0 V3qg -o- 0 0
Am Vig+l ~+- Vg 0 0 0 o --. Vmcpt+l °° Umd
We exchange the columns to make it look better. For simplicity let V; = (v 1---v;4). This is an

orthogonal matrix. We also define a matrix B; = (b;(k,[)), 1 <k <d, such that b;(k,[) =1if | < c; and
k=1+3%,_;cy,andbj(k,[) = 0 otherwise. Then after rearranging the columns of the matrix above we
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find the determinant (in absolute value) is equal to

B, B, By --- By

Vi v, 0 -~ 0
det] Vi 0 V3 --- O
Vi 0 0 -V,

We can multiply the j-th column by ijl = Vj’ on the right, then subtract all the j-th columns,
j > 1, from the first column. This preserves the determinant. Note the definition of B;, if we define

A=@11 Ve —V21 =V —Unl: " —Unc,) then the determinant is

A" ByV! B3VI ... B,V

m

0 1 o --- 0
det] O O I --- 0
0 0 0 I
Equation (4-6) then follows directly. O

5. Integral geometry preliminaries

In this section we prepare some integral geometry tools for our proof of Theorem 1.4. First we generalize
(2-2) to the following lemma.

Lemma 5.1. Assume in RY we have m smooth compact submanifolds Z, Z», . .., Zy (possibly with

boundary) with codimensions c1, ..., ¢, respectively. If Z;n:1 ¢j = d then for any measurable subset
U C R4m=D — (RHY"=1 ywe have

..........

where p; € Z;, T, Zj is the tangent space of Z; at p;, dVol; is the volume element on the j-th submanifold,
and Z; +v; = {p; +v; : p; € Z;} is the translation of Z; along the vector v;. The | - | on the right-hand
side defines cardinality.

This lemma has a lot of information so we pause a bit and go through several examples to understand
it better.

When d = 2, if Z; and Z; are two nonparallel line segments and U is the whole R?, the integrand on
the right-hand side of (5-1) is the characteristic function of a parallelogram generalized by Z; and Z,.
Hence the right-hand side is the area of the parallelogram, which is easily seen to be equal to the left-hand
side. When d = 3, if Z; is a line segment, Z» is a parallelogram in a plane and U is the whole R, the
situation is totally analogous.
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When d = 3, Z; is a whole line and Z, is a smooth surface of finite area, and we can take U to be the
point set between two planes orthogonal to Z; with distance 1. It is a simple exercise to show that (5-1)
then becomes (2-2). Hence it is indeed a generalization of the latter.

Finally let’s look at a more complicated example. Again take d = 3 and U = RS. Take a parallelepiped
Q=ABCD — AB,CD,. Take three parallelograms Z; = ABCD, Z, = ABB1A|, Z3 = ADDA,.
Define u = ﬁ v= ﬁ) w= m Again the integrand on the right-hand side is a characteristic
function. We find it is plainly equal to Vol(2)%. Now the left-hand side is equal to

uXxv VXW  wXu

lu xv|-|vxw| |wxul- A A =luxv)A(xw)A(wxu)
luxv| |vxw| |w-u|

=[((wxv) X (vxXw))-(wxu)|

=|(v-(uxw)v-(wxu)|=Vol()> (5-2)

Proof of Lemma 5.1. Without loss of generality we can assume U is open and bounded. By the
multilinear feature of both sides of (5-1), we only need to consider this problem locally. Hence we
can assume each Z; is smoothly parametrized by a domain in R?=¢. In other words we may assume
Zi:xi = fii(yji1, ..., y,-,d_q) and that the (d — ¢;j) vectors w;; = (3f;;/9yj.1)1<i<a have a nonzero
wedge product at any point p; € Z;. They span the tangent space T}, Z; and will be written as column
vectors below.

Look at the cartesian product Z = Z; x Zy X - - - X Z,, € (R¥)" = R9™This is a smooth submanifold of
dimension Z;"zl (d—cj)=d(m—1). Use x;;, 1 <i <d, to denote the standard Euclidean coordinates in
the j-th copy of R4 and let vj i =xj;—X1,i, j > 1. For simplicity let x; = (x; ;)1<i<¢ and v; = (v} ;) 1<i<a-
Notice that the right-hand side of (5-1) is equal to

/ xu((Vj)2<j<m) dvpdvs - - - dvy,].
z

Define the density form 6 = [dvp dvs - - - dvy,| = |dva 1 AdvaaA---Adva g A= Aduy 1 A Aduy gl
On the manifold Z it is a multiple of the volume density element

/\ dyj,i

l<j<m,1<l<d—c;

(5:)
i)l

‘<avji)‘ _wl’l oo _wl’d—(/‘l wz’l P u)2’d_(:2 oo 0 oo 0 .........

d—c;j

N\ wis

=1

m

avi=]]

j=1

Next we find 6/|dV|.

We have
6 1

VI T NS wil

And by change of variable we have

—wig - —Wigd—¢ o --. 0 s Wyl ot Umd—cy, ot
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This looks very much like the left-hand side of (4-6). Indeed, the extra negative signs do not change the
determinant and can be ignored. The only essential difference here is that for each j, our {w; ;}1<i<q—¢; 18
not a set of orthonormal vectors. If we do a change of variable to make them orthonormal we will extract
a factor of ‘ /\7;;7 w j,l‘ from right-hand side of (5-3) for each j. We then apply Lemma 4.2 and get

m
/\(ijzj)L .
j=1

Hence the right-hand side of (5-1) is equal to [, xu ((vj)2<j<m) |/\;?1:1 (T), Zj)*|dV. Note that dV is
the product of all dVol;. This can easily be recognized as the left-hand side. O

0
[dV]

(5-4)

In application, we want to look at the case where each V; is the zero set of an algebraic variety of
codimension ¢;j. Such a V; may contain singular points, but they form a subset of measure 0 when we
take the (d—cj)-dimensional Hausdorff measure. Hence almost all points on V; are smooth points and
we can apply our Lemma 5.1 to obtain the following theorem.

Theorem 5.2 (intersection estimate). Assume in R? we have m algebraic subvarieties Z1, Z>, ..., Zy
with codimensions c1, . . ., ¢, and degrees sy, . . ., s, respectively. If Z;"zl c¢j =d then for any measurable
subset U C R4"=D = (RYY"~1 ye have

m
/ / = / XU PP o P (T, ZD A ATy, Z)| dVOL - AV, < VOIW) [ ] 5. (5-5)
210z, JzZ, i
j=1
where dVol; is the (d—c;)-dimensional volume element on the j-th subvariety. Almost all p; € Z; are
smooth points and we define Tp, Z; to be the tangent space of Z; at p;.

Proof. Inequality (5-5) follows directly from Lemma 5.1 and Bézout’s theorem. O

Theorem 5.2 generalizes the cylinder estimate in [Guth 2010], which was recorded as Lemma 1.14 in
our current paper.

6. Proofs of Theorems 1.4 and 1.5

In this section, we prove Theorem 1.5 and deduce Theorem 1.4 as a corollary. As briefly described in the
Introduction, we actually prove a generalized theorem about any n varieties.

Basically, our multilinear k;-variety theorem says that for n algebraic subvarieties of R? with their
codimension adding up to d, their tubular neighborhoods will provide us with an inequality similar to
Theorem 1.5 if we take their “amount of interaction” into account. In particular, if we take each subvariety
to be a union of k;-planes we obtain Theorems 1.5 and 1.4 (see the end of this section).

Theorem 6.1 (multilinear k;-variety theorem). Assume 1 <k; <d —1, 1 < j <n, satisfy Z;’Zl ki =d.
Assume that for1 < j <n, H; C R? is part of a kj-dimensional algebraic subvariety of degree A(j). Let
doj denote the kj-dimensional (Hausdorff) volume measure of H;. Then with respect to this measure,
almost all y; € H; are smooth points. For a smooth point y; € Hj, let Ty, H; denote the tangent space of
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Hj at y;. Then

n
/ <f X{dist(y;,x)<1}
R4 \J Hy x Hy x-+-x Hy j

/\ Tyj Hj
=1

1/(n—1) n
dor(y1) - - dan(yn)) dx S [TADYD (6-1)
j=1

We give an outline of the proof before we actually do it. For the convenience of the statement, we wrote
Theorem 6.1 in an integral form. However, because of the truncation x(dist(y;.x)<1} it is really of discrete
flavor. In other words, around any unit cube, we only take into account the part of the varieties near this
cube. By Lemma 2.4, we can find a polynomial with large visibility around each relevant cube. In the
lemma, it is possible to assign different weights to different cubes in the above movement. We assign

LT3

the weights according to the cubes’ “popularity” among H;, as done in [Guth 2010] for the multilinear
Kakeya theorem.

We will see it does not matter if we multiply all the weights by the same large positive number
simultaneously. As long as the weights are large enough, we can add hyperplanes to the polynomial
which do not essentially increase its degree and make its zero set satisfy the assumption of Theorem 3.1
at each relevant cube. Then we can invoke Theorem 3.1 for the resulting zero set Z(P) at all relevant
cubes to show that d copies of Z(P) have enough interaction there. Now around each relevant cube we
are ready to assign some copies of Z(P) to each variety H; and use Lemma 4.1 to show that those “have
enough interaction”. On the other hand, we can use Theorem 5.2 to bound the amount of interaction from
above. Hence we obtain a nontrivial inequality. All quantities there work out as they supposed to and we

obtain our theorem.

Proof of Theorem 6.1. We only need to prove the case where each H; is compact and take a limiting
argument to complete the proof. Fix a large constant N in terms of d; for example, N = 100e¢ should be
more than sufficient.

Consider the standard lattice of unit cubes in R%. For each cube 0, in the lattice, let O, be its center. Let

n n
G(Qv) :/ HX{dist(yj,Ov)gN} /\ Ty, Hj| doy(y1) - - - don(yn)- (6-2)
H|xHyx--xH, j=1 j=1
Obviously
n n
G(Qy) Z/ HX{dist(yj,x)Sl} /\TyjHj doi(y1) -+ don(yn) (6-3)
H|xHyx--xH, j=1 j=1

for any x € Q,. Hence it suffices to prove that under assumptions of Theorem 6.1, we have
Y GV s [TAD Y. (6-4)
v j=1

We only have finitely many relevant cubes Q) such that G(Q,) # 0. Hence we can choose a huge
cube of side length S containing all of the relevant cubes. By Guth’s lemma, Lemma 2.4, we can find
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a polynomial P of degree <; S such that for each cube Q,,
-1
Vis[Z(P)N Q,] = $/G(Q,)"/ "~V (Z G(in/("—”) : (6-5)
v

Adding <, S hyperplanes to P (in other words multiplying P by linear equations of those hyperplanes)
if necessary, we may assume that for all Q, where G(Q,) > 0 we have Vz(p)va(v) > |v|. Hence we
are in a good position to use the wedge product estimate (3-2).

Before we move on let us remark on a technical issue. If we do have to add hyperplanes at this point,
we need to modify our Definition 2.3 a little bit: Assume all the hyperplanes we added form a zero set
of a polynomial Py. We call the original polynomial in Guth’s lemma Pojq and our P is actually Pyiq Po.
Then when we are talking about the mollified directed volume, mollified visibility, etc. around P, we
want to look at all P’ Py, where P’ € B(P,q, ¢) instead of all P’ € B(P, ¢). For example, the definition
(2-3) should now be modified to

1

— Vzppynu (v) AP (6-6)
| B(Poid, €)1 JB(Pyae) (Pron

Vzpynv (v) =

We also note that an alternative strategy to “adding hyperplanes” is given in [Carbery and Valdimarsson
2013] (see Lemmas 3 and 6 and the argument on page 1654 there). It is a very detailed and clear account.

For the rest of the section for simplicity of the notation, we deal with the case where no hyperplanes
are added. For the general case the proof is identical except for proper correction of notation.

For any y; € Hy N B(O,,N),...,y, € H, " B(O,,N), Py,...,P; € B(P,¢)(see Section 2),
p1€Z(P)NB(O,,N), ..., pa€ Z(P;)NB(0,, N), by Lemma 4.1, we can find some i, for 1 < j <n,
1 < h < k; such that

n n d
1@ By ATy, 2Py D A ATy ZPy )Y Za | N\ Ty |- | N T ZPOY | (6T)
j=1 j=1 i=1
and all i; ; are distinct and form exactly the set {1,2,...,d}.
Integrating over (H; N B(0,,, N)) x --- x (H, N B(0,, N)), we obtain
d
G(Qy) | \(Tp Z(P))*
i=1
n
Sd Z/ / 1_[|(Tyj' H.I')J_/\(Tpi./,l Z(Piivl))J_/\' AT, .k Z(P"jvkj ))J_|
(ij,h) H]ﬂB(Ol,,N) H”mB(OV’N)jZI

doy(y1) - don(yn). (6-8)

Here we sum over all possible choices of {i;, : 1 < j <n, 1 <h < k;} such that all i; ; are distinct
and form exactly the set {1, 2, ..., d}.

Integrate (6-8) over Py, ..., P; € B(P,¢) and p; € Z(P;) N B(O,, N) (we abuse the notation a bit
and write dp = do (p) where do is the (d—1)-dimensional Hausdorff volume measure on Z(P)). Taking
Definition 2.3 into account, we use wedge product estimate (Theorem 3.1) and (6-5), (6-8) and deduce
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Z |B(P )¢ / /B(P ) /HmB(OV N) /H NB(0,,N) /Z(PI)QB(O,) N) /Z(P,,)QB(O,, N)

H|< Ty H)* ATy, Z(Py )' A ATy, Z(Py )|
dpi---dpgdoi(y1) -+ - don(y,) dPy--- dPy
Za G(Qy) - ViS[Z(P)N Q]

-1
Za S"G(Qu)”/(””(z G(QUW("“) : ©-9)

Rewrite (6-9) as

Zl_[(|B(P 8)|k’/ /B(P e)ki ) A(J) H;NB(0,.N) /Z(P,-jl)ﬂB(OU,N) /Z(P,-jk_)mB(ov,N)
’ )

@,n) j=1
1 L 1
(T, Hj) ATy, Z(Pij 1)) /\"‘/\(Tpfj,ij(Pij,lg,)) |
d.p,'j’1 cee dpij’kj dO’j (yj) ClP,'j’1 e dPl.chj

! -1
- G (O, n/(n—l)( GO, 1/<n—1>) , 6-10
R AD) (0v) Z Q) (6-10)

By the arithmetic-geometric mean inequality we deduce

—1/n
WGW"“(Z“Qv)”("”)
=1

<4
2 Z |B(P e)lb / /B(P ot 85 A(j) A(J) H;NB(0,,N) /Z(Pijl)ﬂB(Ov,N) /Z(P,«/.k_)mB(ov,N)
. ik

() j=1
[Ty H)™ A (T, Z(Py ) A A (T Z(Py, )|
dpi;, - dpij,kj doj(y))dP;, - dPi,_kj (6-11)
Sum (6-11) over v, and then invoke the intersection estimate Theorem 5.2 with U = {(u;) <i<kj+1:
u; € RY, dist(u;, ujr) < N?} (it suffices to choose U large enough). Note that deg P; = § and deg H; = A(j),
we have

1
(IT= 4())"" <ZG(Q " D) (ZG(Q )W U)
j=1

5 by L)
Nd FaVEN
ZZ IB(P &)l / /B(P,s)kf S-AG) Sy Sz, ) Z(Py,,)

() j=1
X0 Qs Piss -+ Pigy )| (T BT ATy Z(Py DA ATy Z Py, )|
dpi;, - - dpi./,kj do; (yj)dP,_,, dPl/.kj

dP, <41 6-12
Ndzz |B(P, 8)|k’/ —/B(Pe)! A (12

(jn) j=1
and (6-4) holds. O

1/n
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Theorems 1.5 and 1.4 follow easily from Theorem 6.1. To prove Theorem 1.5 it suffices to prove the
case where all p; ,, are rational numbers. Then without loss of generality we may assume further that they
are integers. By considering multiple copies of the Uj; 4;, we can further assume they are all 1. Then one
just takes the j-th variety to be the union of the cores of the j-th family of slabs and apply Theorem 6.1
(after a scaling). Theorem 1.4 is a direct corollary of Theorem 1.5.

7. An analogue of Lemma 4.1

In the rest of this paper, we prove Theorem 1.11. In this section we prove a lemma (Lemma 7.5) analogous
to Lemma 4.1, which will be used in the proof the same way as Lemma 4.1 was used in the proof of
Theorem 1.4. This lemma is weaker in appearance than Lemma 4.1, but it turns out that it serves our
purpose.

Definition 7.1. In R? given a convex body I' centered at the origin, define its dual body I'* to be
{(veR?:|(v,x)| <1 forall x € '}, where (-, -) is the Euclidean inner product on R%.

It is trivial by definition that if two convex bodies I'y and I'; satisfy I'y S I'; then I'} 2 I';.

By John’s ellipsoid theorem, we need to mainly consider ellipsoids as examples of convex bodies.
Next we develop several lemmas concerning ellipsoids. From now on, when we talk about an ellipsoid in
Euclidean space, we always assume the ellipsoid has the same dimension as the background space.

Lemma 7.2. Ifthe I' in Definition 7.1 is a (closed) ellipsoid centered at O (the origin), then I'* is also
an ellipsoid centered at O. We call T'* the dual ellipsoid of I'. Choose a set of principal axes of T (the
wording is because the choices might not be unique); then they are also a set of principal axes of T
Moreover, the lengths of the corresponding principal axes of T and T'*, when divided by 2, are reciprocal
to each other. Hence (I'*)* =T and Vol(I") - Vol(I'*) = C; > 0 is a constant depending only on d.

Proof. Trivially the dual body of the unit ball is again the unit ball. Assume I'g has a dual body I'j. Then
for any positive definite linear transform A, we have by definition
(ATo)* ={v e R?:|(v, Ax)| < 1 for all x € I'¢}
={veR?:|(A*v,x)| <1 forall x € [y}
=(A"'rg=A7"T. (7-1)
Now we can use a positive definite linear transformation A to transform the closed unit ball to our I';
by the computation above, I'* is A~! acting on the unit ball, so it is an ellipsoid. Also the principal axes

of I correspond to an orthonormal basis that diagonalizes A. This basis also diagonalizes A~'. Hence
the principal axes of I are also principal axes of I'* The rest of the lemma is obvious. U

Lemma 7.3. Suppose we have a subspace V.C R¢ and T € RY is an ellipsoid centered at O. Let wy (-)
be the orthogonal projection onto V. Then wy (I'*) and T' NV are dual to each other (in V with respect to

the induced inner product). Note these two are both ellipsoids.

Proof. If V has dimension 1, then the lemma is true by definition of the dual body (note by Lemma 7.2,
the two ellipsoids are dual to each other).
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For general V, by the last paragraph for any V' C V of dimension 1 we have mwy/ (7y (I'*)) and
(I'NV)N V' are dual to each other. But given the ellipsoid I'y = ' NV C V, apparently there is only
one possible set Y C V such that for any V' C V of dimension 1, 7y (I'y) and ¥ N V' are dual to each
other (since Y N V' is determined by I'y via this property). Now by last paragraph again, the dual of I'y
in V is this unique Y. Hence 7y (I'*) has to be this dual. Il

Lemma 7.4. For any subspace V C R of dimension d', we define my to be the orthogonal projection
onto V as usual. Then for any (closed) ellipsoid T' C R%, we have

lmy (TN VY = CyalT, (7-2)

where Cq 4 > 0 only depends on d and d'. Here we use the corresponding standard Lebesgue measures
onV, VL and R4, respectively.

Proof. It is well known that in R% an ellipsoid defined by {x : (x, Ax) < 1} has volume C,/(det A)!/?,
where A is a positive definite linear transform and (-, -) is the Euclidean inner product. Assume
I' = {x:||Tx|?> < 1}, where T is a nondegenerate linear transform. Since we can multiply 7 by any
orthogonal transform on the left, we may assume 7V+ = V1. Then by last paragraph,

Cu
' = , 7-3
IT"| et T (7-3)
C ’
rovi=_—2¢ (7-4)
|detT|y |
Meanwhile, x € V belongs to wy (I') if and only if inf,cy 1 |7 (x +v)|| < 1. By the method of least
squares, infycy 1 |7 (x + ) || = [[7ryyr (Tx)| = |7y (Tx)||. Hence
Cy
Ity (T)| = (7-5)

| det(ry o Tly)|

Now notice 7 V+ = V+. Hence when written in matrix form it is easy to verify det T'| . -det(y oT |y) =
det T. This together with (7-3)—(7-5) implies (7-2). [

Now we are ready to develop an analogue of Lemma 4.1. We recall that in Section 3 we defined
the total absolute inner product Vy r(v), the fading zone F (X, f), visibility Vis[X, f], and chose an
elliptical approximation EIl(F (X, f)) for any measurable vector-valued function f : X — R

Lemma 7.5. Fix positive integers d and 1 <k, ..., k, <d. Let R< be the standard Euclidean space.

Assume a Brascamp—Lieb datum (B, p) such that all B; are orthogonal projections from R? to a
subspace and dimker B; = k;. Assume Ej = B; (R?) = (ker B j)L. Assume we have the scaling condition
27:1 Pj dim Ej =d.

For any measurable vector valued function f : X — R on some measure space satisfying Vx, r(v) > 1
for all v € R, we have

n Dj n
H( /X VESA TG Ao f Gl o dxkj) Za.p (BL(B. p) ' (VisLX, )= 771 (7-6)

j=1
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Proof. Similar to the proof of Theorem 3.1, we define e, B; to be the orthogonal projection onto ker B;
as before and fier B; = Tker B; © f. Then

/Xk_|EjAf(xl)/\”'/\f(xkj)’dxl‘-- dxkj=/Xk‘fkerBj(xl)/\'”/\fkerBj(xkj)’dxl”' dxg;. (7-7)

Similar to the proof of Theorem 3.1, we know F (X, fier B,») = F(X, f)Nker B;. Hence we can take
ElN(F (X, fker;)) to be EI(F (X, f)) Nker B;. By (7-7), Theorem 3.1, Lemma 7.2 and Lemma 7.3,

/k,iEj AFGD) A A flag)|dxg - dog, = /k_|fkerB_,-(X1)A"'/\fkerB_,(xk,)|dx1 < dxy;
X X"

1
2Zd
~ VEI(F (X, f)) Nker B;]
Za |(EI(F(X, f)) Nker Bj)*|

= |7tker 5, (EI(F (X, /)))]. (7-8)

Hence it suffices to prove

n
[ Tiker 5, BUCF X, £)9)]” Za.p (BL(B, p)~" (Vis[X, f)Zi=1 27, (7-9)
j=1
At this point we invoke the definition of BL(B, p). For any ellipsoid I', we choose f; = X, (T%) in
(1-9). Then by definition ]_[;7:1 (fj o Bj)Pi > xr+. Hence

n n pj n
|F*|5/Rd1'[(ﬁo3,-)”fsBL(B,m]—[(/E f,-) —BLB, p)[[Ins,™IP.  (7-10)
j=1 j=1 J j=1

In other words,

n
BL(B, p)- |- [ [ I, T*)I7 Za 1. (7-11)
Jj=1

By Lemmas 7.2, 7.3 and 7.4, we have

1 |7Tker B; (T)]
(T~ ~L ! 7-12
|70, (T7)| ~x; TNE)] kj.d T (7-12)
Hence n
Tker B; ()|}
BL(&pHﬂ-]‘[(%) Zapl. (7-13)
j=1

Take I' =Ell(F (X, f))* By Lemma 7.2 again, we have |I"| = | EIl(F (X, f))*| ~¢ 1/| EIl(F(X, f))|=
Vis[ X, f]. This fact and (7-13) imply (7-9), which in turn implies (7-6). Il

8. Proof of Theorem 1.11

We are ready to prove Theorem 1.11. Just like the proof of Theorem 1.4, we prove a stronger theorem
concerning algebraic varieties. This theorem can also be considered as an analogue of Theorem 6.1.
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Theorem 8.1 (variety version of Brascamp-Lieb). Assume we have positive integers ki, ..., k, <d and
rational numbers p1, ..., p, > 0. Choose a common denominator t of all p; and assume p; = t; /T, with
1 € 7 satisfying the scaling condition Zj pi(d—kj)=d.

Assume that for 1 < j <n, H; C R? is part of a kj-dimensional algebraic subvariety of degree A(j).
Let do; denote the kj-dimensional (Hausdorff') volume measure of H;. Then under this measure, almost
all y; € Hj are smooth points. For a smooth point y; € H;, let Ty, H; denote the tangent space of H; at y;.

For Zj Tj smooth points Y = (Y1,1, - -+, Yl,115 Y2,1s -+ -5 Y2105 - - - » Yn,1,)» V).l € Hj, there exists a unique
Brascamp—Lieb datum (B(y), p(y)) with Zj T; projections B; all being orthogonal projections within
RY as the following: Define (B(y), p(y)) = (B1,1,...,B1.1;»B21,....B2rpy . ... Bpr,, 1/7, ..., 1/7)
such that ker B; | = Ty, H; and all components of p are 1/t. Then

n T

1/t
f ( / ) Hﬂx{dim,,k,x)fl}BL(B(y),p(y))"dm(yl,o---dm(yl,n)---dan(yn,,n)) dx
Rd H11><~~~><H,f”

j=lk=1

n
Sdorrerr | JAGP. (8-1)

j=1

Let us explain the motivation of Theorem 8.1 before proving it. If we want to naturally generalize
Theorem 6.1 to the Brascamp-Lieb setting, first of all we have to come up with a reasonable integral like
the left-hand side of (6-1) to put on the left-hand side. However the fact that in (6-1) all p; =1/(n —1)
no longer holds in our situation. In fact, the p; might even all be irrational numbers. A natural way would
be approximating (p;) by rational tuples. This works (see below) but eventually we need all the p; to be
the same to get a quantity analogous to left-hand of (6-1).

Another remark before we move on. It’s good to keep in mind that we may assume 7y =--- =1, =1
in this theorem without loss of generality. This is trivial to see. But we keep the theorem in its current
form here so it is more straightforward to apply.

Proof that Theorem 8.1 implies Theorem 1.11. Note that the conditions (1-11) and (1-12) only have
rational coefficients. Hence it is possible to choose (n + 1) different rational p’ close enough to p
such that the conditions (1-11) and (1-12) are satisfied (that is, BL(B, p’) < 4+00), and that p lies
in the convex hull of those p’. By interpolation we only need to prove the case when p is a rational
vector.

Next in order to apply the result of Theorem 8.1 to prove Theorem 1.11, we claim that if a Brascamp-
Lieb datum (B, p) is such that p; =; /7, where 7 all 7; are positive integers, then BL(B, p) =BL(B/, p'),
where B’ = (B, ..., By, ..., B,, ..., By) contains 7; copies of B;, and p'=1/z,...,1/7). In fact,
looking at the definition (1-9) of BL(B, p), we have

o

BL(B', p') = sup fRd H;l=1 ITL(fjuo Bj)l/r
b - . l/

i} H;l:1 Hlszl(ij fjl) i

Since we can always take f;; = f; for all /, we deduce BL(B’, p’) > BL(B, p). On the other hand, in
the definition of BL(B, p) we can take f; = f;, for every possible tuple (4, ..., [,) satisfying 1 <[; <7;

(8-2)
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to deduce
n n T/t
fd l_[(fj’l.i oBJ-)fj/r < BL(B, p)l_[(-/]; fj,lj) . (8-3)
Jj=1 j=1 J

Then we let (/;) run through all possible tuples and invoke Holder to conclude that

n T n T 1/t
[ T10sre80 <nem I TT(f, ) .

j=l1=1 j=li=1

Hence BL(B’, p’) < BL(B, p). Therefore BL(B’, p’) = BL(B, p).
By Theorem 1.1 in [Bennett et al. 2015], BL is a locally bounded function. It is then not hard to derive

Theorem 1.11 from Theorem 8.1 when p’ is a fixed rational number. O
Proof of Theorem 8.1. 1t’s plain that we may assume 7| = - - - = 7, = 1. For short we write B; = B; | and
Yj =DYj.1.

The proof will be almost identical to that of Theorem 6.1. In the current proof, we omit some details
for familiar manipulations in that proof to reduce redundancy and refer the reader to it.

Take the N and set up the unit cube lattice in R as in the proof of Theorem 6.1. Again let O, be the
center of any cube Q, in the lattice. This time we define

G(Q)) = /H 1_[ Xdist(y;,0,) <N BL(B(y), p(y))"" do1(y1) - -+ doy(yn). (8-5)

1 XX Hy j=1

Similar to the proof of Theorem 6.1, it suffices to show
Y GO San [TADY™ (8-6)
v j=1

Again we may assume for the moment that each H; is compact and use a limiting argument. Then we
can again choose a large cube of side length S that contains all the relevant cubes. Finally we can find a
polynomial P of degree <, S such that for each Q,,

1

Vis[Z(P)N Q] = $/G(Q,)"" (Z G(Qv)”f)_ : (8-7)

As before we have to make the technical comment that after adding some hyperplanes and changing
the definition of Vis accordingly, we may assume for all Q, with G(Q,) > 0 we have

Vzpng, (0) = [v]

(so that we are allowed to apply (7-6)). We only deal with the case where no hyperplanes are added so
that the notation is simpler.

Similar to what we did in the proof of Theorem 6.1, we choose B; =T, H;, all p; = 1/ and integrate
(7-6) over y; € H; N B(O,, N). Then we choose the measure space X in (7-6) to be

{peZ(PhYNB(O,,N): P € B(P,¢)}
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(the measure is just the surface measure on each Z(P’) joint with the standard measure on B(P, ¢), which
isdpdP’, where P’ € B(P,¢) and p € Z(P’)N B(0,, N)) and deduce

|B(P, &)|(n=1d B(P.e)r—04 JHnB(0,.N)  JH,NBO,.N) JZ(PONBON) S Z(Pun)nB(O,.N)
n

[T HY A Ty 0 Z Pt o)) A A Ty ZPryeiig) |

i=1
! dp1 - dpu_nyador(y) -+ doy(ya) APy - - dPiy_rya
24 G(Q,) - ViS[Z(P)N Q1"
—(n—1)
Zdn S<"—f>"G<QU>"/’<Z G(Qu)”t> : (8-8)

As before we rewrite it as

(lB(P e)|k / /B(P o S5 AG) A(J) H;NB(O,,N) /Z(Pl)mB(ou,N) /Z(ij)nB(ov,N)
[(Ty, H) " A (Tp, Z(PD))Y A+ A (Ty, Z(P,) | dpy -+ dpy; doj(y;) dPy - - de,.)

1 —(n—1)
Zan =———G(Qy "/f( G(Qy l/f) : 8-9
R [ 407 (Qv) Z (Qv) (8-9)

Here note that since Z;’: 1(d — kj) = ©d by assumption, we have Z}Ll ki = (n — t)d. We have used
this fact in the above inequality chain (8-9).
By the arithmetic-geometric mean inequality we have

<|B(P 8)|k/ ,/B(Pg)/ Sk - A)) HimB(o‘,,N)/Z(P])mB(OU,N) /Z(ij)ﬂB(O\,,N)
|(Ty H) Y AT Z(PDYE A== ATy Z(Pi) ™| dpy -+ dpyg doy () dPy - -- de,)

1 —(n—1)/n
Zdn —G(QV)I/T(Z G(Qv)”f) : (8-10)
~~d, 1
(T, A" ;
Like we did in the proof of Theorem 6.1, summing over v and applying the intersection estimate
Theorem 5.2 with U = {(u;)1<i<k;+1 : u; € R, dist(u;, u}) < N?}, we deduce

—(n—1)/n

W 1A()1/"(Z (Qy )”’)(ZG(QU)”’) San 1, (8-11)
] vV

which implies (8-6) and concludes the proof. 0

Remark 8.2. For the perturbed Brascamp-Lieb theorem itself, Theorem 1.11, it is conceivable that one
can directly work with the framework of arguments in [Carbery and Valdimarsson 2013], without applying
a rational approximation argument as we did in this section. Nevertheless, we still decided to keep the
current approach as we feel that Theorem 8.1 here may be of independent interest, and that rationality
seems indispensable for us to state the theorem (and prove it).



580 RUIXIANG ZHANG

Acknowledgements

I was supported by Princeton University and the Institute for Pure and Applied Mathematics (IPAM)
during the research. Part of this research was performed while I was visiting IPAM, which is supported
by the National Science Foundation. I thank IPAM for their warm hospitality. I would like to thank Larry
Guth for numerous discussions and quite helpful advice throughout this project. I would like to thank
Xiaosheng Mu and Fan Zheng for very helpful and inspiring discussions. I would like to thank Jonathan
Bennett and Anthony Carbery for helpful suggestions on the paper, and would in particular thank Jonathan
Bennett for bringing [Bennett 2014] to my attention. Finally I would like to thank the anonymous referees
whose very detailed advice has tremendously improved the exposition of the current paper. In particular,
I learned the current proof of Lemma 4.1 from the referees. My original proof was much longer and
much less straightforward. They also brought many nice, alternative, often more streamlined arguments
in [Carbery and Valdimarsson 2013] to my attention. See, e.g., the remark after (6-6) and Remark 8.2.

References

[Bennett 2012] J. Bennett, “Transversal multilinear harmonic analysis”, lecture slides, 2012, http://www.uam.es/departamentos/
ciencias/matematicas/AFA/Escorial2012/abstracts/slides/Bennett.pdf.

[Bennett 2014] J. Bennett, “Aspects of multilinear harmonic analysis related to transversality”, pp. 1-28 in Harmonic analysis
and partial differential equations, edited by P. Cifuentes et al., Contemp. Math. 612, Amer. Math. Soc., Providence, RI, 2014.
MR Zbl

[Bennett and Bez 2010] J. Bennett and N. Bez, “Some nonlinear Brascamp-Lieb inequalities and applications to harmonic
analysis”, J. Funct. Anal. 259:10 (2010), 2520-2556. MR Zbl

[Bennett et al. 2006] J. Bennett, A. Carbery, and T. Tao, “On the multilinear restriction and Kakeya conjectures”, Acta Math.
196:2 (2006), 261-302. MR Zbl

[Bennett et al. 2008] J. Bennett, A. Carbery, M. Christ, and T. Tao, “The Brascamp-Lieb inequalities: finiteness, structure and
extremals”, Geom. Funct. Anal. 17:5 (2008), 1343-1415. MR Zbl

[Bennett et al. 2010] J. Bennett, A. Carbery, M. Christ, and T. Tao, “Finite bounds for Holder—-Brascamp-Lieb multilinear
inequalities”, Math. Res. Lett. 17:4 (2010), 647-666. MR Zbl

[Bennett et al. 2015] J. Bennett, N. Bez, T. Flock, and S. Lee, “Stability of the Brascamp-Lieb constant and applications”,
preprint, 2015. To appear in Amer. J. Math. arXiv

[Bourgain 1991] J. Bourgain, “Besicovitch type maximal operators and applications to Fourier analysis”, Geom. Funct. Anal.
1:2 (1991), 147-187. MR Zbl

[Bourgain 2013a] J. Bourgain, “Moment inequalities for trigonometric polynomials with spectrum in curved hypersurfaces”,
Israel J. Math. 193:1 (2013), 441-458. MR Zbl

[Bourgain 2013b] J. Bourgain, “On the Schrodinger maximal function in higher dimension”, Proc. Steklov Inst. Math. 280
(2013), 46-60. Zbl

[Bourgain and Demeter 2015] J. Bourgain and C. Demeter, “The proof of the / 2 decoupling conjecture”, Ann. of Math. (2) 182:1
(2015), 351-389. MR Zbl

[Bourgain and Guth 2011] J. Bourgain and L. Guth, “Bounds on oscillatory integral operators based on multilinear estimates”,
Geom. Funct. Anal. 21:6 (2011), 1239-1295. MR Zbl

[Carbery and Valdimarsson 2013] A. Carbery and S. I. Valdimarsson, “The endpoint multilinear Kakeya theorem via the
Borsuk—Ulam theorem”, J. Funct. Anal. 264:7 (2013), 1643-1663. MR Zbl

[Guth 2010] L. Guth, “The endpoint case of the Bennett—Carbery—Tao multilinear Kakeya conjecture”, Acta Math. 205:2 (2010),
263-286. MR Zbl


http://www.uam.es/departamentos/ciencias/matematicas/AFA/Escorial2012/abstracts/slides/Bennett.pdf
https://doi.org/10.1090/conm/612/12221
http://msp.org/idx/mr/3204854
http://msp.org/idx/zbl/1308.42006
http://dx.doi.org/10.1016/j.jfa.2010.07.015
http://dx.doi.org/10.1016/j.jfa.2010.07.015
http://msp.org/idx/mr/2679017
http://msp.org/idx/zbl/1213.26021
http://dx.doi.org/10.1007/s11511-006-0006-4
http://msp.org/idx/mr/2275834
http://msp.org/idx/zbl/1203.42019
http://dx.doi.org/10.1007/s00039-007-0619-6
http://dx.doi.org/10.1007/s00039-007-0619-6
http://msp.org/idx/mr/2377493
http://msp.org/idx/zbl/1132.26006
http://dx.doi.org/10.4310/MRL.2010.v17.n4.a6
http://dx.doi.org/10.4310/MRL.2010.v17.n4.a6
http://msp.org/idx/mr/2661170
http://msp.org/idx/zbl/1247.26029
http://msp.org/idx/arx/1508.07502
http://dx.doi.org/10.1007/BF01896376
http://msp.org/idx/mr/1097257
http://msp.org/idx/zbl/0756.42014
http://dx.doi.org/10.1007/s11856-012-0077-1
http://msp.org/idx/mr/3038558
http://msp.org/idx/zbl/1271.42039
http://dx.doi.org/10.1134/S0081543813010045
http://msp.org/idx/zbl/1291.35253
https://doi.org/10.4007/annals.2015.182.1.9
http://msp.org/idx/mr/3374964
http://msp.org/idx/zbl/1322.42014
http://dx.doi.org/10.1007/s00039-011-0140-9
http://msp.org/idx/mr/2860188
http://msp.org/idx/zbl/1237.42010
http://dx.doi.org/10.1016/j.jfa.2013.01.012
http://dx.doi.org/10.1016/j.jfa.2013.01.012
http://msp.org/idx/mr/3019726
http://msp.org/idx/zbl/1267.42014
http://dx.doi.org/10.1007/s11511-010-0055-6
http://msp.org/idx/mr/2746348
http://msp.org/idx/zbl/1210.52004

THE ENDPOINT PERTURBED BRASCAMP-LIEB INEQUALITIES WITH EXAMPLES 581

[Guth 2015] L. Guth, “A short proof of the multilinear Kakeya inequality”, Math. Proc. Cambridge Philos. Soc. 158:1 (2015),
147-153. MR Zbl

[Guth 2016a] L. Guth, “Degree reduction and graininess for Kakeya-type sets in R3”, Rev. Mat. Iberoam. 32:2 (2016), 447-494.
MR Zbl

[Guth 2016b] L. Guth, “A restriction estimate using polynomial partitioning”, J. Amer. Math. Soc. 29:2 (2016), 371-413. MR
Zbl

[Guth 2016¢] L. Guth, “Restriction estimates using polynomial partitioning, II”, preprint, 2016. arXiv

[John 1948] F. John, “Extremum problems with inequalities as subsidiary conditions”, pp. 187-204 in Studies and essays
presented to R. Courant on his 60th birthday, January 8, 1948, Interscience, New York, 1948. MR Zbl

[Lieb 1990] E. H. Lieb, “Gaussian kernels have only Gaussian maximizers”, Invent. Math. 102:1 (1990), 179-208. MR Zbl

[Oberlin and Stein 1982] D. M. Oberlin and E. M. Stein, “Mapping properties of the Radon transform”, Indiana Univ. Math. J.
31:5 (1982), 641-650. MR Zbl

[Tao 2012] T. Tao, “A partial converse to Bézout’s theorem”, blog post, 25 September 2012, https://terrytao.wordpress.com/
2012/09/25/a-partial-converse-to-bezouts-theorem/.

Received 3 May 2016. Revised 17 May 2017. Accepted 29 Sep 2017.

RUIXIANG ZHANG: rzhangQias.edu
School of Mathematics, Institute for Advanced Study, Princeton, NJ, United States

mathematical sciences publishers :'msp


http://dx.doi.org/10.1017/S0305004114000589
http://msp.org/idx/mr/3300318
http://msp.org/idx/zbl/1371.42007
http://dx.doi.org/10.4171/RMI/891
http://msp.org/idx/mr/3512423
http://msp.org/idx/zbl/1358.52011
https://doi.org/10.1090/jams827
http://msp.org/idx/mr/3454378
http://msp.org/idx/zbl/1342.42010
http://msp.org/idx/arx/1603.04250
http://msp.org/idx/mr/0030135
http://msp.org/idx/zbl/0034.10503
http://dx.doi.org/10.1007/BF01233426
http://msp.org/idx/mr/1069246
http://msp.org/idx/zbl/0726.42005
http://dx.doi.org/10.1512/iumj.1982.31.31046
http://msp.org/idx/mr/667786
http://msp.org/idx/zbl/0548.44003
https://terrytao.wordpress.com/2012/09/25/a-partial-converse-to-bezouts-theorem/
mailto:rzhang@ias.edu
http://msp.org




ANALYSIS AND PDE
Vol. 11, No. 3, 2018

dx.doi.org/10.2140/apde.2018.11.583

SQUARE FUNCTION ESTIMATES FOR DISCRETE RADON TRANSFORMS

MARIUSZ MIREK

We show £7(Z4)-boundedness, for p € (1, 00), of discrete singular integrals of Radon type with the aid
of appropriate square function estimates, which can be thought of as a discrete counterpart of Littlewood—
Paley theory. It is a very robust approach which allows us to proceed as in the continuous case.

1. Introduction
Assume that K € C'(R¥\ {0}) is a Calderé6n—Zygmund kernel satisfying the differential inequality

IYFIK )]+ Iy VR ()] < 1 (1-1)

for all y € R¥ with |y| > 1 and the cancellation condition

sup / K(y)dy| = 1. (1-2)
A=11J1<]y[<A
LetP=(P1,...,Pyg): 7% — 7% be a polynomial mapping, where each component Pj: 7 - Zis a

polynomial of k variables with integer coefficients and P;(0) = 0. In the present article, as in [Ionescu
and Wainger 2006], we are interested in the discrete singular Radon transform 77 defined by

TP )= Y fx—POGIK®Y) (1-3)

yeZ*\{0}
for a finitely supported function f : Z4% — R. We prove the following theorem.

Theorem A. For every p € (1, 00) there is C), > 0 such that for all f € 2P (Z%) we have

ITP fller < Coll flleo- (1-4)

Moreover, the constant C), is independent of the coefficients of the polynomial mapping P.

Theorem A was proven by Ionescu and Wainger [2006]. The operator T7 is a discrete analogue of the
continuous Radon transform R” defined by

R f0) =p. [ f=PODK ). (1-5)

The author was partially supported by the Schmidt Fellowship and the IAS School of Mathematics and by the National Science
Centre in Poland, NCN grant DEC-2015/19/B/ST1/01149.
MSC2010: 11L07, 42B20, 42B25.
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Nowadays the operators R” and their L?(R%)-boundedness properties for p € (1, o0) are very well
understood. We refer to [Stein 1993] for a detailed exposition, and see also [Christ et al. 1999] for more
general cases. The key ingredient in proving L? (R%) bounds for R” is Littlewood—Paley theory. More
precisely, we begin with L2(R%) theory which, based on some oscillatory integral estimates for dyadic
pieces of the multiplier corresponding to R”, provides bounds with acceptable decays. Then appealing
to Littlewood—Paley theory and interpolation it is possible to obtain general L?(R%) bounds for all
p € (1, 00). Now, one would like to follow the same scheme in the discrete case. However, the situation
for T7 is much more complicated due to arithmetic nature of this operator. Although £%(Z%) theory is
based on estimates for some oscillatory integrals, or rather exponential sums associated with dyadic pieces
of the multiplier corresponding to 77 as was shown in [Ionescu and Wainger 2006], £” (7% theory does
not fall under the Littlewood—Paley paradigm as it does in the continuous case.

The main aim of this paper is to give a new proof of Theorem A using square function techniques.
We construct a suitable square function which allows us to proceed as in the continuous case to obtain
2P (Z%) theory for the operator (1-3). Our square function gives a new insight for these sort of problems,
see especially [Mirek et al. 2015; 2017], and can be thought as a discrete counterpart of Littlewood—Paley
theory.

There is also an interesting open question concerning the estimates of T'7 at the endpoint for p = 1.
This is unknown even in the continuous case. For instance, if we consider a Radon transform R” along
the parabola P(y) = (v, y?) in R?, i.e.,

dy
R” f(x1,x0) = P-V-f fxr—y,x—y%) 7
R

then the question about weak-type (1, 1)-estimates for R” is one of the major unsolved problems in
harmonic analysis. The best known result to date belongs to Seeger, Tao and Wright [Seeger et al. 2004].

In view of the recent negative results of [Buczolich and Mauldin 2010] and [LaVictoire 2011], at the end-
point for p = 1, for Bourgain’s maximal functions corresponding to the discrete averaging operators along

n? or nk with k > 2, we expect that similar phenomena may occur for discrete singular Radon transforms.

Outline of the strategy of our proof. Recall from [Stein 1993, Chapter 6, §4.5, Chapter 13, §5.3] that
given a kernel K satisfying (1-1) and (1-2) there are functions (K, : n € Z) and a constant C > 0 such
that for x # 0,

K(x) =Y Kyx), (1-6)

neZ

where for each n € Z, the kernel K, is supported inside =2 < |x| < 2", satisfies
x| K ()] + [x VK, (x) < € (1-7)

for all x € R¥ such that |x| > 1, and has integral 0. Thus in view of (1-7), instead of (1-4), it suffices to
show that for every p € (1, oo) there is a constant C,, > 0 such that

dYTrf

n>0

<Cpllfller (1-8)
o




SQUARE FUNCTION ESTIMATES FOR DISCRETE RADON TRANSFORMS 585

for all f € £7(Z%), where

T f() =Y f(x=PENK() (1-9)
yezk
for each n € Z. The summation in (1-8) can be taken over nonnegative integers, since Y, _o T," f = 0.

As we mentioned before, the proof of inequality (1-8) will strongly follow the scheme of the proof of
the corresponding inequality from the continuous setup. Now we describe the key points of our approach.
To avoid some technicalities assume that P(x) = (x, ..., x) is a moment curve for some d = dy > 2
and k = 1. Let m, be the Fourier multiplier associated with the operator T,"; i.e., T,V f = F~'(m, .
As in [Mirek et al. 2015; 2017], we introduce a family of appropriate projections (E,(£) : n > 0) which
will localize the asymptotic behaviour of m,(£). Namely, let n be a smooth bump function with a small
support, fix / € N and define for each integer n > 0 the projection

WE)= > nE & —a/q), (1-10)

a/qet,

[1]

Q5

where &, is a diagonal d x d matrix with positive entries (¢ : 1 < j < d) such that ¢; < e~ and

02/,,1={a/qerﬂG;Dd:az(al,...,ad)eNz and gcd(al,...,ad,q)zlandqu,II}

for some family P, such that N,; € P,; €N ,i/10. All details are described in Section 2. Exploiting the
ideas of [Ionescu and Wainger 2006], we prove that for every p € (1, 0o) there is a constant C; , > 0
such that

IF Y EnHller < Crplogn+2)1 fller. (1-11)

Inequality (1-11) will be essential in our proof. Observe that (1-10) allows us to dominate (1-8) as

S TTf

n>0

=
op

+
o

, (1-12)
124

D F T maEn )| | Y F T ma(1 = Ea)f)
n>0 n>0

and we can employ the ideas from the circle method of Hardy and Littlewood, which are implicit in the
behaviour of the projections &, and 1 — E,. Namely, the second norm on the right-hand side of (1-12) is
bounded, since the multiplier m, (1 — E,) is highly oscillatory. Thus appealing to (1-11) and a variant of
Weyl’s inequality with logarithmic decay, which has been proven in [Mirek et al. 2015], see Theorem 3.1,
we can conclude that there is a constant C,, > 0 such that for each n > 0 we have

|F 7 ma =B D,y < Cpr+ D72 fller

Now the whole difficulty lies in proving

> F N maEnf)

n>0

= Cpll fller- (1-13)
er

For this purpose we construct new multipliers of the form

AE= Y (€ E—al)—nE )l E—alg))nE " E—alq) (1-14)

a/qeg/(s+1)1 \02/51
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such that

En() > > AL

jeZ s>0

Moreover, we will be able to show in Theorem 3.3, using Theorem 2.2, that for each p € (1, co) there is
a constant C,, > 0 such that

o 1/2
H (Z Fan (Az,sf>|2)

nez

< Cplog(s +2)| fller (1-15)
o

for any s > 0, uniformly in j € Z. Estimate (1-15) can be thought of as a discrete counterpart of the
Littlewood—Paley inequality; see Theorem 3.3. This is the key ingredient in our proof, which combined
with the robust £2(Z%) estimate

. P 1/2
D IF T mar] D

neZ
allows us to deduce (1-13). The last bound follows, since for each a/q € %1y \ % we have

ma (&) = G(a/q)®n(E —a/q) + 027",

where G(a/q) is the Gaussian sum and @, is a continuous counterpart of m,,; precise definitions can
be found at the beginning of Section 3. This observation leads to (1-16), because |G(a/q)| < C q_‘S
g>stifa/qe U541y \ ;. The decay in |j| in (1-16) follows from the assumption on the support of

< C27 W+ )7 £1l,2, (1-16)
@2

and

A,’l, s and the behaviour of ®,(§ —a/q); see Section 3 for more details.
The ideas of exploiting projection (1-10) were initiated in [Mirek et al. 2015] in the context of
€7 (Z%)-boundedness of maximal functions corresponding to the averaging Radon operators

MEfx) =N fx=Pk)), (1-17)
yeN@
where N’]‘v ={1,2,..., N} and the truncated singular Radon transforms
TVf@)= Y fx=PO)K(®), (1-18)
yeBN\{0}

where By = {x € Z¥ : |x| < N}. These ideas, on the one hand, resulted in a new proof for Bourgain’s maxi-
mal operators [Bourgain 1988a; 1988b; 1989]. On the other hand, they turned out to be flexible enough to
attack ¢7 (Z%)-boundedness of maximal functions for operators with signs like in (1-18). In fact, in [Mirek
et al. 2015] we provided some vector-valued estimates for the maximal functions associated with (1-17) and
(1-18). These estimates found applications in variational estimates for (1-17) and (1-18), which were the
subject of [Mirek et al. 2017]. Our approach falls within the scope of a general scheme which was recently
developed in [Mirek et al. 2015; 2017] and resulted in some unification in the theory of discrete analogues
in harmonic analysis. The novelty of this paper is that it provides a counterpart of the Littlewood—Paley
square function, which is useful in the problems with arithmetic flavour. Furthermore, this square function
theory is also an invaluable ingredient in the estimates of variational seminorm in [Mirek et al. 2017].
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The paper is organized as follows. In Section 2 we prove Theorem 2.2, which is essential in our
approach and guarantees (1-11). Ionescu and Wainger [2006] proved this result with (log N)? loss in
norm, where D > 0 is a large power. In [Mirek et al. 2015] we provided a slightly different proof and
showed that log N is possible. Moreover log N loss is sharp for the method which we used. Since
Theorem 2.2 is a deep theorem, which uses the most sophisticated tools developed to date in the field
of discrete analogues, we have decided, for the sake of completeness, to provide necessary details. In
Section 3 we prove Theorem A. To understand more quickly the proof of Theorem A, the reader may
begin by looking at Section 3 first. These sections can be read independently, assuming the results from
Section 2.

Basic reductions. We set
deg P =max{degP; : 1 < j <do}
and define the set
F={y €Z\{0}:0 <|y| <degP}

with the lexicographic order. Let d be the cardinality of I'. Then we can identify R? with the space
of all vectors whose coordinates are labelled by multi-indices y € I'. Next we introduce the canonical
polynomial mapping

Q:(Qy:yeF):Zk—>Zd,
where Q,, (x) =x” and x¥ = x]y b ~x,1”‘. The canonical polynomial mapping Q determines anisotropic
dilations. Namely, let A be a diagonal d x d matrix such that

(Av)y = |V|Uy
for any v € R? and y €T, where |y| = y; + - - - + y&. Then for every ¢ > 0 we set
14 = exp(Alogt);

ie., t4x = (t7lx, 1y €T') for x € RY, and we see that Q(tx) = 14 Q(x).
Observe also that each P; can be expressed as

Pj(x) = Z c}/xy
yel

for some c]’.’ € R. Moreover, the coefficients (c}/ :yel,jell,...,dy}) define a linear transformation
L :RY — R% guch that LQ = P. Indeed, it is enough to set

(Lv); = Zc}’vy

yell
foreach j € {1, ..., doy} and v € R%. Now instead of proving Theorem A we show the following.

Theorem B. For every p € (1, 00) there is C,, > 0 such that for all f € £F (Z%) we have

1T fller < Cpll fllgr- (1-19)
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In view of [Stein 1993, Section 11] we can perform a lifting procedure, which allows us to replace the
underlying polynomial mapping P from (1-4) by the canonical polynomial mapping Q. Moreover, it shows
that (1-19) implies (1-4) with the same constant C),; see also [lonescu and Wainger 2006] for more details.
Therefore, the matters are reduced to proving (1-19) for the canonical polynomial mapping. The advantage
of working with the canonical polynomial mapping Q is that it has all coefficients equal to 1, and the
uniform bound in this case is immediate. From now on for simplicity of notation we will write 7 = T<.

Notation. Throughout the whole article C > 0 will stand for a positive constant (possibly large constant)
whose value may change from occurrence to occurrence. If there is an absolute constant C > 0 such
that A < CB (A > CB) then we will write A < B (A 2 B). Moreover, we will write A~ B if A< B
and A 2 B hold simultaneously, and we will write A <s B (A 25 B) to indicate that the constant C > 0
depends on some & > 0. Let Ngo = NU {0} and for N € N we set

Ny =1{1,2,...,N}.

For a vector x € R? we will use the norms
d 1/2
. . 2
|x|oo = max{|x;|: 1 < j <d} and |x|=(§ |xj|) .
j=1

If v is a multi-index from NS then |y | =y1+- - -+ y&. Although, we use |- | for the length of a multi-index
y € N’(‘) and the Euclidean norm of x € R?, their meaning will be always clear from the context and it will
cause no confusions in the sequel.

2. Ionescu—Wainger-type multipliers

For a function f € L'(R?) let F denote the Fourier transform on R¢ defined as

FfE) = /R ) fx)e?™ dx.
If fet'(Z% we set
fE& =) f)eme,

xezd

To simplify the notation, we denote by F~! the inverse Fourier transform on R¢ and the inverse Fourier
transform on the torus T¢ = [0, 1)¢ (Fourier coefficients). The meaning of F ! will be always clear from
the context. Let 1 : R? — R be a smooth function such that 0 < n(x) < 1 and

1 for x| < 1/(16d),

n(x) = {o for [x| > 1/(8d).

Remark 2.1. We will additionally assume that 7 is a convolution of two nonnegative smooth functions ¢
and i with compact supports contained in (—1/(8d), 1/ (8d))%.
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This section is intended to prove Theorem 2.2, which is inspired by the ideas of [lonescu and Wainger
2006]. Let p > 0 and for every N € N define

No=|N?]+1 and Qo= (NohH?,

where D =D, = |2/p] + 1. Let Py = PN (Ny, N], where P is the set of all prime numbers. For any
V C Py we define

nw)= [ J mw,
kEND
where for any k € Np

M (V)={p}'- -+ -p}*: yyeNpand p; € V are distinct for all 1 <[ <k}.

In other words IT(V) is the set of all products of prime factors from V of length at most D, at powers
between 1 and D. Now we introduce the sets

Py={q=0 -w:Q0|Qoand we IM(Py)U{1}}.

It is not difficult to see that every integer ¢ € Ny can be uniquely written as ¢ = Q - w, where Q | Q¢ and
w € [T(Py) U {1}. Moreover, for sufficiently large N € N we have

g=0-w< Qo w=< (NN <,

thus we have Ny € Py C N, ~». Furthermore, if Ni < N, then Py, C Py,.
For a subset S € N we define

R(S)={a/qeTNQ%:ae A, and g € S},
where for each g e N
Ag={aeNi:ged(q. (@, :y eT))=1}.
Finally, for each N € N we will consider the sets
Un = R(Py). -1

It is easy to see, if N| < N, then %y, < %y, .
We will assume that ® is a multiplier on R? and for every p € (1, 00) there is a constant A » > 0 such
that for every f € L?*(RY) N LP(R?) we have

IF=HOF f)ller < Apl fllo- (2-2)
For each N € N we define the new periodic multiplier

AyE) = Y OE—a/g)nnE—alq), (2-3)

a/qeWUn

where ny (&) = n(é’&ls ) and Ey is a diagonal d x d matrix with positive entries (¢, : y € I') such that
g, < eN”. The main result is the following.
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Theorem 2.2. Let © be a multiplier on R? obeying (2-2). Then for every p > 0 and p € (1, 00) there is a
constant C,, , > 0 such that for any N € Nand f € £ (Z%) we have

IF AN Pller < Cpp(Ap + 1) Tog N[ f 1l (2-4)

The main constructing blocks have been gathered in the next three subsections. Theorem 2.2 is a
consequence of Theorem 2.6 and Proposition 2.7 proved below. To prove Theorem 2.2 we find some
C, > 0 and disjoint sets 02//(, C %y such that

w= ) u
1<i<C,logN

and we show that Ay with the summation restricted to %1(, is bounded on £7(Z¢) for every p € (1, 00).
In order to construct 52/]{, we need a suitable partition of integers from the set IT(Py) U {1}; see also
[Tonescu and Wainger 2006].

Fundamental combinatorial lemma. We begin with the following definition.

Definition 2.3. A subset A C I1(V) has property O if there is kK € Np and there are sets Sy, S», ..., Sk
with the following properties:

(i) Foreach 1 < j <k there is B; € N such that S; ={g;.1,...,gj8}
(ii) For every g; ; € S; there are p; s € V and y; € Np such that g; ; = pjyjs
(iii) For every w € A there are unique numbers q; 5, € St, ..., gr.s, € Sk suchthat w =¢qy 4, - -+ - Gr 5 -
(v) If (j, $) # (j, s') then (g5, gjr.y) = 1.
Now three comments are in order.
o The set A = {1} has property O corresponding to k = 0.
 If A has property O, then each subset A’ C A has property O as well.
 If a set A has property O then each element of A has the same number of prime factors k < D.
The main result is the following.

Lemma 2.4. For every p > 0 there exists a constant C,, > 0 such that for every N € N the set %y can be
written as a disjoint union of at most C,log N sets Ui, = R(P};,), where

Pi={g=0 -w:Q|Qoandw e A;(Py)} (2-5)
and A;(Py) C TI(Py) U {1} has property O for each integer 1 <i < C,log N.

Proof. We have to prove that for every V C Py the set [1(V) can be written as a disjoint union of at most

Cilog N sets with property O. Fix k e Np, lety = (y1, ..., k) € N/;) be a multi-index and observe that
(V)= J mymw),
yeN%
where

ny(V)={p}"-----p}*: pr € V are distinct for all 1 <[ <k}.
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Since there are D¥ possible choices of exponents y1, ..., ¥ € Np when k € Np, it only suffices to prove
that every HZ(V) can be partitioned into a union (not necessarily disjoint) of at most Cy log N sets with
property O.

We claim that for each k£ € N there is a constant C; > 0 and a family

7 ={m(V):1<i<Cglog|V|} (2-6)
of partitions of V such that
(i) forevery 1 <i < Cylog|V]|, each m;(V) = (vi ..., Vk"} consists of pairwise disjoint subsets of V
and V=V/U---UV];
(i) forevery E C V with at least k elements, there exists 7; (V) ={V/, ..., V/} € 7 such that EN Vji £

forevery 1 < j <k.

Assume for a moment we have constructed a family 7 as in (2-6). Then one sees that for a fixed y € N’z)

we have

mw= J 0w, 2-7)

1<i<Cylog|V|
where
H,’;i(V) ={pl" - -pl:pje ij' and Vji em; (V) foreach 1 < j <kj.

Indeed, the sum on the right-hand side of (2-7) is contained in HZ(V) since each HZJ.(V) is. For the
opposite inclusion take pi" ceee p,fk € HZ(V) and let E = {py, ..., px}; then property (ii) for the family
(2-6) ensures that there is ; (V) = {Vi, R Vk"} € r such that EN Vji # & for every 1 < j <k. Therefore,
py - -+ - pit € T ;(V). Furthermore, we see that for each 1 < i < C;log N, the sets IT} ;(V) have
property O.

The proof will be completed if we construct the family & as in (2-6) for the set V. We assume, for
simplicity, that V = Ny but the result is true for all V € Ny containing at least k£ elements. Now it will
be more comfortable to work with surjective mappings f : Ny +— N rather than with partitions of Ny
into k nonempty subsets. It will cause no changes to us, since every surjection f : Ny — N determines
a partition {f~'{m}1:1 <m <k} of Ny into k nonempty subsets.

For the proof we employ a probabilistic argument. Indeed, let f : Ny — N be a random surjective
mapping. Assume that for every n € Ny and m € Ny we have IP({ f (n) = m}) = 1/k independently of all
other n € Ny. For every E C Ny with k elements we have P({| f[E]| =k}) = k!/kk. It suffices to show
that for some r >~ log N and fi, ..., f, random surjections we have

P({Veeny |El =k Fi<< [fILE]l =k}) > 0.

In other words, for each E C Ny with cardinality & it is always possible to find, with a positive probability,
among at most Cy log N random surjections at least one f : Ny +— N such that | f[E]| = k. Then the
set { f~![{m}]:1 <m <k} is a partition of Ny and EN f~'[{m}] # @ for every | <m < k.



592 MARIUSZ MIREK

The task now is the determine the exact value of r ~; log N. Take now 1 <r < N independent random
surjections f1, ..., f, and observe that

kY
P({3peny [El=k Vico 1AIEN <k}) < Y P(Vias [AEN<k)= Y (1——>

Kk
ECNy:|E|=k ECNy:|E|=k

k
_ N l—ﬂ r< eN e—rk!/k"_eklog(eN/k)—rk!/k"
- \k k) =\ k B '

P({(3ecny |El =k Via< [ALE]l <k}) <1

kk+1 eN
r>— 10g(—>.

Therefore

if and only if

k! k
Thus taking

kk+1 eN
r= ’77 10g<7>—‘ + 1~ Cy IOgN,
we see that it does the job. This completes the proof of Lemma 2.4. U

Further reductions and square function estimates. Now we can write

Ay = Z Aly,

1<i<C,log N

where foreach 1 <i < C,log N

Ay@E = > OE—a/q)nnE—a/q) (2-8)

alqey

with %1(, as in Lemma 2.4. The proof of Theorem 2.2 will be completed if we show that for every
p € (1,00) and p > 0, there is a constant C > 0 such that forany N e Nand 1 <i < C,log N we have

IF~HAN Pller < CA, + DI fllg (2-9)

for every f € P (74,
Let
A CTI(Py) U1} (2-10)

be a set with property O; see Definition 2.3. Define
Uy =R({g=0Q-w: Q| Qand w e A})
and #y = R(A), and we introduce

ANE) = Y OE—a/g)nnE —a/q). (2-11)

a/qe”?/,é‘



SQUARE FUNCTION ESTIMATES FOR DISCRETE RADON TRANSFORMS 593

We show that for every p € (1, 00) and p > 0, there is a constant C > 0 such that for any N > gmax{r.»}/p
and for any set A as in (2-10) and for every f € £7 (Z%) we have

IF AN Hller < CAp+ DI fllgo- (2-12)

For N < 8max{P.r'}/# the bound in (2-12) is obvious, since we allow the constant C > 0 to depend on p
and p. Moreover, by the duality and interpolation, it suffices to prove (2-12) for p = 2r, where r € N. If

A = A;(Py), as in Lemma 2.4, for some 1 <i < C,log N, then we see that % = %, and A} = A},

and consequently (2-12) implies (2-9) as desired.
The function ®(§)ny (&) is regarded as a periodic function on T4; thus

ANE = Y OE—a/pnE—alg)=Y, Y OE—b/Qo—ajw)nyE—b/Qo—a/w),

; y §
a/qeny beNg, a/weWn

where we have used the fact that if (g1, g2) = 1 then for every a € 74, there are unique ap, as € 74, such

that a1/q1, a2/q2 € [0, 1) and

LB (mod 7). (2-13)
9192 91 q2

Since A has property O, according to Definition 2.3 there is an integer 1 <k <2/p 41 and there are sets
S1, ..., Sk such that for any j € Ny we have S; ={g; 1, ..., qjp;} for some B; € N.
Now for each j € N we introduce

Ujy={ajs/q;.s € TN :s e Ng, and a; ; € A, }
and for any M = {ji, ..., jm} C N let
Uy = {uj, +--+uj, € TYNQ% :u; €Uy, forany [ € Ny }.
For any sequence o = (sj,, ..., 5j,) € Ng, x---xNpg, determined by the set M, let us define
Vi = {aj,,s_,.1 (G5, + o Qjposip [ Doy € T nQ?: s, € Aq.f;,.r,-, for any I € N, }.

Note that Vy; is a subset of Uy with fixed denominators gj, s; , ... gj,.s;,- If M = & then we have
Uy =V = {0}. Let

x(E)=1A() and Qn(§) =0(E)nN ().

Then again by (2-13) we obtain

ANE = D Y OE—b/Qo—a/wynyE—b/Qo—a/w)

a/wetn peN?
Qo

- Z Z Z Z mal‘xl/ql,xl+“'+ak.xk/Qk,xk(S): Z m, (§), (2-14)

SleNﬂl ai,s, EA‘Il.sl SkENﬁk akakEA‘lk,xk LtEI/{Nk
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where

k
my(§) = May g, /q1s - Faks, /Gk.s, E)=x@1s " " " Grs) Z Qy (é‘_ —b/Qo— Z aj,Sj/qj,S_/> (2-15)

beNdQO j=1
for u = ay,s /QI,sl e ak,sk/Qk,sk-
From now on we will write, for every u € Uy,
fux) = F~Vm, f)(x) (2-16)
with f € £%(Z?) and r € N. Therefore,
FRayHm =Y fulx) (2-17)
uEZ/{Nk

and the proof of inequality (2-12) will follow from the theorem below.

Theorem 2.5. Suppose that p > 0 and r € N are given. Then there is a constant C, , > 0 such that for
any N > 8¥/P and for any set A as in (2-10) and for every f € 0 (7% we have

Yo ful = Corllflle (2-18)
uEZ/{Nk er
Moreover, the integer k € Np, the set Un, and consequently the sets S, ..., Sy are determined by the

set A as it was described above.

The estimate (2-18) will follow from Theorem 2.6 and Proposition 2.7 formulated below. Let us
introduce a suitable square function which will be useful in bounding (2-18). For any M < N; and
L ={ji,..., ji} ©M and any sequence o = (sj,,...,S;) € Nﬁjl X - X Nﬁj[ determined by the set L,
let us define the square function Sg’ y (fu 1 u € Un,) associated with the sequence (f, : u € Uy,) of
complex-valued functions as in (2-16) by setting

2\1/2
SEu(fux) 1u €ln,) = ( DU Y furenn) ) , (2-19)
weldye 'uelyL vevy
where M = N \ M. For some s;, € {s;,,...,s;} we will write
(515 2\
ISPy (fu s u €Ul = ( ST () tu ety > , (2-20)
Ji Sjl.ENﬂji
which defines some function which depends on x € Z¢ and on each s;, € {s},, ..., s;} \ {s;.}.

For the proof of (2-18) we have to exploit the fact that the Fourier transform of f,, is defined as a
sum of disjointly supported smooth cut-off functions. Then appropriate subsums of ), ey, fu should be
strongly orthogonal to each other.

Theorem 2.5 will be proved as a consequence of Theorem 2.6 and Proposition 2.7 below.
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Theorem 2.6. Suppose that p > 0 and r € N are given. Then there is a constant C,, , > 0 such that for
any N > 8%/ and for any set A as in (2-10) and for every f € £¥ (Z¢) we have

. 2
> fu <c,, > S IS fu i U (2-21)
MEUN er MCNy O’GNﬁj ><-~~><N5j
M={j1,....jm} ! "
Moreover, the integer k € Np, the set Uy, and consequently the sets Sy, ..., Sy are determined by the

set A as it was described above the formulation of Theorem 2.5.

Proof. Under the assumptions of Theorem 2.5, there is a constant C, > 0 such that for any M C N; and
L={j,..., i) ©Mand j, e M\ L and for any o = (s5},,...,5)) € Nﬁjl X+ X N,gjl determined by
the set L we have

o DSy

ISF p (foa -0 € Un 2 < Cr|[IISL (7 ar St Ul |

02 (2-22)

where o @sj, = (sj;, - - -, 5j;, 8j,) €Ng, x---xNg, xNpg is the sequence determined by the set L U {s;,}.
Moreover, the right-hand side in (2-22) can be controlled in the following way:

o Dsj,
IISEGG fu s e €Uz, 1%

@ .I‘l
<C Z IS ey a (fu 1w € UNDI T + CAlIST oy fu st €UND I (2-23)

Sin GNIB/"

The proofs of (2-22) and (2-23) can be found in [Mirek et al. 2015]. Therefore, (2-22) combined with
(2-23) yields
o 2r 0 DS,
1S5 e fuu €U <Cr S ISEE 1ot €UND IS +CrllST a1y i €U . (2-24)

Sjn ENﬁjn

Applying (2—24) recursively we obtain

> fu

= ||Son, (fu s u € Un) I

MEUN er
2 2
D IS, St u € U + 1S, (fu 11 €U
SkENﬁjk
( )
Seood D IS N e €U+ D IS ey (e 2 1 € UND IS,
SkfleNﬁjk_l xkENﬁjk SkENﬂjk
(Sk—

> ISR N, e €UNDIZ + (1S, (fu s € U,

Sk_IENﬂjk—l

S S Y ) 2(2

M CNg o0eNg, x--xNg. xezd “weldyc
Y , ' Jm
M_{jl ~~~~~ Jm}

The proof of (2-21) is completed. U

Z fw-l—v(x)‘ ) (2-25)

veVy
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Concluding remarks and the proof of Theorem 2.5. Now Theorem 2.6 reduces the proof of inequality
(2-18) to showing the estimate

. 2 2
E E IShr.aa (fu s u €U Sr 1L Nl (2-26)
MCNy oeNg, x---xNg.
M={Jl ~~~~ jm} /1 o

for any f € £%"(Z¢) which is a characteristic function of a finite set in Z% Firstly, we prove the following.

Proposition 2.7. Under the assumptions of Theorem 2.5, there exists a constant C, , > 0 such that for
any M = {ji, ..., ju} SNy, any o = (sj,,...,sj,) € ijj] X -+ X ngjm determined by the set M and
f € 2 (2% we have

1S5 30 (foo s €Ul < Cpp i A, saM(F‘ ( > wvE—b/Qo —u)f(é)> ‘U € uNk) . (2:27)
beNg, e
Proof. We assume, without of loss of generality, that N € N is large. Let B, =g, ; - - - Djinsjy * 20 = e’

and observe that according to the notation from (2-16) and (2-14), we have

Z)r
F_l( > ®($—b/Qo—v—w)nN(s—b/Qo—v—w)f(g))(x)

veVy, beNyp,

=Y Z( > |f—1<®nNG(s;n,w))(th+n>|2),

1S5y 3 (fu: € Un)IIT

-X(x

xezd “weldye

(2

xeZd “weldyc

> fur@)

veVy,

v

neN%h xezd “weldye (2-28)
where
GE:nw)y= > > fE+b/Qo+v+w)e ¢/t (2-29)
vevy beN‘éo
We know that for each 0 < p < oo there is a constant Cj, > 0 such that foranyd e Nand Ay, ..., A4 € c4
we have

1/p
( I,\m+-~+,\dzd|f'e—”'2'2dz> =Cp(IM P4+ a2 (2-30)
Cd

By Proposition 4.5 from [Mirek et al. 2015], with the sequence of multipliers Oy = ©® forall N e N
and ® as in (2-2), we have

|7~ (@nnG (& n, w)(Bux +n)| (2-31)

<Cp, As||F (NG (&; n, w))(Byx +n)|

02r (x) 02r (x)

~1 > oN¥ > 20d+DN" > B, for sufficiently large N € N.

since inf, e €,
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Therefore, combining (2-31) with (2-30), we obtain

2. Z( > |17 (OnnG & n w))(Byx +n)|2>

HEN(;}h xeZd ~weldyec

2r
= C%: / Z Z F! <®77N< Z ZwG(&; n, w))) (Bpx +n) e—nlz\z dz
e neN‘éh xezd weldye
2r
Sr/ Z Z f_l( Z zwnNG(S;n,w)>(th+n) e—n|z|2 dz
ol neN%h xezd weldye
,
- 2
S ( 3 | F v G & n w) By +m)| )
neNd xezd “weldye
h
2\r
~ Z( > f‘l( > nN@—b/Qo—v—w)f(s))(x) ) (2-32)
xezZd “weldye veVy, beNg,
This completes the proof of Proposition 2.7. 0

Now we are able to finish the proof of Theorem 2.5.

Proof of Theorem 2.5. It remains to show that there exists a constant C,, > 0 such that for any
M = {j,....jm} S Ngany o = (sj,...,5j,) € Ng x--- x Npg, determined by the set M and
f € £?(Z%) we have

>

GENﬂj] X“‘XNﬂjm

2r

<Clfller.  (2-33)
[Zr

S@,M(Fl( > nnE—b/Qo —u)f(é)) tu € u@
bENQO

Since there are 2* possible choices of sets M € Ny and k € Np, (2-26) will follow and the proof of

Theorem 2.5 will be completed. If r = 1 then Plancherel’s theorem does the job since the functions

nv(E — b/Qo — v — w) are disjointly supported for all b/Q¢ € No,, w € Uy, v € V§, and 0 =

(Sjys--0s8j,) € N,gjl x -+ x Ng, . For general r > 2, since ||f||§§,. = ||f||§2 because we have assumed
that f is a characteristic function of a finite set in Z¢, it suffices to prove for any x € Z¢ that
2
> f“( D) anE—b/Qo—v— w)f(é‘)) @) =Cp.r. (2-34)
weldye veVy, beNg,
In fact, since || f|l¢~ = 1, it is enough to show
‘w( Y)Y D awE—b/Qo—v— w)) <Cp.,s (2-35)
¢!

weldye veVy, beNg,

for any sequence of complex numbers («(w) : w € Uye) such that

> e =1. (2-36)

weldyc
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Computing the Fourier transform we obtain

J-'l( Z a(w) Z Z UN(‘%'—b/Qo—v—w)>(x)

welye veVy, beNg,
=( > oc(w)e_z’”x'“’) -det(En)F " 'n(Enx) - ( >y e—zm-<b/Qo+v>>_
weldye veVy, beNg, (2-37)

The function

Z Z e~ 2mix-(b/Qo+v) (2-38)

veVy, beNp,
can be written as a sum of 2™ functions

Z o~ 2mix(b/Q) _ {Qd if x =0 (mod Q), (2-39)

herwi
by 0 otherwise,

where possible values of Q are products of Q¢ and p}:"’ 5 OF p}l’_"’s_j.l for i € N,,. Therefore, the proof of
(2-35) will be completed if we show that

|

for any integer O < eV’ such that (Q.,qjs)=1,forall j € M“and s € N,gj.

<Cpr (2-40)

( ) a(w)f”"QX'“J) - Q¢ det(En)F ' n(QENX)

weldyc

2(x)

Recall that, according to Remark 2.1, in our case n = ¢ * ¢ for some smooth functions ¢, ¥ supported
in (—1/(8d), 1/(8d))?. Therefore, by the Cauchy—Schwarz inequality we only need to prove that

0 det(En) A IF ' (QEN 2y < Cpr (2-41)
and

042 det(En)'/? <Cp,. (2-42)

( 2. a(w)e—z”"Q’“W) (%))

wellye

£2(x)

Since (Q, gjs) =1, forall j € M and s € Ng;, we know Qw ¢ 7 for any w € Uy and its denominator
is bounded by N . We can assume, without of loss of generality, that Qw € [0, 1)¢ by the periodicity
of x > e~ 27 0% Tnequality (2-41) easily follows from Plancherel’s theorem. In order to prove (2-42),
observe that by the change of variables one has

( > a(w)ezm'QW)-f1w<Q5Nx)=Qddet<5N>1 Y e F (Y07 (- — Quw))(x).

weldye welpye

Therefore, Plancherel’s theorem and the last identity yield

2
0 det(E) ( > a(w)e—”"QX'w)-f—1w<Q€Nx>
weldyc £2(x)
= > la(w) fR Jve-ey'wl e+ 3 awnatw) Rdw@)w@—&;%wl—wz))dé. (2-43)
wWEU e w1, w2 EUyc

wiFw
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The first sum on the right-hand side of (2-43) is bounded in view of (2-36). The second one vanishes
since the function  is supported in (—1/(8d), 1/(8d))? and |Ey" (w1 — w2)|eo > eV’ N=2D < 1 for
sufficiently large N. The proof of Theorem 2.5 is completed. (|

3. Proof of Theorem B

To prove inequality (1-19) in Theorem B, in view of the decomposition of the kernel K into dyadic
pieces as in (1-6), it suffices to show that for every p € (1, 0o) there is a constant C, > 0 such that for all
fe 27 (Z%) we have

YOS =Cplifller, (3-1)
n>0 e
where
T,f(x) =) f(x—Q)K(y) (3-2)
yezk

with the kernel K, as in (1-6) for each n € Z.

Exponential sums and £*(7¢) approximations. Recall that for g € N
Ag={aeN!:ged(q, (@, :y eT))=1}.

Now for g € N and a € A, we define the Gaussian sums

G(a/q) = q*k Z 2/
yeNk

Let us observe that there exists § > 0 such that
Ga/g)| Sq° (3-3)

This follows from the multidimensional variant of Weyl’s inequality; see [Stein and Wainger 1999,
Proposition 3].
Let P be a polynomial in R* of degree d € N such that

P(x) = Z & x7.

yel
Given N > 1, let Qy be a convex set in R¥ such that
Qv Ci{xe Rk |[x — x| <cN}
for some xq € R¥ and ¢ > 0. We define the Weyl sums

Sv=Y, &P, (3-4)

nEQNﬂZk

where ¢ : Rf — C is a continuously differentiable function which for some C > 0 satisfies

lp(x)| <C and |Ve)|<C+[x)7" (3-5)
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In [Mirek et al. 2015] we proved Theorem 3.1, which is a refinement of the estimates for the multidimen-
sional Weyl sums Sy, where the limitations N® < ¢ < N*~¢ from [Stein and Wainger 1999, Proposition 3]
are replaced by the weaker restrictions (log N)? < g < N*(log N)~# for appropriate 8. Namely:

Theorem 3.1. Assume that there is a multi-index vy such that 0 < |yy| < d and
1

£y — | <
Yo q_q2

for some integers a, q such that 0 <a < q and (a, q) = 1. Then for any a > 0 there is B, > 0 so that, for

any B = Bu, if

(log N)? < g < N"l(log N)™* (3-6)
then there is a constant C > 0 such that
Swl < CN*(log N) ™ (3-7)
The implied constant C is independent of N.

Let (m,, : n > 0) be a sequence of multipliers on T¢, corresponding to the operators (3-2). Then for
any finitely supported function f : Z¢ — C we see that

T f(x) = F ' my f)(x),
where

ma(§) =Y MO, ().
yezk
For n > 0 we set

R

Using multidimensional version of van der Corput’s lemma, see [Stein and Wainger 2001, Proposition 2.1],
we obtain
|@a ()] < min{l, 2|/, (3-8)

Moreover, if n > 1 we have

1P, (§)] =

@, (8) - /Rk K, (y) dy‘ < min1, [2"4€ o). (3-9)

The next proposition shows relations between m,, and ®,,.

Proposition 3.2. There is a constant C > 0 such that for every n € N and for every & € [%, %)d satisfying

a —_
‘i:y --L = Ll |V|L2

q

forally e ', where 1l <g < L3 < M2 4 e Ay, L1 >2"and Ly > 1 we have

|ma (&) — G(a/q)®u(E —a/q)| < c(L32—" +LyLy2™" Z(z"/Lm') <CLyL32™"  (3-10)
yell
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Proof. Let6 =& —a/q. For any r € N’;, if y =r (mod ¢) then for each y € I'

£,V =0,y" 4+ (a,/q)r” (mod 1);
thus
£-Q(y)=6-9(y)+(a/q)-Q(r) (mod1).

Therefore,

Z eZNiéé'Q(y)Kn(y) — Z e2ila/q)-Qr) Z eQWiQ'Q(QY'i‘V)Kn(qy +7r).
yezk reNk yezk

If 2"=2 < |gy + ], |gy| < 2" then by the mean value theorem we obtain

10-Qqy +r) —0-Q@)| SIrl D161 22D < g Y LT Lym WD < 07 Y 2n /L)
yer yel yel
and

|Kn(qy +7) — Ku(gy)| S 27"*HV L.
Thus
Y TEK, (1) =Gla/g) - g* Y UK, (gy) + O(L32" +LyL327" Z(z"/Ll)'V)
yezk yezk yel

Now one can replace the sum on the right-hand side by the integral. Indeed, again by the mean value
theorem we obtain

> IR, gy [ K, (gry e
yezk R

Z / (eZNiQ'Q(fIy)Kn (qy) — eznie'g(q(y‘H»Kn(q(y + t)) dt)
[0, ¥
yezk

= O(q_kL32_" +q *L,L327" Z(Z"/Ll)“"). O

yell

Discrete Littlewood—Paley theory. Fix j,n € Z and N € N and let £y be a diagonal d x d matrix with

positive entries (¢, : ¥ € T') such that &, < eV ' with p > 0 as in Section 2. Let us consider the
multipliers
Q' E) = > O —a/g)nnE—a/q) (3-11)
a/qeUn

with 7y (£) = n(Ey'€) and @; ,(£) = ®(2"4*/1&), where @ is a Schwartz function such that ®(0) = 0.

If %y = {0} then Q{V" (&) can be treated as a standard Littlewood—Paley projector. Now we formulate
an abstract theorem which can be thought of as a discrete variant of Littlewood—Paley theory. Its proof
will be based on Theorem 2.2. Here we obtain a square function estimate which will be used in the proof
of inequality (3-1).
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Theorem 3.3. For every p € (1, 00) there is a constant C, > 0 such that for all —oo < My < M < 00,
j€Zand N €N and every f € £ (Z%) we have

—1,0Jm F\2 V2
> FTN@yH

M <n<M,

<Cplog NI fller- (3-12)
o

Proof. By Khintchine’s inequality, (3-12) is equivalent to

(f

Observe that the multiplier from (3-13) can be rewritten as

Yo ame'®= > Y mE-—a/gnwE—a/qg)

Mi<n=<M, a/qeUy Mi<n<M,

Y awF @y

P 1/p
dt) Slog N fller- (3-13)
M <n=<M,

12

with the functions
m, (§) = £, (1) D Q2" H1E).
We observe that
m,, (8)] < min{|2"A T |, (204 g 1Y

The first bound follows from the mean value theorem, since

|4 ) = |22 "4 ) — d(0)] < 2" sup [VOE)| S 12" & .
£ecRd

The second bound follows since @ is a Schwartz function. Moreover, for every p € (1, oo) there is C), > 0
such that

Isup [F ', F I, < Cpll fllLr
nezZ

for every f € L?(RY). Therefore, by [Stein 1993], the multiplier

> m@)

M <n<M,

corresponds to a continuous singular integral; thus it defines a bounded operator on L”(R?) for all
p € (1, co) with the bound independent of j € Z and —oco < M| < M, < co. Hence, Theorem 2.2 applies
and the multiplier

PIERIOIH )

My <n=<M,
defines a bounded operator on 7 (Z%) with the log N loss, and (3-13) is established. U
Remark 3.4. If the function @ is a real-valued function then we have

o 1/2
H > FNey scplogNH( > |fn|2)

Mi<n<M, e My<n=<M,

(3-14)

p
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This is the dual version of inequality (3-12) for any sequence of functions (f, : M} <n < M) such that

(5,

Mi<n<M,

< Q.
o

We have gathered all necessary ingredients to prove inequality (3-1).

Proof of inequality (3-1). Let x > 0 and / € N be the numbers whose precise values will be adjusted later.
As in [Mirek et al. 2015], we will consider for every n € Ny the multipliers

En§)= Y n@"“ & —a/qg))’ (3-15)

alqe,
with %y as defined in Section 2. Theorem 2.2 yields, for every p € (1, 00), that
17 & Hller Slogn+2)1 £ ller- (3-16)

The implicit constant in (3-16) depends on p > 0 from Theorem 2.2. From now on we will assume that
I € N and p > 0O are related by the equation

10pl = 1. (3-17)

Assume that f : Z¢ > C has finite support and f > 0. Observe that

2 TS

n>0

+
op

Y F Tl ma (-8 f)

n>0

(3-18)

=
ep

> F T maEnf)

n>0

p

Without of loss of generality we may assume that p > 2; the case 1 < p <2 follows by the duality then.

The estimate of the second norm in (3-18). It suffices to show that
|7 a1 =8 D)y S @+ D2 fler (3-19)
For this purpose we define for every x € Z¢ the Radon averages
Myfx)=N"*3" fx—Q().
yeNk,

From [Mirek et al. 2015] follows that for every p € (1, 00) there is a constant C;, > 0 such that for every
f € £P(74) we have
| sup IMy £1],0 < Cpll fller- (3-20)
NeN

Then for every 1 < p < oo, by (3-16) and (3-20) we obtain
|7 (1= 8 ), < Il sup My fller + || sup My (F (B D], Slogmn+2) 1 fller  (3-21)
NeN NeN

since we have a pointwise bound

\F = omn )| = T f ()] S My f (). (3-22)
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We show that it is possible to improve estimate (3-21) for p = 2. Indeed, by Theorem 3.1 we will show
that for big enough o« > 0, which will be specified later, and for all n € Ny we have

| E)(1 = En(EN| S (0 + D7 (3-23)
By Dirichlet’s principle, we have for every y € I'
&, —ay/qy| < g, 'nP27"7],

where 1 < g, < n=P27| In order to apply Theorem 3.1 we must show that there exists some y € I" such
that nf < qy < n=B2nl|, Suppose for a contradiction that for every y € I' we have 1 < ¢, < n#; then for
some g <lem(g, :y €I') < n¢ we have

&, —al,/q] <nf27",
where ged(q, gcd(a; :y €I')) = 1. Hence, taking a’ = (a; :y €T') we have a’/q € %, provided that
Bd < 1. On the other hand, if 1 — E, (&) # 0 then for every a’/q € %, there exists y € ' such that
&, —ay,/q] > (16d)~ 127" (1V1=0,

Therefore
2" < 16dn?

but this is impossible when 7 € N is large. Hence, there is y € I" such that n? < qy < n=F27YI Thus by
Theorem 3.1,
Im, () S (n+1)7

provided that 1 — &, (§) # 0. This yields (3-23) and we obtain

|77 (1= 8 )] o S L +m) " log(n+2) £l 2- (3-24)
Interpolating (3-24) with (3-21) we obtain
|7 a1 =B P,y S A +m)" logn +2) | f ler- (3-25)

for some ¢, > 0. Choosing « > 0 and / € N appropriately large, one obtains (3-19).

The estimate of the first norm in (3-18). Note that for any £ € T¢ such that
&, —a,/q| < —n(lyl=x)
forevery y e I’ with 1 < ¢ < """, we have

m,(&) = G(a/q)Pn(€ —a/q) +q Ex(§), (3-26)
where
|Ex(8)] 272 (3-27)

Proposition 3.2, with L; =2", L, =2%"and Ly =¢" ", establishes (3-26) and (3-27), since for sufficiently
large n € N we have

G°1En (8)] < g°LoL32™" < (e (=0 10g 220710y < =n/2
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provided x > 0 is sufficiently small. Now for every j, n € Ny we introduce the multiplier

256 = Y n@"'E—a/g) (3-28)
alqe,
and we note that

n>0

Z]—"_1< > mu(B -8 f >

n>0 —lxnl<j<n

1 2
=1 +12. (3-29)

S F T ma(E " = 8 f 4 ma 2 f)

n>0 er

We will estimate ; and / ; separately. For this purpose observe that by (3-26) and (3-27), for every
a/q € %, we have

Ima(§) S q 70| Pn(E —a/@)l+q °|Ew(&)]

S’ (min{1, 12" —a/q)lc, 12" € —a/)I "} +27"7), o
where the last inequality follows from (3-8) and (3-9). Therefore by (3-30) we get
[ (&) (0@ (& — afq))? — n @471 & —a/q)))’| S g P @XM 4272 (3-31)
since n(2"A~ XM (& —qa/q)) > n(2"A~X"1(E — a/q). Moreover, for any integer —xn < j <n we get
| (©) (@€ —a/q)? =@ FIVE —a/)?)| S q70 @V 4277, (3-32)
Bounding 1 1%' It will suffice to show, for some ¢ = ¢, > 0, that
|7~ (ma (B — BV 4 ma 82 F) |, S 271 Mo (3-33)

Observe that for any 1 < p < oo, by (3-22), (3-20) and (3-16) we have
|7 ma8l O, < | sup My (17~ 'EEAOD, SIFTEED|,, Slogt+ D11 fller (3-34)

and in a similar way we obtain
|77 (ma (7" = B, ) Slogn+ 211 e (3-35)

For p =2, by Plancherel’s theorem and (3-30) we obtain

1/2
|7~ o, 2 f)M—( / 3 ma@Pn@ A E —a/g) | £ )] d&) 270D fla. (3-36)

alqe,

By (3-31) we obtain
|77 (mn (B — &) ) |2

1/2
( / S Ima@PO@ AT 6 —a/g)? — g @A E —a/)?)’1f )1 ds)

alqe,
27D o (3-37)
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Therefore, by interpolation (3-34) with (3-36) and (3-35) with (3-37) we obtain for every p € (1, co) that
|7~ (ma (B %" = B f+ma ) S 2771 f lers
which in turn implies (3-33) and 11% S Ner-
Bounding 1 ;. Define for any 0 < s < n the new multiplier
A& = Y (@E—a/9)? =@ TUVE —a/q))?) n @A E —a/g))?
a/qeo//(s+l)l \ﬂ//sl
and we observe that by the definition (3-28) we have
EIE —ETN @) = Y A)®).

0<s<n

Moreover,
n(znA+jlé)2 —7’](2”A+(j+1)ls)2 — (n(znA-i-jIE)Z_ n(zﬂA-‘r(j-i-l)Ig)Z) . (n(znA-‘r(j—l)Ig) _n(znA-‘r(j—FZ)Ié)).
Thus we see
AL €)= A5 ALTE),
where
A{l:l(é) = Z (n(ZnA—Hj_l)l(%' _ Cl/q)) _ n(2HA+(j+2)1(E _ Cl/q))) n(zs(A—XI)(%. _ Cl/q))

alq€U 1\ %
and

AZE = Y (n@NE—a/)* —n@ AU E —a/)?)n@ D E —a/q)).

a/qe, ‘(s+ 1)l \0]/31

Moreover, Ai, s and An s are the multipliers which satisfy the assumptions of Theorem 3.3. Therefore,

Sr( XX aptmaiii)

n>0 —xn<j<n 0<s<n

331 Y Flabimeailh

124

12

5§20 jeZ "n=max{j,—j/x.s}
<Y logs ( S |F T maAL ) ) (3-38)
520 jez n=max{j.—j/x.5) e
In the last step we used (3-14). The task now is to show that for some ¢ = ¢, >0
2 |
H ( | ma )3 ) ) S5 f e (3-39)
y24

n>max{j,—j/x,s}

This in turn will imply 11, < |I.fller and the proof will be completed. We have assumed that p > 2; then for
every g € £ (Z%) such that g > 0 with r = (p/2)’ > 1 we have by (3-22), the Cauchy—Schwarz inequality
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and (3-20) that

SN F A2 H @) $ 30D Man(

FHARZH]) ) gx)

xez! nez xez4 nel
- i A2
< > > M (|FT @R D) )
xeZd neZ
_ in oA 2
=D Y IF AR H®] M)
xeZ4 neZ
o 1/2)2
S| (Sl @nP) | psw el
neZ ¢p NeN
o 1722
N “(Z\f‘l(Aé:?f)\ ) lglle (3-40)
nez op
Therefore, by Theorem 3.3 we have
oA o\? o\
nez e neZ 124

We refine the estimate in (3-41) for p = 2. Indeed, define
0n,j(€) = (n@"15)? — @MUV £)2) 22471 Dg),
W, (§) = minf|2" €| oo, [2"1€1 V7 1.
By Plancherel’s theorem we have

. 22 ) 1/2
Yoo [ F el h)

nimax{j»—j/XyS}

02

R 1/2
=(/T > ) |mn(s>|2@n,j<s—a/q>2|f<s>|2ds)

n>max{j,—j/x,s} a/qe%ﬁ,l)/ \g]/_SI

S (s 4+ 1)o7l £ (3-42)

The last estimate is implied by (3-30). Namely, by (3-30) we may write
> Y ima®PenE —a/q)?

n>max{j,—j/x,s} a/qe“?/(sﬂ)/\”?/s/

s Yo g P —a/g)+ 27 @ I 4 27 P2 A XD —a/q))?
nzmax{j,—j/x.s} a/qe¥ i\ %
<(s+ 1)—2512—U|/(2d). (3-43)

The last line follows, since we have used the lower bound for ¢ > s’ if a/q € U s41y \ Ui . Moreover,

Y (Wi —a/g)+27") S 1 and > @@ —a/g)) S

n>0 a/qe”//(H_I)] \d//ﬂ



608 MARIUSZ MIREK

by the disjointness of the supports of the 7(2*A=*D (& —a/q)) whenever a/q € U541y \ Us. Since l € N
can be as large as we wish, interpolating (3-42) with (3-41) we obtain (3-39) and the proof of (3-1) and
consequently Theorem A is completed. (|
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ON THE KATO PROBLEM AND
EXTENSIONS FOR DEGENERATE ELLIPTIC OPERATORS

DAVID CRUZ-URIBE, JOSE MARIA MARTELL AND CRISTIAN RIOS

We study the Kato problem for divergence form operators whose ellipticity may be degenerate. The
study of the Kato conjecture for degenerate elliptic equations was begun by Cruz-Uribe and Rios (2008,
2012, 2015). In these papers the authors proved that given an operator L,, = —w~'div(4V), where w
is in the Muckenhoupt class A, and A4 is a w-degenerate elliptic measure (that is, A = wB with B(x)
an n X n bounded, complex-valued, uniformly elliptic matrix), then L., satisfies the weighted estimate
||Mf||L2(w) ~ |V fllL2@)- In the present paper we solve the L?-Kato problem for a family of
degenerate elliptic operators. We prove that under some additional conditions on the weight w, the
following unweighted L2-Kato estimates hold:

1LY f 2@y = 1V llL2@m)-

This extends the celebrated solution to the Kato conjecture by Auscher, Hofmann, Lacey, McIntosh,
and Tchamitchian, allowing the differential operator to have some degree of degeneracy in its ellipticity.
For example, we consider the family of operators L, = —|x|"div(|x|™” B(x)V), where B is any bounded,
complex-valued, uniformly elliptic matrix. We prove that there exists € > 0, depending only on dimension
and the ellipticity constants, such that

2n
n+2
The case y = 0 corresponds to the case of uniformly elliptic matrices. Hence, our result gives a range of
y’s for which the classical Kato square root proved in Auscher et al. (2002) is an interior point.

Our main results are obtained as a consequence of a rich Calderén—Zygmund theory developed for
certain operators naturally associated with L,,. These results, which are of independent interest, establish
estimates on L?(w), and also on L? (v dw) with v € Ay (w), for the associated semigroup, its gradient,
the functional calculus, the Riesz transform, and vertical square functions. As an application, we solve
some unweighted L2-Dirichlet, regularity and Neumann boundary value problems for degenerate elliptic

”L)l//zf“Lz([Re") ~ ”Vf”LZ(Rn), —e<y <

operators.
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3. Off-diagonal estimates for the semigroup e ~*Lw 621
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1. Introduction
We study the degenerate elliptic operators Ly, = —w~ ! div AV, where w is in the Muckenhoupt class A,

and A(x) is an n x n complex-valued matrix that satisfies the degenerate ellipticity condition
Aw(x)|E|? <Re(A(X)EE),  [AME n) < Aw)ElInl, & neC” ae x cR"

Equivalently, A(x) = w(x)B(x), where B is an n x n complex-valued matrix that satisfies the uniform
ellipticity conditions

ME? <Re(B(x)E£),  [(B)En)| < Algllnl, &neC” ae xeR"

Such operators were first studied (with A a real symmetric matrix) by Fabes, Kenig and Serapioni [Fabes
et al. 1982]. When A is complex-valued and uniformly elliptic (i.e., w = 1), a landmark result was
the proof by Auscher, Hofmann, Lacey, McIntosh, and Tchamitchian [Auscher et al. 2002] of the Kato
conjecture, which states that for all f € H1,

ILY2 flla ~ |V f]l2.

The proof of this long-standing conjecture led naturally to the study of the operators associated with L:
the semigroup e L, its gradient /7 Ve L, the Riesz transform VL ~'/2, the H functional calculus and
square functions; for details and complete references, see [Auscher 2007]. These estimates are interesting
in themselves; moreover, it is well known that L? estimates for these operators yield regularity results
for boundary value problems for L; for details, see the introduction to [Auscher and Tchamitchian 1998].

In [Cruz-Uribe and Rios 2015] (see also [Cruz-Uribe and Rios 2008; 2012; Auscher et al. 2015]), the
first and third authors solved the Kato problem for degenerate elliptic operators: they showed that if
w € Ay and A satisfies the degenerate ellipticity conditions, then for all f € H(w),

1LY Fllz2 0y ~ 1V £ ll22w)- (1.1)

In this paper we consider the problem of determining those A, weights such that the classical Kato
problem can be solved for L, that is, finding weights such that L, satisfies the unweighted estimate

ILY2 f U@y ~ IV fllL2 @)
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for f in a class of nice functions (a posteriori, by standard density arguments, the estimate can be extended
to all £ € H'(R")). We solve this problem in two steps. The first is to prove weighted L? estimates
for some operators associated with L, (the semigroup, its gradient, the Riesz transform, the functional
calculus, and square functions). These results, which are of interest in their own right, are analogous to
those obtained in the uniformly elliptic case. However, a significant technical obstruction is that given
a weight w € A,, while it is the case that there exists ¢ > 0 such that w € A,_g, it is easy to construct
examples to show that ¢ may be arbitrarily small. Therefore, our bounds in the range 1 < p < 2 need to
take this into account.

The second step is to find conditions on the weight w so that these operators satisfy unweighted L?
estimates. Both steps are carried out simultaneously, and the proofs are intertwined. Our approach
is to apply the theory of off-diagonal estimates on balls developed by Auscher and the second author
[Auscher and Martell 2006; 2007a; 2007b; 2008]. We will in fact prove weighted estimates on L? (v dw),
where v satisfies Muckenhoupt and reverse Holder conditions with respect to the measure dw = w dx;
L?(w) estimates are then obtained by taking v = 1, and unweighted estimates by taking v = w™L.

The unweighted L? estimates are delicate, since they require a careful estimate of the constants that
appear. Nevertheless, we are able to give useful sufficient conditions; e.g., w € A1 NRH, />4 . (For
definitions of these classes, see Section 2 below.) For example, we have the following result that is a
special case of one of our main results (cf. Theorem 11.11).

Theorem 1.2. Let Ly, = —w ™ div AV be a degenerate elliptic operator as above. If w € A; N\RH,, /2415
then the Kato problem can be solved for L, for every f € H(R"),

||L111)/2f||L2(R”) ~ ”Vf”LZ(Rn).

The implicit constants depend only on the dimension, the ellipticity constants, and the Ay and RH,, /541
constants of w.

Furthermore, if we define L, = —|x |V div(|x|™7 B(x)V), where B is an n x n complex-valued matrix
that satisfies the uniform ellipticity condition, then there exists 0 < &€ < % small enough (depending only
on the dimension and the ratio A /M) such that

2n
n+2

ILY2 fll2@ny 2 IV f 2@y, —e<y <

Remark 1.3. In Theorem 1.2 the operator L,lu/ ’isa priori only defined on H'(w); however, this means
that it is defined on C§°(R") and so by a standard density argument we can extend our results to all
f € H'(R"). Hereafter we will make this extension without further comment.

We emphasize that in Theorem 1.2, when y = 0 we are back at the uniformly elliptic case, which is
the celebrated solution to the Kato square root problem by Auscher, Hofmann, Lacey, Mclntosh, and
Tchamitchian [Auscher et al. 2002]. Here we are able to find a range of y’s for which the same estimates
hold and the classical Kato square root problem (i.e., y = 0) is an interior point in that range.
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These unweighted L? estimates have important applications to boundary value problems for degenerate
elliptic operators. Consider, for example, the following Dirichlet problem on [R{’f'l =R" x [0, 00):

Pu—Lyu=0 onRPH
— +1 _
u=f on IR =R"

If f e L?(R"), then u(x,t) = el f(x) is a solution, and if L, has a bounded H°° functional
calculus on L2 then sup,q [[u(-,?)||l2 < ||.f 2. Similar results hold for the corresponding Neumann and
regularity problems.

Our proofs are unavoidably technical, and the results for each operator considered build upon what
was proved previously for other operators. We have organized the material as follows. In Section 2 we
gather some essential definitions and results about weights, degenerate elliptic operators, and off-diagonal
estimates. Central to all of our subsequent work are Theorems 2.35 and 2.39, which were proved in
[Auscher and Martell 2006].

In Sections 3, 4, and 5 we prove estimates for the semigroup e_th, t > 0, the H®° functional calculus
(i.e., operators ¢(Ly,) where ¢ € H®), the vertical square function associated to the semigroup,

o _ 2dr\'?
e )= ([ l0La) e e pn P 4)
and its discrete analog. Here and in subsequent sections we prove both L? (w) estimates and weighted
L? (v dw) estimates. In many cases these results are proved simultaneously, with the unweighted results
(i.e., in L?(w)) following from the weighted results (i.e., in L? (v dw)) by taking v = 1.

In Section 6 we prove the so-called reverse inequality, ||L111,/ 2 lzr@w) < IV fllLrw) that generalizes
the L%(w) estimate in (1.1). We note that while the equivalence in (1.1) follows at once from the reverse
inequality for p = 2 by duality, the two inequalities behave differently when p # 2.

In Sections 7 and 8 we prove estimates for the gradient of the semigroup, v/t Ve 'L The proof that
there exists ¢+ > 2 such that this operator satisfies L? (w) estimates for 2 < p < g4 is quite involved as it
requires preliminary estimates for the Riesz transform and the Hodge projection. We note that, as opposed
to the nondegenerate case, here we cannot use “global” embeddings, nor can we rescale. Also we cannot
expect to obtain that the gradient of the semigroup maps globally L?(w) into L? (w) for p # 2. All these
difficulties arise naturally from the lack of isotropy of the natural underlying measure w(x) dx and make
the typical arguments used in the uniformly elliptic case (see [Auscher 2007, Chapter 4]) unusable. We
also note that in some sense our result is the best possible: even in the nondegenerate case it is known
[Auscher 2007] that given any p > 2 there exists a matrix A and operator L such that gradient of the
semigroup is not bounded on L?.

In Section 9 we prove L?(w) estimates for the Riesz transform VL~/2 and in Section 10 we prove
L?(w) estimates for the square function associated to the gradient of the semigroup,

00 1/2
Gt = ([ 12vebe P 4)
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In Section 11 we prove unweighted L? inequalities for the operators we have considered in previous
sections. These are a consequence of the weighted estimates and are obtained by taking v = w™!. The
main problem is determining conditions on w for these to hold. We essentially have two different kinds
of estimates, one for operators that do not involve the gradient, and one for those that do. The latter
are more delicate as they involve careful bounds for the parameter g4 from Section 8 in terms of the
weight w. We also show that we get unweighted L? estimates for p very close to 2.

Finally, in Section 12 we describe in more detail the application of our results to L2 boundary value
problems for degenerate elliptic operators. The results in this section are the culmination of our work, as
they depend on all the estimates derived in previous sections.

As we were completing this project, we learned that related results had been obtained independently
by other authors. Le [2015] studied (among other things) the L?(w) theory for some of the operators
considered here and proved estimates for values of p in the range (2 — ¢, 2 + ¢). His proofs differ from
ours in a number of details. Hofmann, Le and Morris [Hofmann et al. 2015] established some Carleson
measure estimates and considered the Dirichlet problem for degenerate elliptic operators. Also, very
recently we learned that Yang and Zhang [2017] proved Kato-type estimates in L (w) for p in the range
(po, 2]. Finally, we note that the paper [Chen et al. 2016] complements our work here as it considers the
conical square functions associated to the operator L.

2. Preliminaries

Throughout, n will denote the dimension of the underlying space R” and we will always assume n > 2. If
we write A < B we mean that there exists a constant C such that A < CB. We write A ~ B if A < B and
B < A. The constant C in these estimates may depend on the dimension #n and other (fixed) parameters
that should be clear from the context. All constants, explicit or implicit, may change at each appearance.

Given a ball B, let r(B) denote the radius of B. Let AB denote the concentric ball with radius
r(AB) = Ar(B).

Weights. By a weight w we mean a nonnegative, locally integrable function. For brevity, we will often
write dw for w dx. We will use the following notation for averages: given a set E such that 0 < w(E) < oo,

][Efdw=$/Efdw,

]ifdx=|;—|/Efdx.

We state some definitions and basic properties of Muckenhoupt weights. For further details, see
[Duoandikoetxea 2001; Garcia-Cuerva and Rubio de Francia 1985]. We say that w € Ap, 1 < p < o0, if

-1
[w]Apzsgp][Q w(x)dx(][Q w(x)l_p/dx)p < 00.

or, if 0 < |E| < o0,
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When p =1, we say that w € Ay if
(wla, = sup][ w(x) dx esssupw(x) ! < oo.
0 JQ xeQ
We say that w € RHg, 1 <5 < 00, if

-1 1/s
[w]rH, = sgp(][g w(x) dx) (][Q w(x)® dx) < 00,

and we say that w € RHq, if

-1
[WlrH,, = sup(][ w(x) dx) ess sup w(x) < oo.
0 o x€Q

Let

do= |J 4,= |J RH,.

1<p<oo 1<s<o0

Weights in the A, and RH; classes have a self-improving property: if w € A, there exists ¢ > 0 such
that w € Ap_, and similarly if w € RHy, then w € RH; s for some § > 0. Hereafter, given w € A4, let

ry =inf{p 1w € Ap}, sy =sup{q:w € RHg}.

An important property of A, weights is that they are doubling: given w € A, for all r > 1 and any
ball B,
w(tB) < [w]a, " w(B).

In particular, hereafter let D < pn be the doubling order of w, that is, the smallest exponent such that
this inequality holds.

As a consequence of this doubling property, we have that with the ordinary Euclidean distance | - |,
(R", dw, |-]) is a space of homogeneous type. In this setting we can define the new weight classes A, (w)
and RH(w) by replacing Lebesgue measure in the definitions above with dw; e.g., v € Ap(w) if

-1
[V]4,w) = slép][Q v(x) dw(][Q v(x) 7 dw)p < 00.

It follows at once from these definitions that there is a “duality” relationship between the weighted and
unweighted A, and RH; conditions: v = wle Ap(w) if and only if w € RHy and v = w~! e RHy(w)
if and only if w € Ay.

Weighted Poincaré—Sobolev inequalities were proved in [Fabes et al. 1982].

Theorem 2.1. Given w € Ay, p > 1, let p;;, = pnry/(nry — p) if p < nry, and p,, = 0o otherwise.
Then for every p < q < py,, ball B and f € C§°(B),

1/q 1/p
(][ Ol dw(x)) < Cr(B)(f V£ dw) | 22
B B
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Moreover, if f € C°°(B), then

1/p

1/q
(f If(x)—fB,wI"dw(X)) §Cr(B)(][ IVf(X)I”dw) , 2.3)
B B

where fgu = fg f dw.

Remark 2.4. In the special case when w € A and 1 < p <n we can also take ¢ = p;;, = p*, i.e., the
regular Sobolev exponent. See [Pérez 1999, Theorem 2.5.2].

Remark 2.5. If weletq =np/(n—1) < py , then we can get a sharp estimate for the constant C in (2.2)
and (2.3): it is of the form C(p, n)[w]ﬁp, where x = (np —1)/(np(p — 1)). This follows from the sharp
weighted estimates for the fractional integral operator due to Alberico, Cianchi and Sbordone [Alberico
et al. 2009] and the standard pointwise estimates used to prove Poincaré—Sobolev inequalities; see [Fabes
et al. 1982] for details.

Remark 2.6. By a standard density argument, once we know that (2.3) holds for smooth functions in B
we can easily extend that estimate to any function f € L9(w) with V f € L?(w). Details are left to the
reader.

Degenerate elliptic operators. Given w € A, and constants 0 < A < A < oo, let &, (w, A, A) denote
the class of n x n matrices A = (A4;; (x)):.’, j=1 of complex-valued, measurable functions satisfying the
degenerate ellipticity condition

Aw(x)[€]> <Re(AE,£),  [(AE,n)| < Aw(x)Ig][nl, & neC” 2.7)

Given A € &,(w, A, A), we define the degenerate elliptic operator in divergence form
Ly =—w~divAV.

These operators were developed in [Cruz-Uribe and Rios 2008] and we refer the reader there for complete
details. Here we sketch the key ideas.

Given a weight w € A, the space H ! (w) is the weighted Sobolev space that is the completion of cx
with respect to the norm

1/2
1 N1 oy = ( /R (f@P+IVPR) dw) .

Note that the space defined above would usually be denoted by H(} (w). The space H'(w) is defined
as the set of distributions for which both f and |V f| belong to L?(w). However, since the underlying
domain is R”, this definition implies that the “boundary” values vanish in the L?(w)-sense, and both
definitions agree [Miller 1982].

Given a matrix A € &, (w, A, A), define a( f, g) to be the sesquilinear form

a(f.g) = /R AWV S () Ve d. 2.8)
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Since w € A, and A satisfies (2.7), a is a closed, maximally accretive, continuous sesquilinear form.
Therefore, there exists an operator L, whose domain D(L,,) C H!(w) is dense in L?(w) and such that
for every f € D(Ly,) and every g € H'(w),

o(f:0) = Lufgho = [ Luf @& dv. 29

We note that the operator Ly, is one-to-one. Indeed, if u, v € D(L4,) are such that Ly,u = Ly, then for
all g € HY(w)

0= / AX)V(u(x)—v(x))-Vg(x)dx.
Rn

Taking g = u — v implies Vu(x) = Vv(x) and so u = v.
The properties of the sesquilinear form guarantee that on LZ(w) there exists a bounded, strongly
continuous semigroup e L. Further, it has a holomorphic extension. Let

Yo =1{z€C:z+#0,]arg(z)| < w}

and define ¢, 9* € [0, %) by

© = sup{larg(Lf, f)wl|: f € D(Ly)}, ©* = arctan \ /;—22 —1.

Then there exists a complex semigroup e ?Lw on /2— of bounded operators on L?(w). By the
weighted ellipticity condition (2.7), we have 0 < < #* < 7.

Holomorphic functional calculus. Our operator L, is “an operator of type w” with w = ¥, as defined
in [McIntosh 1986]. Indeed, the ellipticity conditions imply that L, is closed and densely defined, its
spectrum is contained in X, and its resolvent satisfies standard decay estimates [Cruz-Uribe and Rios
2008]. Therefore, we can define an Lz(w) functional calculus as in [McIntosh 1986].

Given pu € (9, ), let H°°(X,) be the collection of bounded holomorphic functions on X,,. To define
@(Ly) for ¢ € H°(X,,) we first consider a smaller class: we say that ¢ € Hg°(Z,) if for some ¢, s > 0
it satisfies

o) <clzPU+]2)7, zez,.

We then have an integral representation of ¢(L,). Let ['g be the boundary of 34 with positive orientation,
andlett <0 <v < min(u, %), then

so(Lw)=/ e *lvn(z) dz, (2.10)
T/2—6
where .
N iz
(O~ BCRIGLL @.11)

and y, (z) = RTe! siznm@)v Note that

In(2)| Smin{l, |z| 7Y, z €Ty,
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so the representation (2.10) converges in L?(w), and we have the bound

lo(Lw) fllLzw) = Cllielloo I f 2wy f € Hg (Ep). (2.12)

Now, since Ly, is a one-to-one operator of type w, it has dense range [Cowling et al. 1996, Theorem 2.3],
and so the results in [McIntosh 1986] (see also [Cowling et al. 1996, Corollary 2.2]) imply that L,, has an
H *° functional calculus and (2.12) extends to all of %#*°(X,,). Moreover, in [McIntosh 1986, Section 8]
the equivalence between the existence of this H°° functional calculus and square function estimates for
Ly, and L7, is established:

> dr\"?
([ 100220 %) = Clioleol Pz ¢ € W20, @.13)
with similar estimates for L .

The operators ¢(L+,) also have the following properties:

e If ¢ and ¢ are bounded holomorphic functions, then we have the operator identity (L)Y (L) =
(py)(L).

e Given any sequence {¢;} of bounded holomorphic functions converging uniformly on compact
subsets of X, to ¢, we have that ¢ (L) converges to ¢(Ly,) in the strong operator topology (of
operators on L2(w)).

Remark 2.14. The H°° functional calculus can be extended to more general holomorphic functions,
such as powers, for which the operators ¢(L,) can be defined as unbounded operators; see [Haase 2006;
Mclntosh 1986].

Gaffney-type estimates. The semigroup and its gradient satisfy Gaffney-type estimates on LZ(w). Be-
low, we will see that these are a particular case of what we will call full off-diagonal estimates; see
Definition 2.33.

Theorem 2.15. Given w € A, and A € E,(w, A, ), for any closed sets E and F, for f € L*>(w) and
forall z € Xy, where 0 < v < % -1,

() lle 25w (f x ) XF L2 w) < Ce_Cd(E’F)z”z'||fXE||L2(w)a

@) IVzZVe 2w (f xE) AP L2y < Ce @ EFE £y pll L2,

3) lzLwe™ 2 (f ) XF L2y < CeAELI TN £y g |2,

Proof. The semigroup estimate (1) was proved in [Cruz-Uribe and Rios 2008, Theorem 1.6] for real z,
but the same proof can be readily modified to prove the analytic version. Alternatively, estimates (1)
and (2) follow from the resolvent bounds

1+ 22 L) (S xE) A F 2y < Ce“E P £yl 20, (2.16)
12V + 22 L) (f ) XF L2y < Ce P EE £ p 1200, (2.17)
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obtained in [Cruz-Uribe and Rios 2015, Lemma 2.10] for z € X;/>,,, together with the integral
representation of the semigroup

e—szf _ % /F ezz(é'-i-Lw)_lf de,

where I' is the boundary of Xy with positive orientation and 5 < 6 < 7 + v —arg(z).
Finally, from (2.16) and (2.17) we obtain the estimate

122 Low(1+ 22 L) ' (f X E) X F 2wy < Ce P EFEN £y B ll12 ()

and then by the same kind of argument we get (3). O

The Kato estimate. The starting point for all of our estimates is the L?(w) Kato estimates for the square
root operator L}U/ 2 proved in [Cruz-Uribe and Rios 2015] (see also [Auscher et al. 2015] for a different
proof). This operator is the unique, maximal accretive operator such that L,IU/ 2L,10/ 2 = L. It has the

integral representation

LI/ZZL OoﬁL e_thﬂ
Y V7 Jo v t

(For further details, see [Auscher and Tchamitchian 1998; McIntosh 1986].)

Theorem 2.18 [Cruz-Uribe and Rios 2015, Theorem 1.1]. Given w € Ay and A € E,(w, A, A), the
domain of Ly, is H'(w) and there exist constants ¢ and C , depending on n, A /A and [w)a,, such that
forall f e H (w),

eIV lz) = 1Ly Fll2ay = CIV L2 (2.19)

The Riesz transform associated to L, is the operator VL;I/ 2, Formally, by (2.19) we have that the

Riesz transform is a bounded operator on L2(w, C"). To legitimize this, we define
1Y dt
VL = —/ Ve thw & 2.20
TS S z (2.20)

However, it is not immediate that this integral converges at O or oo. To rectify this, for ¢ > 0 define

1 1/¢ L dt
Se = Se(Ly) = ﬁ/ Vie ttw - (2.21)
&

Since S¢(z) is a uniformly bounded holomorphic function on the right half-plane for all 0 < ¢ < 1, by the
L?(w) functional calculus described above, S¢(L,) is uniformly bounded on L?(w) for that range of s.
Further, for f € L2, we have Sg f € D(Ly) C D(L%U/ 2), and so by inequality (2.19) and the functional
calculus,

IVSefllz2qwy S ILY?Se f 12wy = ll0e(Lw) f 22w (2.22)

where
1/e

1
o)== | Vivze 4L
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The sequence {¢, } is uniformly bounded and converges uniformly to 1 on compact subsets of the sector 3,
0 < u < 7. Therefore, LY28, f — f strongly in L2(w). If we combine this fact with (2.22) we see
that {V S, f} is Cauchy and so it converges in L?(w). We therefore define

VL™ Y2 f = lim VS, f,
e—0

where the limit is in L2 (w).

Given this definition, hereafter, when we are proving Lz(w) estimates for the Riesz transform, we
should actually prove estimates for V.S, that are independent of €. These arguments will remain implicit
unless there are details we need to emphasize.

Off-diagonal estimates. Off-diagonal estimates as we define them were introduced in [Auscher and
Martell 2007b] and we will refer repeatedly to this paper for further information and results. Throughout
this section we will assume that given a weight w, we have w € A45.

Given a ball B, for j > 2 we define the annuli C;(B) = 2/T!B\ 2/ B. We let C1(B) = 4B. By a
slight abuse of notation, we will define

hdw = ————— hdw.
][cj(B) w(2/T1B) Jc; ()

If w € A, (as it will be hereafter), then w(2/ 1 B) ~ w(C '1(B)), so this definition is equivalent to the
one given above up to a constant. Finally, for s > 0 we set Y'(s) = max{s, s 1}.

Definition 2.23. Given 1 < p <¢g < o0, a family {7} };>¢ of sublinear operators satisfies L? (w)— L4 (w)
off-diagonal estimates on balls, denoted by

Ty € O(LP(w) — LY (w)),

if there exist constants 61, 8, > 0 and ¢ > 0 such that for every ¢ > 0 and for any ball B, setting r = r(B),

. 1/q r 62 » 1/p

< _
(]g|Tt(XBf)| dw) Nr(ﬁ) (]glfl dw) , (2.24)
and for all j > 2,

1/q ) 2y 62 i 1/p
(][ |T,(xC,.<B)f>|‘Idw) szﬂlr(—) et /(][ Iflpdw) @)
B Vi C;(B)

1/q ) 27 \02 ia 1/p
(][ |Tt(XBf)|qdw) 52/911((—) e /’(][ | f|? dw) . (2.26)
C;(B) NG B

If the family of sublinear operators {7;},¢x,, is defined on a complex sector X, we say that it satisfies
L?(w) — L9(w) off-diagonal estimates on balls in X, if (2.24)—(2.26) hold for z € ¥, with ¢ replaced
by |z| in the right-hand terms. We denote this by 7, € O(L?(w) - L?(w), ;).

We give some basic properties of off-diagonal estimates on balls as a series of lemmas taken from
[Auscher and Martell 2007b, Section 2.2]. The first follows immediately by real interpolation, the second
by Holder’s inequality, and the third by duality.
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Lemma 2.27. Given 1 <p; <g; <oo, i =1,2,if T; e O(LP'(w)— L9 (w)) and Ty : LP2(w) — L92(w)
is uniformly bounded, then Ty € O(LP¢ (w) — L9%(w)), 0 < 8 < 1, where
1 6 1-90 1 g 1-6
+

’

pe P P2 49 41 G2
Lemma 2.28. If 1 < p < p1 <q1 <q <00, then
O(L? (w) — LY (w)) C O(LP! (w) — LI (w)).

Lemma 2.29. If for some 1 < p < g < o0, we have Ty € O(L?(w) — L9(w)), and the operators Ty are
linear, then T/ € O(LY (w) — L? (w)). (Here T} is the dual operator for the inner product [o, fg dw.)

Lemma 2.30 [Auscher and Martell 2007b, Theorem 2.3]. (1) If T; € O(L? (w) — L?(w)), 1 < p <oo0,
then Ty . L? (w) — LP(w) is uniformly bounded.

Q) Ifl<p<g<r<oo, Ty e O(LY(w) — L"(w)), and Sy € O(L?(w) — L9(w)), then Ty o S; €
O(L?(w) — L™ (w)).

Remark 2.31. If p < ¢, then T; € O(L?(w) — L9(w)) does not guarantee that Ty is bounded from
L?(w) to LY(w).

Remark 2.32. Since complex sectors X;,, 0 < <, are closed under addition, the proof of Lemma 2.30
extends to give off-diagonal estimates on complex sectors O(L? (w) — L4 (w), X,,).

Definition 2.33. Given 1 < p < ¢ < 0o, a family of operators {7} } satisfies full off-diagonal estimates
from L?(w) to L4 (w), denoted by

T; € F(L? (w) — LY (w)),
if there exist constants C, ¢, 8 > 0 such that given any closed sets E, F,

_ _ 2
ITe(f xE) X FllLaqwy < Ct 2= EEE) £y pllr .

The connection between full off-diagonal estimates and off-diagonal estimates on balls is given in the
following lemma from [Auscher and Martell 2007b, Section 3.1].

Lemma 2.34. Given 1 < p <g <o0:
(1) if Ty € F(LP(w) — L9(w)), then Ty : L? (w) — L2(w) is uniformly bounded,
2) Ty e F(LP(w) — LP(w)) if and only if Ty € O(LP (w) — LP(w)).
The importance of off-diagonal estimates is that they will let us prove weighted norm inequalities
for the operators we are interested in. To do so we will make repeated use of two results first proved in

[Auscher and Martell 2007a]; however, we will use special cases of these results as given in [Auscher
and Martell 2006, Theorems 2.2 and 2.4].
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Theorem 2.35. Given w € Az and 1 < pg < go < 00, let T be a sublinear operator acting on LPo(w),
{Ar}r>0 afamily of operators acting from a subspace D of LP°(w) into LP°(w), and S an operator from
D into the space of measurable functions on R™. Suppose that for every f € D and ball B with radius r,

1/po 1/po
(][ |T(1—Ar>f|1’°dw) SHUITS ISfI”Odw) | 236)
B i>1 2/+1B
1/q0 1/po
(firacsman) " <X ein(f | mraw) .37)
B i1 2/+1B

where Y g(j) < oo. Then for every p, po < p < qo, and weights

v € Ap/po(w) NRH(gy/ py (w),

there is a constant C such that for all f € D,

ITfILr@waw) < CISfIILr@dw)-

Remark 2.38. In Theorem 2.35 and Theorem 2.39 below, the case gg = oo is understood in the sense
that the L9°(w)-average is replaced by the essential supremum. Also in Theorem 2.35, if g9 = oo, then
the condition on v becomes v € A,/ p, .

Theorem 2.39. Given w € A, with doubling order D, and 1 < pg < qg < 00, let T : L9°(w) — L9°(w)
be a sublinear operator, and { Ay }r>o a family of linear operators acting from LZ° into L9°(w). Suppose
that for every ball B with radius r, f € L2° with supp(f) C B and j > 2,

1/po 1/po
(f T — A £170 dw) Sg(j)(][ 170 dw) | (2.40)
C;(B) B
Suppose further that for every j > 1,
1/q0 1/po
(][ A, 10 dw) fg(j)(][ 7170 dw) | 2.41)
C;(B) B

where " g(j)2P7 < co. Then for all p, po < p < qo, there exists a constant C such that for all f € L,
ITflLr@w) = ClLfllLrw)-

3. Off-diagonal estimates for the semigroup e ‘L

In this section we consider off-diagonal estimates for the semigroup associated to L,. Throughout this
and subsequent sections, let w € A and A € &,(w, A, A) be fixed. Our goal is to characterize the set of
pairs (p,q), p <g, such that these operators are in O(L?(w) — L9(w)). By Theorem 2.15 we have

et e F(L*(w) > L2(w)) C O(L2(w) — L2 (w)).

We will show that in the (p, g)-plane this set contains a right triangle; see Figure 1.
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° (P,Q)

p

Figure 1. (p,¢) such that e *Lv € O(L? (w) — L9 (w))

Let J(Ly) C [1, 00] be the set of all exponents p such that e *Lw : LP(w) — L?(w) is uniformly
bounded for all # > 0. By Theorem 2.15 and Lemma 2.34, 2 € j (L), and if it contains more than one point,
then by interpolation 7 (Ly,) is an interval. The set of pairs (p, ¢) such that e *Lw € O(LP (w) — LP (w))
is completely characterized by the next result.

Proposition 3.1. There exists an interval J(Ly) C [1, 0] such that p,q € J (L) if and only if e *Lw e
O(LP(w) — L9(w)). Furthermore, J(Ly,) has the following properties:
(1) J(Ly) C j(Lw)-
(2) IntJ(Ly) = Int 7 (Ly).
(3) If p—(Ly) and p4(Ly) are respectively the left and right endpoints of J (Ly,), then p—(Ly,) < (27)
and p4(Ly) > 23, where 23 is as in Theorem 2.1. In particular, 2 € Int(J (L))

Remark 3.2. The smaller the value of ry,, the better our bounds on the size of the set J(Ly). In the
limiting case when w € A1, we have p_(Ly) <2n/(n +2) and p4+(Ly) > 2n/(n —2). These values
should be compared to the estimates in [Auscher 2007, Corollary 4.6] for the nondegenerate case that
corresponds to the case w = 1.

We get two corollaries to Proposition 3.1. The first gives us weighted off-diagonal estimates.

Corollary 33. Let p—(Ly) < p < q < p+(Lw)- If v € Ap/p_(1,)(w) NRH(p, (L,,)/qy (W), then
e~ v e O(LP(vdw) — Li(v dw)).

Proof. By Proposition 3.1, if p_(Ly) < p <q < p+(Ly), then e *Lw € O(LP (w) — L9(w)). Therefore,
by [Auscher and Martell 2007b, Proposition 2.6], if v € A,/,_(L,,) (W) NRH(,, (L,,)/q) (W), then we
have e 'Lw € O(LP (v dw) — L4 (v dw)). O

As our second corollary we get off-diagonal estimates for the holomorphic extension of the semigroup.
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Corollary 3.4. Forany v, 0 <v < Z —1, and for any p < q such that e tLw ¢ O(LP(w) — Li(w)),
then for all m € NU{0}, (zLy) e ?Lw € O(L? (w) — L4 (w), ).

Proof. This follows from [Auscher and Martell 2007b, Theorem 4.3] and the fact that, by Theorem 2.15,
e ?Llw ¢ F(L2(w) — L%(w)) for these values of z. O

Proof of Proposition 3.1. Fix 2 < g < 2% . (If w € A1 we let ¢ = 2% = 2*) We will show that e 7*Lv €
O(L%(w) — L7(w)). Given this, then we also have e *Lv € O(L? (w) — L?(w)). For if L% is the
adjoint of Ly, (with respectto L?(w)), then L} = —w™! div(4* V f) and the same estimates hold for L% .
Hence, e 'L € O(L2(w) — L%(w)), and so by Lemma 2.29, e *Lw ¢ O(L? (w) — L2(w)). Since
e~tLw ig a semigroup, by Lemma 2.30 we have e “'Lv ¢ O(Lq/(w) — L4(w)). Therefore, by [Auscher
and Martell 2007b, Proposition 4.1], we have that there exists an interval 7 (L, ) and properties (1) and (2)
hold. Moreover, we have [¢’, g] C J(Ly), so if we let ¢ — 2% , then we immediately get property (3).

It therefore remains to prove that e *Lv € O(L?(w) — L9(w)). We first show (2.24). Fix B and
for brevity write r = r(B) and C; = C;(B). By our choice of ¢, the Poincaré inequality (2.3) holds.
Moreover, as we noted above, e *Lw, /t Ve Lw € O(L?(w) — L?(w)); we may assume that the same
exponents 61, 6, hold for both operators. We thus get that

1/q
(f e (5 ) dw)
B

1/q
<1 (15 gl + ( ][B 0 (15 £)) = (€0 (15 /N g 0| dw(x))

< (][B e Lw (x5 /)2 dw)l/z ', (][B VetLoiyp i dw)l/z
< (1 + %)T(%)ez(]g /P2 dw)l/z
e ey

The proof that (2.25) holds is gotten by nearly the same argument:

1/q
(][B e (e, £ dw)

1/q
<l ™ (xc, £))Bwl + ( ]i le™ v (xe, £)x) — e (xe, f)wl| dw(x))

1/2
< (][B Ie"L‘”(Xc_,-f)lzdw) +(]€9 IVe"Lw(xcif)lzdw)
101 L &)02 —c4/r2/t( 2 )1/2
<2/ (1+«/?)T(ﬁ e ][Cj|f| dw

P\ 146 A 1/2
< 2j91 T(Zf_r) ze_c4]r2/t (f |f|2 dw) )
NG c;

1/2
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Finally, to prove that (2.26) holds we use a covering argument. Fix j > 2; then we can cover the
annulus C; by a collection of balls {Bk};{\’:l, r(By) =2/72r, with centers x B, € C;. The number of balls
required, N, depends only on the dimension. For any such ball, since dw is a doubling measure, we have

1/q
(][B e (g £ dw)

1/q
<1 (x8 [)Brwl + (][ le v (xp ) () — (e (xp ) Bew]|” dw(x))

k

1/2
s(f |e—’Lw<xBf>|2dw) (B (][ |Ve—’Lw(xBf>|2dw)
By By

1/2 ) 1/2
< (][ , |e_th(XBf)|2dw) +2fr(][_ , |Ve_‘Lw()(Bf)|2dw) .
2/t2B\2/-1B 2/+t2B\2/-1B

If j >3, then 2/ 2B\ 2/71B = C;4+1 U C; UC;_q; then to estimate the last two terms we use the
fact that e “*Lw, /f Ve 'Lw ¢ O(L?(w) — L?(w)) and apply (2.26) with p = ¢ = 2 in each annulus C;,
j—1<i<j+ 1. (These annuli have comparable measure since dw is a doubling measure, so we can
divide the average up into three averages). If j = 2, then 2B\ 2B = C3 U C, U (4B \ 2B). On C3 and
C, we argue as before using (2.26). On 4B \ B we apply [Auscher and Martell 2007b, Lemma 6.1]. (We
note that in the notation there, C; (B)=4B\2B.)

If we combine all of these estimates, we get that for every j > 2,

1/q ) 2y 2y 0> 1/2
—tLy 01 =z - 2
(o) S (1 7)1 () (fean)

i \N1+0 . 1/2
<2/ T(”_r) 2e—c4”2/’(][ /P dw) |
NG B

Since C; C | Ji Bk, we can sum in k to get

1/2

N

L ‘ 1/q . ‘ 1/q
—tLy < —ILyw
(][c,.(B) e 0 (g f) dw) <3 (]g e v (/)] dw)

k=1

i \1+0 . 1/2
< 2]91T(2J_}’) 2e_c4.1r2/t (f |f|2 dU)) ) 0
NG B

This completes the proof that e *Lw € O(L?(w) — L4 (w)).

4. The functional calculus

In this section we show that the operator L., has an L?(w) holomorphic functional calculus. As we
discussed in Section 2 above, we know already that if ¢ is a bounded holomorphic function on X,
W € (9, ), then ¢(Ly) is a bounded operator on L?(w). Recall that for any p € (3, ), we say that
¢ € HP(Xy) if for some ¢, s > 0,

lp@)] <clzlP A+ 27>, ze X, (4.1)
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We say that L, has a bounded holomorphic functional calculus on L?(w) if for any such ¢,

lo(Lw) fILr@w) < Cliellooll fllLra). /€ LP(w)N L2 (w), 4.2)

where C depends only on p, w, ¥ and p (but not on the decay of ¢). By a standard density argument,
(4.2) implies that ¢(L.,) extends to a bounded operator on all of L?(w). Furthermore, we then have this
inequality holds if ¢ is any bounded holomorphic function. For the details of this extension, see [Haase
2006; MclIntosh 1986].

Proposition 4.3. Let p_(Ly) < p < p4+(Ly) and ju € (9, ). Then for any ¢ € H3°(Z,,),

lo(Lw) fllLe@w) = Clelloo I fllLrw). (4.4)

with C independent of ¢ and f. Hence, Ly, has a bounded holomorphic functional calculus on LP (w).
Moreover, if v€ Ap)p_(L,)(W)NRH(p, (L,,)/ py (W) then Ly, also has a bounded holomorphic functional
calculus on L? (v dw):

lo(Lw) fllLr@aw) < Clelloolf L7 @ dw) (4.5)
with C independent of ¢ and f.

Proof. For brevity, let p_ = p_(Ly) and p4+ = p4(Ly). By density it will suffice to assume that
f € L. Fix ¢ € Hg°(Z,,); by linearity we may assume that ||¢|loo = 1.

We divide the proof into two steps. We first obtain (4.4) for p— < p < 2 by applying Theorem 2.39
and following the ideas in [Auscher 2007]. To do so, we will pick go = 2 and po > p— arbitrarily close
to p—. In the second step, using some ideas from [Auscher and Martell 2006], we will use Theorem 2.35
to get (4.5); in particular this yields (4.4) for every 2 < p < p4 by taking v = 1. To apply Theorem 2.35
we will choose pg > p— arbitrarily close to p— and gg < p4 arbitrarily close to p4. We will also use the
fact that ¢ (L) is bounded on L?°(w); this follows from the first step choosing p— < pg < 2.

To apply Theorem 2.39, fix p— < po < p <2andletgo =2, T = ¢(Ly), and
_ 2
Ar f(x) = (I = (I = E0)™) f(x), (4.6)

where m is a positive integer that will be chosen below. We first show that inequality (2.41) holds. By
Proposition 3.1 we have e *Lv € O(LPo(w) — L?(w)). Using

A= 30 (M), @)

k=1
and that for each fixed m and 1 <k <m

r r c 47r? c 47 r?
() =) e er( ) ee(0r)

Proposition 3.1 implies

Ar € O(LP(w) — LY(w)) forall p_(Ly)<p<q < p+(Ly). (4.3)
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In particular, we have A, € O(LP°(w) — L?(w)). Thus, given any ball B with radius r, if supp( f) C B,
then for all j > 1,

1/2 . _ ; 1/po
(][ | A, f|2dw) < 2/01y(27)b27c4 (][ | f|Po dw) . (4.9)
C;(B) B

This establishes (2.41) with g(j) = C 2/ +92)e_64j, for in this case we have

Z 9J(01+62+D) ,—c4/ _ 00,
jz1

where D is the doubling constant of w.

We next prove that (2.40) holds. Since ¢(z)(1 — e_rzz)m € H3 (Z¢min{u,x/2}})» by the functional
calculus representation (2.10) we have

oL ([ — A f = /F L f(2) dz.

where I' = 0X,/5_¢, with0 < <0 <v < min{,u, %}, and we choose 6 so that the hypotheses of
Corollary 3.4 are satisfied for z € I'. Moreover, we have the estimate

r2m

In(z)| < T

see [Auscher 2007, Section 5.1] for details.
We can now argue as follows: given a ball B with radius r, for each j > 2, by Minkowski’s inequality
and Corollary 3.4 (since pg € Int 7(Ly)),

1/po
(][ LT~ Arqay) /17 dw)

J
Po 1/ po
= (][ / e ?lv fn(z)dz dw)
C;(B)IJT
L 1/po r2m
< o=l f|70 dw) L
fr(][c,-(B) |z|m+1

1/p 2 i \O .
()" () e
B r |z|mt! ||
1/p
— (f |f|p0 dw) 02j(91—2m) /OOO_ZmT(O_)Oze—cg2 d_O'
B 0 o

) 1/po
< 2/(01=2m) (][ | f|Po dw) : (4.10)
B

the final inequality holds (i.e., the integral in o converges) provided 2m > 6,. Moreover, if we choose
2m > 01 + D, we have that (2.40) holds with g(j) = C 20 ~D1=2m) 4pq

jz2 j=2
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We have shown that inequalities (2.40) and (2.41) hold, and so by Theorem 2.39 inequality (4.4) holds
for all p such that p_ < p <2.

We will now apply Theorem 2.35 to show that (4.5) holds for p— < p < p+. (Inequality (4.4) then
follows for 2 < p < py if we take v=1.) Fix p, p— < p < py,andv e A,/,_(w) NRH(p, /py (w).
By the openness properties of the A, and RH; classes there exist po, qo such that

P—<po<min{p,2} < p <qo < p+, VEApp,(w)NRHy, py(w).

Let T = ¢(Ly), Ar = I — (I —e"Lw)m § = I and fix the above values of py and go. By the
previous argument we have that ¢(L,,) is bounded on L?°(w).
We first show that (2.36) holds. Fix a ball B and decompose f as

[=Frc,my =% (4.11)

Jj=1 Jj=1

Then, by the same functional calculus argument as given above, we have that for each j,

1/po
(]i lo(Lw)(I = Ar) f;|7° dw) ’

Po 1/po

= (][ ‘/ e LY fin(z) dz dw)

B|JT

. 1/po ,2m
—ZLWw
< [(f e an)  fla
1 i 2 1 0

S (][ £ 170 dw) /pozjwl—zm)/ (_2” ) mr( 2 ) ? gmeair?/lz| 142]

C;(B) r\/|z| Vz| |z]

. 1/po
< 2/ (01—=2m) (][ | £|Po dw) :
C;(B)

the last inequality holds provided 2m > 6,. Hence, since 2/ *1B > C 7, by Minkowski’s inequality we
have (since the sum ) f; is finite for f € L)

1/po /0
(][ el —Ar)f|P°dw) SZ(][ \w(Lw)(z—Ar)m”"dw)
g j=1\/B
](0 2 ) P l/p()
< 1—2m 04 ‘
ST (], i)

This establishes (2.36) with g(j) = C 2/01=2m)_[f we take 2m > max{6;, 6>}, then > g(j) <oo.
We now show that (2.37) holds. Fix a ball B and j > 1. Since A, € O(L?°(w) — L9°9(w)) (see (4.8)),

1/q0 ) ) ;
(]i A (e, gy o (L) £)] dw) < 20T (2))reet (][

Ci(

1/po
oL f17 du) .
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Therefore, since ¢(Ly) and A, commute, by Minkowski’s inequality we obtain
1/q0 ) ; 1/po
(][ (L) Ar f190 dw) < 3720 40) et (f (L) £ 170 du) |
B =1 C;(B)
This establishes (2.37) with g(j) = C 2/ 01462) g4/, again, Y  g(j) < oo. Therefore, our proof is
complete. O
5. Square function estimates for the semigroup

In this section we prove L?(w) norm inequalities for the vertical square function associated to the

semigroup e Lw:

1/2

gLy f(x) = (/0 (1L ) 2e v £(x)|? %)

Proposition 5.1. Let p_(Ly) < p < p+(Ly). Then

lgL., fllLraw) = 1./ lLrw)- (5.2)

Conversely if for some p the equivalence (5.2) holds, then p € J(Ly) —i.e., the interior of the interval
on which (5.2) holds is (p— (L), p+(Ly)).
Moreover, if v € Ap/p_(L,)(W) NRH(p, (L,,)/p)y (W), then

gLy flILr@waw) = I f lLr@wdw)- (5.3)

We note that the upper bounds in the previous result could be obtained by combining Proposition 4.3
with the operator theory methods developed in [Cowling et al. 1996]. To reach a wider audience we
present a self-contained harmonic analysis proof. We will use an auxiliary Hilbert space related to
square functions, following the approach in [Auscher and Martell 2006]. Let H denote the Hilbert space

Lz((O, 0), #) with norm
* dr\'"?
TG
0

8Ly S (X) = llo(L.-) f)l.

In particular, we have

where ¢(z, 1) = (1z)1/2¢~*2. Furthermore, we define Lﬂl_’u(w) to be the space of H-valued functions with
the norm

1/p
lhlzgan = [, W2 du)

The following lemma lets us extend scalar-valued inequalities to H-valued inequalities. For a proof, see
[Auscher and Martell 2006, Lemma 7.4].
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Lemma 5.4. Given a Borel measure 1 on R, let D be a subspace of M, the space of measurable
Sfunctions in R", and let S, T be linear operators from D into M. Fix 1 < p < g < 0o and suppose there
exists Co > 0 such that for all f € D,

ITf ey < Co Y oIS ILr(F -
j=>1

where the F; are measurable subsets of R" and oj > 0. Then there is an H-valued inequality with the
same constant: for all f : R" x (0, 00) — C such that for almost allt >0, f(-,t) €D,

1T/ g < Co ) ailISS Lo r, -
Jj=1

The extension of a linear operator 7" on C-valued functions to H-valued functions is defined for x € R”
and t > 0 by (Th)(x,t) =T (h(-,t))(x); thatis, ¢ can be considered as a parameter and 7 acts only on
the variable in R”.

Proof of Proposition 5.1. We shall first prove the upper bound inequalities. We first claim that the upper
bound inequality in (5.2) holds for p = 2. Indeed, since ¢(z) = z}/2¢7% € Ho°(Z,.), it follows from
(2.13) that we have the bound

gL f 2wy < 1 | L2qw)-

For brevity, let p— = p_(Ly) and p4+ = p4+(Ly). As in previous proofs, we divide our proof into
two steps. We will first prove the upper bound in (5.2) for p— < p < 2 by applying Theorem 2.39. Fix
p—<p<qgo=2,andlet A, =1—(— e_rsz)m, where m will be chosen below. Notice that, by (4.8),
Ay is bounded on L9°(w) for each m. Fix f € L°; the result for general f € L?(w) then follows by a
density argument.

We have (tLy)Y2e Lw (I — A,) f = @(Lyw.1t) f, where

0(z,1)=(tz) /217 (1 —e 7).

Moreover, since ¢( -, 1) € Hg°(Zmin{u,x/2}})> by the functional calculus representation (2.10) we have

(L) Pe o (1 — A, f = / 1.0~ £ dz,
I

where I' = 0X,/5_¢, With0 < <0 <v < min{,u, %}, and we choose 6 so that the hypotheses of
Corollary 3.4 are satisfied for z € I. Moreover, we have the estimate [Auscher 2007; Auscher and Martell

2006]
1/2,.2m

t
< 00000
In(z,0)| < NG zel.

00 dt 1/2 F2m
|||77(Z,')|||=(/0 |71(Z,f)|27) §|Z|m—+1- (5.5)

Therefore,
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Now let f € LZ° with supp(f) C B. For j > 2, we have

1/p ) zdt 1/2
(£, teat=ansiran) " =(£ ([ a)
C;(B) C;(B) 0
L p 1/p
5(][ / =L £ linG. )l 2] dw)
C;i(B)|JTr/2—0
L 1/P r2m
< e wflpdw) )
\/Fﬂ/z_g(ﬁj(B) |Z|m+1

1/p i 0 ) 2
o (firvan)" [ x(2) e
B | ) |Z| |Z|m |Z|
_ ) 1/p
< 2/0147mi (][ Ifl"dw) ; (5.6)
B

in the second inequality we applied (5.5) and the off-diagonal estimates for e ?Lw from Corollary 3.4,
and the last inequality holds provided 2m > 6,. Thus, if we take m > 61 + D, where D is the doubling
order of w, the operator gz, satisfies (2.40) in Theorem 2.39 with g(j) =C 2/01=2m)_Gince we already
established (2.41) in (4.9) with g(j) = C 2/ (O1+02)4=mJ the hypotheses of Theorem 2.39 are satisfied if
m > 01 + 6, + D. Therefore, for each p— < p < 2 there exists a constant C such that

gL, fllLrw) = CllflLrw)- (5.7

In the second part of the proof we will show thatif p— < p < p andv € Ap;,_(w) NRH(,, /py (W),

p 1/p
dw)

/ n(z.t)e *tv fdz
r/2—6

then the upper bound inequality in (5.3) holds. If we take v = 1, then we immediately get (5.2). To do so,
first note that if we fix p and v, then by the openness properties of weights there exist pg, go such that

P— < po <min{p, 2} <max{p,2} <qo < p+

and v € A,/ ,_(w) NRH g,/ py (w).

We will apply Theorem 2.35 with 7" = gz,,,, S = I and D = LP°(w) (again, note that by (4.8), A, is
bounded on L?0(w)). We first prove that inequality (2.36) holds. For each j > 1, let f; = fxc;(B): then
we can argue exactly as we did in the proof of (5.6), exchanging the roles of B and C;(B), to get

1/p ) , 1/p
(][ (1 —Armv’dw) <214 (][ Ifl”dw) .
B 2/+1B

Inequality (2.36) follows if we sum over all j and take g(j) = 2/014—™/.

We will now show that inequality (2.37) holds. To do so, we need to prove a vector-valued version
of a key inequality. By Proposition 3.1, given a ball B with radius r, we have for all j > 1, g with
supp(g) CCj(B),and 1 <k <m,

—kr2L l/qo (0 +6 ) —(x4j 1/p()
e w90 dw < Cp2/ 1772 |g|P° dw ) (5.8)
B C;(B)
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We now apply Lemma 5.4 with § = [ and T : L?°(w) — L99(w) given by

1w(2j+13)1/po

— J(01+62) ,—ad/\—
Tg = (Co2 e ) w(B)1/40

_ 2
e ¥ L (g e (m)).

This yields the H-valued extension of (5.8): for all g € Lﬁo (w) with supp(g(-,t)) C C;(B), t >0, we
have

) 1/q0 , ; 1/po
(fuertrmstsomeau) = < cop0 @ (f s omman) . 69)
B C;(B
Given an arbitrary g € Lﬁo (w), decompose it as
glx.0) =) gx.Dxc;mx) =Y gi(x.0).
Jj=1 Jj=1
Then inequality (5.9) yields
ey 1/q0 L 1/q0
(][ e g (e, |0 dW) = Z(][ e Ee g (e )10 d“’)
B i=1\/B
. ; 1/po
< Y2/t et (][ llgCe. )l dw) - 610)
i1 2/+1B

Define g(x,7) = (tLy)"/2e~"Lw f(x). Then gL, J(x) =g (x,-)]l; by our choice of pg and the first
step of the proof we have g € Lﬂo (w). Moreover, since for each 7 > 0 we know that (rL,)'/2e~"Lw and
ekr?Lu commute,

—kr2 )
gL, (e e £y = fle ™ Frg (x|l
We can now use (4.7) and (5.10) to get

1/q0 m 2L 1/q0
(]i gL, Ar 1% dw) S Z(]i lle™ "= g(x, )% dw)

=1

, A 1/po
e (f G pdn)
N 2/+1B

Jjz1

==

A

This proves (2.37) with g(j) = C 2/ 01+62) ;=c4/, Therefore, by Theorem 2.35 we get

lgLy fllLr@waw) S I fIILewdw)-

It remains to show the reverse inequalities. We will prove the lower bound in (5.3); then the lower
bound in (5.2) holds if we take v =1. Fix p_ < p < pyandv € 4,/,_(r,)(w)NRH(, (,)/py (w). By
the duality properties of weights [Auscher and Martell 2007a, Lemma 4.4] and since p+(Ly)" = px(L}),
where L% is the adjoint (on L?(w)) of Ly,

l)l_p S Ap’/p_(L*)(w) N RH(p+(L*)/p’)’(w)~ (511)
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We now proceed as in the proof of [Auscher and Martell 2006, Theorem 7.3]. Given F € Llfﬂ(v dw) N
L% (w) and x € R", we set

o dt
Tr, F(x) :/ (t Ly)Y? e v F(x,1) - (5.12)
0

Recall that (t Ly,)"/2 e lw F(x,t) = (t Ly)Y/? e "Fw (F(-,t))(x). Hence, Tr,, maps H-valued func-
tions to C-valued functions. For h € L?' (v'~7" dw) N L?(w) with Il Lo 1=r" gy = 1, we have

_ 0o
/ TLthdw’ = / / F()C,t)([ L;)l/ze_tLﬁ)h(x)%dW(x)
R7 n Jo

< [ PGz h) du)
s ”F”Lﬁ(vdw)”gL?;)h”LP/(vl—p/ dw) 5 ||F||Lﬁ(vdw)a

where the last estimate uses the fact that g; » is bounded on L? (v'=?" dw). This follows from the upper
bound in (5.3) (with L} in place of L), which we proved above, and (5.11). Taking the supremum over
all such functions / and using a standard density argument we have obtained that 77, is bounded from
Lﬁ(v dw) to L? (vdw).

Next, given f € L?(vdw) N L2(dw), if we define F(x,t) = (tLy)"/%2e7"Lw f(x), then F €
Lf(vdw) N LZ(w) since ”F”L,{j](u dw) = 8L, f lLP (v aw) and analogously for L?(w). Also, by the
L?(w) functional calculus we have

o0
fx) = 2/ (tLy)Y2e v F(x, 1) % =2Ty,, F(x). (5.13)
0
Therefore,

I llLrwdwy = 20TLy FllLrwdw) S IF L2 @awy = 181w f L7 @ dw)-

and this completes the proof of (5.3).

To finish the proof of Proposition 5.1 we need to show that the equivalence of norms in (5.2) implies
that the semigroup is uniformly bounded. However, this follows immediately from the definition of gz,
and the semigroup property: for any s > 0,

o0 1/2
ng(e‘Swa)(x)=( fo |L;/2e—<s+‘>wa<x)|2dr) < gL, f(x). O

We conclude this section by proving a version of Proposition 5.1 for the “adjoint” of a discrete square
function. We will need this estimate in the proof of Proposition 6.1 below.

Proposition 5.14. Define the holomorphic function ¥ on the sector X5 by

I )
w(z)—\/;/1 ze NG (5.15)
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If p—(Ly) < p < p+(Ly), then for any sequence of functions {B }kez,

1/2
S L fe| < ‘(Z |ﬂk|2) . (5.16)
kez LP(w) kez LP(w)
Proof. By duality and since p4(Ly)" = px(L3})), it will suffice to show that for every p_(L}) < p <
p+(Lyy),
) 1/2
(S ey < hlr. 517
kez LP(w)

The function ¥ satisfies |/ (z)| < C|z|/2¢~¢I| uniformly on subsectors Ty, 0 < u < %. Thus the
operator on the left-hand side of (5.17) is a discrete analog of the square function g; « , changing continuous
times ¢ to discrete times 4K and z'/2¢7% to ¥ (z). Since ¥ (z) has the same quantitative properties as
z1/2e=2 (decay at 0 and at infinity), we can repeat the previous argument and obtain the desired estimates
as in the proof of Proposition 5.1. O

Remark 5.18. In Proposition 5.14 we can also get L? (v dw) estimates, but in the proof of Proposition 6.1
below we will only need the unweighted estimates. Further details and the precise statements are left to
the interested reader.

6. Reverse inequalities

In this section we will prove L?(w) estimates of the form ||L11D/2f||Lp(w) < C|IVf|Lr @), which
generalize the L?(w) Kato estimates in Theorem 2.18. These are referred to as reverse inequalities since

if we replace f by L;l/ 2 f, then formally we get a reverse-type inequality for the Riesz transform:

1 lr@) < CIVLG' fllLr ).

Since these estimates involve the gradient, in proving them we will rely (implicitly and explicitly) on
the weighted Poincaré inequality (2.3). This will require an additional assumption on p when p < 2. To
state it simply, define

nry p—(Ly)
—(L = —(Ly).
(P—(Lw))w,x e + p—(Lw) < p-(Lw)
Proposition 6.1. Let max{ry,, (p—(Lw))w.x} < p < p+(Ly). Then forall f €S,
1L ey < CUIV Loy, (6.2)

with C independent of f. Furthermore, if

max{ry, p—(Lw)} < p < p+(Ly) and v € Ap/max{ry,p_ (L)} (W) NRH(p, (L)) py (W),
then for all f € S,

1LY FllLraw) < CIV Fllewdw)- (6.3)
Remark 6.4. The quantity max{ry, (p—(Ly))w,+} can be equal to either term. For instance, it equals

rw if p—(Ly) < n’ry. From Proposition 3.1 we know that p_(Ly,) < (2})" =2nry /(nry + 2), but this
only implies the previous inequality for some values of 7 and ry,.
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Proof. As before, let p— = p_(Ly) and p4 = p4(Ly). Fix p, max{ry, (p-)w,«} <p <2,and f €S.
We will first show

1LY fllLrcotwy S UV F Lo w)- 6.5)

First note that since p > ry,, we have w € 4. Therefore, given o > 0 we can form the Calderén—Zygmund
decomposition given in [Auscher and Martell 2006, Lemma 6.6]. There exist a collection of balls {B; };,

smooth functions {b; }; and a function g € Llloc(w) such that

f=g+> b (6.6)
i
and the following properties hold:
|Vg(x)| < Ca for w-a.e. x, (6.7)
supp(b;) C B; and / |Vb;|? dw < CaPw(B;), (6.8)
B;
C
Su) = [ VAP aw. 69)
; a? R?
> xB <N, (6.10)
i
1/q
(][ |b; |7 a’w) S Car(Bj) forl<g<pr, 6.11)
B;

where C and N depend only on n, p, g and the doubling constant of w.
To prove (6.5) we will prove the corresponding weak-type estimates with f replaced by g and b;.
For g, we use the L?(w) Kato estimate (2.19), (6.7), and the fact that p <2to get

1/2 o 1 1/2 12
w( L= 51) < o [ e du
1
oz [ IvePau
o R”

1
S— | IVglPdw
24 R7

<1 V£lPd ! pd
S V£l w+07 w

Rﬂ

1
< —/ IV £17 dw.
al’ R?

where the last estimate follows from (6.10), (6.8), and (6.9).
To prove a weak-type estimate for L,IU/Z(ZZ- b,-), let r; = 2K if 2% < r(B;) < 2¥*1. Then for all 7,
ri ~r(Bj). Write

2
1 Ti dt 1 o0 dt
L1/2 — / L e—th + / L e_th — T + U’
v ﬁ 0 v \/; \/; ’iz ’ \/Z l l

Z Vb;
i

Rn
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=
S (SRR

> i
1

< — VP dw+ I + I,
a? R”

then we have

w({ > Lyh;

i

()

ZTibi
i

-4))

where the last inequality follows from (6.9).
We first estimate /5. Since p > (p—)y,+« We have py > ((p—)w,*)s, = p—, and we can choose
g € J(Ly) such that (6.11) is satisfied. By Corollary 3.4, tLye™ Lv € O(L4(w) — L4 (w)), and so

LTI N

i j=2

dt
<2 ZZw(szl)/ ][ |the_thb,~|dwt3T

i j=>2

d l/q
<- ZZz/D w(B)/ 2191T(2fr /«f) emcdrilt t3/t2 (][ Ibilqdw)
B;

i j=>2

< 22210 e w(B;)

i j=2
1
< B;) < — V£IPdw,
S um g [ 1w
where we have used (6.11) and (6.9), and D is the doubling order of dw.

We will now estimate /1. For g as above, by Proposition 4.3 we have an L4(w) functional calculus
for Ly,. Therefore, we can write U; as ri_IW(risz) with ¢ defined by (5.15). Let By = Ziri=2k bi/ri;

then,
Zulb =Y v w)( > %)=Zw<4’%w)ﬂk.

kez irj=2k kez

Therefore, by Proposition 5.14, (6.10), (6.11), the fact that r; ~ r(B;) and (6.9), we have

(Zwkﬁ)m '

kez L7 (w)
|bi ] 1/
q/RnEi: - dus Y w5 g [ 9]

If we combine all of the estimates we have obtained, we get (6.5) as desired.

11~

Lq(w)

To prove (6.2) from the weak-type estimate (6.5) we will use an interpolation argument from [Auscher
and Martell 2006]. Fix p and r such that max{ry,, (p—)w,x} <r < p <2. Then by (6.5) and (2.19) we
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have that for every f € S,

ILY2 fllireoy SNV FllLrays  ILY2 Fliza) S IV L2 - (6.12)

Formally, to apply Marcinkiewicz interpolation, we let g = V f to get a weak (r, r) and strong (2, 2)
inequality; this would immediately yield a strong (p, p) inequality. To formalize this we must justify
this substitution.

For every g > ry,, by [Auscher and Martell 2006, Lemma 6.7] we have that

E={(=M)"2f: f eS8, suppfCR"\{0}}

is dense in L4 (w), where f denotes the Fourier transform of f. Moreover, since r > r,, we have w € A,
and the Riesz transforms, R; =0, (—A)~1/2, are bounded on L (w) [Garcia-Cuerva and Rubio de Francia
1985]. It follows from this and the identity —/ = R% + -+ + R2 that for g € L" (w),

Igllzr @) ~ IV(=A)"2g]|Lr -

Thus, for g € £, we know L/ *(—A)"V2g = LI £ if f = (=A)"V2g and |V f |l Lr ) ~ 1]l L7 cw) for
F > ry. Thus (6.12) becomes weighted weak (7, r) and strong (2, 2) inequalities for 7' = L}U/ 2(—A)_1/ 2,
and this operator is defined a priori on £. Since & is dense in each L4(w), we can extend 7 by density in
both cases and their restrictions to the space of simple functions agree. Hence, we can apply Marcinkiewicz
interpolation and conclude, again by density, that (6.2) holds for all p with r < p < 2. Since r is arbitrary,
we get (6.2) in the range max{ry, (p—)w *} < p <2.

For the second step of the proof we will prove (6.3) using Theorem 2.35. Inequality (6.2) for its full
range of exponents then follows by letting v = 1. Define p— = max{ry,, p—} <2, and fix p_ < p < py
and v € 4p/5_(w) NRH(,, /py(w). By the openness properties of A; and RHy weights, there exist
Do, qo such that

P—<po<min{p,2} < p <qo < p+, VEApp,(w) NRHg,/py(w).

To apply Theorem 2.35, let T = Lllu/z, S=V,and A, =1—-(I — e_’zLW)m, where the value of m
will be fixed below. We will first show that (2.37) holds. By (4.8) we have A, € O(LP°(w) — L9°(w))
since po, go € J(Ly). Let h = L,lv/ 2 f and decompose & as we decomposed f in (4.11). Then, since

L,lv/ 2 and A; commute, it follows that

1/q0 1/q0
(][ |LY/2 A, f|490 dw) 52(][ | Aphj|40 dw)
B B

Jj=1

0 i\6 47 H/po
<) 27717 (27)2eT* (][ || PO dw)
> .,

j=1

< N 01462 et ( ][
2. g

1/po
L)
j=1

Jj+1B

This gives us (2.37) with g(j) = C 2/E1+02)e=¢4’: ¢learly, 3" g(j) < 0.
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. _p2
We now prove that (2.36) holds. Fix f € S and let ¢(z) = z'/2(1 —e™""2)" so that

o(Lw)f = LY2(1 —e™ " Loyn 1.

By the conservation property [Cruz-Uribe and Rios 2015; Auscher 2007, Section 2.5],
¢(Lw) [ =¢(Lw) (f = faBw) = Y ¢(Lw)hj, (6.13)
j=1
where h; = (f — faBw) ¢j» ¢ = Xc;B) for j = 3, ¢1 is a smooth function with support in 4B,
0<¢1 =<1, ¢1=1in2B and |V¢i|cc < C/r, and ¢, is chosen so that 3 ;- ; ¢; = 1.
We estimate each term in the right-hand side of (6.13) separately. When j =1, since p_ < pg < p+, by

the bounded holomorphic functional calculus on L?°(w) (Proposition 4.3) and the fact that ¢ (L) h; =
v —e_’sz)m L,lu/zhl, we have

lo(Lw) hillzrow) S 1LY2h11Lrow)

uniformly in r. By the above argument we have that (6.2) holds for p = pg since p— < po < 2. Further,
since f €S, we have h; € S by our choice of ¢;. This, together with the L”°(w)-Poincaré inequality (2.3)
(since pg > ry, w € Ap,) and the definition of /1 yield

1LY 2R Lro )y S IVR1 | Lro w)

SNV xaBlLrow) +r I = fasw) xaBllLrow) S 1V 1) xasllLrow)-

1/po 1/po
(][ |¢(Lw)h1|f’°dw) < (][ IVfIPOdw) .
B 4B

When j > 3, the functions 7 associated with ¢ by (2.11) satisfy

Therefore,

2m
In(2)| < WT/Z’ z€Tlq/n9.

Since po € J(Ly), by Corollary 3.4, e7#L% € O(LPo(w) — LP°(w), =,,). This, together with the
representation (2.10), gives us that

1/po 1/po
(f |¢<Lw)h,-|1’°dw) < / (][ |e—ZLh,-|P°dw) In(2)l1dz|
B Ir/o—6 \/B

) 2y 6> J2 p2m 1/po
52]91/ T( ) e /|Z|—|dz|(][ |h~|1’°dw)
Tro \V|7] |z|m+3/2 ;B
) 1/po
/@m0t (| fapalmdu)
2/+1B '

. J 1/po
S a(f e

I=1
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provided 2m + 1 > 6,. The last estimate follows from the L?9(w)-Poincaré inequality (2.3) (here we
again use that po > ry, and so w € Ap,):

1/po 1/po J
(][ |f—f4B’w|p0dw) = (][ |f_f2/+1B,w|pO dw) +Z|f213,w_f21+1B,w
2/+1B 2/+1RB =
J 1/po
< _ POd
SY(f, 17 st a)
J p 1/po
= 2 V£lPod . 6.14
P02 (f,, 191 ax) (6.14)

=1
When j = 2 we can argue similarly, using the fact that

|ha| <|f — fa.wl| XsB\2B < |f — f2Bw| XsB\2B + | faB.w — f2B,w| XsB\2B-

If we combine these estimates, then by (6.13) and Minkowski’s inequality we get

(][ (L) h|P0 dw)l/po<Z(][ (L) iy |70 dw)l/p°<Zg<j)(][ v £ dw)
B ~ B / B B

j=1 j=1

1/po

with g(j) = Cp, 270172 provided 2m + 1 > 6,. If we further assume that 2m > 61, then > 8(j) <oo.
This proves that (2.36) holds. Therefore, by Theorem 2.35 we get (6.3) as desired. O

7. The gradient of the semigroup /7 Ve ~*Lw

Let K(Ly) C [1, 00] be the set of all exponents p such that /7 Ve *Lw : LP(w) — LP (w) is uniformly
bounded for all 7 > 0. By Theorem 2.15 and Lemma 2.34, 2 € K(L,,) and if it contains more than one
point, then by interpolation K(Ly) is an interval. In this section we give a partial description of the set of
(p.q) such that /tVe™tLw € O(LP (w) — L9 (w)).

Proposition 7.1. There exists an interval K(Ly) such that if p, ¢ € K(Lyw), p < q, then /t Ve Lw ¢
O(LP(w) — L9(w)). Moreover, K(Ly) has the following properties:
(1) K(Lw) C K(Lw)-

2) If g—(Ly) and q4+(Ly) are the left and right endpoints of K(Ly), then g—(Ly) = p—(Ly),
2<q+(Ly) <(q+(Lw))} < p+(Ly). In particular, 2 € K(Ly) and K(Ly) C J(Ly).

3) If ¢ =2and p < q, and if \/t Ve Lw € O(LP(w) — L9(w)), then p, g € K(Ly).
@) supK(Lw) = g+ (Lw).

Remark 7.2. Unlike in the unweighted case [Auscher and Martell 2007b], we are unable to give a
complete characterization of KC(L,,). More precisely, if we have an off-diagonal estimate and p < ¢ < 2,
then we cannot prove that p, g € K(Ly).

Remark 7.3. In Section 8 below we will show that g4 (L4, ) > 2; in particular, this gives that 2 € Int KC(L;).
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As an immediate consequence of Proposition 7.1 we get weighted inequalities for the gradient of the
semigroup. The proof is identical to the proofs of Corollaries 3.3 and 3.4.

Corollary 7.4. Let q—(Ly) < p < q < q+(Lw). If v € Ap/q_(L,,)(w) N RH(g, (L,)/q) (W), then
Vi Ve tlw ¢ O(LP (v dw) — L1(vdw)) and \/z Ve ?Lv € O(LP(vdw) — L(vdw), X)) for all v,
0<v<Z -7

The proof of Proposition 7.1 requires two lemmas.

Lemma 7.5. Given w € As and a family of sublinear operators {Tt};>¢ such that Ty € O(LP (w) —
L(w)), with 1 < p < q < 00, there exist a, B > 0 such that for any ball B with radius r and for any

0,
L R N 30 A

Proof. This result is implicit in [Auscher and Martell 2007b, Proof of Proposition 2.4, p. 306]; here we
reprove it with a small improvement in the constant. There it was shown that in Definition 2.23 it is
sufficient to consider the case where r ~ +/¢. But in this case we get that Y (r/+/t) ~ 1 and for all j > 2,
T(2j r/Nt) ~ 2/. The argument in [loc. cit., p. 306] shows that if we assume that (2.24)—(2.26) hold
when r ~ +/t, then (2.24) holds in general with constant max{1, (r/+/1)%} for some & > 0 depending on
P, q and w. In this maximum the 1 occurs when r < /7; therefore, to prove (7.6) we need to show that
if r < /7, then we can replace 1 by the better constant (r/+/7)? for some g > 0.

Fix r < /t. If B = B(x,r), then B C B, = B(x, +/1). As in [loc. cit., p. 306] we apply (2.24) to T}

and By; this yields
w(BI\4 1/q
“o) (f, o i aw)

1/q
(f |Tt(xBf)|qdw) 5(
B
1/ 1/
s('fU(Bf)) q( |xBf|Pdw) ’
(w

1/p—1/ 1/
) p— 4(][ |f|17dw) P‘

Since w € Ao, we have that for some 6 > 0,

w(B)
w(Bt)

Since p < g we have

. 1/q r (1/p—1/q)6n » 1/p
< _
(][B|Tt(xBf>| dw) N(ﬁ) (][Bm dw) .

Therefore, if we combine this with the argument from [loc. cit., p. 306] described above, we get that (7.6)
holds with 8 = (1/p—1/q) On. |

The second lemma gives the close connection between off-diagonal estimates for e *Lw and /f Ve~ tLw
for p < 2.
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Lemma 7.7. Given 1 < p < 2 the following are equivalent:

(1) et Lw € O(LP(w) — L%(w)).
(2) V1 Ve v e O(L?(w) — L%(w)).
(3) tLy e v e O(LP(w) — L?(w)).

Proof. We follow the proof of [Auscher and Martell 2007b, Lemma 5.3]. To prove that (1) implies (2), note
that by Theorem 2.15, /7 Ve tLw € O(L2(w) — L?(w)). If we compose this with (1), by Lemma 2.30
and the semigroup property, we get (2).

To prove that (2) implies (3), define S; ]F = Jte Lw (w1 div(4 j? )). By duality, we have

-

(Se f 82wy = (w “Ldiv(Af)), Ve Eig) L2w) = (div(Af)), Ve Lig),
fA Vi Ve L ngzz(fw LA* i Ve tlw g) L2 w)-

The matrix w~' A* is uniformly elliptic, and so multiplication by it is bounded on L?(w). Furthermore,
ViVe Lu € O(L%(w) — L%(w)). Therefore, it follows that S; € O(L%(w) — L2(w)). If we combine
this with (2), we get that —tL,, e 2Lw = §, 0 /t Ve Lw € O(LP(w) — L?(w)). This proves (3)

Finally we show that (3) implies (1). We first prove (2.24). Fix B and f, g suchthat (f | f|? dw) 1p
(5| lg|? dw ) = 1, and assume also that f € L?(B, dw). Define

h(t) :]i e e (xp f)(0)g(x) dw(x).

By duality it will suffice to show that |A(r)| < Y (r/+/7)?. (Note that our assumption implies that t4’(z)
satisfies such a bound.) First, we claim that

lim h(t) = 0.
t—>00

To see this we use the fact (discussed in Section 2) that L, has a bounded holomorphic functional calculus

—tz

on L?(w). Given this, since z > e~*Z converges to 0 uniformly on compact subsets of Re z > 0, we get

the desired limit.

Hence, we can write h(f) = — ftoo ' (s) ds. Notice that |th'(t)| < Y (r/+/1)?2 but this does not give a
convergent integral. However, if we apply Lemma 7.5 to 1L, e *fv € O(LP(w) — L?(w)), we get that
lth'(1)] < Y (r/ /1) with T (s) = max{s®, sP}. It follows from this estimate that

00 0 _ d r/t d a+p
'h“)'S/, |h’(s)|dss/t T(%)Ts”fo T(s)—s<r(ﬁ)sr(%) |

To prove (2.25) we argue as before, but with (fC,- ) | f17dw )l/p (f5 lgl? dw) =1 and

h(z) =][B e (xe, ) ) ()g(x) dw(x),
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Since d(B,C;(B)) > 0, by Theorem 2.15 and Hoélder’s inequality, 2(t) — 0 as t — 0. Therefore,
h(t) = [y h'(s)ds. Since t Ly, e7"Fv € O(LP(w) — L?(w)), we have

! . ! Jpr\02 .
he) < / I (s)| ds < 279 / T(2_") —eatr2ys ds
0 0 NG s
ds 271\

~ 2j91/oo T(S)Qze—csz “s S ZJOIT(T) 2e—c4/r2/t.

This is (2.25).
Finally, the proof of (2.26) is essentially the same and we omit the details. This completes the proof
that (3) implies (1). |

Proof of Proposition 7.1. Define the sets K_(Ly ) and K4 (L) to be

K_(Lyw)=1{pe[l,2]: Vi Ve tlw ¢ O(L? (w) — L*(w))},
Ki(Lw)={p€[2,00]: vt Vet lv e O(L*(w) — L?(w))},

and let (Ly) = K—(Ly) U K4+(Ly). The set is nonempty, since 2 € K(L,). By Lemma 2.28 it
is an interval. Now fix p,q € K(Ly) with p <gq. If p <g <2 or 2 < p < ¢q, then by Lemma 2.28,
ViVe L e O(LP (w)— L1 (w)) since p,g € K_(Ly) or p,g €K1 (Ly). If p<2<gq,then v/t Ve tL e
O(L?(w) — L9(w)) and by Lemma 7.7, e 'L € O(L?(w) — L?(w)). Hence, by Lemma 2.30 and
the semigroup property, /7 Ve 'L € O(L?(w) — L9(w)). Thus, in every case we get the desired
off-diagonal estimate.

We now prove (1)-(4). By Lemma 2.30, off-diagonal estimates on balls imply uniform boundedness,
and s0 KC(Ly,) C K(Ly). This proves (1).

To prove (2), we first note that if p < 2, then by Lemma 7.7, p € J(Ly) if and only if p € K_(Ly).
Thus J(Ly)N[1,2] = K-(Ly) and so g—(Ly) = p—(Ly). To show that (¢+ (L))}, < p+(Ly), first
note that if g4 (L) = 2, then by Proposition 3.1 we have (¢4 (Ly))3, =25 < p+(Lw). If g4 (Ly) > 2,
then we proceed as in the proof of this proposition. Let 2 < p < g4 (L) and p < g < p; . Then by (2.3),
and the facts that e v € O(L?(w) — L?(w)) and /7 Ve 'Lw € O(L?(w) — L?(w)), we get

1/q 1/2 1/p
(][ |e—fLw(xBf)|qdw) < (][ |e—‘Lw(xBf)|2dw) +r(][ |Ve—’Lw(xBf)|Pdw)
B B B

o) ")

This gives us inequality (2.24). The other two inequalities in Definition 2.23 can be proved in exactly the
same way. Thus e *Lv € O(L?(w) — L4 (w)), which implies ¢ < p4+(Ly). Letting p /' ¢+ (Ly) and
q /" py, we conclude that (¢4 (L)), < p+(Lw).

The last estimate implies in particular that ¢4+ (Ly) < p+(Ly). If g+ (Ly) < 00, we clearly have
g+ (Ly) < p+(Ly) and so K4+ (Ly) C T (Ly). Otherwise, p4+ (L) = oo and again we have K (Ly) C
J (Ly). This completes the proof of (2).
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To prove (3), suppose first that 2 < p < g and /7 Ve L € O(LP(w) — L4 (w)). We will show that
p.q € K(Ly). Since we also have /7 Ve 'L € O(L?(w) — L?(w)), by interpolation (Lemma 2.27),
ViVe L e O(LPo (w) — L1 (w)), where 1/pg = (1 —0)/p +6/2, 1/q9 = (1 —0)/q + 6/2 and
0e(0,1).If p¢ Ki(Ly), then g > sup K4+ (Ly). We can choose 8 such that pg < sup K+ (Ly) < ¢g.
Since K4 (Ly) C J(Ly), we have pg € T(Ly); i.e., e 'L e O(L?(w) — LP9(w)). By composition
and the semigroup property, /7 Ve 'Lw € O(L?(w) — L9% (w)); hence, gg € K+ (L), a contradiction.
Therefore, p € K1 (Ly). As we have /1 Ve 'Lw € O(LP(w) — L4(w)) by assumption and e ~*Lw
O(L?(w) — LP(w)) since p € J(Ly), by composition and the semigroup property, /t Ve tLw ¢
O(L*(w) — L9(w)). Hence, g € K4 (Ly).

The case p < 2 < q is straightforward. Since /7 Ve Lw € O(LP(w) — L9(w)), by Lemma 2.28 we
have v/t Ve tLw ¢ O(L?(w) — L9(w)) and /7 Ve *Lv € O(L?(w) — L?(w)). Hence, p € K_(Ly)
and g € K4 (Ly).

Finally, we prove (4). Suppose to the contrary that sup IE(Lw) > ¢+(Ly). Then there exist p, g
such that g+ (Ly) < p < g < sup IC(Ly). Fix r such that p—(Ly) =qg—(Ly) <r < 2. Then we have
that /7 Ve~*Lw is uniformly bounded on L?(w) and in O(L” (w) — L?(w)). By Lemma 2.27 we can
interpolate between these to get that /7 Ve 'Lw € O(LS(w) — LP?(w)) for some s < p. But then by
the above converse, we have p € K(Ly,), which is a contradiction. O

8. An upper bound for KC(L )

In this section we will prove that ¢4 (L) > 2; that is, the set (L, ) contains 2 in its interior. In general,
all we can say is that g4+ (L) > 2; as noted in [Auscher 2007, Section 4.5], even in the unweighted
case this is the best possible bound, since given any ¢ > 0 it is possible to find an operator L such that
q+(L) <2+ ¢. In Section 11 below we will give some estimates for g4 (L) in terms of [w]4,.

We have broken the proof that g (L) > 2 into a series of discrete steps where we borrow some
ideas from [Auscher and Coulhon 2005]. We first prove a reverse Holder inequality and use Gehring’s
inequality to get a higher-integrability estimate. We then prove that the Hodge projection is bounded
on L9(w) for a range of ¢ > 2 and use this to prove the Riesz transform is also bounded for exponents
greater than 2. (In Section 9 we give a more complete discussion of the Riesz transform.) From this we
deduce that g4+ (L) > 2.

A reverse Holder inequality. Fix aball By and let u € H'(w) be any weak solution of Ly,u = 0in 4B.
Then for any ball B such that 3B C 4By, we can again prove via a standard argument a Caccioppoli

12 ¢ 1/2
(][ Vuf o) s—(f o= tandu)
B r 2B

where C1 = C(n, A/2)[w]}” > 1. Fix ¢ such that

{ 2(n—1) 2nry
max

inequality:

,rw,

<qg<?2; 8.1
n 2+nrw} 1 ®.1)



ON THE KATO PROBLEM AND EXTENSIONS FOR DEGENERATE ELLIPTIC OPERATORS 643

such a g exists since ry, < 2. Our choice of g guarantees that 2 < g;;, and also that 2 < nq /(g —1). Then,
by the weighted Poincaré inequality, Theorem 2.1,

1 1/2 1/q
Hf wwenalan) <o fvuran) 82)
r'\J2B 2B

where C; = C(n)[w]f12 >1landk = (nqg—1)/(nq(qg —1)). (By our choice of g we can get this sharp
estimate; see Remark 2.5. Since ¢ < 2 we could write [w]4,, but we use that [w]s, < [w]4,.) If we
combine these inequalities, we get a reverse Holder inequality:

1/2 1/q
(][ |Vu|2dw) fClCz(][ [Vu|? dw) )
B 2B

We now apply Gehring’s lemma in the setting of spaces of homogeneous type [Bjorn and Bjorn 2011,
Theorem 3.22] to get that there exists pg > 2 such that for every such B,

1/po 1/2
(][ |Vu|Po dw) SCO(][ |Vu|2dw) . (8.3)
B 2B

Moreover, we can take the values Co = 8CZC3 [w]i; and

2—q
T 4/q+1 (20 20,,10/a4+17"
2 CiG; [w]A2

po=2 (8.4)

In Section 11 below we will need these precise values. Here, it suffices to note that in inequality (8.3)
we have pg > 2.

The Hodge projection. Define the Hodge projection operator by
T=VL, 2(V(Ly) )"

where the adjoint operators are defined with respect to the inner product in L?(w). As we noted in
Section 2, the Riesz transform is bounded on L?(w); hence, the Hodge projection is also bounded. By
duality, (V(L;‘L)_l/z)*f = —L;l/z(u)_1 div(w f)), and so

Tf=-VL; 2L 2w div(w ) = =V L' (w™! div(w f)).

Now fix f e L?(w,C*) N LPo(w, C") such that supp(f) C R™\ 4By. Let u € H'(w) be a solution
to the equation

Lyu=w""! div(w]?);
by a standard Lax—Milgram argument because A satisfies (2.7) [Fabes et al. 1982, Theorem 2.2], we

know u exists. Then

Tf=-VL,'Lyu=—Vu,
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where equality is in the sense of distributions. In particular, since f = 0 on 4By, we know L, u = 0 on
4 Bg. Therefore, we can apply (8.3) to u: on any ball B such that 3B C 4By,

} 1/po 1/po 1/2 } 1/2
(][ T £|Po dw) — (][ |V |PO dw) gco(][ |Vu|2dw) — (][ |Tf|2dw) .
B B 2B 2B

As a consequence of this inequality, by [Auscher and Martell 2007a, Theorem 3.14] (see also Section 5
of the same paper), for all g, 2 < ¢ < po, we have T : LY (w,C") — L9 (w, C").

Boundedness of the Riesz transform. To show that the Riesz transform VL;U 2

that
nryp—(LY)
(LY, rw, po) = _(LY), ,/,“<’<2.
max{p_(Ly). " w. Py} max{p (Ly,) Tws Po nrw + p—(L) q

(The reason for 1nclud1ng p—(L3 ) will be made clear below.) By the above argument we have that 7*
is bounded on L4 (w), where T*f =-V(Li) Hw! dlv(wf)) Furthermore, by Proposition 6.1, we
have

is bounded, fix ¢ such

LI Fll ey < CUV F e -
Therefore,
IOVLL 2V FllLer wy = 1L T2 ™" diviw M) L )

= /(L3 2 (L) ™ div(w )| Lo )
S IV ™ ™ divew 1)) Lo )
= 1T Fllze wy < 1 e -
Hence, by duality we have VL;,I/2 : L9(w) — L4(w) for all g such that
2 < g <min{p4(Lw), 'y Po} = qu;
here we have used the fact that by duality, p—(L})) = p4+(Ly).

—tLy .

Boundedness of the gradient of the semigroup. Finally, we show that if 2 < ¢ < gy, then /1 Ve
L9 (w) — L4 (w). The desired estimate for ¢+ (L) follows from this: by Proposition 7.1, part (4),

g+ (Lw) = supK(Lw) = quw > 2.
Fix such a g; then by the above estimate for the Riesz transform,
IVIVe ™ 0 fllLaqw) = IVLy 2@ Lw) 2™ fllLaqw)
SNLw) e fllzaq) = ler(Lw) f o).

where ¢;(z) = (1z)"/2e¢™"%. For all ¢ > 0, this is a uniformly bounded holomorphic function in the right
half-plane. Therefore, since 2 < g < p4+(Ly), by Proposition 4.3 we have

IVeVe™ v fllrawy < l@elloo I flLaw) S 1S Laqu

and the bound is independent of ¢. This completes the proof that g (L) > 2.
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9. Riesz transform estimates

1/2

In this section we prove L?(w) norm inequalities for the Riesz transform VL., '“. We have already

proved such inequalities for a small range of values g > 2 in Section 8. Here we prove the following result.

Proposition 9.1. Let g_(Ly) < p < q+(Ly). Then there exists a constant C such that

IVLG 2 fllLew) < CIf e w)- 9.2)

Furthermore, if v € Apjq_(L,,)(w) NRHg, (L,,)/ py (W), then

IVLY2 flerwaw) < CIFILe@dw)- 9.3)

To prove Proposition 9.1 we would like to follow the same outline as the proof of Proposition 4.3.
The first step (i.e., proving (9.2) holds when g_(Ly,) < p < 2) does work with the appropriate changes.
However, the second step (i.e., the proof that (9.3) holds) runs into difficulties since VL;I/ 2 and the
auxiliary operators A, do not commute. One approach to overcoming this obstacle would be to adapt
the proof in [Auscher and Martell 2006]; see also [Auscher 2007]. In this case we would need to use an
LP0(w)-Poincaré inequality, which may not hold unless we assume w € Ap,. This would yield estimates
in the range max{ry,q¢—(Ly)} < p < g+(Ly), analogous to those in Proposition 6.1.

There is, however, an alternative approach. In [Auscher and Martell 2008] the authors considered
Riesz transforms associated with the Laplace—Beltrami operator of a complete, noncompact Riemannian
manifold. Their proof avoids Poincaré inequalities for p close to 1 as these may not hold. Instead, they
use a duality argument based on ideas in [Bernicot and Zhao 2008]; this requires that they first prove that
the Riesz transform is bounded for p > 2 in the appropriate range of values. This reverses the order used
in the proof of Proposition 4.3.

Proof of Proposition 9.1. For brevity, let g— = g—(Ly) and g4+ = g+(Ly). To implement the approach
sketched above, we divide the proof in two steps. First we will prove that (9.2) holds when 2 < p < g+.
We do so using Theorem 2.35 and some ideas from [Auscher 2007; Auscher and Martell 2006]. We
note that since the Riesz transform and A, do not commute, we will use an L?(w)-Poincaré inequality.
This holds since w € Ay; the problem with using the Poincaré inequality only occurs with exponents
less than 2. The second step is to prove that (9.3) holds by adapting the proof in [Auscher and Martell
2008]. Here we will use duality and a result from [Auscher and Martell 2007a] that is based on good-A
inequalities. Inequality (9.2) then holds when g— < p < 2 by taking v = 1.

1/2

To apply Theorem 2.35, fix2 < p <q4 andlet T =VL,, ', S =1 and D = LZ°. Let po =2 and

fix go such that 2 < p < g¢ < g+. As before we take A, =1 — (I — e_’sz)m, where m will be chosen
below. We first show that (2.36) holds. Let f € L2° and decompose it as in (4.11); then we have

(][ VL V21— Loym f|? dw)l/z < Z(][ VL2 (1 = Luym g 2 dw)l/2
w — w J .
B B

Jjz1
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To estimate the first term, note that VL., —1/2

and 2.18. Hence,

and e~""Lv are bounded on L?(w) by Theorems 2.15

1/2 1/2
(][BWL;W(I—e—’sz)mf1|2dw) < (]EB |f|2dw) . (9.4)

Fix j > 2; to get the desired L? estimates we will use the L? bounds for the gradient of the square
function. If 1 € L2(w), by (2.20)

1 o0
e / ViVo(Ly. 0k 4. 9.5)
T Jo

where p(z,t) =e "2 (1—e™" ’z )™ € Hg°(X,.). We can therefore use the integral representation (2.10)
for ¢(-,1). The function 7(-,?) in this representation satisfies

2m
r
Nz, )| s ———, zel,t>0.
(|z| +1)m+1

By Theorem 2.15, \/z Ve ?L% € O(L2(w) — L?(w)); hence,

2 1/2
(][ ‘/ n(z) Nt Ve 2 LY f; dz dw)
B|JT

1/2 \/;
< —zLw |2
_/F(][szw £ dw) NG

6 1/2
< i T(zj_r) —a 4l VI J ( 2 )
- /F NEV mln(Z)ll g ][cj(m'f' v

o 1/2
< 27601 /00 T(Zf_r) e—ot4’ r2/s V1 Vi p2m o ds (][ |f|2 dw) .
0 NG s (s+oymt C;(B) (9.6)

2]r 4/,.2/3«/; r2m d_ jm
[T o) e e e 0

If we insert this into the representation (2.10) we get

5 1/2 00 1/2
(]gWe_ILw(I—e_r LW)’”]’J-|2dw) 5/0 (]nggo(Lw,z)f,-Pdw) %

. 1/2
< 0/(01=2m) (][ | /12 dw) . (9.8)
C;(B)

If we now combine (9.4) and (9.8) we get (2.36) with g(j) = Gy, 2/(01=2m). it we also fix 2m > 61, we
get that > g(j) < oo.

We now show that (2.37) holds. As we remarked above, the Riesz transform does not commute with A,

When 2m > 05,

To overcome this obstacle, we will prove an off-diagonal estimate for the gradient of the semigroup (using
the L2 (w)-Poincaré inequality), and then use an approximation argument to get the desired estimate for
the Riesz transform.
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More precisely, we claim that for every f € H 1 (w)and 1 <k <m,
1/2

1/q
(f1vertopiman) = < e (£ 9rPaw) ©.9)
B 2/+1B

izl
where g(j) = Cn 2/ I>j 210 ¢=¢ 4’ Assume for the moment that (9.9) holds. Then for every ¢ > 0 we

can apply this estimate to S¢ f, defined by (2.21), since S, f € H!(w). Moreover, we have that A, and
Se¢ commute, and so if we expand A, =1 — (I — e_’zL)’" and apply (9.9), we get

(f s 1 dw)l/qo <Cu ) (f | VSesau)
B N 2/+1B

j=1

1/2

If we let € go to 0, we obtain (2.37). (The justification of this uses the observations made in Section 2
after (2.21) and is left to the reader.) Moreover, we have } ;- g(j) < 00, and so by Theorem 2.35 with
v = 1, which trivially satisfies v € A, />(w) N RH,,/py (w), we have that (9.2) holds for f € Lg° and
forevery 2 < p < g+.

To complete this step we need to prove (9.9). Fix | <k <mand f € H'(w). Leth = f — f4B.w»
where fapw = f,5 f dw. Then by the conservation property (see [Cruz-Uribe and Rios 2015], or the
proof in [Auscher 2007, Section 2.5]), e 'Lw] =1 forall > 0, and so

Ve_k rszf — Ve_k rsz(f — f4B,w) = Ve_k rszh = Z Ve_k rszhj,
jz1
where i; = h )¢, (B)- Hence,

1 1
—k r2Lw q0 /110 —k rsz . 190 /qo
|Ve f190 dw <> | f IVe hil9 dw) .
B B

Jj=1
Since 2 < gg < ¢, by Proposition 7.1, v/t Ve tLw € O(L?(w) — L9°(w)). If we apply this and the
L?(w)-Poincaré inequality (see Remark 2.6 with p = g = 2), then for each j > 1 we get

1/q0
(][ Ve *r*Lwp; |90 dw)
B

2J(61+62) p—a 4/

~

1/2
(£, i)
r C;(B)
2j(91+92) e—a4j 1/2
(][ |f—f4B,w|2dw)
r 2/+1B

27 (01462) g4/ L\
= r ((]ij+11|gf_f2j+13"‘)| dw) +Z|f213,w_f21+135w|)
=2

2/,O1462) p—a 4l J 1/2
< — 24
ST (1 sl du)

=1

o
< 2JO1+62) et 3 (][
2

=1

1/2
|Vf|2dw) .

I+1B
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If we combine these two estimates and exchange the order of summation we get (9.9) with 6 = 6, + 6,.
This completes the proof that (9.2) holds when 2 < p < g4.

For the second step of our proof we show that (9.3) holds for all p, g— < p <qy,andv e A/, (w)N
RH(y, /py (w). Fix such a p and v; then by the openness properties of A4 and RH; weights, there exist
Do, qgo such that

g— < po <min{p,2} <max{p,2} <qgo <q+ and v € A, ,, (w) NRH,, py(w).
By the duality properties of weights [Auscher and Martell 2007a, Lemma 4.4],
u= vl—p’ € Ap//q(/)(w) N RH(pé/p/)/(w).

Let T = VL;I/Z; then T is bounded from L?(R",vdw) to L?(R";C",vdw) if and only if T* is
bounded from LP/([R”; C" udw) to L? (R"; u dw). (Note that T takes scalar-valued functions to vector-
valued functions and T* does the opposite.)

Therefore, it will suffice to prove the boundedness of 7* We will do so using a particular case of
[Auscher and Martell 2007a, Theorem 3.1]. This result is stated there in the Euclidean setting but it
extends to spaces of homogeneous type. Here we give the weighted version we need; see [loc. cit.,
Section 5].

Theorem 9.10. Fix 1 <g <00, a > 1 andu € RHy (w), 1 <s < oco. Then there exists C > 1 with the
following property: suppose F € LY (w) and G are nonnegative measurable functions such that for any
ball B there exist nonnegative functions Gp and Hg with F(x) < Gp(x) + Hp(x) for a.e. x € B and,
forall x € B,

1/q
(][ Hg dw) <aMyF(x), ][ Gpdw < G(x), (9.11)
B B
where My, is the Hardy-Littlewood maximal function with respect to dw. Then for 1 <t <gq/s,
My FllLt wdwy < CIGIL: (u dw)- (9.12)

To apply Theorem 9.10, fix f € L(R";C"), and let h = T*f and F = |h|%. Then F € L (w); by
the argument above, since 2 < gg < ¢+, we have that T is bounded from L°(R", w) to L9°(R"; C", w),
thus, 7* is bounded from Lqé([R{”; C", w) to L0 (R™, w).

Nowlet A, =1—(1 —e™" 2Ll”)m, where m > 0 will be fixed below. Given a ball B with radius r, we
define

F <2907V |(I — A;)*h|% + 2901 | A*h|% = G + Hp,

where, as before, the adjoint is with respect to LZ(w). To complete the proof, suppose for the moment that
we could prove (9.11) with ¢ = py/qq and G = M, (|]?|q6). Since u € RH(pé/p/)/(w), by the openness
property of reverse Holder weights, u € RHy (w) for some s < pg/p’. Then if we let t = p’/qq =
(Po/40)/(po/ ') <q/s, we have u € A (w), and so My, is bounded on L (u dw). Therefore, by (9.12),

= q/ - - q/
17 715 ey = 1M Fle ey < CUG L uawy = CIMw (F190) e uaty S 1715 g
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To complete the proof we need to show that (9.11) holds. We first estimate Hp. By duality there exists
g € LP9(B,dw/w(B)) with norm 1 such that for all x € B,

1/(q 9¢)
(f mgaw) ™" s [ hitaslau

X , 1/aq 1/q0
< ZZ’D (][ |h|90 dw) (][ |A,g|9° dw)
=1 C;(B) C;(B)

as ~ 1/po
< MwF(x)l/q6 Z 2j(D+91+92)e—o¢41 (f |g|p0 dw) < MwF(x)l/q(/),
i B

J=1

where in the second-to-last inequality we used the fact that by our choice of pg, o, we have e L e
O(LPo(w) — L9°(w)), and so A, is as well.

We now estimate G g. Again by duality there exists g € L2°(B, dw/w(B)) with norm 1 such that for
all x € B,

1/q4 .
(][ GBdw) sww)—l/ T - Apgldw
B R”
> -, 1/4q 1/q0
522”)(][ Ifl"odw) (][ |T<1—Ar>g|q°dw)
iz C;(B) C;(B)

oo

= ’ . l/qO
< My (| F150)(0) V90 3 2P (][ IT( = A)gl® du) . ©.13)
C;(B)

j=1
To estimate each term in the sum, we argue as in the first half of the proof. When j = 1, we know that
VL;I/ 2 and e="*Lv are bounded on L4° (w) by the first part of the proof and Theorem 2.15. Hence,

1/q0 1/q0
(][ IVLZV2(] — e Lwym g|do dw) < (][ |g|90 dw) =1. (9.14)
4B B

For j > 2 we use the integral representation (9.5). If we estimate as in (9.6), with the roles of B and
C; (B) switched and using the fact that Vz Ve 2w e O(L90(w) — L99(w)) since 2 < go < ¢, We see

that
q0 1/q0
d w)

| [ meime
< Ve ‘”g|‘1°dw) M @)l 1dz]
r\JC;(B) ||

; o | 1/2
<2 / T( 2 r) e_a4/r2/|2i|n(z)||dz|(][ |g|?° dw)
r 2] VIl ?

< 1Jjo1 oo 2r % —ad’ r2/S£—r2m
<2 T— ] e ds.
0 Vs Vs (s +mHl

/ n(z)Vi Ve Vg dz
r
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If we take 2m > 65, we can combine this with (9.7). We can then insert this estimate into the representation
(2.10) to get that for every j > 2,

1/q0
.1'

o0 1/q0 dt .
N / (][ Vi V(L. 1)g|" dw) 4l <2i®i=2m) (9 15)
0 C;(B) t

Taken together, (9.13)—(9.15) yield

[e.°]

l/q(/) 5, , X > / /
(][ G dw) < My (| f %) (x) /40 Y~ 2/PHO=2m) <y, (| f|90) () V0 = G(x) V%,
B .
j=1

provided we take m large enough so that D + 6; —2m < 0. This completes the estimate of Hp and Gp
and so completes our proof. O

10. Square function estimates for the gradient of the semigroup

In this section we prove L?(w) estimates for the vertical square function

o dr\'""?
Gt = ([ 10/2ve e pop 4)
0
Proposition 10.1. Let g_(Ly) < p < g+ (Ly). Then

IGLy S llLrwy S 1S llLew)- (10.2)

Furthermore, if v € Apjq_(L,,)(w) NRHg, (L,,)/ py (W), then

IGL, fllLrwaw) S I Le@dw)- (10.3)

We can also prove a reverse inequality for Gr,,,. To do so we need to introduce an auxiliary operator.
Define the weighted Laplacian by A,, = —w~!divwV; ie., A is the operator L, if we take the
matrix A to be wl, where [ is the identity matrix.

Proposition 10.4. Let g+ (Ay) < p < oo. Then

I/ e @) S NGLy fllLr@w)- (10.5)
Furthermore, if v € Apjq. (A,) (W), then
I/ lLe@awy SNGLy flLr @ aw)- (10.6)

Proof of Proposition 10.1. The proof could be done in a way similar to those for the square function gz,,,
in Section 5. However, we will give a shorter proof that uses the Riesz transform estimates from Section 9.

Let g— = g—(Lw) and g+ = g+ (Lw). Fix p,

g— = p—(Ly) < p <q+ =< p+(Ly),
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and v € Ap/y_(w) N RH(g, /py(w). Then by Proposition 9.1, the Riesz transform is bounded on
L?(vdw), and so by Lemma 5.4 it has a bounded extension to Lﬁ(v dw);ie., if g(x,t) e LY n(vdw),
then ||VL g|| LZ(wdw) S <lell L2 ww) where the extension of V L, 1/2 {6 H-valued functions is defined
for x e R” and t > 0 by (VL 1/2 g)x,1) = VL_I/Z(g( 1)) (x).
Define gs(x,1) = (tLy Y/2e=tLw £(x) and Gr(x,t) = 11/2ve~tLw f(x); then we clearly have
||ngf||LP(v aw) = 187 1.2 wawy a4 GLy, fllLrdaw) = 1Gf |12 aw)- Furthermore, Gy (x.1) =
L' (g7 (- 0)(x) = (VLy 2g7) (x.1). Henee,

1G L, fllLrwaw) = 1672w awy = 1YL * 85 12w dw)

Sgr Lz wawy = 181w fllLr@aw) < 1L ILr@dw)-

To prove the last inequality, we used Proposition 5.1; we also used the fact that g_= p_(Ly) < p <q4 <
P+(Lw)andveA, q_(w)NRH (g, /py (w), which together imply ve A,/ p_(L,,) (W)NRH(, (L)) py (W)-
This proves (10.3). To prove inequality (10.2), we take v = 1. O

To prove Proposition 10.4 we need the following identity relating G, and A,,. It is a straightforward
extension of a similar unweighted result given in [Auscher 2007, Section 7.1]. For completeness we
include the proof.

Lemma 10.7. If f, g € L2°(w) then

[ szt

=(A+1D) /Rn Gr, f(x)Ga, g(x)dw.

Proof. By the definition and properties of the operators L, and A, we have
f F(x)g(x) dw = lim / e~¢Lw f(x)e—#Awg(x) dw — lim f e RLw f(x)e=RAwg(x) dw
R7 &0 JRn Rtoo Jpn
® d — A
—/ —/ e Hw f(x)e tBwg(x)dwdt
o dt Jpn
o0 S —
= / / (Lwe v f(x)e~tAwg(x) + e Ew f(x) AyeTAw g (x)) dw dt
0o Jrn

= /00/ (AX)wE) ™+ 1) (Ve v f(x) Ve tbuwg(x)) dw dt.

Since ||[Aw™!||oo < A, if we apply Holder’s inequality in the ¢ variable we get the desired result. O

Proof of Proposition 10.4. As a consequence of the Gaussian estimate for weighted operators with real

symmetric coefficients that were proved in [Cruz-Uribe and Rios 2008], we have that Ay, € O(L'(w) —

L*°(w)). In particular, g_(Ay) = p—(La,,) = 1. Further, by the results in Section 8 we have g1 (Ay) > 2.
Therefore, by Proposition 10.1, if 1 < p’ < ¢g4+(Ay), and

u € Ap (w) NRH(g, (Ay)/pry (W), (10.8)
then
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We want to apply inequality (10.9) with u = v!=7 g By [Auscher and Martell 2007a, Lemma 4.4], the
condition (10.8) is equivalent to v € Ap /4 (wy (W)-
Now fix f, g € L and a weight v € A,/4., (wy (w). Then by Lemma 10.7, for g+ (Ay)’ < p < oo,

' [ f(x)g(x)dw]s(ul) [ 61,106, 50 du
R"l er

— (A4 [ G f@Ga, g0 du
Rn

<A+ DIGL, fllLrwaw) 1Ga, &Ly w1 duw)
SNGLy, fllLewaw) 18lLr wi-2" guw):

the last inequality follows from (10.9). If we take g = sign(f)| f|?~'v, we get

112 50 awy S 162 o @u 111770 Lo i duy = 162 Lo @ aun 1 1250y iy

This immediately gives us the desired inequality. O

11. Unweighted L? Kato estimates

In this section we prove unweighted L2 estimates for the operators we have considered in the previous
sections. These will all be consequences of the weighted L? (v dw) estimates we have already proved:
it will only be necessary to find further conditions on w € A, so that the weight v = w™! satisfies the
requisite conditions.

We are particularly interested in power weights and we recall some well-known facts about them. Define
W (x) = |x|% a > —n; this restriction guarantees that wy, is locally integrable. We can exactly determine
the Muckenhoupt A, and reverse Holder RH; classes of these weights in terms of a: if —n <o <0,
then w € Ay; for 1 < p < oo, we have w € A4, if —n <o <n(p —1). Furthermore, if 0 < o < oo, then
w € RHeo; for 1 < ¢ < 0o, we have w € RHy if —n/q < o < 0o. Hence, we easily see that

Fw, = max{l, 1 +a/n}, sy, = (max{l, (1+a/n)"'}). (11.1)

We first consider the semigroup e “*Lw, the functional calculus, and the square function gL, since
these estimates will depend on p_(L) and p+ (L) and we have good estimates for these quantities.

Theorem 11.2. Given a weight w € Ay, suppose 1 <ry, < 1+% and sy, > %ry+1. Then e 'Ew : 12— L2
is uniformly bounded for all t > 0. Similarly, ¢(Ly) : L?> — L2, where ¢ is any bounded holomorphic
function on X, p € (9, ), and g, : L?> — L2

In particular, these L? estimates hold if we assume that w € Ay N RH1 /2, or more generally if
w € Ar NRH@/2) 41 for 1 <r <1+ % or if we take the power weights

2n
=[x|% ——<a<?.
wa(x) = %, ——1 <o

Proof. Let p=q =2, po=(2%), qo =2}, and let v = w™!. Then by Proposition 3.1, Corollary 3.3
and the nesting properties of weights, e 7"fv € O(L? — L?) if w™! € Ay, (w) N RHy,/2)y (w); in
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t

particular, by Lemma 2.30, e~ Lw.12 5124 uniformly bounded. However, this weight condition is

equivalent to
w € RH(2/poy N Ago/2-

A straightforward computation shows that

2 /
q_(): nry ’ e erw-i-l.
2 Nry —2 Po 2

Since ryy, <1+ %, we have ry <nry/(nry —2), so we automatically have w € A, /,. Therefore, the
desired bounds hold if we have s, > %rw +1.Ifwe A, NRHg /2,41 with 1 <r <1+ %, thenry <r
and sy > 5 7 + 1 > 51y + 1. The desired conclusion for power weights follows at once from (11.1).

The same argument holds for ¢ (L, ) and g, , using Proposition 4.3 or Proposition 5.1, respectively. [

It is straightforward to construct weights more general than power weights that satisfy the conditions
on ry and sy, in the above theorems. For instance, w € A142/, NRHz4,/2 (Which corresponds to the
choicer =1+ %) if and only if there exist u1, up € Ay such that

—2/n

. 2/(n+4)
w =uy Uy

This follows from the Jones factorization theorem and the properties of A; weights; see [Cruz-Uribe and
Neugebauer 1995].

Remark 11.3. We can modify the proof of Theorem 11.2 to get unweighted L? estimates for values
of p close to 2. We leave the details to the interested reader.

For the reverse inequalities we must take into account the slightly stronger hypotheses in Proposition 6.1;
otherwise, the proof of the following result follows exactly as in the proof of Theorem 11.2.

Theorem 11.4. Given a weight w € A,, suppose that

2 2V n
1<rp<l4+— and sy >max{| —|,=ry+1;.
n Tw 2

Then
ILY2f N2 <CIV Sl feS. (11.5)

In particular, this is the case if we either assume that w € Ay N RH;4,/2, or more generally that
w € Ar NRHpax{2/r),(n/2)r+13 With 1 <r <1+ %, or for power weights if we take

o 2n (n 2n
Wy (x) = [x]|% — = —ming -, <a<?2.
n+2 2 n+2
Remark 11.6. Note that max{(2)’, 27 + 1} = 2r + 1 provided r <2 — 2 and this always holds if n > 4
as 1 + % <2- % In this case, the conditions in the second part of Theorem 11.4 simplify to the same
conditions as in Theorem 11.2.

Remark 11.7. We note that in Theorems 11.2 and 11.4 we can replace 1 <ry <1+ % with the possibly
weaker condition 1 < ry, < p4+(Ly)/2. The proof only requires us to take go = p+(Ly).
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For the gradient of the semigroup /7 Ve 'L, the Riesz transform VL;I/ 2 and the square function G,

our estimates depend on g (Ly,).

Theorem 11.8. Given a weight w € Aj, suppose 1 < ry < q+(Ly)/2 and sy > 5ry + 1. Then
Vive tLw . 12 5 .2 is uniformly bounded for all t > 0. Similarly, we have VL;I/2 L2 > L?% and
G, :L*— L2

In particular, this is the case if we assume that w € A1 "RH,, /5 1. Furthermore, these L? estimates
hold if the following is true: given © > 1 there exists 9 = g9(®,n, A/L), 0 < g < ﬁ, such that
w € A1+¢ NRH(, /2y (146)+1, 0 < & < &g, and [w]y, < O.

For power weights, there exists €1 = e1(n, A1), 0 < &1 < %, such that these estimate holds for

2n
wy (x) = |x|%, a3 <a<ey.

Proof. We will prove this result for /7 Ve *Lw using Proposition 7.1. The proof for VL;,I/2 or G, is

exactly the same, using Proposition 9.1 or Proposition 10.1.
By Proposition 7.1, v/tVe ™ Lw : [2 5 [2ifw !l =v e A2/4_(Lw)(w) NRHg, (1,,)/2) (W), which
is equivalent to

w € RH/q_(L,)y N Agi (Ly)/2-

Therefore, we need ry, < g4 (Ly)/2. Furthermore, since we have ¢—(Ly) = p—(Ly) < (23))’, we can

take
2\ n
Sw > (2710)/ :Erw-‘rl.

To get the particular examples stated in the theorem, note first that if we let ry, = 1, then it clearly
suffices to assume w € A1 NRH, /541, since we showed in Section 8 that g4 (L) > 2 for every w € A5.

We now prove the condition for weights w € Aj14+¢. In this case it is more difficult to satisfy the
condition ry, < g4 (Ly)/2 since the right-hand side can be very close to 1, depending on w. Assume
then that w € A14¢ NRH(n/2) (146)+1, With 0 < & < g9 < 5, [wl4, < ©, and with g9 > 0 to be fixed
below. Then we have

n n
Sw>§(1+8)—|—1257‘w+].

Therefore, in order to apply the first half of the theorem we need to show that we can choose g¢ sufficiently
small so that ry, < g+ (Ly)/2. To do so we will use the notation and computations from Section 8. There
we showed that g4+ (L) > ¢y, and so it will suffice to show that

2ry < qw = min{ry,, p+(Lw). po}- (11.9)

We will compare ry, to each term in the minimum in turn.

The first two terms are straightforward. First, we have ryy, <14+e <1+ % < % and so 2ry, <r,,.
Second, ry < 1+ ﬁ <1+ %, and it follows at once from this that 2r,, < 2. By Proposition 3.1,
2y < p+(Ly) and 50 2ry < p4(Ly).
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Finally, we estimate pg, the exponent from the higher-integrability condition (8.3). We will use the
formula (8.4). First, we need to fix the exponent ¢ from the Poincaré inequality (8.2). Letg =2 —1/n;
this value satisfies (8.1) since ry, <1+ % <1+ % With this choice of ¢ (that only depends on 1), we
have

2—q 1
4/q+1 (2 21,,10/9+17 =2+ On’
28747 1Cy Cz[w]A2 nC(n,A/)k)[w]A2

po=2+

where C(n, A/A) > 1 depends only on n and the ratio A /A of the ellipticity constants of the matrix A
used to define L,,, and where 6, > 1 depends only on n. Then, since we also assumed that [w]g, < ©®,

we get that
1 1
po=2+ >2+ =2+ 2s,
nCn, A/2) wlg, nC(n, A/X) @

and g9 = 2nC(n, A/1) ®%)~1 is such that 0 < g9 < 5. Thus 2ry, <2(1 + &) < 2(1 + &) < po and
s0 27y < po. This completes the proof that (11.9) is satisfied, and so the L2 estimates hold for weights
that satisfy w € A14+¢ NRH(;/2)(146)+1-

Finally, we consider power weights. First, it is easy to see that
—2n
o
we(x) = x|, —— <a=<0
w) =[xl T <as
yields the desired estimates, since in this case ry, = 1 and sy > % +1= %rw + 1.

Now consider the case o > 0. If we assume that o < %, then w € A141/(2n) NRHo. Moreover, it is
straightforward to show that for all such «, there exists ®, depending only on 7, such that [wg]4, < ©.
Now apply the above argument to find ¢ € (0, %], this value will only depend on # and the ratio A /A.
If we let e1 = ngg and assume that 0 < @ < &1, then o < % and wy € A1+ for some ¢ < g¢ as desired. [J

To find examples of weights other than power weights to which Theorem 11.8 apply, we argue as
before. If u; € Ay, then
w = u%/(n+2) € Al mRHn/2+1.

To get weights that are not in A1, take u € A and let w = ub If 6 is sufficiently small (depending on 7,
the ratio A /A and [u]4,), we can show that w satisfies the final conditions given in Theorem 11.8. Details
are left to the interested reader.

Remark 11.10. To get the unweighted lower estimate

11l = ClGL, fllL2,

we note that by (10.6) we need w™! € A2/q. (Ay) (W), or equivalently, w € RH(z/4, (a,,))y- Hence, it

suffices to assume
q+(Ay)

‘]—i—(Aw)_z‘

Arguing as above we can construct weights that satisfy this condition; details are left to the interested

Sw > 1+

reader.
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If we combine Theorems 11.4, 11.8, and Remark 11.7 we solve the Kato square root problem for
degenerate elliptic operators.

Theorem 11.11. Let Ly, = —w ™' div AV be a degenerate elliptic operator with w € A,. If

L 2y
rw<q+(2—w) and sw>maX{(—),zrw+1},

1<
- Tw 2

then the Kato problem can be solved for L; that is, for every f € H'(R"),

LA f 2@y 2 IV £ L2y (11.12)

where the implicit constants depend only on the dimension, the ellipticity constants A, A, and w.

In particular, (11.12) holds if w € Ay NRH,, /24 1. Further, (11.12) holds if the following is true: given
® > 1 there exists g = 9(0O,n, A/L), 0<go < %, such that w € A1+ NRHpax{(2/(14¢)), (n/2) (146)+1}>
0 <& <eg, and [w]y, < O.

For power weights, there exists 1 = e1(n, AJA), 0 < &1 < X, such that inequality (11.12) holds (with
Wq in place of w) if

2n
=[x|¥ ——<a<e.
walx) = [l ——— <a<e

We can restate the final part of Theorem 11.11 as follows: consider the family of operators L, =
—|x|¥ div(|x|~Y B(x)V), where B is an n x n complex-valued matrix that satisfies the uniform ellipticity

condition
AE]> <Re(B(x)E.£). [(B(X)E n)| <AlE|Inl, & neC” ae xeR"
Then,
ILY2 £l 2@ ~ IV 2@y, —61<y < 21 (11.13)
14 L2(R™) L2(R")> T2 .

When y =0 we get the classical Kato square root problem solved by Auscher, Hofmann, Lacey, McIntosh,
and Tchamitchian [Auscher et al. 2002]. Inequality (11.13) shows that we can find an open interval
containing 0 such that if y is in this interval, the same estimate holds.

12. Applications to L2 boundary value problems

In this section we apply the results from the previous section to some L? boundary value problems
involving the degenerate elliptic operator L,,. We follow the ideas in [Auscher and Tchamitchian 1998]
and consider semigroup solutions: for the Dirichlet or regularity problems we let u(x,t) = e_tLll‘f/2 f(x);
for the Neumann problem we let u(x,¢) = —L;l/ze_’“ﬂ/zf(x). In each case, for ¢ > 0 fixed, Ly u(-,1?)
makes sense in a weak sense since u( -, ) is in the domain of L,,. Further, derivatives in ¢ are well-defined
because of the semigroup properties. Finally, note that by the strong continuity of the semigroup and
the off-diagonal estimates, in the context of the following results we have e_"Lllv/2 f— fast—0Tin
L2; see [Auscher and Martell 2007b, Section 4.2]. Further details are left to the interested reader.
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We first consider the Dirichlet problem on [l—'&’fi_Jrl = R" x [0, 00):

3?u —Lyu=0 onR"

M|3Rn+l =f on B[RT'I =R". (12.1)

Theorem 12.2. Given a weight w € A2, suppose l<ry<l+3% 2 and sy > 5rw + 1. Then for any
f € L2(R"), we have that u(x,t) =e Ly f(x) is a solution of (12 1) with convergence to the boundary
data ast — 0% in the L?-sense. Furthermore, we have

sup lu(-, )|z = Cll f ]l 2 (12.3)

t>0
In particular, this is the case if we assume that w € A1 NRH4,/2, or w € Ay N RH, /2,41 with
l<r=<1+ %, or if we take the power weights

2n
=[x|% ——<a<?.
wa(x) = %, ——1 <o

Proof. Formally, it is clear that u is a solution to (12.1), and this formalism can be justified by appealing
to the theory of maximal accretive operators; see [Kato 1966]. Alternatively, the weighted estimates for
the functional calculus in Proposition 4.3 show that both (32/0t%)u(-,¢) and Lyu(-,t) belong to L?
for each ¢ > 0 and that they are equal in the L2-sense. To see that inequality (12.3) holds, it suffices to let
0:(z) = e'VZ. Then ¢¢ 1s a bounded holomorphic function on X, and so by Theorem 11.2 we get the
desired bound. O

Remark 12.4. Note that as observed in Remark 11.7, in the previous result we can replace 1 <ry, <1+ %
with the possibly weaker condition 1 < ry < p4(Ly)/2. Also, by Proposition 4.3 we also have that for
u as in Theorem 12.2 and all k > 1,

.7 1/2
= sup| (t* LYH* e " f()| 2 < CISf 2 (12.5)
L2 t>0

ak
t [E—
W zu(-.1)

sup
t>0

For the regularity problem we have the following.

Theorem 12.6. Given a weight w € A, suppose

L 2y
1§rw<M and sy > maxi| — ,Erw—i—l .
2 rw/) 2

Then for any f € HY(R"™), we have u(x,t) = e_”‘llv/2 f(x) is a solution of (12.1) with convergence to
the boundary data as t — 0% in the L?-sense. Furthermore, we have
sup [V su (-, )l L2 = CIIV |2 (12.7)
t>0
In particular, (12.7) holds if we assume that w € A1 N RH;4,/5. Furthermore, it holds if the
following is true: given ® > 1 there exists g9 = €9(®,n, A/1), 0 < gy < %, such that w € A4 N
RHimax{(2/(1+6)),(n/2) 1 +8)+1}> 0 = € < &0, and [w]s, < ©.



658 DAVID CRUZ-URIBE, JOSE MAR{A MARTELL AND CRISTIAN RIOS
For power weights, there exists e1 = e1(n, A/A), 0 <g1 < L such that (12.7) holds if
n
Wy (x) = |x|%, —5 <e<er
Proof. Arguing as before, it suffices to prove that (12.7) holds. For any ¢ > 0 we have, by Theorem 11.11,
— 7 1/2 .y l/2
IVxqu- 0)llL2 < IVLG 2Ly e flla + 1Ly 2™ £l
_ 1/2 _ 1/2
SILyPe™ 0 fllga = le ™8 Ly fll2 SILy* fll2 S IVl O

Note that un;ier the hypothesis of Theorem 12.6, and as observed in Remark 12.4, we have that
1/2

u(-,t) =e tLw” f satisfies (12.3) and (12.5). Additionally, from the functional calculus estimates on
L? it follows that

_.r1/2
sup [[¢ Vet (-, )2 S LY B0 £l o S 1S N2 (12.8)
>0

Finally, we consider the Neumann problem

B%u —Lyu=0 onR"

O] gntr =/ on IR = R, (12.9)

Theorem 12.10. Given a weight w € Az, suppose 1 < ry < q+(Lw)/2 and sy > 5ry + 1. Then for
— 1

any f € L?>(R"), we have u(x,t) = —Lwl/ze_”“w f(x) is a solution of (12.9) with convergence of

du(-,t) — f ast — 0% in the L?-sense. Furthermore, we have

sup [|Vxcu(-. )2 < C| fllz2. (12.11)
>0

In particular, (12.11) holds if we assume that w € A1 "RH 4, /2. Furthermore, it holds if the following
is true: given © > 1 there exists g = c9(0,n, A/A), 0 <gp < % such that w € A14+¢ MRH(;/2)(146)+15
0 <e<eg,and[w]y, <0O.

For power weights, there exists 61 = e1(n, A/1), 0 <g1 < %, such that (12.11) holds if

2n
wa(x):|x|°‘, —n—H<a<81.

Proof. Again, u is clearly a formal solution of (12.9); see [Kato 1966]. The proof that (12.11) holds is
similar to the proof of (12.7):

“1/2 —tL1/2 L2 /2
V(- D)2 < (VL 2e™ 57 fllpa + le™ 7 fll2 S e fllgz S0 £ lles

where we have used Theorem 11.8 (for the Riesz transform) and Theorem 11.2 (for the functional calculus
with ¢(z) = e~1V7), O

Remark 12.12. As we noted in Remark 11.3, we can also get unweighted L? bounds for these operators
for values of p close to 2. As a consequence we can also get estimates for L? boundary value problems
for the same values of p. Details are left to the reader.
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SMALL DATA GLOBAL REGULARITY FOR HALF-WAVE MAPS

JOACHIM KRIEGER AND YANNICK SIRE

We formulate the half-wave maps problem with target S? and prove global regularity in sufficiently high
spatial dimensions for a class of small critical data in Besov spaces.

1. The problem

Let u : R*T1 — §2 < R3 be smooth, and assume that it converges to some p € S? at spatial infinity.
Further, assume that on each fixed time slice V; xu € L?(R") for some p € (1, 00). Denote by x the
standard vectorial product in three dimensions. We call this a half-wave map, provided it satisfies the
relation

i1 = u x (—A)Zu. (1-1)

Here we define the operator (—A)% via

n
(—8)2u == (=2)729;(3u),
j=1

a specification necessary on account of the fact that ¥ does not vanish at infinity, but instead approaches
some p € S2, while Vu does vanish at infinity. In fact, the expression (—A)%u under our current definition
is then well-defined since V; xu(t,-) € L?(R") for some p € (1, 00), for all ¢.

We note that the model (1-1) appears formally related to the much-studied Schrodinger maps problem,
which can be written in the form

diu =u X Au,

and moreover, we shall see shortly that (1-1) also appears closely related to the classical wave maps
problem with target S2. We also note that we have a formally conserved quantity

E(t) ::/ I(—A)5ul? dx, (1-2)
Rﬂ

where we let (—A)%u =— Z}'=1(—A)_%8 7 (dju). Such kinds of quantities have been considered in
the works of Da Lio and Riviere in the study of fractional harmonic maps; see for instance [Da Lio and
Riviere 2011a; 2011b; Da Lio 2013]. We also note that on account of the results on fractional harmonic
maps previously mentioned, this model moreover displays a very rich class of static solutions; see also
[Millot and Sire 2015].

MSC2010: 35L05, 35B40, 35A01.
Keywords: wave equation, fractional wave maps, half-wave maps, Besov spaces, global regularity.
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On the other hand, (1-1) scales just like wave maps, which means that in all dimensions n > 2 the
problem (1-1) is formally supercritical.

We formulated the model (1-1) as a nonlocal wave analogue to Schrodinger maps in 2014, but have
since learned from E. Lenzmann! that it already exists in the physics literature. We learned from
Lenzmann that the half-wave map equation arises as the continuum version of the so-called integrable
spin Calogero—Moser systems, which in turn comes from the completely integrable quantum spin systems
called Haldane—Shastry systems.? Recent work by Schikorra and Lenzmann [2017] completely classifies
the travelling wave solutions for this model in the critical case n = 1.

In the present note, our goal is to approach the issue of global solutions corresponding to small data,
attempting to parallel the developments in [Tataru 1998; Tao 2001a]. We will see that (1-1) can be
reformulated as a nonlinear wave-type equation of the schematic form

Ou = F(u)V xu-Vyxu, (1-3)

although this is an oversimplification as the true underlying wave equation displays nonlocal expressions.
It has been known now for a while, see [Sterbenz 2004], that (.1’—13) admits global solutions corresponding
to initial data of small critical, i.e., scaling invariant, Besov Bzz’ norms, provided one restricts oneself
to spatial dimensions n > 6, and that passing to lower dimensions appears to require some sort of
null-structure. Here, we show that (1-1) does have enough of an intrinsic null-structure to allow for the
following.

Theorem 1.1. Letn > 5. Let
M[O] = (M(Os')’ M[(O,)) = (MO? Ml) : Rn - S2 X TS2

. 1 . .
be a smooth data pair with u1 = ug X (—A)2ug, and such that ug is constant outside of a compact subset
of R" (this condition in particular ensures that (—A)2ug is well-defined). Also, assume the smallness
condition

[0O) /2.1, 210 < €.
where € < 1 is sufficiently small. Then problem (1-1) admits a global smooth solution.
To prove this theorem, we shall have to reformulate (1-1) as a wave equation, which we do next.

Remark 1.2. We note that the restriction n > 5 comes from the fact that we use the L%Li—Strichartz
estimate, which is not available in spatial dimension n = 4. However, it is quite likely that this can
be circumvented, and that the structures exhibited in this paper suffice to push the result to n = 4.
However, both the issue of passing to the critical space H?Z, as well as going to lower spatial dimensions
n < 3, appear nontrivial, as there are novel trilinear terms which no longer seem to have the same strong
null-structure as the leading term coming from the wave maps equation.

1The name of half-wave map was suggested by Lenzmann.
2Lenzmann provided us with the references [Haldane 1988; Shastry 1988; Hikami and Wadati 1993; Blom and Langmann
1998] and we refer to his work for an account on the passage from the physics to the mathematical model.
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2. Passage to a wave equation
Departing from (1-1), we compute
3%14 = d;u X (—A)%u +ux (—A)% QU
= (U % (—A)Tu) X (—A) Tu +u x (—A) 2 (u x (—A) 2u).

Then using the basic formula a x (b x ¢) = b(a-c¢)—c(a-b), a,b,c € R3, we rewrite the first term on
the right as

(X (—A)2u) X (—A)2U = —u((—A)2u - (—A)2u) + (—A) 2uu - (—A) 2 u).
For the second term on the right above, introducing a commutator term, we write it in the form
U X (—A)2 (X (—A)2u) = 1 x (—A)2 (1 X (—A)2u) —u x (1 X (= A)u) + 1 X (u X (—A))
=ux (—A)%(u X (—A)%u) —uXUXx(=Mu)+u(u-(—A)u)+ Au.
Using the fact that v - u = 1, whence

u-Au+Vu-Vu =0,
we arrive at the equation
(02 = A = —u((—8)2u - (—A)2u) + (—A) 2uu - (—A)2u) +u x (—A)2 (u x (—A) Tu)
—uxUuUx(=MNu)+uVu-Vu).

Carefully note that Vu here only involves the spatial derivatives. In order to make this appear closer to
the wave maps equation and introduce better null-structure, we have to also make the time derivatives
visible on the right-hand side, for which the first line on the right-hand side is pivotal. In fact, we get

(—u((=A)2u- (=A)2u) + (=A) Tuu - (=A)u)) - u = —|u x (=A)2u|* = —|d,ul?,
and so the equation becomes
(0% — Ay = u(Vu -V — du - dgu) + Ty, (—A)2u) (u - (—A)2u)
Fux (—A)2 (U x (—A)2u) —u x (u x (=A)u), (2-1)

where I1, , denotes projection onto the orthogonal complement of u. Thus we see that formally the
nonlinearity involves the precise wave maps source term, as well as two error terms, which formally
behave like

uVu -Vu.

3. Technical preliminaries

Our main tools shall be the classical Strichartz estimates, combined with some X* ’b—space technology.
Specifically, we let Py, k € Z, be standard Littlewood—Paley multipliers on R” (acting on the spatial vari-
ables), and furthermore, we denote by Q;, j € Z, multipliers which localise a space-time function F(z, x)
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to dyadic distance ~ 2/ from the light cone |t| = |£| on the Fourier side. Specifically, letting F (z, £)
denote the space time Fourier transform of F, while f (&) denotes the Fourier transform with respect to
the spatial variables, and letting y € C§°(R) be a smooth cutoff satisfying

by
ZX(Z_k) =1 forall x e R,

kez
we set
r©=1(5)/@. 0 = (K Pty

Using these ingredients one can then define the norms

Lioh AN S
[l gn/2.1/2.00 := SUp22 Vi Qj””L%x’ 1Fllgn/a1.-1/2.10 = 22 Z|| Ve QjF”L%X-
jez : . :
JEZ

In addition to these, we rely on the classical Strichartz norms, which are the mixed-type Lebesgue norms
Il - ||LfL3£’ % + % < %, p > 2, where we shall always restrict to n > 5. Call such pairs (p, q)
admissible.

We shall freely use the fact that Fourier localisers of the form Py Q; act in bounded fashion on spaces
of the form Lf’ L%, 1 < p <o0; see e.g., [Tao 2001b]. We can now define a norm controlling our solutions

as follows:

lyn_q k
hulls =" sup 20V Pl p g+ [ Vex Pt guamisnee =2 3 | Prtlls,
kez (p,q) admissible kez
(3-1)
We also introduce

IF v o= Y I PKFllLt ety gnrz-1-1/20, (3-2)
kez
as well as the norms

el g = I Pl g

kez

Then the following inequality is by now completely standard; see e.g., [Krieger 2008; Tao 2001a;
Tataru 1998]:

Proposition 3.1. lulls < ||u[0]||B§/2.1ng/2—1,1 + | 0u||n- (3-3)

Sketch of proof. The fact that

Ly 1)k
sup 2GR Y, Peull e e <3 (I PRlO] s gt + IO PRl 1 asas ]
kez (p,q) admissible kez d

is a direct consequence of the Strichartz estimates; see, e.g., [Shatah and Struwe 1998]. The fact that

IVex Prvill gnso—t.1/2.00 S NE Pl 1 ynsos
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follows by localising the modulation and applying Holder’s inequality: setting k = 0, as we may by
scaling invariance,

25 Ve PoQullyz  ~2% (14+2)) | (&N Qutt. ©)] 12,2
S+ 2D x (6D Q. )] 21y S ITPoQjullLy 12

Furthermore, the fact that

Lyn_1)g
sup 2(p+q ) ||VtakaQ]M||LtpL(,]C 5 ”DPiju”X"/Z—l,—l/z,] (3_4)
(p,q) admissible ;

is a consequence of the fact that the function P Q;u may be represented as a weighted average of free
waves, in conjunction with the standard Strichartz estimates: putting k = 0 as we may, write

PoOju(r.6) = x(|s|>x(“"_‘_'5”)a<n £)

— x(&D Z/ ( )u(|s| ta.5)8(Er — [¢] —a) da

—x(m)Z/ H1aEE (L ) da.

~42J

+,+ .
Here each u, ™ is a free wave and we have

> :/ I E | ooz da 527 ([
~t2J r X
+,+

1
i .
+,+ L
1 da) <24 PoQul2
4+ a~+27 x x

where we have used Plancherel’s theorem in the last step. This gives the case j < k in (3-4) as a direct
consequence of the Strichartz estimates, while the case j > k follows directly from Bernstein’s inequality.
The fact that

IVe,x Prttll gnsa—1.1/2.00 S B Pl gnsa—1.-1/2.1
is immediate. This concludes our sketch of the proof of the proposition. O

In order to deal with the nonlocal expressions such as (—A)% (u x (—A)%u), the following simple
lemma shall be useful:

Lemma 3.2. Consider the bilinear expression (where x, (-) smoothly localises to the annulus |§| ~ 2k

P 0@ = [ [ mem ™4 1, €6 1 501 de

where the multiplier m(§, n) is C°° with respect to the coordinates on the support of i, (§)- xx,(n), and
satisfies the pointwise bounds

mE <y <1l @V @2V mE )| <1 foralli, j.
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Thenif |-z, |- lly, |- lx are translation invariant norms with the property that

u-vlz < llulx-lviy.
then it follows that
1_
|F@.v)liz <7820 P ullx | Pevly.
where the implied constant only depends on the size of finitely many derivatives of m.

Proof. This follows by Fourier expansion of the multiplier m (€, ): write

(2~ K1 m-g4+2K2 p.
mEN X ) Ho M =Y Y amp ! @I MERZT2PM,
mezZ" pe7"
where we have

lamims| < @V m| 4272 p) ™M VI [mE e O 2]
Swan [lml =+ 1=,

while we also get the trivial bound |a;;,m,| < y. It follows that

Funm = ) amp/Rn/Rn (§) () o/ @1 mEAETETRP T g gy

m,pel”
Im|+|p|<y=1/ M)
X am [ [ a0 @ R g gy
n R JR?
m,peZ
Im|+|p|zy~1/ M)
and so
-M — L
IF )z < llulx ||v||y[ >, v+ > ml+lpD ] S Ml Jollyy' =27
m,pez" m,pez”
Im|+|p|<y=V/ M) |m| | p|=y =1/ (M)
Here the constant M may be chosen arbitrarily large (with implied constant depending on M). O

4. Multilinear estimates

Here we gather the multilinear estimates which allow us to obtain a solution for (2-1) by means of a
suitable iteration scheme:

Proposition 4.1. Assume that u takes values in S? and converges to p € S? at spatial infinity. Then using
the norms || - ||s, || - || v introduced in the previous section, we have the bounds

| Pe[u(Vu- V= pu-9,0)]| y < (1 + ||u||s)||u||s( > 2—“'k—k1'||Pk1u||skl)- (4-1)
k€7
Furthermore, if i maps into a small neighbourhood of S? and ||ii||s < 1, we have the similar bound

| Pe (M, (—2)2w)-(-2)2w)| v S [] 1+ ||v||s)||u||s( 3 2—""‘—""||Pk1u||skl), (4-2)

v=u,u kiez
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as well as
H Py (th [u X (—A)%(u X (—A)%u) —u x (ux (—A)u)]) HN
< JTa+ ||v||s)||u||s( > 2—“k—kl'||Pklu||skl). (4-3)
v=u,i kiez

We also have corresponding difference estimates: assuming that ul, j =1,2, map into S?, while a()
map into a small neighbourhood of S?, then using the notation

Ay 2F(j) =FO_fr®
we have

H A1 2Py [u(j)(vu(j) Vu) —g,u ) '3zu(j))] ”N

< (14 max IIMU)IIS)(m;lX ) ||s)( > ook Rl P ™ — Pku@)nsk])
kiez

+(1+maXIIM(j)Ils)(IIM(l)—u(z)lls)(maxE 2_0|k_k1|||Pk1”(j)||Sk1), (4-4)
J J
k€7

and similarly

[ Pt (Mon (2)2u) @) - (—a)7u)

smax  [] <1+||v||s)||u<f>||s(22—“"‘—k1'||Pk1u“>—szu@)nskl)

v=u), i) kiez

+max [ (1 +[vls)l —u(”ns(max > 2‘“"‘—""||Pk1u”>||skl)

v=u, i) ! kiez

T max(1 + [ 5) A — 7 (max )3 2‘“'“1'||Pklu(f>||sk1). @-5)
I ki€z
The analogous difference estimate for (4-3) is similar. In fact, in all these estimates the choice 0 = 1
works.

Proof. We shall only deal in detail with the case n = 5, since the case n > 6 is simpler due to the better
decay with respect to large frequencies. Also, we note that then the desired estimates follow for a slightly
different functional framework from [Sterbenz 2004]. We observe that the proof of (4-1) is really quite
standard and follows for example from [Tataru 1998]. For completeness’s sake, we include a simple
version here.

Before giving the proof, we note that the X* b -type components of our spaces are only used to prove
(4-1), and not (4-2), (4-3). The key fact behind the proof of (4-1) is the identity

2[us - vy — Vyxu - Vyv] = O(uv) — Ouv — ulv;

see for example [Krieger 2008] for further discussion and earlier references.
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On the other hand, the estimates (4-2), (4-3) only use Strichartz norms; there the idea is to move a
derivative from a high- to a low-frequency factor, using algebraic relations such as

ax(bxc)=ba-c)—c(a-b), a,b,ceR>

Proof of (4-1) To achieve it, we localise the second and third factors to frequencies ~ 2k1 , 2k2, respectively,
and we shall restrict the output logarithmic frequency k to size 0. This is possible on account of the
scaling invariance of the estimate. We shall obtain exponential gains in terms of these frequencies in
certain cases, and summation over all allowed frequencies will result in the desired bound (4-1).

(1) High-high interactions max{k, kp} > 10. This is schematically written as
Polu Vt,xukl Vt,xukz]-
Then if k; = k> + O(1), we estimate this by

_3k
| Polie Viexrtr, Vet 1 2 S IVewxtti 214 1 Vewuio 24 <272 [T llug ls,, -
j=1,2
If k» > k1 + 10, say then we estimate it by
H Polu Vi xug, Vixug,] HL}L% = H Po[Pr,+0)u Vi xuk, Vi, xUi,] HL}L%
< ||Pk2+0(1)u||L%L§C ”Vt,xukz”L%Li ||Vt,x“k1 ||L§’°L§+L§"°x
ey
< 272 2||Mk2||Sk2 ||uk2+0(1)||5k2+0(1) ”ukl ”Skl .

The case k1 > k» + 10 is of course the same. Summation over the suitable ranges of k1, k, implies (4-1)

in this case with o = %

(2) High-low interactions max{ky,k,} < —10. Here one places V,,xukj, j = 1,2, into L%L;’Co and
u = Po(pyu into LL2.

(3) Low-high interactions max{ky, k»} € [—10, 10]. This is the most delicate case. We may assume that
k1 < ko — 10, since else we argue as in (1). Thus k, € [—10, 10]. Note that then

H Py [Mzkl_l() Vl,x“kl Vt,xukz] HL}L% S ”uzkl—IOHL%LgO ”vl,xu/ﬂ ”L%L)%O ”Vtsxukz ”L}X’L)zc
S lulls gy sy, Ntk sy, -

which can be summed over k1 < kp — 10. One similarly estimates

Po[O>k,—10 U <k,—10 VexUk, VixUi,].
We have now reduced to estimating

PO[Q<k1—1o U<ki—10 aaqu 8Otukz]-
Here note that
| Po[ © <k —10 U <kcy—10 ki, 0% Ok, —10 Uk, | HL}L§ S 18auicy 250 19% Qsky—10 Uiyl 2

< gy lse, 1k, sy, »
1 2
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again summable over k1 < k» — 10. Also, we get
o
| Po[ @ <ty —10 U <kt;—10 e @5, + 10k, 0% O <y 10 Uk, | ”X%—‘~—%=‘

_L
S D 2200 Vew uk llp2pee 18%Q <k 10 ks oo 12 S gy s, ks llsi,
j>k1+10

and hence it is summable over k; < k, — 10. Finally, we expand the expression out using its null-structure:
2Po[Q <k;—10 U <k;—10 0 Q <k;+10 Uk; 0% Q <k —10 Uk, ]

= Po[ Q<ky—10 U<k;—10 T(OQ <k, +10 Uky Q<ki—10 Uks) |

— Po[ Q<10 U<ki—10 OO <ky +10 Uk, O <ky—10 Uk, |
— Po[Q <ky—10 U<k —10 Q<ky+10 Uk, DO <ky—10 Uk, |-
Then we bound each of these:
Po[Q<k;—10 U<k;—10 3(Q <ky+10 Uk, O <ky—10 Uks) ]
= D0Po[Q<ky—10 U<ic;—10(Q <ky+10 Uk, Q<ki—10 Uk,) ]
= Po[Vix O cky—10U<ky—10 Vi,x (Q <k +10 Uy Q<ky—10 Uk,) ]

— Po[ V7 O <ki—10 U<ky—10(Q <y +10 Uk O <ki—10 Uks)]-

The last two terms on the right can be easily placed into L} L2 using the L? L$° norm for the low-frequency

factors, while for the first term on the right, we get

n 1
Xjfl,fj,l

< Z 2éHPOQj[Q<k1—10u<k1—10(Q<k1+10uk1 Q<k1—10uk2)]HLgV
j<ki+20 "

10 Po[ O <ky—10 U<k —10(Q <ky+10 Uk Q<ki—10Uks)]|

k1
S22 1@<ty 10Uk 2190 19 <ky—10 Uks oo 2

5 ”ukl ”Skl ||uk2||Sk2-
Further, we get

| Po[ © <k —10 t<kc;—10 OO <k +10 Uiy Q<ky—10 Uks | HL}L,%

SIOQ<ky+10 i lIz222 19 <ki—10 Uks 212

k1
< 2% Jug, s, e s, -
To close things, we also get
| Po[ © <ki—10 U<k —10 O <k +10 Uy DO <ky—10 Uks | HL}L%
S1Q<ki+10 Ui lp2pge IBQ <ki—10 Uiy 2
< Nty s, oty s,

and the desired bound follows again by summing over k; < kp — 10.
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Proof of (4-2) Here we shall be able to get by only using Strichartz-type norms, by taking advantage of
the condition u - u = 1. Using the standard Littlewood—Paley trichotomy, we have

O=u-u—p-p= Z Ukluk2+22uk1'u<kl—1o- (4-6)
|k1—k2|<10 k1
This implies
1 1
0= D (=A)2(uguky) +2 Y (=A)2 (ug, Uiy —10)- (4-7)
|k1—k2|<10 k1

Here the first term is better, since the outer derivative falls on the low-frequency output. We shall use this
to replace the second term on the right by the first. Write

M, (CA)2w)-(=8)2uw) = Y T, (—A)2u)(ug, - (—1)2ug,)

|k1—k2|<10
+ 3 Mg, ((—2)2u)(ug, - (= 2) U<, —10)
k1
+Y M, (C8)2W)(Uahymr0- (—0)2uy). (4-8)
k>

Then for the first term on the right we infer

HPO[ )3 nm(—A)%u)(ukl-(—A)iukz)}
k1

—k>|<10

LIL?

1 1
< | Pr—20.20) (M, (—2)2u)) || ooy 2 Nty L2150 1(=2) 2, [l 121 00
t X =X =X

lk1—k2|<10
k1<—20
+ > Mg, ((2)2w) ey 123 1(=2) Zug, |
Ui LPLE+LES WhillL?Ly kallLz L%
lk1—k2|<10
k1>—20

Then using a further elementary frequency decomposition it is easy to see (see the Appendix) that

1 — ~
| Prz0,201 (M, ((=2)20) | oo 2 < D 27N Pyl (1+ Jills).

kzez
1 — ~
I, (A)2u)l oo 24200 < Y 27 S Pigulls,, (1 + Nllls).
kzez

and so we obtain that

1 1
Z HP[—zo,zo](Hﬁl((—A)zu))HL;»L;C iy 2 oo (=2) 2ty [l 21 00
|k1—k2|<10

k1<—20 ky—k |

< ) 2 HIIPk.,-ullsk,.(Z2""3'||Pk3u||sk3(1+||a||s>)

lk1—k2|<10 J=1.2 kzez
k1<—20

S (Z 2"k3'llPk3ullsk3) el (1 + il ).

kzez
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as well as

1 1
> HH,;L((—A)2M)HL?OL§+L??X ey |24 (=) 2k, g2
lk1—k2|<10

k1>-—20
—3k |k N

5( Yo 27 gy sy, ||”k2||Sk2) > 27l Pulls,, (1+ Ilills)

lk1—k2|<10 kiez

k1>—20

—\k 2 ~

< (X 2 Plse, I+ ils)

kizez

This concludes the required bound for the first term on the right-hand side of (4-8).
Now we pass to the second term. We write it as a sum of three terms:

Y Ma, (—8)2u) (g, - (—8)2ucg—10) = Y Mg, ((—2)2u)(ug, - (=2) 3y, —10)
k1 k1>5

+ Y Mg, () u) (g, - (—8)2ug,—10)

ky1€[-5,5]
1 1
+ Y Mg, (—A)2u) (g, - (=A)2u g, —10).
ki<—5
Then we get
1 1
7o X e o, ki)
k1=5 L;Ly

1 1
S Z I P[kl—s,kl+5](Hﬁi((_A)2u))”L?OL§ e 2200 (=2)2 U<y —10ll L2120
k1>5

_3k ~
< Y Sl R uls (1 i) kD, e s,
k1>5,kr<k1—10 k3

_3 -
< (Zz z'k3'||Pk3u||sk3)(1+ Ialls) 3.
k3
Similarly, for the term of intermediate k1, we have

HPO[ )3 naL«—A)%u)(ukl~(—A)5u<k1_m)]

ki€[-5,5]

LIL%

1 1
< Y |PeroMa, ()30 e g s, 1202wk 10l 2.
kl G[—S,S]

and one closes by observing (see the Appendix for the first bound) that
1 - 1
| P<10Tla, (=2)20) | 12100 S litlls + D) llulls. 1(=2)2u<k,—10ll 200 < Ilulls.

Finally, for the range of low k1 < —5, we place both u, and (—A)%u<kl_10 into L%Li" and observe
that

1
ke, L2 poo I(=A)2ucky —10ll L2 o0 S Nk, sy, luells-
t~x t=x 1
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Then we close by using that

Po( X i (=), - by -10)

ki1<-5

1 1
=P0( S P, (25w, ~(—A)2u<k1_w)),
ki<—5
as well as

1 - _3
| P21 (M, ((=2)2u) | ooy < (1 + ||u||s)(22 2"‘3'||Pk3u||sk3)-
k3
This concludes the required bound for the second term on the right in (4-8).

Finally, the third term in (4-8) is the most delicate, as the derivative (—A)% lands on the higher-
frequency term uy,. To deal with it, we note, using Lemma 3.2, that the difference

1 1 1 1
D M, (22w (Uapy—10- (=2)2up,) = > T, (—A)2u)(—A)2 (U ciey—10 - Ure,)
k2 k2
can be estimated like the second term on the right in (4-8), and hence it suffices to bound
1 1 1 1 1
D M (AW (=A)2 (Uakymro i) == Y 3T, (FA)2u)(=A) 7 (ugy - ug,).
kz |k3—k4|<10

where we have used (4-6). This term is again straightforward to estimate: we have

HPO[ ) %nal«—m%u)(—A)i(uh~uk4)”

lk3—ka|<10 LiL3
k3<—20 1 1
< 2 1Pr0anMa (C2)20)| oo g2 1-2)2 Gty k)1 2o
lk3—k4]|<10
k3<—20

and we close for the case k3 < —20 by observing that

" k 2
> I(=2)7 (g Uk)llpipee < > 2 Mursllp2poolurallz2p o0 < lulls,
|k3—k4]<10 |k3—k4|<10
k3<—20 k3<—20

as well as

1 ~ _3
| Pir0,101Ma, (F2)20)]] ooz S (1 [lls) Y272l Pegulls, -
k3

On the other hand, if k3 > —20, we place both uy, , into L2L%. We omit the simple details. This finally
concludes the bound of estimate (4-2).

Proof of (4-3) We commence by observing that we may in fact get rid of the outer operator I1;;1, since
one easily checks that

I Po[Tlzr Flll 12 < (14 ulls) Zz_lkllllPle“L}H”/z*l'
k1
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Then assuming that we have proved the bound

—olk1—k
1Pry Fllpt e S 2771782l Pyl sy,
k>

for some o > 1, we then infer the bound

| Polge Flly 2 S (14 ills) 3 27 Pyl .
k>

Next, localising the last two factors to dyadic frequencies, and the output to frequency ~ 1 as we may,
we arrive at the expression

Polu x (—A)2 (ug, X (=) 2ugy) —u X (e, X (—=D)ug,)].

Then we first dispose of the easy cases:

Both frequencies large: max{ky,k,} > 10. If k; = kp + O(1), we simply place both high-frequency
factors into L2 L%, resulting in

1 1
[ Pofu x (=2)2 (g, x (=2)2ugy) —u x gy X (=) ]| 1 2 < 220 Pruill 2 s 2.4

s
< 22ki=(1+3)k l_[ g, ”Skj ’

j=1,2
whence we have
1 1
Z PO[M X (=A)2 (U, X (=D)2up,) —u x (ug, x (—A)ukz)] -
k1=k>+0(1)>10 LiLx
_3k 3k
S X 2T s, s (2l )luls
ki=k,+0(1)>10 Jj=12 ki

On the other hand, if k» > k1, we use
1 1
PO[“ X (_A)2 (ukl X (_A)zukz) —uXx (ukl X (_A)ukz)]
1 1
= Po[ Pry+ o) X (=2)2 (g, X (=2)2up,) — Pry+ 0yt X (e, X (—L)ug,)]-
Then place the first and third factors into L?L#% and the middle factor into L& L2 + L7 The case
ko < kq is similar.

Both frequencies small: max{ky, k,} < —10. Here we observe that Lemma 3.2 allows us to place one
derivative (—A)% onto the factor uy, , even if k1 < kp —10. Thus we reduce to bounding the schematic
expression

Po[P_551uVxuy, Vxupg,],
which is straightforward since we can place the second and third factors into L2 L$°. We omit the simple
details.

One frequency intermediate, the other small: max{ky, k,} € [—10, 10]. This case is a bit more difficult,
and we shall exploit the geometric structure of the expression. We split this further into two cases:
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(1) k1 € [-10, 10], ko < 10. Here the difference structure inherent in the term is not helpful. In fact, we
can immediately estimate

| Polue x (ug, x (—A)Mkz)]HLtngc Sl llp2pa (=D)ug, 214

ko
S 279 flug, llsiy lluk, Ny, -
and here of course we can sum over k, < 10 to infer the desired bound. Next, using Lemma 3.2 allows
us to replace the term

Polu x (—=A) (g, x (—0)2uy,)]
by
Polu x (=) 2wy, x (—A)2uy,)]

up to a term which is estimated like Po[u x (uy, x (—A)uy,)]. Before exploiting the algebraic structure

2k2—10

of the term above, we reduce the first factor u to frequency < , which we can on account of

1 1
| Pofuss,—10 X ((=2)2ug, x (=2)Zui)]| 1,2
1 1
s ||uzk2—10”L%L§° ||(_A)2“k1 ”L?"L% ||(_A)2“k2||L%L§°

< gy sy, ks s, Tulls.

Summing over k» < 10 and recalling that k1 € [—10, 10] leads to the desired bound.
Consider now the expression

1 1
Po[u<ky—10 X (—A)2up, x (=A)2ug,)].
Write this as
1 1
Poftt<py—10 % (=2)2ug, X (=4)2uy,)]
1 1 1 1
= Po[(—2)2ug, (Uciy—10 (—2)2Ujy) — (= 2) 2up, (Ucfer—10 - (— D) 2ug,) ]

In order to estimate this, we use a frequency-localised version of (4-6). Specifically, we have

0=2ug uck—ro+ Y. Prlug, ury) +27%Llug. Vi cg_10). (4-9)
k1=k2+0(1)

where L is a bilinear operator of the form used in Lemma 3.2 with a bounded kernel m (&, n). We conclude
the schematic relation

1 1
(=AU ugoro=—5(=D)2 > Prlug, -uky) + L. Vet ck—10)-
k1=k+0(Q)

It follows that we can write
1 1
PO[(_A) 2 Uk, (u<k2—10 : (_A) 2 ukz)]

1 1 1
= _%PO |:(_A)2uk1 Z (—A)Z sz(uk3 : uk4)] + PO[(_A)zukl L(ukzv vJC]’£<]€2—10):|7
k3=kqs+0(1)
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and here we have (keeping in mind that k; € [—10, 10])

‘Po[(—m%ukl > (—A)%sz(uh-ukn}

ka=ks+0(1) LjL3
k 1
<2% ||(_A)2“k1 ”L°°L2 ||”k3 ||L2L°° ||”k4||L2L<>°
t X t~x rx
k3=k4+0(1)=k>
1 ko—k
SIE2)Zug llpeers Y 2978 g s sy,

kz=kq4+0(1)>k>

and here we can sum over k> < 10 to arrive at an upper bound of S [Jug, || Sk, lu]|%, as desired. We also
have the simple bound

1 1
| Po[(—2)2ug, Luge,. Vxticky—10) ] HL;L)% SN(=2)2uk llpeer2 ks llz2p o0 Vatt<kr—10ll L2100
1
< N=2) 3k, oo 2 g, luls.
and summing over k» < 10, we arrive again at the bound

2
S Moty s, ulls-

This concludes the case (i).
(ii) ko € [-10, 10], k1 < 10. Proceeding in analogy to case (i), we immediately reduce to the expression
Pofut <k 10 % (=18) gy X (—4)21tg,) =<y 10 X (g X (— D)1ty -
Here we first note that on account of Lemma 3.2 we have
| Pof1 <k —10 % (—28)2 (1, X (—8)21tg,) = (=) (s <he, 10 (1, X (—2)211,)) | 112
S 1222k, r0ll 20 Itk 20 1(=2) 2wy |l oo 2

S lloells Motk lse, Ntk s, -

Then summation over k1 < 10 gives the required bound.
Next, we expand out

Po[(—28)2 (ke 10 X (e, X (=) 22,)) = che, 10 X (e, X (—=D)t)]
= Po(—4)7 (g, (g =10 (— 1) 22y) — (=) 220, (10 Uk, )
— Po(ug, (U<y—10 - (—D)tg,) — (= A, (U< —10 - Uk,)).  (4-10)
Then pairing up these last four terms suitably, we have
Po(= 1) (g, (4 <ty 10 (=) uk,)) = Po(ttk, (<, 10 (—A)utg,))
= Po(—£)2 (e, (_A)%(u<k1—10 “Uky)) = Po (g, (—2) (U <k, —10 - Uk,)) + i, L(Vitl <y —10, Uk,)
= L((_A)%“kl : (—A)%(u<k1—10 “Uky)) + Uk, L(VU <k —10. Uks,)-
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The last term is straightforward since
Hule(va<k1—1o, ukz)HL}L% S ““kl ”L%Lf@o ||qu<k1—10||L§L§° ||”k2||L<[>°L)2€
< Nulls gy e, Tugsllsi,
and we can sum over k1 < 10. Further, we see that
1 1 1 1
L((_A) 2 Uk, (_A) 2 (u<k| —10" ukz)) = L((_A) 2 Uk, (_A) 2 (u<k2—10 : ukz)) + error,

where the term error here is estimated exactly like the previous term. But then taking advantage of (4-9),
we find

L((—=2)2ug,, (—A) (U py—10- k)

D SR (S S L PR

3 4 - 2 ((_A)zukl ’ ( A) ( xU<k 2))

Then we have

1 1 1
H—§ Y LA k. (1) Py Guty 1)
Ll12
k3=k4+01)>k>  Lx
k 1
< Z 2 2||(_A)2uk1 ”L%L;’O ||uk3 ”L%L;"’ ||uk4||L§>°L}C-
k3=ks+0(1)>k>
The preceding sum can be further bounded by
k k1—k3 3k
5 Z 282272 272 4”uk1 ”Skl ||uk3 ||Sk3 ||uk4||Sk4

kz=kqs+0(1)>k>
< (Z 2kl g s, ||u||s) otk s
k1
This can be summed over k1 < 10 to yield the desired kind of bound.

Finally, we have the simpler bound

2 kzL((_A)zukl (=2)2 L(Vxt <y—10- Uks)) ”L}L%
1
S12)2ui, iz oo Vot ctormr0ll 2050 ks Doz

which after summation over k; < 10 is again bounded by < [[u||% [|uk, s, -
Returning to (4-10), it remains to bound the difference

Po(—A)2[(= )2 1gey Uty —10 - 1y ] — Po[ (= D)y <y 10 - 1x,)]
=—L((—A)5uk2, 3 (—A)iPkl(uk,uh))

k3=ks+0(1)>k, . .
+ L((=2)2upy, (—2) 227K L(Viucg, _10, uk,))-
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Then the first term is bounded by

%LQ—Aﬁub, ) (—Aﬁfhﬁ%yuma

kz=ks4+0(1)>k,

LIL%
k 1
<2 Y ) 2uk | ez ksl Tk ll2 200
k3=ks+0(1)>k;

ki1—k
5 ||uk2||Sk2 Z 28173 ||uk3 ”Sk3 ||uk4||Sk4-
k3=k4+01)>k;

This expression can be summed over k1 to give the desired bound. Similarly, we get

HL((—A)%WQ’ (—A)%Z_le(qu<kl—10’ U, )) ”L}L%

1
< (=4)2 Uk, ”L?OL% | qu<k1 —10 ”L%Lg’é’ ||”k1 ”L%Lg’é’
< lugs s, ek, Isg, s,
and summation over k1 < 10 yields the desired bound. This concludes case (ii), and thereby of (4-3).

The estimates (4-4), (4-5) are proved similarly, after passing to the differences. One only needs to make
sure to reformulate the terms as in the preceding using (4-6), (4-9), before passing to the differences. [

5. The iteration scheme

Here we solve (2-1). Specifically, we prove the following.

Theorem 5.1. Let n > 5. Let u[0] = (u,u;) : R" — S? x T'S? be a smooth data pair with u -u; = 0
pointwise, and such that u is constant outside of a compact subset of R". Also, assume the smallness
condition

||u[0]||Bg/2,le£z/2—l.l <€,
where € < 1 is sufficiently small. Then problem (2-1) admits a global smooth solution with these data.

Proof. We do this by means of a suitable iteration scheme: first, let u(®) = p, where p € §2 is the limit
of the initial data u|,—¢ at spatial infinity. Then let u(!) be the wave map into S2 with the given data
(which is possible since u;(0, ) -u(0, - ) = 0 from our assumption), thus solving

(0 — 2)uD =D Vu® . vy — 3,5 5, W),

It is given by u) = p + Y kez u](cl), and its existence follows via simple iteration from (4-1) and the
corresponding difference estimate. Then we define the higher iterates ul), j >2, via the following
iterative scheme:

(07 = At
=uDVuD . vy — 3,0 . 5,ul)
+ M (=) 200" @™ - (=) 2u07D)
1
+ Huﬂf)[u(j_l) % (—A)%(u(j_l) % (—A)%u(j_l)) —uU=D % (u(j—l) % (—A)u(j_l))]. (5-1)
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This equation defines /) implicitly, and so to actually compute it, we have to run a subiteration
(8%—A)u(j’i)
1 . . 1 .
+ 1,600 (=) 2u ") @V (=) 27
+1IT Gi-n [u(j_l) X (—A)%(u(j_l) X (—A)%u(j_l))—u(j_l) x U=V x (—A)u(j_l))] (5-2)
€
for i > 1, while -9 is the free wave evolution of the data u [0]. Then we again have uli) = Pk u,(cj ’i),
and in particular each u/) is close to S2 with respect to the L°° norm, while convergence with respect to
|| -|ls follows from Proposition 4.1. We also get higher regularity of each u>) and u/) by differentiating

the equation.
Our choice of iterative scheme (5-1) implies

El(u(j) ) — 1) = (u(j) ) — 1)(Vu(j) Vu —§,u). atu(j))’

as well as () -uU) —1)[0] = (0, 0), which inductively gives that /) maps into S2 for all . Finally,
convergence of the u/) with respect to || - || s follows again via Proposition 4.1. Differentiating (5-1) then
also gives higher regularity of the limit function u. The latter is then easily seen to solve (2-1). For later
purposes, we also note that Proposition 4.1 in conjunction with the assumptions that (u — p)|;=o € C§°
and uy|r=¢ = u X (—A)% |t=0 imply that we have improved control over low frequencies: u(z,-) €
H%_%,u,(t,-)eH%_% for all z. O

6. Proof of Theorem 1.1

It remains to show that the solution u(¢, x) obtained in Theorem 5.1 actually solves (1-1). For this
introduce the quantity
X:i=u;—ux (—A)%u,
as well as the energy type functional
E(@t):= 1/ }(—A)%—%X(t, O dx.
2 Rﬂ
Note that we have V; ,u € H%72 as observed previously, and hence E (1) is well defined and also

continuously differentiable (on account of the higher-regularity properties of u). Retracing the steps that
led to the final wave equation (2-1), we deduce

9 X = —X X (=A)2u—ux (—A)2X —u(X - (u x (—A)2u +uy)),
and so we deduce

%EO) = _/ ()43 (X x (=) 2u +ux (~2)2X) - (~A) i X dx
R”

— | )R x (=AY 3u +up))) - (—A) X dx.
Rn
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Then we note that3
[(=2)5873 (X x (=A)2u +ux (=A)2X) —ux (~A) 75X
SI=A)E73 X2 =) 2ullLge + X1 22 [1(=A) 55 ull 200
=253 ull 2no-s (= A)2 X | 205 Su l(—2) 373X |12,

on account of Sobolev’s embedding and higher regularity of u, and further, we observe that
fRn WX (—A)E75X) - (=A) X dx

= [ ok )i ot dr + 0(I-0) X, 1Valig)

= O(I(=) 373 X2, | Vxul0).
Similarly, we infer

(=373 (X - (ux (—8) 2w+ u0)) - () F X dx| Sy (=) 373 X2,

Rﬂ
But then the preceding implies that
L Ew < caEa

and furthermore E (0) = 0, which implies E (z) = 0 throughout. It follows that X = 0 identically, which
completes the proof of Theorem 1.1.

Appendix
Here we prove some bounds related to the projection operator I1;  used in the proof of Proposition 4.1.

Lemma A.1. Assume that i : R3T1 — S2 maps into a small neighbourhood of S* with ||it||s < 1. Then
for any a € Z we have the bounds

1 — ~
| P (M, (—2)2u)) | ooz Sa Y 27 [ Prgulls, (1 + Nl s), (A-1)
kzez
1 — ~

[ (M (22D [ oo 2400 < D0 27 Pl (14 Nllls). (A-2)
kzez
1 ~

| P<aTa, (=22 12100 Za (liills + Dlulls. (A-3)

Proof of (A-1). Note that we can write
Mg, ((-8)2u) = (—A)2u - F(i) - (~A)u

3Here 2n/(n — 5) gets replaced by oo if n = 5.
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for a suitable C* function F : R3 — R3, which in addition to all its derivatives is bounded. Then since

|Peaa-202ul e 2 Sa 37 2R Pl
kizez

it suffices to consider H Pl_g4.q] [F () - (—A)%u] H 1oor2- To deal with this expression, observe first that
2 X

| P oz <27 | Pi[Pat—20 (VO F' (]| oo 2 + 273 [l
S 27| P[P a0 (Vit) Py o (Vi) F” )] | oo 2 + 272! il oo
S 27| P[Py 20(Vit) Py 20(Vil) Py 20 (Vi) F" @)]| oo 2 + 273 il g2
and we can estimate the last term by
27| Pi[Pat—20(Vit) Py —20(Vit) Py 20 (Vi) "' (@)]]| o 1 2

-3] ~ =31 ~13 -3~
S277 [ Pag—20 (Vi) || S22 lullg <272 s,

3
LLE ™
whence in summary || P; F (i)|| 112 < 23! lit||s. To conclude, we estimate
- 1 - 1
| PlaalF@) - (=2)2ull 12 = | Ploa.al P<-a-10l F@D] - (= 2) ]| oo 2
- 1
+ | Prea.al[ Proa—10.a+10) [F (@)] (—A)ZM]HL?oLgC

+ | Pleaa[Prat 10l F@] - (—2)u] | 2
and we have
[Pt P<—am10lFG@-(=2)3u] | ooy S [Pira-ao.as20(—8) 2| ooy 2
Sa Y 27N Puls,
kzez

HP[—a,a][P[—a—IO,a+10][F(ﬁ)]'(_A)%u] HL?°L§ < HP[—a—IO,a+IO][F(ﬁ)]HL?OL)ZC I P<a+1o(—A)%uHL?SC

~ —lk
Salliills Y 27N Puls,,.
kszez

where we have used the preceding bound for P; (i) to control H P_g—10,a+10][F (%)] H ooy 2~ Finally,
t X

we get
HP[_a,a][P>a+10[F(ﬁ)]'(—A)%”] HL;>°L§ = > | Prea.a[ Pr, [F(f‘)]'sz(_A)%”] HL;”L%
k1=k,4+0(1)>a+10
<a > 1 Pre, [F @]l oo 2 ||Pk2(—A)%u||Lg>oLJ2€

k1=k>+0(1)>a+10
~ —|k
Salliills Y 270N Puls, .
kizez

where we have used Bernstein’s and Holder’s inequalities as well as the preceding bound for P; F (). O
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Proof of (A-2). This is similar to the preceding bound; one places

Po[(Ty, (—2)3u))]

into L, and

Psol(TTy, (—A)2w))]
into L?OL)ZC. |

Proof of (A-3). We use the preceding bounds, and reduce to bounding ” P<a(F (ﬁ)(—A)%u) H
Then

| P<a(FG(=2)2u)] 12 oc

S | P<a(F ) Par10(=2)20)| 12 0 + | Pea (F (@) Prat10(=2)2) | 12 oo

L7LS"

and we can bound

| P<a(F) P<atio(=2)2u) | 2100 S D IPL(=2)2ul 12 00

k<a+10
k
< Y 22| Prulls, Sa llulls.
k<a+10
11
as well as ) i y i
|P<a(F@)Psat10-2)2u)[ 200 S D [[Pea(Pio )Py (—2)21) | 120
k1=k,4+0(1)>a+10
5 ~ 1
<22¢ > 1 Prey )l 00 12 1| Paey (= 2)2 0] 2 o0
k1=k4+0(1)>a+10
5 _5 - k1
S 23 > 2730 it s - 27 | Pryul sy,
k1=k2+0(1)>a+10
Sa llii]ls Julls- O
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THE SEMIGROUP GENERATED BY THE DIRICHLET LAPLACIAN
OF FRACTIONAL ORDER

TSUKASA IWABUCHI

In the whole space R¢, linear estimates for heat semigroup in Besov spaces are well established, which
are estimates of L?—L7 type, with maximal regularity, etc. This paper is concerned with such estimates
for the semigroup generated by the Dirichlet Laplacian of fractional order in terms of the Besov spaces on
an arbitrary open set of R

1. Introduction

Let  be an arbitrary open set of R? with d > 1. We consider the Dirichlet Laplacian A on L%(2),
d 92
A=-A=-Y —,
Z asz

. ) J=1
with the domain

D(A):=1{f € Hy(Q): Af € L*(Q)}.

We consider the fractional Laplacian and the semigroup

o o0 o Aa/2 oo Aa/Z
A2 :/ A2 dE4(A), e! :/ et dE4(X), t>0.
—0o0

—00

Here, o > 0 and {E£4(A)},er denotes the spectral resolution of identity, which is determined uniquely
for the self-adjoint operator A by the spectral theorem. The motivation of the study of the fractional
Laplacian comes from the study of fluid mechanics, stochastic processes, finance etc.; see for instance
[Applebaum 2009; Bertoin 1996; Chen et al. 2010; Vlahos et al. 2008]. We also refer to [Di Nezza et al.
2012; Vazquez 2012; 2014], where one can find some results on fundamental properties of fractional
Sobolev spaces and applications to partial differential equations.

In the paper [Iwabuchi et al. 2016a], based on spectral theory for the Dirichlet Laplacian 4 on L?(R),
a kind of L? theory was established and the Besov spaces on an open set 2 were introduced, where
regularity of functions is measured by A. The purpose of this paper is to develop linear estimates for the
semigroup generated by the Dirichlet Laplacian of fractional order in the homogeneous Besov spaces
BIS,’ 4(A4), namely, the estimate of L”—L4 type, smoothing effects, continuity in time of the semigroup,
equivalent norms with the semigroup and maximal regularity estimates. Such estimates with the heat
semigroup in the case when 2 = R4 are well established; see [Bahouri et al. 2011; Chemin 2004; Danchin
2005; 2007; Danchin and Mucha 2009; Hieber and Priiss 1997; Kozono et al. 2003; Lemarié-Rieusset

MSC2010: primary 35R11; secondary 35K08.
Keywords: semigroup, Dirichlet Laplacian, Besov spaces.
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2002; Ogawa and Shimizu 2010; 2016; Peetre 1976]. In this paper we consider open sets of R? and the
semigroup generated by the fractional Laplacian with the Dirichlet boundary condition.

Let us recall the definitions of spaces of test functions and tempered distributions and the Besov spaces
associated with the Dirichlet Laplacian; see [Iwabuchi et al. 2016a]. We take ¢o(-) € C5°(R) to be a
nonnegative function on R such that

suppgo C{A €R:271 <A <2}, ) g0 /A =1 forA>0, (1-1)
jez
and {¢; } <7 is defined by letting

¢;(A):=po(27/A) forAeR. (1-2)
Definition. (i) (linear topological spaces Xo(£2) and X;(RQ)) Xo(L2) is defined by letting
Xo(Q):={f e L"(QND(A): AMf € LY(Q) ND(A) for all M € N},
equipped with the family of seminorms {po s (-)}37_, given by

pom () =Sl + sup M6 (VA | 11y
je

(i) (linear topological spaces Zo(£2) and Z((R)) Zo(£2) is defined by letting
20(Q) :={f € X(Q) : sup 2"V ¢; (VA) f] 11 ) < o0 forall M € N},
Jj=<0

equipped with the family of seminorms {go,a(-)}3;_, given by

qo.m ()= 1flrr@ +S_UIZ’ZMWH@'(‘/Z)fHLI(Q)'
je

Definition. For s e Rand 1 < p,q < o0, Bls,,q (A) is defined by letting

By ((A) = {f € 24(Q) 1 | £l 5 4y < o0
where
”f”B},,q(A) = H 2v H¢j(ﬂ)fHLP(Q)}jeZHZ‘/(Z)‘
Let us mention the basic properties of Xp(£2), Z¢(£2), their duals, and BIS,’ 4(A4) and explain the operators
oy (+/A) and the Laplacian of fractional order.
Proposition [Iwabuchi et al. 2016a]. Lets,a € Rand 1 < p,q,r < oo. Then the following hold:
(i) Xo(2) and Zo(2) are Fréchet spaces and enjoy Xo(Q2) — LP(Q) — Xj(Q) and Z¢(R2) —
LP(Q) — Zy().
(ii) B;’q (A) is a Banach space and enjoys Zo(2) — B;’q (A) = Z((2).
l L — l L — 38 . > —S
(i) If p,q < oo and sty =gty = 1, the dual space of By, ,(A) is B, (A).

7q
Ls+d(i-1 .
@iv) If r < p, then Brs;; G ”)(A) is embedded to By, ,(A).

(v) Forany f € BIS,"Z“(A), we have A%f € Bls,’q(A).
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It should be noted that ¢, (v/A) and A are defined in L2(£2) initially and by the argument in [Iwabuchi
et al. 2016a] they can be realized as operators in Z{(£2) and Besov spaces. In the proof, the uniform
boundedness in L7 (£2) of ¢; (v/A) with respect to j € Z is essential. Uniformity in L2() is proved
easily by the spectral theorem, while that in L!(£2) is not trivial. For any open set  C R4, L1(Q)
boundedness is known in some papers; see Proposition 6.1 in [Thinh Duong et al. 2002] and also
Theorem 1.1 in [Iwabuchi et al. 2017]. Let us explain the strategy of its proof as in [Iwabuchi et al. 2017]
(see also the comment below Lemma 2.2). The uniform boundedness in L' () is proved via estimates in
amalgam spaces £!(L?)g, where the side length of each cube is scaled by 9%, 6 =272/ (see Section 2),
together with the Gaussian upper bounds of the kernel of e ~*4. That scaling fits for the scaled operator
¢; (v/A) = po(27/+/A), and we can handle the norm in £!(L2)4 through the estimates in L2(<2), since
its norm is defined locally with L2(2). The Gaussian upper bounds of the kernel of e *4 are necessary
in order to estimate the L1 (£2) norm via £1(L?)g. Once the L!(Q) estimate is proved, the L?($2) case
is assured by interpolation and a duality argument.

As for the Laplacian of fractional order, it was shown in the proof of Proposition 3.2 in [Iwabuchi
et al. 2016a] that A% is a continuous operator from Z{(2) to itself, which is proved as follows: Show
the continuity of A% in 2, (£2) first with the boundedness of spectral multipliers

HA§¢/'(\/Z)HL1(Q)—>L1(Q) =C2¥
for all j € Z and consider their dual operator together with the approximation of the identity

F=Y "¢;(VA)f inZ{(Q)forany f € Z\(RQ).
j€z
Hence, we define A2 by
AT f =) (AZ¢;(VA)f in Z((Q) forany f € Z)(<).
jez
Noting that e_tAa/zqﬁj (v/A) with £ > 0 is also bounded in L' () (see Lemma 2.1 and (3-1) below), we

also define e*4%’? by

e =37 A g (VA £ in 25(Q) for any [ € Z5(Q).
JjE€Z
We state four theorems on the semigroup generated by A 5 the estimates of L?—L4 type and smoothing
effects, continuity in time, equivalent norms with semigroup and maximal regularity estimates, referring
to the results in the case when Q = R? and o = 2.
We start by considering estimates of L?—L4 type and smoothing effects. When Q = R”, it is well
known that
d

_d(1_1 _1
”etAf”Lq([R{d) <Ct 2 ")||f||Lp(Rd)a ”VetAf”LP(Rd) <Ct 2| fllLr(gray

where 1 < p,g < oo and f € LP(R?). Hence one can show that

Sp—51

d(_1 1
Ay . |
||€ f“B;%q(A) E Ct 2\p1 p2 2 ”f”B;llq(A)’
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where s5 > 51, 1 < p; < pp < oo and 1 < g < oco. The following gives the linear estimates for the
semigroup generated by A% onan open set.

Theorem 1.1. Leta >0, t >0, 5,581,520 € Rand 1 < p, p1, p2.9.91,92 < 00:

. — /2 . . . . .
(i) e "4 is a bounded linear operator in Bls) q(A); i.e., there exists a constant C > 0 such that for any

f € By
_+A0/2 . _tA40/2
e € By () and e f N ge o < CUS Ny ca: (1-3)

(ii) If 52 > 51, p1 < p2 and
d<i_i)+S2—Sl > 0,
pP1r D2
then there exists a constant C > 0 such that

1) _5279]

—tA%2 o —-4G-5)-2G .
lle g, =Ct 172 1A g1, ca

forany f € B;},ql(A).
Remark. In the estimate (1-4), the regularity on indices ¢; and g5 is gained without loss of the singularity
at t = 0. This estimate is known in the case when 2 = R” and o = 2; see [Kozono et al. 2003].

(1-4)

As for the continuity in time of the heat semigroup e’ when © = R4, it is well known that for
I1<p<o
lim ||e'2 f — fllLrway=0 forany f € L?(RY).
t—0

In the case when p = oo, the above strong convergence does not hold in general, while it holds in the dual
weak sense. The following theorem is concerned with such continuity in the Besov spaces on an open set.

Theorem 1.2. Letse[R{,15p,q§ooand%+%=é+%:l:

(1) Assume that q < oo and f € B;,q (A). Then
. —tAY/2 o . _
tlg% lle S f”B};,q(A) =0.
(ii) Assume that 1 < p <oo, g =00 and [ € BIS,,OO(A). Then e_tAa/zf converges to f in the dual weak
sense as t — 0; namely,

m Y [ {6 (AE s~ )e,igdx =0

li
t—0 4
jez
forany g € Bp_,fl (A).

Remark. Related to Theorem 1.2(ii), it should be noted that the predual of B;,q (A) is Bp_,s q,(A) for

1<p,g<oo where Lt +1 =14 % = 1. In fact, we can regard f € Bls,,q(A) as an element of the

= p P g
dual of Bp/fq,(A) by

(f0) =3 [ 16/ 130,

jez

for any g € Bp_,fq,(A), see [Iwabuchi et al. 2016a], where ®; :=¢; 1 +¢; +@j+1.
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As for the characterization of the norm by using the semigroup when © = R?, it is known that

1
oo 1
~ _5 tA q dt q
3= § [ 5062 o) 4L
where s < 0; see, e.g., [Lemarié-Rieusset 2002]. We consider the equivalent norm of Besov spaces on an
open set by using the semigroup generated by A%,

Theorem 1.3. Let o > 0, 5,50 € R, 59 > % and 1 < p,q < oco. Then there exists a constant C > 0 such
that

1
gdt|?

P = C”f”[gg’q(A) (1-5)

C—l . < > —é A% S0 —1A%Y/2
gy = | [ € I0AS R4 1)

forany f € B;’q(A), where X = LP(Q), Bg’r(A) with 1 <r < oo.

Since the equivalence (1-5) is closely related to the real interpolation in the Besov spaces, we mention
that the interpolation is also available; see, e.g., [Bergh and Lofstrom 1976; Triebel 1983] and also
Proposition A.1 in the Appendix.

The last result is concerned with the maximal regularity estimates. When Q = R, the Cauchy problem

which we should consider is
diu— Au = f, t>0, x eRY,
u(0,x) = up(x), xeRA.

For 1 < p, g < 00, the solution u of the above problem satisfies

19e2ll La 0,005 Rety) + AU La(0,00:L0e)) = Cllttoll g2-27a 4y + Cllf llLa (0,007 (R1))

provided that ug € B;;z% (A) and f € L9(0, o0; L?(R%)); see [Hieber and Priiss 1997; Lemarié-Rieusset
2002]. We note that maximal regularity such as the above is well-studied in the general framework
on Banach spaces with unconditional martingale differences (UMD); see [Amann 1995; Da Prato and
Grisvard 1975; Denk et al. 2003; Dore and Venni 1987; Ladyzhenskaya and Ural’tseva 1968; Weis 2001].
We also note that the cases when p, g = 1, oo require a different treatment from UMD since the spaces are
not reflexive. In terms of Besov spaces, one can consider Bg’q (A) for all indices p, g with 1 < p, g < o0;
see [Danchin 2005; 2007; Danchin and Mucha 2009; Hieber and Priiss 1997; Ogawa and Shimizu 2010;
2016]. Our result on the maximal regularity estimates on open sets is formulated in the following way.

sta—% .
Theorem 1.4. Lets€R, o >0and 1 < p,q <oo. Assume that ug € Bls,,qa “(A), f€L1(0,00; By ,(A)).
Let u be given by

t
u(t) = e~y + [ e~ =AY 0y g
0
Then there exists a constant C > 0 independent of uy and [ such that

”atu”Lq(0,0o;B}\;’q(A)) + ”AEMHL‘I(O,OO;B;,',q(A)) = C””O”B;EW—WQ(A) +C ”f”Lq(O,oo;B,s,.q(A))' (1-6)
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The proofs of our theorems are based on the boundedness of the spectral multiplier of the operator

14 gy (VA

[ ) VD oy Loy = Cle™ 0V | oy forall j e Z.

where s > % + % (see Lemma 2.1 below). The above inequality implies

He—tAa/zqu(\/Z) HL[J(Q)_)L[)(Q) < Ce—C—1z2zxj’

and this estimate allows us to show our theorems in a method analogous to those in the case when 2 = R4
In this paper, we give proofs of all theorems by estimating directly so that the paper is self-contained.

Here, we note that our proofs can be applicable to the estimates for e ~*4

in the inhomogeneous Besov
spaces and hence similar theorems are able to be obtained. On the other hand, for the semigroup generated
by the fractional Laplacian, since there appear to be problems around low frequencies, we show only
the result for the heat semigroup in Section 7 (see Theorem 7.2 below). It should be also noted that our
argument can be applied not only to the Dirichlet Laplacian but also to more general operators A such
that the Gaussian upper bounds for e *4 hold.

This paper is organized as follows. In Section 2, we prepare a lemma to prove our results. Sections
3-6 are devoted to proofs of theorems. In Section 7, we state the result for the inhomogeneous Besov
spaces. In the Appendix, we show the characterization of Besov spaces by real interpolation.

Before closing this section, we introduce some notation. We denote by || - ||L» the L?(2) norm
and by || -|| BS., the B;’q (A) norm. We use the notation || - || s () to represent the H*(R) norm for
functions, e.g., ¢; (1), e’ ’W/z, whose variables are spectral parameters. We denote by S(R) the Schwartz
class.

2. Preliminaries

In this section we introduce the following lemma on the boundedness of the scaled spectral multiplier.
Lemma 2.1. Let N > %, 1<p<oo, §>0anda,b > 0. Then there exists a constant C > 0 such that
forany ¢ € C§°(R) with supp¢ C [a,b], G € C*((0,00)) N C(R) and f € LP(2) we have

|G DIV ] Lp < C|GR VIS gvriotsgll fllLe (2-1)
forall j €7.

Remark. As is seen from the proof below, the constant C on the right-hand side of (2-1) depends on the
interval [a, b] containing the support of ¢.

To prove Lemma 2.1, we introduce a set <7y of some bounded operators on L?(£2) and scaled amalgam
spaces £1(L2)g for § > 0 to prepare a lemma. Hereafter, for k € Z%, Cy(k) denotes a cube with the
center 02k and side length 9%, namely,

Cok):={xeQ:|xj—0%k;| <2707 for j =1,2,....d),

and yc, (k) is a characteristic function whose support is Cy (k).
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Definition. For N € N, we denote by <7y the set of all bounded operators 7' on LZ(2) such that

1T Ly == sup || =02 k1N Txcy | 122 < o0
kezd

Definition. The space £!(L?)g is defined by letting

(L) :={f € L3(Q) : | fller 12y, <00}
where

1 lercz2yy = Y 1 L2y -

kezd
Lemma 2.2 [Iwabuchi et al. 2017; Iwabuchi et al. 2016b]. (i) Let N € Nand N > % Then there exists
a constant C > 0 such that

_d - 1—-4;
ITller(z2yg 122y < CUIT N 22 + 07TV IT N 220 2) (2-2)
L2—L

forany T € o/ and 6 > 0.

(i) Let N € N. Then there exists a constant C > 0 such that

1Y (M +64)D) |y < C912V/_ (1+ 5% [9(6)| (2-3)

for any ¥ € S(R) and 6 > 0.

(iii) Let M > 0 and B > %. Then there exists a constant C > 0 such that

(M + 64) P |11 112y, <COS (2-4)
for any 6 > 0.

Remark. Lemma 2.2 is useful to prove the L! boundedness of spectral multipliers and let us briefly
remind how to prove Lemma 2.2 as in [Iwabuchi et al. 2017; Iwabuchi et al. 2016b]. The original
idea is by Jensen and Nakamura [1994; 1995], who studied the Schrodinger operators on R?. In the
first inequality (2-2), we start with the decomposition 7" = Zm kezd XCy(m) T XCp(k)» and it suffices to
show that for each k € Z a sum of operator norms ), . [l xc,(m)T XCy(k)llL2— 12 is bounded by the
right-hand side of (2-2). The first term || T'|| .2_, ;2 is obtained just by applying L2(2) boundedness to the
L?(Cg(m)) norm with m = k. The second term is obtained by decomposing the sum into two cases when
0 <|m—k|<wand |m—k|> o for w > 0, applying the L2(2) boundedness to the case |m —k| < @ and
the Schwarz inequality to the case |m — k| > w for sequences |m —k|™N, |m —k|V lxcoemTxcoiollL2s
and minimizing by taking suitable w. As for the second one (2-3), we utilize the formula

V(M +64)7") = (2m)? / "M Gy .

—0o0

. 7 —1 . 7 —1 .
To estimate ||e /1M +0A)™" | , ~» We consider the commutator of (x — 01/2k) and et M+0A)™" which

is rewritten with 6, (M + 64)~!, V(M + 64)~! and is able to be handled by the use of L?(Q)
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boundedness, which proves (2-3). As for the last one (2-4), thanks to the formula
1 o0
(M + 9A)_B = —/ Ble=M1t =104 gy
I'(B) Jo
and the Young inequality, we get

o0
(M + 047 fllp1 12, < zﬂ—ur%“<jgne‘”At,yNuuLaAnyﬂdy)da

b
LB Jo

where T'(f) is the Gamma function. By the Gaussian upper bounds of e’ 04

, we have
—t0A _d _d
e 2o Wlerr2y, SCOT4(1+174).
These estimates yield the inequality (2-4), since the integrability with respect to ¢ € (0, 00) is assured by
B> %.
Proof of Lemma 2.1. Instead of the inequality (2-1), by replacing 27/+/A4 and +/A with 272/4 and A4,
respectively, it is sufficient to show that

1G22 A) fllLr < CIGRY )¢ gn+1/215@) |l fllLr, (2-5)

where supp ¢ C [a2, b?].
First we consider the case when p = 1. By decomposing €2 into cubes Cg (k) and the Holder inequality,

we get
—2j d 2

IG(A) 6272 A) |11 < COZGASQR™A) f g1 (12),- (2-6)

For fixed real numbers M > 0 and 8 > %, let ¥ be such that
V() = GQY (™! = M)p(u" = M)pF. 2-7)
It is easy to check that
. 1 1
¥ €Co(0.00) and  suppy C |57+ Grra )

and
G 2) =G@¥ 272 D@ VP P =y (P,
where A and u are real numbers with

27 A =pt - M.
The above equality yields that

G(A)Q2HA) =y (M +2724)" (M +2724)7F. (2-8)
Then it follows from (2-6), (2-8) and the estimate (2-4) in Lemma 2.2 that
|G 4) f L1
< COT [y (M +277)YM + 27707 f g,
<CO% |y (M + 272 Y g wyp 01 229, | M+ 272 7P| 11122y, | f I
< ClIY (M + 277 A gy, w2y, | L1 (2-9)
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By comparing the estimates (2-5) and (2-9), all we have to do is to show that

I (M + 274 D112y, >0122)y < CIGQ@7 )G gn-+1/245 ). (2-10)

To apply the estimate (2-2), we consider the operator norms |- || ;2_, 72 and ||+ || oy of ¥ ((M +272/4)71).
On the operator norm ||-||;2_, 2, we have from N > % and the embedding HN+3+8 (R) — L°°(R) that

Iy (M +27274) " Dllas 2 < W llzee@ < 1V v +1/245m)

for any § > 0. As for || (M +272/4)~1)||., , by applying the estimate (2-3) and the Holder inequality,
for any § > O there exists C > 0 such that

19 (M + 04y V)]l < COY /_ 1+ 1P ¥ 7)) de

< COTA+1ER) 2 N2 11+ 1P 221 2
< COZ |l gn+1/2+sy
Then we deduce from the above two estimates and (2-2) that
1V (M + 272 A D1 22,01 22),
< C{IW lnizes@ + 075 O3 1Vl gari/zes) N (1Y gvi/zes) 37 )

< ClYllgn+1/2+5)-

Since 1 is defined by (2-7) and the support is bounded and away from the origin, we see from the change
of variables by ;= (A + M)~! that

[V Ey+1/2+8 @) < ClG(2¥ VP av+1/2+8R)-

Hence the estimate (2-10) is obtained by the above two estimates, and the estimate (2-5) in the case when
p = 1is proved.

We next consider the case when p = oo. Since the dual space of L!(R) is L%°(Q2) and Cs(R) is
dense in L!(R), the following holds:

IG(A)p(277A4) fllL = sup
geCs> gl 1=1

/Q (G(A)p(277A) f)g dx|.

On the right-hand side of the above equality, we have from the duality argument for the operator
G(A)¢(27/A), the Holder inequality and the estimate (2-5) with p = 1 that

(G AT f.8) x| =

‘ [Q (G(A)P(277A) f) g dx x( S, G(AP (27 A)g) x|

_ 1 [ £ GDRETAg x| < 111G 9@ Arel

<1/l llG@* ()l v +1r245m gLt

where g € C§°. This proves (2-5) in the case when p = co.
As for the case when 1 < p < oo, the Riesz—Thorin theorem allows us to obtain the estimate (2-5). O
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3. Proof of Theorem 1.1
Proof of (1-3). Put ®; :=¢; 1 +¢; + ¢;+1. By applying the estimate (2-1) in Lemma 2.1 with

G =G;(\) =e A,

we have
|; (VA F |, = (G (VAD; (VA (¢ (VA )] .
< C[G: 2/ V)PV ) | g ir2ss |65 (VA || Lo

where N > % and § > 0. Here it is easy to check that there exists C > 0 such that
. _C—1lsraj .
”Gt(zj x/T)CDO(«/T)HHNH/z-s-&(R) <Ce € 2% for any j €7,
and hence,
s A/2 —_C—1oaj .

|o; (VA A f |, , < Ce €2 gy (VA £, forany j €Z. (3-1)
By multiplying 2%/ and taking the £9(Z) norm in the above inequality, we obtain the assertion (1-3). [J
Proof of (1-4). By the inequalities

—1A4%/? —14%/2
lle fllg;;qz <lle f”Bf,jl’ ||f||3;11m < ||f||3;11’q1,

which are assured from the embedding relations in the Besov spaces, and taking s1 = O for the sake of
simplicity, it is sufficient to show

_sqa/2 _d( 1 __1)y_52
le™ A fll s = BB E (3-2)
p2.1 D1.00
where
1 1
s2 >0, < and d(———)+s > 0.
2 P1= P2 " 2
.Sz-i-d(i—L

It follows from the embedding B reor2

1 s B;; , and the estimate (3-1) that

_14%/2 _14%/2 +d (57 =57)) y—ct2%
e F gz | = Clle™ 1 L gyvasm-1im < € Y22 4GV eme2 g, (VA ]
B Pl

jez
Since s, + d(% — ﬁ) > 0, we get
3 2520+ et 4 (VA £
Jj€Z
= TEEGR) Y2 EHEGTR) e g, (VA f

Jjez

which proves (3-2). O
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4. Proof of Theorem 1.2

Proof of (i). Let f € Bls,,q (A). We take fn such that

SN = Z ¢j(x/Z)f for N e N.

ljI=N
Since g < oo, for any ¢ > 0 there exists Ny € N such that
I/ = fllg;, < forany N = No.
The above inequality and boundedness (1-3) in Theorem 1.1 imply
—tAY/2 o ) —tAY/2 . —tA%/? _ . _ )
le™ A7 f = F gy, <0e™ A = fully  + 1™ v = Dllgs, +1Iv = Fll5
—tAY2 o ) _ )
<1 fy = fwll gy +Clfw = Fllgs
—tA%2 ,
<lle IN=Inlgy, +Ce
for any ¢ > O provided that N > Ny. Then all we have to do is to show that

. 1 A%/2
lim [le™ 4 fy — fivll gy, =0. (1)

We prove (4-1). Noting that the spectrum of fj is restricted and

N+1 1

||e—fA“”fN—fN||B;;,q=§ > @ s e A =0 )"

j=—N-1

we may consider the convergence of |}¢j (V' 4) (e_tAW2 — 1) fn
+2,..., (N + 1), it follows from (2-1) in Lemma 2.1 with

| » for each j. For each j =0, %1,

G=G,M)=e—1
that
s (VA 1) v Lo = (G (VAR (VA (VA f3)]
=C H Gt(zj\/T)(DO(\/T)HHNer/Ha H¢j (\/Z)fN HLp,
where ®; :=¢;_1 + ¢; + ¢;+1. Here it is readily checked that
lim [ G (27 /) @o(v/) | gynaraes =0 for each .
and hence, (4-1) is obtained. O

Proof of (ii). Put ®; :=¢; 1 + ¢; + ¢;+1. By considering the dual operator of e~/4*/*

> /Q{¢j(ﬂ)(e—fA“/2—1)f}@j(@gdx=Z /Q (67 (VA) [} (VA) (e 4> ~1)g dx. (4-2)

JE€Z JE€Z

— 1, we have
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It follows from the Holder inequality that

3 /Q () (VA) £ 19, (VA) e A _ 1)g| dx

Jj€Z

<2 2o (VA |27 |0 (VA g

jez
_1A4Q/2
=Cl gy N =gl (4-3)

which assures the absolute convergence of the series in (4-2) by the boundedness of LT Bp_,sl
from (1-3) in Theorem 1.1. The above estimate and the assertion (i) of Theorem 1.2 imply

Z/Q{‘isj(\/z)(e_ma/z—l)f}@j(\/Z)gdx SC||f||,}';;)m||(€_tAW2—1)g||B;/fl —0 astr—0. O

jez
5. Proof of Theorem 1.3

To prove Theorem 1.3 we will need the following lemma.

Lemma 5.1. Leta >0, sg € Rand 1 < p < o0. Then there exists C > 0 such that
_ i _ aj o Y7
CT 22y e gy (VA f | < €420 g (VA [

' i (5-1)
< C(12%)%0e=C 712 H¢j(ﬂ)f”Lp

foranyt >0, j €Zand f € LP(RQ2).

Proof. Put ®; := ¢p;—1 + ¢; + ¢;+1. We start by proving the second inequality of the estimate (5-1). By
applying the estimate (2-1) in Lemma 2.1 with

G = G,(A) = (tA%)0e A7,
we have

|43y 44, (VA [, = (G (VAR (VA (¢ VA )] .

. (5-2)
=C ”Gt(zj \/_)qDO(\/_) HHN+1/2+8(|R) H(bj(‘/z)f ”va
where N > % and § > 0. Here it is easy to check that there exists C > 0 such that
; ; _ (1o .
[G:@7 V)P0 grvsrjaray = Ca2*) e forany j €7, (5-3)
and hence,

H(IA%)SOe_tAa/Z(ﬁj(\/Z)fHLp < C(tzaj)soe—C—ltzaj }‘¢](ﬂ)f}‘Lp for any j € Z.

This proves the second inequality of (5-1).
We turn to the first inequality of (5-1). Since ¢; (v/A) f is written as

¢ (VA f = ((tA%)=0 4 (VA)) (143 )04 ¢, (VA) )
= ((tA%) e 0, (V) F,
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all we have to do is to show that

|(14%)=%0e 4 @ (VAYF ||, < C(12%)%0eC 2| F| o (5-4)
Applying (2-1) in Lemma 2.1 with

G = G((A) = (tA%) 50"
to the left-hand side of (5-4), we have from an similar argument to (5-2) and (5-3) that
I (IA%)_SOe’Aa/ZCDj (\/Z)FHL,, =< C”ét(zj\/T)qDO(\/T)HHN+1/2+E(R)”F”L1’
< C(12%) 70| o

This proves (5-4) and the first inequality of (5-1) is obtained. O

In what follows, we show the inequality (1-5) for f € B 5.q(A) to prove Theorem 1.3. We note that the
proof below concerns the case when g < oo only, since the case when ¢ = oo is also shown analogously
with some modification.

Proof of the first inequality of (1-5). By the embedding L7 ($2), Bg’r(A) — B;()),oo (A), it is sufficient to
show that

t

C_IHf”B;,',q < %/0 (t_é ” (tA%)soe—tAa/zf ”B},’,oo)q dt q. (5-5)

We have from the definition of norm || - || BY oo and the first inequality of estimate (5-1) in Lemma 5.1 that

1
® s a A2 dt|?
N e P
= et [ w20 o€ o, (V2 )fHLp)"ﬂ
0 jez
Decomposing (0, co) in the last line by
(0’ OO) — U[Z_a(k+1),2_ak], (5-6)

kez
we get

1

o0 y o o a

{/0 (& A3y A " Hggm)q %}q
p—ok 1

aj\so ,— aj d
=C {2/2 a(k+1) t “ sup(tz J) em 12 H¢J(\/_)fHLp)q_t}

> c-1 { Z(2Sk Sup(za(j—k))soe_cza(j_k) H¢j (\/Z)f HLp)q§ q' (5-7)

kez jez
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Here it follows from the Holder inequality that

sup(22U~Ry0e €2 g, (VA) £,
"~ -1 1 a(j—k)\so ,—C 290 —H) N
>C {Z(m‘(z ) H¢j(\/z)fHLp) } -
jez

Then we deduce from (5-7) and the above inequality that

[T bpeatyor s gy e el

1

1 j a(j—k) 4\ 4
! skya = (re(j—k)ys0 ,—C2%V )
kez jez
— : 2—S(j—k) - el q é
=CTID @G VA1) Yo\ e @V T
i 1+a?|j —k|
jez kez
2(3011—5)]( « q é
_ -1 ] 20007 ooa
kez
Since s¢9 > % and the summation appearing in the last line converges, we obtain (5-5). 0

Proof of the second inequality of (1-5). By the embedding BY | (4) < L?(R), B ,(A), it is sufficient to
show that

1
o0 — 5 o9 1t AY d a
{/0 ([ aH(l‘Az)me tA /szBl()).l)th SC”f”B;,q(A) (5-8)

Analogously to the proof of (5-5), we apply the second inequality of (5-1) in Lemma 5.1 instead of the
first one and the decomposition (5-6) to get

1

{/o (| (tA%)S0p 1Ay [ Bgm)q %}q

= |22 e e e gy S, ) |

kez jez

Here the Holder inequality yields that

Z(za(j—k))soe—c—‘za(f—“ H¢l(ﬂ)fHLP

JjE€Z

=

<C { 3 ((1 42| —k[2) (22U Rys0g=C 125070 ||¢j<ﬂ>f||Lp)Q} "

Jjez
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Then we have from the above two estimates that

[T qaasyoea gy el

<C { Z(Zsk)q Z((l + Olzlj _k|2)(2a(j—k))s0e—c—lzot(j—k) ”45] (\/Z)f ”Lp)q}q

kez jez
1
. U= 1 j— _C—1ra(i—k) g 9
=T WA 1) PRl ke e
Jez kez
— _(C—lrak q
— C||f||31§)q { Z((l +a2|k|2)2(soa s)ke c12 )q
kez
Since so > 7, and the summation appearing in the last line converges, we obtain (5-8). O

6. Proof of Theorem 1.4

Proof of (1-6). It is sufficient to prove the case when s = 0 thanks to the lifting property in the proposition
on page 684. We also consider the case when g < oco only, since the case when g = oo is also shown
analogously. First we prove that

143l 00,0015,y = C 0l ga-ara + C 1 f (o 0050 ) (6-1)

By the definition of u and the triangle inequality, we get

. (6-2)

t
4 o /2 a —(t—1)A%Y/2
1A=l g 0,008 ) =142 € t ”0||L61(0,oo;38q)+HAZ/ e~ t=DA £y 4o '
’ ’ 0 L7(0,00:Bp )

On the first term of the right-hand side in the above inequality, it follows from the estimate (1-5) for
so=1, s=a—%that

g —tA%/2 . .
lA=e U0l L4 0,00,89 ) = C 10l Lo 9,00;835274)- 6-3)

As for the second one, we start by proving that

y t . i
¢](ﬂ)A§/() e—(t—r)Aa/2f(T)dT < ngj{/(; (e—c—l(t—r)za./ H(ﬁj(\/z)fHLP)q de\. (6-4)
LP

The above estimate (6-4) is verified by applying the estimate (5-1) in Lemma 5.1 and the Holder inequality;
in fact, we get

o ¢ Aa/2
85 [ )

t R
< Czaj/ o~ C T t—1)2% H¢j (ﬂ)f(f)|‘Lp dt
L» 0



698 TSUKASA IWABUCHI

. _ o ; ) y .
<C2% ||€_(2C) Lt —7)2%/ ||Lq/(q—l)({0§t§t}){/ (e—(ZC) L(t—1)2% ||¢](ﬂ)f(1)}‘Lp)q i
0
1
N ~ y |
= 028/ [T g, (VA @) e
0
By the estimate (6-4), we have
t
HA%/ e A (@) dr
0 Lq(O,oo;B},”q)
- a/ ! —2C)~L(t—1)2%/ q 74 %
= C|:/ Z{ij(/ (e P2 (VA f@] ) dr) } dt}
0 jez 0
o0 q aj 0o —q(ZC)_l(t_t)zaj é
—c[ [T Slwasolt (2 [ e e
0 T
JEZ

Then the estimates (6-2), (6-3) and (6-5) imply the inequality (6-1). The estimate for d;u, i.e., the
inequality
1960 00,0009, = € I10ll ga=ar + C 1./l (0 00158,
is verified by the estimate (6-1) and the equality
dou=—A%u+ f

Hence we obtain the estimate (1-6) and the proof is complete. |

7. Results for the inhomogeneous Besov spaces

We should mention that similar theorems also hold for the heat semigroup in the inhomogeneous Besov
spaces B;’ 4(A). We also note that the semigroup generated by the fractional Laplacian cannot be treated
analogously by the direct application of boundedness of the scaled spectral multiplier in Lemma 2.1 (see
the comment below Theorem 7.2).

First we recall the definition of B ,(A). Let ¥ be as in C5°((—00, 00)) such that

Y(A*)+ Y ¢;j(A) =1 forany A >0.
JEN
The inhomogeneous Besov space B, ,(A) is defined as follows; see [Iwabuchi et al. 2016a].
Definition. For s € Rand 1 < p,q < oo, B; ,(A) is defined by letting
By 4 (A):={f € X(Q): | fllBy,a) <00},

where

1/ By g cay = 1 (A Flle + |2 |65 VA S | 1o} s enll oy
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The high-frequency part is able to be treated in the same way as the proof for the homogeneous case by

using Lemma 2.1. As for the low-frequency part, we employ the pointwise estimate of the kernel of e %4

_vl2
0= ) < G~ enp( P2 ),

which assures the boundedness of e ~*4 in L?(£2) and also B ,(A) as well as the case when 2 = R4 In

—tA

order to treat continuity in time of e~*#, we need the following obtained by a proof similar to that of

Lemma 2.1.

Lemma 7.1. Let N > %, 1<p=<o0,§>0,¢ €Cs(—00,00)) and G € HN+%+8([R§). Then there
exists a positive constant C such that for any f € L?(Q2)

IGAY(A) fliLr = CIG)Y () gn+1/2+s@ll fllLr- (7-1)
We take G such that
G = e*—1 for any A € R
to apply the above lemma. For the above G it is easy to check that
|G (Dl gn1/2bsgy =0 ast— 0.
Hence for any f € B, ,(A), it follows from (7-1) that

lim ||y (4) (™" 4f = f)llLr =0.

tA

According to the boundedness and the continuity of e™*#, we obtain the following result for the inhomo-

geneous Besov spaces.
Theorem 7.2. Lets € R, 1 < p, p1, p2,q < 00 and % + % = 1. Let W and V; with j € N be such that
W(A) ==Y (4) + ¢1(VA),
D1 (VA) =Y (4) + $1(VA) + pa(VA),
D (VA) = g1 (VA) + ¢j (VA) + ¢j11(VA) for j>2:
(1) There exists a constant C > 0 such that
le™ fllgy 4y < C I f By, a)

forany f € B, ,(A). If p1 < p2, then there exists a constant C > 0 such that

d

1 _ 1
”e_tAf”Bf;z.q(A) <Ct 2(p1 p2)||f||Bi§1,q(A)

forany f € By .(A).
(i) If ¢ <ocand f € B, ,(A), then

. —tA _ s =
lim (™% f = /g ,(a) = 0.
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Ifgq=00, l<p<oocand f € B;’OO(A), then e~ f converges to f in the dual weak sense as t — 0,
namely,

m [ [ vt ar - pyeingar + Y [ 1o,/Ae A - 1)} o) g dx} 0

li
t—0 €
JEN
forany g € Bp_,fl (A).
(iii) Let T >0, 5,50 € R and so > 5. Then

r :
1/ 83000 = W (TA flo + { [RGRI %}

forany f € By, ,(A), where X = LP(2), Bl(,)’r(A) with 1 <r < o0.
(iv) Let T >0, ug € B;,j[]z_z/q (A) and f € L9(0,T; By ,(A)). Assume that u satisfies

t
u(t) = e Mug + / e~ D4 r(1)dr.
0
Then there exists a constant C = C(T') > 0 independent of uy and f such that

9:ullLa 0,785 ,(a)) + A2l Laco, ;B3 ,(4)) =C ||uo||B;f5]2—2/q(A) +C| fllLao,1;B3 ,(4))-

Remark. Let us mention what is obtained by the abstract theory for sectorial operators by Da Prato
and Grisvard [1975]; see also [Haase 2006; Lunardi 1995]. Let X = Bg’q (A). We can consider A as
a sectorial operator with the domain D(A%) = Bj,q(A). Let0<T <00, 1l <g<oo, 1 <p,r=<o0,
6 € (0,1) and a > 0. Then for any f € L9(0,T; (X, D(A%))g,) the equation

Z—T;—}—Au:ﬁ 0<t<T,
u(0) =0
admits a unique solution u satisfying
’ Z—u‘ . + 1 AullLao,7;x,D4*))6.,) = CIl f lLaco,T30x,D(42))s.,)>
LIIL9(0,T;(X,D(A4%)0,r)

where C depends on 7. Here we note that (X, D(A%))g,, = Bgf’ﬁg (A) and 20 is possibly an arbitrary
positive number since & > 0 and 6 € (0, 1).

Let us give a few remarks on the semigroup generated by A% . If we consider applying Lemma 7.1

—t A%/

directly, it is impossible to obtain the boundedness of e ? for general «. In fact, taking

G=G,()=e "
and applying (7-1), we see that the HY +5+8 (R) norm of the above G = G;(1) is not finite for small
A > 0 because of less regularity around A = 0. On the other hand, if « is even or sufficiently large, the
HN +%+8([R{) norm of e~!I**’ is finite and we can get some results. However this argument does not
reach the optimal estimate, and hence, we do not treat it in this paper and will treat it in a future work.
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Appendix: Real interpolation

We now give a remark that real interpolation can be considered in the Besov spaces Bls,,q (A) and B, ,(A)
on open sets as well as the whole space case. We recall the definition of real interpolation spaces
(X0, X1)g,4 for Banach spaces Xo and X7; see, e.g., [Bergh and Lofstrom 1976; Peetre 1968; Triebel
1983].

Definition. Let 0 <6 <1 and 1 < g < 00. (X, X1)g,4 is defined by letting

1

(o, Xidag i= {a € Xo+ Xa ol o= | [ 07 Ke.ant 41" <ocl.
where K(¢, a) is Peetre’s K-function
K(t,a) = inf{||a0||X0 +tlaillx, :a =ao+ai, ap € Xo. a1 € Xl}.
As well as in the case when © = R?, we obtain the following.

Proposition A.1. Let 0 < 0 < 1, 5,850,851 € Rand 1 < p,q,q0,q1 < 00. Assume that sy # s1 and
s =(1—0)sg+ 0s1. Then . ‘ .
(B (A), By, (A)eq = By, ,(A),

P,q90 D,q1
(Bplgo(A): Bplg, (A)o.q = By 4(A).

We omit the proof of the above proposition since one can show it analogously to the whole space case;
see, e.g., [Triebel 1983].
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KLEIN’S PARADOX AND THE RELATIVISTIC §-SHELL INTERACTION IN R3

ALBERT MAS AND FABIO PI1ZZICHILLO

Under certain hypotheses of smallness on the regular potential V, we prove that the Dirac operator in R,
coupled with a suitable rescaling of V, converges in the strong resolvent sense to the Hamiltonian coupled
with a 8-shell potential supported on X, a bounded C? surface. Nevertheless, the coupling constant
depends nonlinearly on the potential V; Klein’s paradox comes into play.

1. Introduction

Klein’s paradox is a counterintuitive relativistic phenomenon related to scattering theory for high-barrier
(or equivalently low-well) potentials for the Dirac equation. When an electron is approaching a barrier,
its wave function can be split in two parts: the reflected one and the transmitted one. In a nonrelativistic
situation, it is well known that the transmitted wave-function decays exponentially depending on the high
of the potential; see [Thaller 2005]. In the case of the Dirac equation it has been observed, in [Klein 1929]
for the first time, that the transmitted wave-function depends weakly on the power of the barrier, and it
becomes almost transparent for very high barriers. This means that outside the barrier the wave-function
behaves like an electronic solution and inside the barrier it behaves like a positronic one, violating the
principle of the conservation of the charge. This incongruence comes from the fact that, in the Dirac
equation, the behavior of electrons and positrons is described by different components of the same spinor
wave-function; see [Katsnelson et al. 2006]. Roughly speaking, this contradiction derives from the fact
that even if a very high barrier is reflective for electrons, it is attractive for the positrons.

From a mathematical perspective, the problem appears when approximating the Dirac operator coupled
with a é-shell potential by the corresponding operator using local potentials with shrinking support.
The idea of coupling Hamiltonians with singular potentials supported on subsets of lower dimension
with respect to the ambient space (commonly called singular perturbations) is quite classic in quantum
mechanics. One important example is the model of a particle in a 1-dimensional lattice that analyses
the evolution of an electron on a straight line perturbed by a potential caused by ions in the periodic
structure of the crystal that create an electromagnetic field. Kronig and Penney [1931] idealized this
system: in their model the electron is free to move in regions of the whole space separated by some
periodical barriers which are zero everywhere except at a single point, where they take infinite value. In
modern language, this corresponds to a §-point potential. For the Schrodinger operator, this problem is
described in [Albeverio et al. 1988] for finite and infinite §-point interactions and in [Exner 2008] for

MSC2010: primary 81Q10; secondary 35Q40, 42B20, 42B25.
Keywords: Dirac operator, Klein’s paradox, §-shell interaction, singular integral operator, approximation by scaled regular
potentials, strong resolvent convergence.
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singular potentials supported on hypersurfaces. The reader may look at [Dittrich et al. 1989; Behrndt and
Holzmann 2016; Arrizabalaga et al. 2014; 2015; Ourmieres-Bonafos and Vega 2016] for the case of the
Dirac operator, and to [Posilicano 2008] for a much more general scenario.

Nevertheless, one has to keep in mind that, even if this kind of model is more easily mathematically
understood, since the analysis can be reduced to an algebraic problem, it is an ideal model that cannot be
physically reproduced. This is the reason why it is interesting to approximate these kinds of operators by
more regular ones. For instance, in one dimension, if V € C°(R) then

Ve(t) :=éV(£>—> </ V)So when € — 0

in the sense of distributions, where dg denotes the Dirac measure at the origin. In [Albeverio et al. 1988]
it is proved that A + V. — A + ( f V)(So in the norm resolvent sense when € — 0, and in [Behrndt
et al. 2017] this result is generalized to higher dimensions for singular perturbations on general smooth
hypersurfaces.

These kinds of results do not hold for the Dirac operator. In fact, in [Seba 1989] it is proved that, in
the 1-dimensional case, the convergence holds in the norm resolvent sense but the coupling constant
does depend nonlinearly on the potential V, unlike in the case of Schrédinger operators. This nonlinear
phenomenon, which may also occur in higher dimensions, is a consequence of the fact that, in a sense, the
free Dirac operator is critical with respect to the set where the §-shell interaction is performed, unlike the
Laplacian (the Dirac/Laplace operator is a first/second-order differential operator, respectively, and the
set where the interaction is performed has codimension 1 with respect to the ambient space). The present
paper is devoted to the study of the 3-dimensional case, where we investigate if it is possible to obtain the
same results as in one dimension. For §-shell interactions on bounded smooth hypersurfaces, we get the
same nonlinear phenomenon on the coupling constant but we are only able to show convergence in the
strong resolvent sense.

Given m > 0, the free Dirac operator in R? is defined by

H:=—ia-V+mpg,

where o = (o1, a2, 3),

(0 o o (L, 0 (10
o=(07) wimiaa a=(2 0). we(l?)
01 0 —i 1 0
01=(1 0), crz=<l. 0)’ 03=(0 _1> (I-1

is the family of Pauli matrices. It is well known that H is self-adjoint on the Sobolev space H'(R*)* =:
D(H); see [Thaller 1992, Theorem 1.1]. Throughout this article we assume that m > 0.

In the sequel  C R? denotes a bounded C? domain and ¥ := 2 denotes its boundary. By a C? domain
we mean the following: for each point Q € X there exist a ball B C R? centered at Q, a C? function
¥ : R* - R and a coordinate system {(x, x3): x € R2 x3 € R} such that, with respect to this coordinate

and
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system, Q = (0, 0) and
BN =BN{(x,x3):x3> Y x)}
BNX =BN{(x,x3):x3=v%(x)}.
By compactness, one can find a finite covering of ¥ made of such coordinate systems; thus the Lipschitz
constant of those i can be taken to be uniformly bounded on X.

Set Q. :={x € R3: d(x, X) < €} for € > 0. Following [Behrndt et al. 2017, Appendix B], there exists
n > 0 small enough depending on X such that for every 0 < € < n one can parametrize 2. as

Qe={xx+tv(xxg):xz € X, t € (—€,€)}, (1-2)

where v(xy) denotes the outward (with respect to €2) unit normal vector field on X evaluated at xx.
This parametrization is a bijective correspondence between 2. and X X (—¢, €); it can be understood as

tangential and normal coordinates. For t € [—n, n], we set
Y i={xx+tv(xy) :xyg € X} (1-3)

In particular, ¥; =090Q,\ Qifr >0, ¥, =0Q)NQif r <0 and Xy = X. Let 0, denote the surface
measure on X, and, for simplicity of notation, we set o := 0y, the surface measure on X.
Given V € L°(R) with supp V C [—n, n] and 0 < € < 7 define

V) =1 V(”—t)
€ €

and, for x € R?,

Ve(t) if x € Q¢, where x = x5y +tv(xx) for a unique (xx, 1) € X X (—¢, €),
Ve(x) := : -
0 if x & Q.
Finally, set
uei= V|2 ve = sign(VI V' (1-5)

u(t) =V @nl'2 (@) :=sign(V (nn)u().
Note that u., v. € L (R?) are supported in Q¢ and u, v € L*(R) are supported in [—1, 1].
Definition 1.1. Given 5, § > 0, we say that V € L®(R) is (8, n)-small if

1)
suppV C[-n,n] and ||V Lem®) < S

Observe that if V' is (8, n)-small then || V|11 ®) < 28; this is the reason why we call it a “small”
potential.

In this article we study the asymptotic behavior, in a strong resolvent sense, of the couplings of the
free Dirac operator with electrostatic and Lorentz scalar short-range potentials of the forms

H+V, and H+ BV, (1-6)

respectively, where V; is given by (1-4) for some (8, n)-small V with é and 1 small enough only depending
on X. By [Thaller 1992, Theorem 4.2], both couplings in (1-6) are self-adjoint operators on H L(R3H4,
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Given n > 0 small enough so that (1-2) holds, and given u and v as in (1-5) for some V € L*°(R) with
supp V C [—n, n], set

Ky f(t) = Li / u(t) sign(t — s)v(s) f(s)ds for f € L} (R). (1-7)
R

The main result in this article reads as follows.

Theorem 1.2. There exist ng, 6 > 0 small enough only depending on % such that, for any 0 <n <mng
and (8, n)-small V,

H+V.— H+Adx in the strong resolvent sense when € — 0, (1-8)
H+BV. - H+ A8y in the strong resolvent sense when € — 0, (1-9)
where
Ao ;=/ v() (1= K3)u) @) dr e R, (1-10)
R
Ay 1= /R v(@) (1+K)) 7w (1) dr e R, (1-11)

and H 4+ 1,65 and H + A;B 85 are the electrostatic and Lorentz scalar shell interactions given by (2-9)
and (2-11), respectively.

To define X, in (1-10) and A; in (1-11), the invertibility of 1 & IC%, is required. However, since Ky
is a Hilbert-Schmidt operator, we know that ||y || 12®)— 12w 1 controlled by the norm of its kernel
in L>(R x R), which is exactly lull 2@y llvllizzagy = 1V IIiwy < 28 < 1, assuming that § < % and that
V is (8, n)-small with n < ng. We must stress that the way to construct A, and A is the same as in the
1-dimensional case; see [geba 1989, Theorem 1].

From Theorem 1.2 we deduce that if a € 0 (H 4 A.8x), where o (-) denotes the spectrum, then there
exists a sequence {a.} such that a. € o (H + V) and a. — a when € — 0. The kind of instruments we
used to prove Theorem 1.2 suggest to us that the norm resolvent convergence may not hold in general;
thus we cannot ensure that the vice-versa spectral implication also holds. Nevertheless, if X is a sphere,
one has more information than in the general scenario; see [Mas and Pizzichillo 2017]. The Lorentz
scalar case is analogous.

The nonlinear behavior of the limiting coupling constant with respect to the approximating potentials
mentioned in the first paragraphs of the Introduction is depicted by (1-10) and (1-11); the reader may
compare this to the analogous result [Behrndt et al. 2017, Theorem 1.1] in the nonrelativistic scenario.
However, unlike in that result, in Theorem 1.2 we demand a smallness assumption on the potential, the
(8, n)-smallness from Definition 1.1. We use this assumption in Corollary 3.3 below, where the strong
convergence of some inverse operators (1 + B, (a))~! when € — 0 is shown. The proof of Theorem 1.2
follows the strategy of [Behrndt et al. 2017, Theorem 1.1], but dealing with the Dirac operator instead of
the Laplacian makes a big difference at this point. In the nonrelativistic scenario, the fundamental solution
of —A +a? in R? for a > 0 has exponential decay at infinity and behaves like 1/|x| near the origin,
which is locally integrable in R? and thus its integral tends to zero as we integrate on shrinking balls in
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R? centered at the origin. These facts are used in [Behrndt et al. 2017] to show that their corresponding
(14 B.(a))~" can be uniformly bounded in € just by taking a big enough. In our situation, the fundamental
solution of H —a in R? can still be taken with exponential decay at infinity for a € C \ R, but it is not
locally absolutely integrable in R% Actually, its most singular part behaves like x /|x|? near the origin,
and thus it yields a singular integral operator in R% This means that the contribution near the origin
cannot be disregarded as in [Behrndt et al. 2017] just by shrinking the domain of integration and taking
a € C\ R big enough; something else is required. We impose smallness on V to obtain smallness on
B¢ (a) and ensure the uniform invertibility of 1 + B¢ (a) with respect to €; this is the only point where the
(8, n)-smallness is used.

Let 19, 6 > 0 be as in Theorem 1.2. Take 0 < np <ngand V = %rx(_,m) for some 7 € R such that
0 < |t|n < 26. Then, arguing as in [Seba 1989, Remark 1], one gets that

oo
/v(l—/czv)—lu =Z/vl€%}’u=2tan(%rn).
R n=o YR

Since V is (8, n)-small, using (1-10) and (1-8) we obtain that
H+V.— H+ Ztan(%fn)ég in the strong resolvent sense when € — 0,

analogously to [§eba 1989, Remark 1]. Similarly, one can check that fv 1+ IC%,)_lu = 2tanh(%tn).
Then, (1-11) and (1-9) yield

H+8V.—> H+ 2tanh(%tn)l382 in the strong resolvent sense when € — 0.

Regarding the structure of the paper, Section 2 is devoted to the preliminaries, which refer to basic
rudiments with a geometric measure-theory flavor and spectral properties of the short-range and shell
interactions appearing in Theorem 1.2. In Section 3 we present the first main step to proving Theorem 1.2,
a decomposition of the resolvent of the approximating interaction into three concrete operators. This type
of decomposition, which is made through a scaling operator, already appears in [Behrndt et al. 2017; Seba
1989]. Section 3 also contains some auxiliary results concerning these three operators, whose proofs are
carried out later on, and the proof of Theorem 1.2; see Section 3A. Sections 4, 5, 6 and 7 are devoted to
proving all those auxiliary results presented in Section 3.

2. Preliminaries

As usual, in the sequel the letter “C” (or “c”) stands for some constant which may change its value at
different occurrences. We will also make use of constants with subscripts, both to highlight the dependence
on some other parameters and to stress that they retain their value from one equation to another. The
precise meaning of the subscripts will be clear from the context in each situation.

2A. Geometric and measure-theoretic considerations. In this section we recall some geometric and
measure-theoretic properties of ¥ and the domains presented in (1-2). At the end, we provide some
growth estimates of the measures associated to the layers introduced in (1-3).
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The following definition and propositions correspond to Definition 2.2 and Propositions 2.4 and 2.6 in
[Behrndt et al. 2017], respectively. The reader should look at that paper for the details.
Definition 2.1 (Weingarten map). Let X be parametrized by the family {¢;, U;, V;};cy; thatis, I is a
finite set, U; CR?% V; CR3, & C U, Vi and ¢;(U;) = Vi N X for all i € 1. For

x=g¢iu)eXNV;

with u € U;, i € I, one defines the Weingarten map W (x) : T, — T, where T, denotes the tangent space
of ¥ on x, as the linear operator acting on the basis vector {9;¢; (u)}j=12 of T as

W(x) 0ji(u) := —0;v(p; ().

Proposition 2.2. The Weingarten map W (x) is symmetric with respect to the inner product induced by
the first fundamental form and its eigenvalues are uniformly bounded for all x € X.

Given 0 < € < n and 2, asin (1-2), let ic : ¥ x (—e¢, €) — 2, be the bijection defined by
ic(xg,t) :=xy +1tv(xy).
For future purposes, we also introduce the projection Py, : Q2 — X given by
Py (xs +1v(xy)) = x5x. (2-1)

For 1 < p < +o0, let LP(L2¢) and L?(X x (—1, 1)) be the Banach spaces endowed with the norms

1
||f”€p(gé) ::/S; |f|pd£v ||f”€p(2><(71,1)) ::/1 /E |f|pd0'dl‘, (2-2)

respectively, where £ denotes the Lebesgue measure in R The Banach spaces corresponding to the
endpoint case p = 00 are defined, as usual, in terms of essential suprema with respect to the measures
associated to Q¢ and ¥ x (—1, 1) in (2-2), respectively.

Proposition 2.3. If n > 0 is small enough, there exist 0 < c1, ¢y < +00 such that

cll fllzia,) S If oielliimueey <l flliig, forall fe L' (Qe), 0<e<n.

Moreover, if W denotes the Weingarten map associated to ¥ from Definition 2.1,
€
/ fx)dx = / / flxg +tv(xy))det(l —tW(xg))do(xy)dt forall f € LI(QG). (2-3)
Qe —€JX

The eigenvalues of the Weingarten map W (x) are the principal curvatures of £ on x € X, and they are
independent of the parametrization of X. Therefore, the term det(1 —¢W (xy)) in (2-3) is also independent
of the parametrization of X.

Remark 2.4. Let i : Q. — (—¢, €) be defined by h(xx 4+ tv(xy)) :=t¢. Then |Vh| =1 in Q, so the
coarea formula, see for example [Ambrosio et al. 2000, Remark 2.94], gives

€

f(x)dx =/ f(x)do,(x)dt forall feLY(Q0).
Qe

—e JX



KLEIN’S PARADOX AND THE RELATIVISTIC §-SHELL INTERACTION IN R3 711

In view of (2-3), one deduces that

fdo, = / s+ 1v(r)) det(l — 1W (xy)) dotry) (2-4)
% >

forall t € (—e,€) and all f € L'(Z)).

In the following lemma we give uniform growth estimates on the measures o, for ¢ € [—n, n] that
exhibit their 2-dimensional nature. These estimates will be used many times in the sequel, mostly for the
case of o.

Lemma 2.5. If n > 0 is small enough, there exist c1, c; > 0 such that

0:(B,(x)) <cir? forallx eR r>0, t €[—n, 7], (2-5)
0;(B,(x)) > cor? forallx € &;, 0 <r <2diam(R2,), t € [—n, nl, (2-6)

where B, (x) is the ball of radius r centered at x.

Proof. We first prove (2-5). Let ro > 0 be a constant small enough, to be fixed later on. If r > rg, then

0/ (B,(x)) < max o,;(R*) <C=—ri <Cor?,
te[—n,n]

%
where Cy :=C/ rg > 0 only depends on rg and 5. Therefore, we can assume that r < r¢y. Let us see that
we can also suppose that x € ;. In fact, if n and r( are small enough and 0 < r < ro, given x € R one
can always find x € X, such that 0;(B,(x)) <20,(B,(x)) (if x € ) just take X = Pxx +tv(Pxx)). Then
if (2-5) holds for x, one gets 0;(B,(x)) < 20,(B, (X)) < Cr?, as desired.

Thus, it is enough to prove (2-5) for x € X, and r < rg. If rg and n are small enough, covering ¥; by local
chards we can find an open and bounded set V; . C R?>and a C! diffeomorphism ¢ : R? — (pt(IRz) CcR3
such that ¢;(V;,) = X, N B.(x). By means of a rotation if necessary, we can further assume that
@, is of the form ¢,(y") = (¥, T;(y")), i.e., ¢, is the graph of a C! function 7, : R> — R, and that
max;e[—y,n] |VT;lloo < C (this follows from the regularity of X). Then, if x" € V; , is such that ¢, (x") = x,
for any y' € V; , we get

2> o (y) — o (P = 1y — '],
which means that V, , C {y’ € R?: |x’—y'| <r} =: B’ C R% Denoting by H? the 2-dimensional Hausdorff
measure, from [Mattila 1995, Theorem 7.5] we get

0/ (B (x)) = H* (0, (Vi) < H* (91 (B)) < |V |2 H*(B)) < Cr?

for all ¢ € [—n, n], so (2-5) is finally proved.
Let us now deal with (2-6). Given ry > 0, by the regularity and boundedness of X it is clear that
inf; e[y, 9], xex, 01(By(x)) = C > 0. As before, for any ro <r < 2diam(£2,) we easily see that

0/ (B,(x)) > 0,(B,,(x)) > C = 4 diam(Q,)* > C1r?,

4 diam($2,)?
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where C| :=C/(4 diam(Qn)z) > (0 only depends on ry and 1. Hence (2-6) is proved for all ro <r <
2diam(£2,)).

The case 0 < r < ry is treated, as before, using the local parametrization of X, around x by the graph
of a function. Taking 1 and ry small enough, we may assume the existence of V; . and ¢; as above, so
let us set ¢, (x") = x for some x" € V;,. The fact that ¢, is of the form ¢,(y") = (y', T;(y’)) and that
@:(V;.;) = ;N B, (x) implies B” :={y’ € R? : |x' — y'| < Cor} C V., for some C, > 0 small enough
only depending on max;e[—y, ] [IVT;|lo0, Which is finite by assumption. Then, we easily see that

0/ (Br(x)) = 01 (@1 (V1) = 04 (¢ (B")) = / VI+IVLO)Pdy = / dy' =Cr?,

"

where C > 0 only depends on C». U

2B. Shell interactions for Dirac operators. In this section we briefly recall some useful instruments
regarding the §-shell interactions studied in [Arrizabalaga et al. 2014; 2015]. The reader should look at
[Arrizabalaga et al. 2015, Sections 2 and 5] for the details.

Let a € C. A fundamental solution of H — a is given by

—v/m2—a?|x|
¢ (x) = %(a—i—mﬂ £ 4vVm?—a?x])ia- %) for x € R®\ {0},
T | X X

where ~/m?2 — a? is chosen with positive real part whenever a € (C\ R) U ((—m, m) x {0}). To guarantee
the exponential decay of ¢“ at co, from now on we assume that a € (C\ R) U ((—m, m) x {0}). Given
G € L*(R** and g € L*(0)* we define

UG, g)(x) = /R3 ¢“(x —y)G(y) dy+/2¢“(x —y)g(y)da(y) forxeR’\X. (2-7)

Then, ®¢ : L*(R%)* x L?(0)* — L?*(R?)* is linear and bounded and ®%(G, 0) € H'(R?)* We also set
YLG = tre(P(G, 0)) € L*(0)*,

where trg is the trace operator on X. Finally, given x € ¥ we define

Cyg(x) :=lim ¢“(x —y)g(y)do(y) and Cig(x):= lim @90, g)(y),
eNo EN{jx—y|>€} Qiayn—nc

where Q4 3 y > x means that y tends to x nontangentially from the interior/exterior of €2, respectively;
ie., Qp :=Qand Q_ := R\ Q. The operators C% and C are linear and bounded in L?(0)* Moreover,
the following Plemelj—Sokhotski jump formulae hold:
C4 =F3i(e-v)+CL. (2-8)
Let A, € R. Using ®“, we define the electrostatic §-shell interaction appearing in Theorem 1.2 as
D(H +1.85) := {®°(G, ) : G € L*(R*)*, g € L*(0)*, 1, PVG = —(1 +2.Cg}.

o
(29)
(H +2e85)¢ 1= Ho + 3he(¢1 +9-)0  for g € D(H +83),
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where H ¢ in the right-hand side of the second statement in (2-9) is understood in the sense of distributions
and ¢4 denotes the boundary traces of ¢ when one approaches ¥ from Q.. In particular, one has
(H+ X 0x)p=G € L*(R3)* for all 0= (G, g) € D(H + A.8x). We should mention that one recovers
the free Dirac operator in H I(R3)* when A, = 0.

From [Arrizabalaga et al. 2015, Section 3.1] we know that H + A.dy is self-adjoint for all A, # £2.
Additionally, if A, #0, given a € (—m, m) and ¢ = (G, g) € D(H + 1.45y%),

(H+ 85 —a)p =0 if and only if (% n C;;)g —0. (2-10)
e

This corresponds to the Birman—Schwinger principle in the electrostatic §-shell interaction setting. Since
the case A, = 0 corresponds to the free Dirac operator, it can be excluded from this consideration because
it is well known that the free Dirac operator doesn’t have pure point spectrum. Moreover, the relation
(2-10) can be easily extended to the case of a € (C\ R) U ((—m, m) x {0}) (one still has exponential
decay of a fundamental solution of H — a).

In the same vein, given A; € R, we define the Lorentz scalar §-shell interaction as

D(H + B 8%) = {®%G, g): G € L*(RY)*, g € L*(0)*, 1,®YG = — (B +1,C)g}, o1
(H+AB85)g = Ho+ 5xhBlpr+¢-_)o for g € D(H+A,B85).

From [Arrizabalaga et al. 2015, Section 5.1] we know that H + A8 8y is self-adjoint for all A; € R.
Additionally, given A; #0, a € (C\R)U ((—m, m) x {0}) and ¢ = DG, g) € D(H + 1,8 85), arguing
as in (2-10) one gets

(H+ X f6s —a)p =0 if and only if <A£+Cf,>g=0. (2-12)
A
The following lemma describes the resolvent operator of the §-shell interactions presented in (2-9) and
(2-11).
Lemma 2.6. Given A,, Ay € Rwith A, # £2, a € C\ R and F € L>*(R3)?*, the following identities hold:
(H+rebg —a) 'F=(H—a) ' F = 2,00, (14+1.CH) ' 0%F), (2-13)
(H+AB8s —a) 'F=(H—a)"'F =130, (B+1CH ™ ®IF). (2-14)

Proof. We will only show (2-13); the proof of (2-14) is analogous. Since H + 1.8y is self-adjoint for
Le # £2, we know (H 4 A.85 —a)~! is well-defined and bounded in L?(R3)* For A, = 0 there is nothing
to prove, so we assume A, % 0.

Let ¢ = ®°(G, g) € D(H + A.8x) as in (2-9) and F = (H + A.8x — a)p € L>(R*)* Then,

F=(H+ )85 —a)®°(G, g) =G —ad’(G, g). (2-15)

If we apply H on both sides of (2-15) and we use that H®°(G, g) = G + go in the sense of distributions,
we get HF = HG — a(G + go); thatis, (H —a)G = (H —a)F +aF + ago. Convolving with ¢¢
the left- and right-hand sides of this last equation, we obtain G = F + a®“(F, 0) + a®“(0, g); thus
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G — F =a®?(F, g). This, combined with (2-15), yields
0%(G, g) = @“(F, g). (2-16)
Therefore, taking nontangential boundary values on ¥ from inside/outside of €2 in (2-16) we obtain
DG+ Clg=DLF +Cig.

Since ®°(G, g) € D(H + A.8x), thanks to (2-9) and (2-8) we conclude that

¢3F=—(i+cg)g. 2-17)
Since a € C\R and H + .85 is self-adjoint for A, 7 £2, by (2-10) we see that Kernel(1/A,4Cg) = {0}.
Moreover, using the ideas of the proof of [Arrizabalaga et al. 2014, Lemma 3.7] and that A, # %2, one

can show that 1/A, + C¢ has closed range. Finally, since we are taking the square root so that

\/mz —a2=m?— a2,

following Lemma 3.1 of the same paper we see that (¢9)! (x) = ¢ (—x). Here, (¢)" denotes the transpose
matrix of ¢ Thus we conclude that (Range(1/A,+ Cg))L = Kernel(1/A. + Cg) ={0},andso 1/A.+Cg
is invertible. Then, by (2-17), we obtain

—1
2= ‘(% +Ci) BLF. (2-18)
Thanks to (2-16) and (2-18), we finally get

-1
(H+ b5 —a)'F=¢ =G, g) = *(F, g) = CD“(F, _(i + cg) cbgF)

= ®“(F,0) — 2. D(0, (1 + 1,C3) ™' DLF),
and the lemma follows because ®¢(-,0) = (H —a)~! as a bounded operator in LR34, Il

2C. Coupling the free Dirac operator with short-range potentials as in (1-6). Given V as in (1-4), set
H!:=H+YV, and H :=H+BV..

Recall that these operators are self-adjoint on H'(R?)* In the following, we give the resolvent formulae
for Hf and H;.

Throughout this section we make an abuse of notation. Remember that, given G € L*(R*)* and
g€ L*(0)% in (2-7) we already defined ®“(G, g). However, now we make the identification ®“(-) =
®%( -, 0); that is, in this section we identify ®“ with an operator acting on L?(R*)* by always assuming
that the second entrance in ®“ vanishes. Additionally, in this section we use the symbol o (- ) to denote the
spectrum of an operator, the reader should not confuse it with the symbol ¢ for the surface measure on X.

Proposition 2.7. Let u. and v, be as in (1-5). Then:

(1) a€p(H) ifand only if —1 € p(uPv.), where p(-) denotes the resolvent set.
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(i1) a € 0,p(HY) if and only if —1 € oy, (U P v.), where 0,,(-) denotes the pure point spectrum.
Moreover, the multiplicity of a as an eigenvalue of H¢ coincides with the multiplicity of —1 as
eigenvalue of ue d%v..

Furthermore, the following resolvent formula holds:

(H —a) ' = & — v (1 + u D v) 'u 0. (2-19)
Proof. To prove (i) and (ii) it is enough to verify that the assumptions of [Konno and Kuroda 1966,
Lemma 1] are satisfied. That is, we just need to show that a € 0,,(H¢) if and only if —1 € 0, (u P v,)
and that there exists a € p(Hf) such that —1 € p(uP%v,).

Assume that a € 0, (H¢). Then (H + V. —a)F =0 for some F € L*(R¥)* with F #0, so (H—a)F =
—V.F. Using that o (H) = 0ess(H), Where oegs( - ) denotes the essential spectrum, it is not hard to show
that indeed V. F #£ 0. Since V. = vcu,, by setting G =u.F € L*(R** we get that G # 0 and

(H—a)F = —v.G. (2-20)
From [Thaller 1992, Theorem 4.7] we know that oes(H + Vo) = 0ess(H) = 0 (H). Since o (HY) is the
disjoint union of the pure point spectrum and the essential spectrum, we have o,,(Hf) C p(H), which
means that (H —a)~! = & is a bounded operator on L*(R»% By (2-20), F = —®%v.G. If we multiply
both sides of this last equation by u, we obtain G =u.F = —u®v.G, so —1 € o, (u P*v.) as desired.

On the contrary, assume now that there exists a nontrivial G € L?(R3)* such that u.®%v.G = —G. If
we take F = ®%v.G € L*(R?), we easily see that F £ 0 and V. F = —(H — a) F, which means that a
is an eigenvalue of H?.

To conclude the first part of the proof, it remains to show that there exists a € p(Hf) such that
—1 € p(uPv,). By [Thaller 1992, Theorem 4.23] we know that o, (H¢) is a finite sequence contained
in (—m, m), so we can chose a € (—m, m) N p(Hf). Moreover, by [Seba 1988, Lemma 2], u.d%v, is
a compact operator. Then, by Fredholm’s alternative, either —1 € o, (uc®“ve) or —1 € p(ud“v,). But
we can discard the first option, otherwise a € 0,,,(Hf), in contradiction with a € p(H¢).

Let us now prove (2-19). Writing V. = v.u, and using that (H —a)~! = ®“ we have

(H —a)(®¢ — & v (1 +u D v) 'u 09
=1—v(14+uc®v) 'ucd + veucd —ve(—1 4+ 1 +udv)(1 + uc ®*ve) u d?

=1—vc(1 +uc®v) ' uc® + v ®* + v (1 + uc dve) 'u d* — veu O =1,
as desired. O

The following result can be proved in the same way; we leave the details for the reader.
Proposition 2.8. Let u. and v, be as in (1-5). Then:
(i) a € p(Hf) ifand only if —1 € p(BuPv,).

(ii) a € 0 (HY) if and only if —1 € 0pp(BucPv.). Moreover, the multiplicity of a as an eigenvalue of
H? coincides with the multiplicity of —1 as eigenvalue of Buc P v..

Furthermore, the following resolvent formula holds:

(H! —a)™' = 0" — &0 (B +u D)~ u . (2-2D)
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3. The main decomposition and the proof of Theorem 1.2

Following the ideas in [Seba 1989; Behrndt et al. 2017], the first key step to proving Theorem 1.2 is to
decompose (Hf — a)~! and (H] — a)”l, using a scaling operator, in terms of the operators A¢(a), Be(a)
and C¢(a) introduced below (see Lemma 3.1).

Let 5o > 0 be some constant small enough to be fixed later on. In particular, we take ng so that (1-2)
holds for all 0 < € < ng. Given 0 < € < 1, define

T : L*(2 x (=€, )" — L*(Q)* by (Ze f)(xg + tv(xg)) := f(xs, 1),
S L2 (T x (=1, 1)* = LA(Z x (=€, €))* by (Seg)(xx, 1) := Lg(xz, 5).
ﬁ €

Thanks to the regularity of X, Z, is well-defined, bounded and invertible for all 0 < € < g if 1g is small
enough. Note also that S is a unitary and invertible operator.
Let 0 <n <mng, Ve L>®R) with suppV C [—n, n] and u, v € L*°(R) be the functions with support
in [—1, 1] introduced in (1-5); that is,
u®):=nVaH)|Y? and  v(r) :=sign(V(ne)u(r). (3-1)
Using the notation related to (2-3), for 0 < € < 1y we consider the integral operators
Ac(a) : L*(Z x (=1, )* = L2 R},
Be(a): L*( x (=1, 1)* = L*(= x (—1, 1)), (3-2)

Cc(a): L>(RH* = L>(= x (=1, 1)*
defined by

1
(Ae(a)g)(x) i=/1/2¢”(x—yz—GSV(yz))v(S)det(l —esW(yz))g(ys, s)do(ys)ds,

1
(Be(@)g) (x5, 1) i= u(t) / / ¢ (xs + etv(rz) — v — esv(y))v(s) (3-3)
-1 x det(1 —esW(ys))g(ys, s)do(yx) ds,

(Ce(a)g)(xx, 1) := u(t)/[R3 ¢ (xs +etv(xs) —y)g(y) dy.

Recall that, given F € L?(R3)* and fe L?(0)% in (2-7) we defined ®“(F, f). However, in Section 2C
we made the identification ®¢(-) = ®%(-, 0), which enabled us to write (H —a)~' = ®% Here, and in
the sequel, we recover the initial definition for ®“ given in (2-7) and we assume that a € C\ R; now we
must write (H —a)~' = ®%(-, 0), which is a bounded operator in L*(R»%

Proceeding as in the proof of [Behrndt et al. 2017, Lemma 3.2], one can show the following result.

Lemma 3.1. The following operator identities hold for all 0 < € < n:
Ac(a) = D(, 0)ve Ze S,
Be(a)=8""T"'u. (-, 0)v. . S, (3-4)
Ce(a) =877 u, (-, 0).

€
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Moreover, the following resolvent formulae hold.:
(H —a) ' =(H—a)"" + Ac@)(1 + Bc(@)) "' Cc(a), (3-5)
(H! —a) ' =(H—a)""+ Ac(@)(B + B (@) "' Cc(a). (3-6)

In (3-4), Ac(a) = D°(-, 0)ve Z. Sc means that A, (a)g = P (v, Z. S g, 0) forall g € L>(Z x (—1, )%,
and similarly for B.(a) and C¢(a). Since both Z, and S, are an isometry, V € L*°(R) is supported in
[—n, n] and ®“( -, 0) is bounded by assumption, from (3-4) we deduce that A.(a), B¢ (a) and C(a) are
well-defined and bounded, so (3-2) is fully justified. Once (3-4) is proved, the resolvent formulae (3-5)
and (3-6) follow from (2-19) and (2-21), respectively. We stress that, in (2-19) and (2-21), there is the
abuse of notation in the definition of ®¢ commented on before.

Lemma 3.1 connects (HS — a)~! and (H? — a)~! to Ac(a), Be(a) and Ce(a). When € — 0, the limit
of the former ones is also connected to the limit of the latter ones. We now introduce those limit operators
for Ac(a), Be(a) and C.(a) when € — 0. Let

Ao(a) : L*(T x (=1, 1)* — L2(RH*,
Bo(a) : L*(Z x (=1, 1))* > L*(T x (=1, 1),

3-7

B i L*(Z x (=1, 1))* > L%(Z x (-1, 1) G-7
Co(a) : L>(RH* = L*(= x (=1, 1)*
be the operators given by
1
(Ap(a)g)(x) := / 1 /E ¢ (x —y2)v(s)g(ys, s)do(yx) ds,
1
(Bo(a)g)(xx, 1) := lim u(t)/ ¢ (xz —ys)v(s)g(ys, s)do(yx) ds,

€0 —1J|xg—ys|>€ (3-8)

1
(B'9)(xs, 1) := (@ v(xz)) hiu(r) f sign(t = )u()g (s, 5) ds.

(Col@g) (x5, 1) i= u(?) /R s~z dy.

The next theorem corresponds to the core of this article. Its proof is quite technical and is carried out
in Sections 4, 5 and 6. We also postpone the proof of (3-7) to those sections, where each operator is
studied in detail. Anyway, the boundedness of B’ is trivial.

Theorem 3.2. The following convergences of operators hold in the strong sense:

Ac(a) = Ap(a) when € — 0, (3-9)
B.(a) — Byo(a) + B’ whene — 0, (3-10)
C.(a) — Cy(a) when € — 0. (3-11)

The proof of the following corollary is also postponed to Section 7. It combines Theorem 3.2, (3-5)
and (3-6), but it requires some fine estimates developed in Sections 4, 5 and 6.
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Corollary 3.3. There exist ng, 6 > 0 small enough only depending on X such that, for any a € C\ R with
lal <1, 0 <n <ngand (8§, n)-small V (see Definition 1.1), the following convergences of operators hold
in the strong sense:

(H+V.—a)™' > (H=—a)""+ Ag(a)(1 + By(a) + B 'Co(a) whene — 0,
(H+BV.—a)™' - (H—a) ' 4+ Ag(a)(B + Bo(a) + B) "' Co(a) when e — 0.

In particular, (1 + By(a) + B')~' and (B + Bo(a) + B')~! are well-defined bounded operators in
LY(Z x (=1, D)%

3A. Proof of Theorem 1.2. Thanks to [Reed and Simon 1980, Theorem VIII.19], to prove the theorem
it is enough to show that, for some a € C\ R, the following convergences of operators hold in the strong

sense:
(H+V.—a)' > (H+ X185 —a)~!  whene — 0, (3-12)

(H+BV. —a)™' — (H+ 1,85 —a)~' when e — 0. (3-13)

Thus, from now on, we fix a € C\ R with |a] < 1.
We introduce the operators

ViLA(E x (=1, 1) > LX(®)* and U:L*(E)*— LX(T x (-1, 1)*
given by
1

Vfxs) = / o(s) frm.s)ds and O f(rp, 1) = u(t) fxz).

-1

Observe that, by Fubini’s theorem,
Ag(a) = @90, -)V, By(a)=UCV, Cola)=Ud°. (3-14)
Hence, from Corollary 3.3 and (3-14) we deduce that, in the strong sense,

(H+V.—a)' > (H—a) '+ %0, )VA+UC'V+B)'U®% whene—0,  (3-15)
(H+BV.—a)"' > (H—a) ' + %0, )V B+UCV+B) ' Ud’. whene—0.  (3-16)

For convenience of notation, set

Kg(xs, 1) :=Ky(glxs, ) forge LT x (—1,1)),

where Cy is as in (1-7). Then, we get

, - I V)KI

Here, 0 := (01, 02, 03), see (1-1), l4 denotes the 4 x 4 identity matrix and IEI]4 denotes the diagonal 4 x 4
operator matrix whose nontrivial entries are K, and analogously for Kl,. Since the operators that compose
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the matrix 1+ B’ commute, if we set K := Kly, we get

(1 + B/)fl — (1 _ ’%2)71 ® ( [|2 _(0 : V)’CHZ

— 21 . 21 )
—(0 - 1)K, I, )—(1 K™ = (- v)1=KH7'K. (3-17)

With this at hand, we can compute
A+TCV+B) ' '=(1+0+B)'TCV) ' 1+B)"!
= (1+(1-K)'TCLV - (@-v)(1 -k~ 'KTCLV) !
o((1=KH ' =(a-v)(1-KH7'K). (3-18)
Notice that
V(I+1=KHT'TCLV — (a-v)(1 - KH'KUCV)
= (1+VA-K>'UCE~ (@-v)V(1 - KH'KUC)V,
which obviously yields
VI4+1-K)T'TCLV = (@-v)(1 -k~ KTV
—(1+ V(1 =KH'TCe — (@- )V -K)T'KTCH) ™'V, (3-19)
Additionally, by the definition of Ky in (1-7), we see that
Va-k3"'0 = <va (1— IC%,)_]u)I]4 = Aol
(3-20)
Va—Kk3"'kU = </v (1— /CZV)—IICVM> Iy =0.
R

Indeed, from (1-10) in Theorem 1.2, A, = fpv (1 — K3) " 'u. Let us focus on [v (1 — K3) ™' Cyu. Note
that, for any n > 0,

A\ 2n+1 . .
f oKy Hu=(—50)™" / | V)Vt Vt) sign(o—t) - sign(tan—tons) diodty - diz.
R (—Uaﬂ) ias
Setsj :=1ty,41—j for j €{0,...,2n+1}. Then,

sign(to — 1) - - - sign(tay — tan1) = (—1)*" T sign(so — s1) - - - sign(s2, — $2041);

thus, by Fubini’s theorem, [ vk u = 0. This implies Jrv (1= K3)~'Kyu = 0 by a Neumann series
argument, and therefore \7(1 — ICZ)_llCﬁ =0.
Hence, combining (3-19) and (3-20) we have
VA+0=K)7'TCHV — (@-v)(1 =KD KTCeV) ™ = (1 4+ 2,697V (3-21)
Then, from (3-18), (3-21) and (3-20), we finally get
(0, )V(1+UCLV + B) UL = (0, ) (1 + 1.CH ' A DL

This last identity combined with (3-15) and (2-13) yields (3-12).
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The proof of (3-13) follows the same lines. Similarly to (3-17),
B+B) ' =A+KH)T B~ (@A +LH)7L
One can then make the computations analogous to (3-18)—(3-21). Since
Ay = /Rv(l + K3,

we now get
0, H)V(B+UCLV + B) ' UDL = &%(0, - )(B + 1 CH) ™ a0,

From this, (3-16) and (2-14) we obtain (3-13). This finishes the proof of Theorem 1.2, except for the
boundedness stated in (3-7), the proof of Corollary 3.3 in Section 7, and Theorem 3.2, whose proof is
broken up as follows: (3-9) in Section 6, (3-10) in Section 5 and (3-11) in Section 4.

4. Proof of (3-11): C.(a) — Cy(a) in the strong sense when ¢ — 0

Recall from (3-3) and (3-8) that C(a) with 0 < € < ng and Co(a) are defined by

(Col@)g) (x5, 1) = () fR (s + etvien) — gy,

(Col@e)(xs, 1) = u(t) fR (s — g dy.

Let us first show that C, (a) is bounded from L?(R3)* to L?(Z x (—1, 1))* with a norm uniformly bounded
on 0 < € < ng. For this purpose, we write

(Ce(@)g)(xs, 1) = u(t)(@ * g)(xx +€1v(xx)), (4-1)

where ¢“ % g denotes the convolution of the matrix-valued function ¢¢ with the vector-valued function
g € L?(R*)* Since we are assuming that € C\R and, in the definition of ¢%, we are taking +/m? — a2 with
positive real part, the same arguments as the ones in the proof of [Arrizabalaga et al. 2014, Lemma 2.8]
(essentially Plancherel’s theorem) show that

6 * gll g1 @ys < Cligl ey forall g € L2R)Y,

where C > 0 only depends on a. Additionally, thanks to the C? regularity of X, if 7o is small enough it is
not hard to show that the Sobolev trace inequality from H H(R*)* to L2(Z¢;)* holds for all 0 < € < no
and ¢ € [—1, 1] with a constant only depending on 7o (and X, of course). Combining these two facts, we
obtain that

16 % gll 25,0 < Cligl 2@y forall g e LR, 0<e<mngandse[—1, 1. (4-2)
By Proposition 2.2, if ng is small enough there exists C > 0 such that

c'< det(1 —etW(Pgx)) <C forall0<e<ng, te(—1,1)and x € X¢;. 4-3)
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Therefore, an application of (4-1), (2-4), (4-3) and (4-2) finally yields
1
2
€@l = [ [ 1@ 5 0)xs + ervire [ dotes) ds
-1Jx

1
< IIMIIiOO(R)fI/2 |det(1—etW(sz))*l/z(gb“*g)(x)|2dce,(x)dt

2
= C”u”LOO(R)/

1
2 2 2
| ||¢)a * g”Lz(Eﬁ)“ dt S C”u”LOO(R) ”g”LZ(RS)A-

That is, if g is small enough there exists C; > 0 only depending on 7o and a such that
ICe(@)ll 23yt 125 x(—1.1)* < Cillullp=@ forall 0 <e < no. (4-4)

In particular, the boundedness stated in (3-7) holds for Cy(a).
In order to prove the strong convergence of C¢(a) to Co(a) when € — 0, fix g € LZ(R*)* We must
show that, given § > 0, there exists ¢y > 0 such that

[Ce(a)g — Co(@)gllr2zx(-1,ny+ =8 forall0 <€ <e. (4-5)

For every 0 < d < no, using (4-4) we can estimate

[Ce(a)g—Col@)gll L2z x(—1,1))*
<Ce(@ (X2, L2z x (=1, HCo(@) (X2, &) I L2 (2 x (= 1,1t T (Ce (@) —Co(@) (Xm3\@,8) | L2 (5 x (=1, 1))
<2C1||ull L) ||XQ,,g||L2(|R3)4+|| (Ce (a)_CO(a))(XR3\ng) ||L2(E><(—1,1))4' (4-6)

On one hand, since g € L*(R%)* and £(X) = 0 (£ denotes the Lebesgue measure in R?), we can take
d > 0 small enough so that

I X2.8ll 2@y < 4-7)

AC ullLow)

On the other hand, note that
(x5 +etv(xs)) —xz| = €t [v(xs)| < € < 4d = 1 dist(Z, R*\ Q) < 1 x5 — y| (4-8)

forall0<e <1id, te(-1,1), xy € Zand y € R*\ Q.

As we said before, we are assuming that a € C\ R and, in the definition of ¢“, we are taking Vm? —a?
with positive real part, so the components of ¢“(x) decay exponentially as |x| — oco. In particular, there
exist C, r > 0 only depending on a such that

109 (x)| < Ce™ "™ forall |x| > 1,

(4-9)
10¢%(x)| < C|x|™> forall 0 < |x| < 1,

where by the left-hand side in (4-9) we mean the absolute value of any derivative of any component of the
matrix ¢“(x). Therefore, using the mean value theorem, (4-9) and (4-8), we see that there exists C, 4 > 0
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only depending on a and d such that

|9 (xs +etv(xz) —y) = ¢z = Y)| = Coa 3
lxs — |

forall0 <e < %d, te(—1,1),xyeXandye€ R3 \ 4. Hence, we can easily estimate
[(Ce(@) — Co(a)) (Xm0, 8) (x5, 1)

< llullLew) /R}\Q 9% (x5 +etv(xs) —y) — ¢ (xs — V)| 1) dy

€lg(y)]
< Ca,d||”||L°°([R§)/ dy

rR\Q, [z —yI3

dy 1/2
< Coa€llullLom) (f3 ﬁ) lgll 2@y < Cpg€llullLemligl 2w
R3\By(xg) IX= — Y

where C (’1 4 > 0 only depends on a and d. Then,

[(Ce(@) — Co(@)) (xmeva, @) | 1255 (=1, 1)¢ < Copg €llull Lo 181l r2r3)s (4-10)

for a possibly bigger constant C Zl 4> 0.
With these ingredients, the proof of (4-5) is straightforward. Given § > 0, take d > 0 small enough so
that (4-7) holds. For this fixed d, take

) { 1) d}
€p = min - s =
2C, glullLemliglzmys 2

Then, (4-5) follows from (4-6), (4-7) and (4-10). In conclusion, we have shown that
lim [|(Ce(@) = Co@)gll 2z x-1i+ =0 forall g € L2(R)", (4-11)
which is (3-11).
5. Proof of (3-10): B.(a) — By(a) + B’ in the strong sense when ¢ — 0

Recall from (3-3) and (3-8) that B.(a) with 0 < € < 19, and By(a) and B’ are defined by

1
(Be(a)g)(xx, 1) = u(l)/ / ¢ (xx +etv(xs) — ys —esv(ys))v(s)
—hUE x det(1 —esW(ys))g(ys, s) do(yz) ds,

1
(Bo@g)(xs. 1) = lim u(r) / 1 /| ¢ (xs — y2)u()g(vz. ) ds do(ys),

Xp—ys|>€
1
(B'g)(xs, 1) = (- v(xz)) bi u) / sign(t = U8z, 5)ds.

We already know that B, (a) and B’ are bounded in L*(Z x (=1, 1))* Let us postpone to Section 5B the
proof of the boundedness of By(a) stated in (3-7). The first step to proving (3-10) is to decompose ¢¢ as
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in [Arrizabalaga et al. 2015, Lemma 3.2]; that is,

—Vm?2=a?|x| e—Vm—=d’lx| _q :
P = a+mp+vm?—a’ia-— e T e S e
47 x| |x| 4 x]®  4n lx|?
=: of (x) + 0f (x) + w3(x). (5-1)

Then we can write
B.(a) = Be,w‘l‘ + Be,wg + Be,a)y

(5-2)
Bo(a) = Bo,ws + Bo,wg + Bo,ws.

where Be v, Be ot and B¢ ,,, are defined as B¢(a) but replacing ¢ by w{, @ and ws, respectively, and
analogously for the case of By(a).

For j = 1,2, we see that |of (x)| = O(|x|™") and [d(x)| = O(|x|7?) for |x| — 0, with the un-
derstanding that |a)“ (x)| means the absolute value of any component of the matrix w“ (x) and |8a)“ ()]
means the absolute Value of any first-order derivative of any component of a)“ (x). Therefore the 1ntegrals
defining B, ot and By ot are of fractional type for j = 1, 2 (recall Lemma 2 5) and they are taken over
bounded sets, so the strong convergence follows by standard methods. However, one can also follow the
arguments in the proof of [Behrndt et al. 2017, Lemma 3.4] to show, for j = 1, 2, the convergence of
Be,qu to Bo,qu in the norm sense when € — 0; that is,

eli_f)% 1 Be.o? = Bo.ot 125 x(—1, 1)y > 12(sx(~1,1+ =0 for j=1,2. (5-3)

A comment is in order. Since the integrals involved in (5-3) are taken over ¥ x (—1, 1), which is bounded,
the exponential decay at infinity from [Behrndt et al. 2017, Proposition A.1] is not necessary in the setting
of (3-10); hence the local estimates of |a)}1 (x)] and |8w;‘ (x)| near the origin are enough to adapt the proof
of Lemma 3.4 of the same paper to get (5-3).

Thanks to (5-2) and (5-3), to prove (3-10) we only need to show that B¢ ., — Bo «, + B’ in the strong
sense when € — 0. This will be done in two main steps. First, we will show that

lirr(l) Be o, 8(xx, 1) = Bo,w,g(xx, 1) + B'g(xs,t) foralmostall (x5,7) € ¥ x (—1,1) (5-4)
€e—

andall g € L®(X x (-1, 1)* such that Sup|, < lgxy,t)—g(ys,t)| <C|xg —yg]| forall xy, yy € ¥ and
some C > 0 which may depend on g. This is done in Section SA. Then, for a general g € L*(Z x(—1, 1)
we will estimate | B¢ o, g(xx, f)| in terms of some bounded maximal operators that will allow us to prove
the pointwise limit (5-4) for almost every (xx, t) € ¥ x (—1, 1) and the desired strong convergence of
Be ., to Bo o, + B'; see Section 5B.

SA. The pointwise limit of B ,g(xx,t) when € — 0 for g in a dense subspace of L*(Z x (-1, 1)
Observe that the function u in front of the definitions of Be ., By, and B’ does not affect the validity
of the limit in (5-4), so we can assume without loss of generality that u =1 in (—1, 1).

We are going to prove (5-4) by showing the pointwise limit component by component; that is, we are
going to work in L®(X x (—1, 1)) instead of L>®(X x (—1, 1))* In order to do so, we need to introduce
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some definitions. Set

k(x) := for x € R\ {0}. (5-5)

47 |x|3
Givent € (—1, 1) and 0 < € < gy with 19 small enough and f € L*°(X x (—1, 1)) such that
sup | f(xs, 1) — f(ys, )] = Clxs — yx|

|t]<1

for all xy, yy € ¥ and some C > 0, we define

1
T f(xx) :2/ /k(xz +etv(xyg) —yx —esv(yx)) f(ys, s)det(l —esW(ys))do(yx)ds.
—1J2
By (2-4),
1
T frg) = / 1 fz K(xet = ve) F(Psyes s 8) dGes (ves) dis, (5-6)

where x¢; := xx + €tv(xy), Yes := ¥y +€sv(yx) and Py is given by (2-1). We also set

1 1
Tif(ex) = lim / | /| k(rz — y5) £z, 5) do(yp) ds + Lu(ry) / sign(t =) (55,9 .
- i

z|>8
We are going to prove that

Lim Tf fxx) =T, f (xx) (5-7)

for almost all (xx,?) € ¥ x (—1, 1). Once this is proved, it is not hard to get (5-4). Indeed, note that
k = (ky, ko, k3) with k;(x) := x; /(4m|x 1) being the scalar components of the vector kernel k(x). Thus,
we can write

TS f(x2) = ((TF f e, (T f (x2))as (T f (x5))3),

where each (T f(xx)); is defined as in (5-6) but replacing k by k;. Then, (5-7) holds if and only if
(Tf f(xx))j — (T; f(xx)); when € — O for j = 1,2, 3. From these limits, if we let f(yx,s) in the
definitions of 7 f and T f be the different components of v(s)g(yx, s), we easily deduce (5-4). Thus,
we are reduced to proving (5-7).

The proof of (5-7) follows the strategy of the proof of [Hofmann et al. 2010, Proposition 3.30]. Set

E(x) = b orxer? \ {0},
47 |x|

the fundamental solution of the Laplace operator in R3. Note that VE = k = (ky, k2, k3). In particular, if
we set v = (vy, va, v3) and x = (x1, X2, x3), for x € R3 and y € X with x # y we have the decomposition

ki(x —y) = 0y E(x = y) = () 85, E(x — )

=Y v EC = 3) + Y v (v (0, E(x =) = Y vj(3)va(0)y, E(x — )

n

=0 (1) Y 0, EC = a0+ Y (v ()0 E(x — ) = v (38, E(x — 3))va(y)

=i (NVo EGx =)+ Y VIS EGx = y)va(y). (5-8)
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where we have taken

Vi E(x =) =Y va(3)dy, E(x — y) = iE(x — y) - v(y),
" (5-9)

VI E(x =) 1= vy (03 E(x — y) — (1), Ex — ).
For j, n € {1, 2, 3} we define

1
T\ff(xil, 1) = f / vves(yg)E(xet — Yes) [ (P Yes, 8) dOeg(Yes) ds,
=1 J X
(5-10)

1 .
T,‘fnf(xila 1) = f [ V‘{;:l(ym)E(xet — Yes) f (PsYes, 8) dOeg(Yes) ds,
—1 JZ

where ves (yes) := v(ys) is a normal vector field to X¢,. Additionally, the terms V,,_ (y)E (X¢; — Yes) and
1{:1(yﬂ)E (Xer — Yes) 1in (5-10) are defined as in (5-9) with the obvious replacements.

Given f € L®°(X x (—1, 1)) such that SUP|; <1 |f(xs,t)— f(ys, )| <Clxg —yx|forall xy, yg € X
and some C > 0, by (5-8) we see that

(TS fxs)); = Tehj(xs. D+ Y T ha(xs. 1), (5-11)
n
where 1, (Px Yes, §) := (Ves (Ves))n f (PxYes, s) forn =1, 2, 3. We are going to prove that

1
tim 75y = fim [ [ Vi Bl =y, 9) o) ds
€0 —1Jxs—yz|>8

5—0
1
+%/ sign(r — $)h; (xg, 5) ds, (5-12)
-1

I .
im0 =fim [ [l G =m0 dotm) d (5-13)

forn =1, 2, 3. Then, combining (5-11), (5-12) and (5-13), we obtain (5-7). Therefore, it is enough to
show (5-12) and (5-13).

We first deal with (5-12). Remember that VE =k so, given § > 0, from (5-9) and (5-10) we can split
Tfhj (xx,1t) as

1
Tvehj(ant) :/ / k(xet _yes) 'Ves())es) hj(PEyGSv s) dces(yes)ds
-1 |xex_yex‘>8

1
+/ / k(xer _yes)'ves(yes)(hj(PZyeS7 s) _hj(PZx€S7 5)) dOes(yes) ds
-1 |xex7y€x|§6
1
+/ hj(Pers» s) k(xer — Yes) - Ves(Yes) dOes (Yes) ds
-1 Ixesfymlfa

=: e s+ e@e,é + 656,6»
and we easily see that

lim TEhj(xg, 1) = lim 1im (o 5 + Be.s + % 5). (5-14)
e—0 §—0 e—0

We study the three terms on the right-hand side of (5-14) separately.
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For the case of <7 s, note that k € C*°(R?\ Bs(0))? and it has polynomial decay at oo, so
Ik(x)| + |9k (x)] < C < 400 forall x € R3\ B;(0),

where C > 0 only depends on &, and dk denotes any first-order derivative of any component of k. Moreover,
h; is bounded on X x (—1, 1) and X is bounded and of class C 2 Therefore, for a fixed § > 0, the uniform
boundedness of the integrand combined with the regularity of £ and ¥ and the dominated convergence
theorem yields

1
lim s = / / k(xs — ys) - v(ys) i (vg. ) do(ys) ds. (5-15)
€0 —1Jjxs—yz|>8

Then, if we let § — 0, from (5-15) we get the first term on the right-hand side of (5-12).

Recall that the function /; appearing in %, s is constructed from the one in (5-4) using v, see below (5-7),
and vy, see below (5-11). Hence hj € L°°(X x (-1, 1)) and Sup|,| < lhj(xs,t)—hj(ys, )| <Clxs —ys|
for all xy, yy € ¥ and some C > 0. Thus, if 9 and é are small enough, by the mean value theorem there
exists C > 0 such that

| Ps yes — PxXes| <
|xXer — yes|2 T |Yes — Xes|

|k(xer = Yes) - Ves (Ves) (B (Ps yes, ) = hj(Psxes, 5))| < C (5-16)
for all 0 < € < ng and |x¢; — yes| < 8. In the last inequality in (5-16) we used that Py is Lipschitz on
Q, and that |x¢s — yeg| < Clxer — Yes| if |Xes — Yes| < 6 and § is small enough (due to the regularity
of ¥). From the local integrability of the right-hand side of (5-16) with respect to o¢; (see Lemma 2.5)
and standard arguments, we easily deduce the existence of Cs > 0 such that SUP(<¢ <o |%e 5| < Cs and
Cs — 0 when § — 0; see [Behrndt et al. 2017, (A.7)] for a similar argument. Then, we have

|lim lim %, 5| < lim sup |%| < lim Cs =0. (5-17)

§—>0e—0 HOOSGSUO

Let us finally focus on % 5. Since k = VE, from (5-9) we get

/ k(Xer — Yes) - Ves(Ves) dOes (Yes) = / vas(ye,-)E(xet — Yes) d0es(Yes)-
[Xes—Yes | <6 [Xes—Yes | <6

Consider the set

Bs(xes) \ Q2(€,5) ift <,

Dj§(t, s) := { .
Bs(xe) NQ2(e,5) ift >,

where €2 (e, s) denotes the bounded connected component of R3 \ X, that contains Q2 if s > 0 and that is
included in Q if s < O.

Set E,(y) := E(x —y) for x, y € R® with x # y. Then AE,, =01in Dj§(t,s) and VE,_ (y) =
—VE((xe—y). If vy DS (t.5) denotes the normal vector field on 9 Dj (¢, s) pointing outside Dj(t, s), by the
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VaD§ (1,5)

Ves (Yes)

Figure 1. The set Dj(t, s) in the case t > s > 0 (left) and s > ¢ > 0 (right).

divergence theorem,
0= f AE,, (y)dy= —/ VE(Xer — ¥) - Vaps1.5)(¥) dH* ()
D§(1,s) D5 (t,s)

= — sign(t —5) Vuﬂ(yﬂ)E(xet — Yes) does (Ves)

|xex —Yes |S‘S

- / VEGa —y)- 2 032(y), (5-18)
{yeR3:|xes—y|=8}NAS |y — Xes|

where
AS =R\ Qe,5) ift<s and A5 :=Q(es) ifr>s.

Remember also that 7> denotes the 2-dimensional Hausdorff measure. Since VE = k, from (5-18) and
(5-9) we deduce that

. Xes —
/ K (ki e )Ves (ves) dTes (ves) = sign(—s) f kGra—y) ==Y a32(y). (5-19)
e —Yes| <8 3 Bj (xes)NAE, [Xes — ¥l

Note that x.; ¢ Dj(t,s) by construction; see Figure 1. Moreover, by the regularity of X, given
8 > 0 small enough we can find €y > 0 so that |x¢, — y| > %8 forall0 < e <¢p, s,t € [—1, 1] and
y € 0Bs(xes) N Af’ s- In particular,

lk(xes — y)| < C < +oo forall y € dBs(xes) NAS (5-20)

t,s°
where C only depends on § and €p. Then,

Xet — Y ] Xes — Y
47 | Xer _y|3 [xXes — Yl

Xes — Y
X0Bs(xeonias, () k(xep — y) - ——— dH>(y) = X0 By (xep)nAS, (V) dH*(y)

|Xes — ¥l

X9 B;s(xz)ND(t,s) (¥)

- 2 dH*(y) whene — 0, (5-21)
Xy —Yy

where
D(t,s):=R*\Q ifr<s  and D(t,s): = ift>s.
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The limit in (5-21) refers to weak-x convergence of finite Borel measures in R3 (acting on the variable y).
Using (5-21), the uniform estimate (5-20), the boundedness of ; and the dominated convergence theorem,
we see that

. ! . Xes — Y 2
lim sign(t —s)hj(xz, s) k(xer —y) - ———dH (y)ds
1 dB;s (xs.v)mAf,x

e—0 J_ | Xes

1
1
= / sign(t —s)hj(xx, s) f PTE— dH*(y)ds
—1 9Bs(xs)ND(t,s) 4T 1XE — ¥l

ot H*(0Bs(xs) N D(t, 5))
_/_1 sign(t — s)hj(xx, s) 3By (ea)) ds

Then, using the regularity of ¥ and the dominated convergence theorem once again, we get

1

lim lim | sign(t —s)h; (x5, s) / KGre — ) - 22 an2(y) ds
§—>0e—0 J_1 9 Bs (xes)NAS |xes — ¥l

1
:%f sign(t —s)hj(xs, s)ds. (5-22)
—1

By (5-19), (5-22) and the definition of %, s before (5-14), we get

1
lim lim &, 5 = l/ sign(t —s)hj(xx, s)ds. (5-23)
§—>0e—0 2 1

The proof of (5-12) is a straightforward combination of (5-14), (5-15), (5-17) and (5-23).
To prove (5-13) we use the same approach as in (5-12); that is, we split ijnhn(xz, 1) as

T ha(xs, 1) = e s+ Be s + Ce.s,

like above (5-14). The first two terms can be treated analogously and one gets the desired result; the
details are left for the reader. To estimate 4. s we use the notation introduced before. Recall that E,, is
smooth in m (assuming ¢ # s) and k(x¢; —y) = VE(x¢; —y) = —VE,_ (y). So, by the divergence
theorem, see also (5-9),

j.n B )
—/2;05 (1,5) VUE’Dg(IJ)(}’)E(xet y) dH (y)
- _/ (WDt ) Pndy, E(er — ¥) — Wape,5) ()0, E (xer — ¥)) dH ()
BDg(t,s)
) / (By;By, By = 3, By, Ex ) () dy = 0. (5-24)
D5 (t.9)
Since 8D§ (t,5) = (Bs(xes) N Xes) U (0 Bs(xes) N A;S), from (5-24) we have

jn B in ) i
/xg—yexISSVUS'Y(y“)E(xm Yeo) d0es O /835(xg)ﬂAf_sV”augu,s)(y)E(x€f y)dH(y)|.
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Observe that
X9Bs(xe)nAs, (V) V v)De( )(y)E(Xet_y)de(y)

= X0Bs(re)nas, (V) ((VaDe(1.5)(9))0y,E e, () — WaDe (1,5) ()ndy;Ex,, () dH*(y)

()’ 2)] a)n xz( ) _ ()’ xZ)n
ly —xx| ly —xz|

when € — 0. The limit measure in (5-25) vanishes because its density function corresponds to a tangential

_)XaBg(XE)ﬂD(t,s)(y)< 8yExz(y)) dH*(y) =0 (5-25)

derivative of E,; on dB;s(xx), which is a constant function on 9 Bs(xx). Therefore, arguing as in the
proof of (5-12) but replacing (5-21) by (5-25), we have that, now,

lim lim %, s =0.
§—>0e—0

This yields (5-13) and concludes the proof of (5-4).

5B. A pointwise estimate of |Be 038 (X3, t)| by maximal operators. We begin this section by setting

k(x):= for j=1,2,3, x = (x1, x2, x3) € R*\ {0}. (5-26)

4 | |3
In (5-5) we already introduced a kernel k& which, in fact, corresponds to the vectorial version of the ones
introduced in (5-26). So, by an abuse of notation, throughout this section we mean by k(x) any of the

components of the kernel given in (5-5).
Note that k(—x) = —k(x) for all x € R?\ {0} and, besides, there exists C > 0 such that

lk(x —y)| < P for all x, y € R® such that |x — y| > 0,
(5-27)
lk(z—y) —k(x —y)| < Cllz_x||3 for all x, y, z € R® with 0 < |z — x| < %|X—y|-
x—y

As in Section 5A, we are going to work componentwise. More precisely, in order to deal with the
different components of Be ,,g(xx,t) for g € L*(X x (=1, 1))* we are going to study the following
scalar version. Given 0 <€ <, g € L*(X x (=1, 1)) and (x5, 1) € £ x (—1, 1), define

Beg(xs, 1)
1
:=u0{/ /wsz+en&mﬂ—yz—GMKHQWQJ&MI—GNWO@ngm,wdﬁwzﬁh, (5-28)
—-1JX

where # and v are as in (3-1) for some 0 < n < 5. It is clear that pointwise estimates of |]’§6 glxy, )|
for a given g € L*(Z x (-1, 1)) directly transfer to pointwise estimates of |Be ,,/1(xx, t)| for a given
heL*(T x (-1, 1))* so we are reduced to estimating |§€g(xg, t)| for g e L2(Z x (=1, 1)).

A key ingredient to finding those suitable pointwise estimates is to relate B. to the Hardy-Littlewood
maximal operator and some maximal singular integral operators from Calder6n—Zygmund theory. The
Hardy-Littlewood maximal operator is given by

1
M, f(x5) = sup ————— |fldo, M, :L*(Z)— L*(Z) bounded; (5-29)
5>0 0(Bs(xx)) JBs(xs)
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see [Mattila 1995, Theorem 2.19] for a proof of the boundedness. The above-mentioned maximal singular
integral operators are

Ty f (xx) :=sup , T.: LZ(Z) — LZ(E) bounded,; (5-30)

§>0

/ | sk(xz —y)f(ys)do(ys)
Xz —YyYz|>

see [David 1988, Proposition 4 bis] for a proof of the boundedness. We also introduce some integral
versions of these maximal operators to connect them to the space L*(Z x (-1, 1)). Set

1 1/2
M,g(xs) := (/ M*(g(-,s))(xz)zds) . M,:L*Z x (=1, 1)) > L*(Y) bounded,
O (5-31)
Toe(rs) = f T.(g(-.$)(xs) ds, T, L2(5 x (=1, 1)) > L(%) bounded.
—1

Indeed, by Fubini’s theorem and (5-29),
1

1
Mgl sy = /E f 1 M. (g(-,9)(xs5)  ds do(xx) = / 1 IMo(( . ))725, ds

1
< c/1 18C s g, d5 = ClEgag iy 1

By the Cauchy—Schwarz inequality, Fubini’s theorem and (5-30), we also see that T, is bounded, so
(5-31) is fully justified.

Let us focus for a moment on the boundedness of By(a) stated in (3-7). The fact that, for g €
L?(Z x(—1, 1)) the limit in the definition of (Bp(a)g)(xx, t) exists for almost every (xx, 1) e ¥ x(—1, 1)
is a consequence of the decomposition (see (5-1))

¢ =i + o) + w3,

the integrals of fractional type on bounded sets in the case of w{ and @ and, for w3, that

lim k(xs —ys) f(yx)do(yy) exists for o-almost every xy € ¥ (5-32)

€20 Jjxg—yx|>e

if fe L*(X) (see [Mattila 1995, Theorem 20.27] for a proof) and that
1
/ v(s)g(-,s)ds € L2 ()™
-1

Of course, (5-32) directly applies to By, (see (5-2) for the definition). From the boundedness of ﬁ
and working component by component, we easily see that By, is bounded in L*(Z x (-1, 1))* By the
comments regarding Bo,w? and Bo,wg from the paragraph which contains (5-3), we also get that Bg(a) is
bounded in L*(X x (—1, 1))* which gives (3-7) in this case.
With the maximal operators at hand, we proceed to pointwise estimate |§6 g(xx, )| for g € L2(Z x
(—1,1)). Set
8e(yx,8) :=v(s)det(l —esW(yz))g(ys, s). (5-33)
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Then, since the eigenvalues of W are uniformly bounded by Proposition 2.2, there exists C > 0 only
depending on ¢ such that

18e(ys, )| = CllvllLem|g(yz, )| forall0 <e <no, (yz,s) € T x (=1, 1). (5-34)
Additionally, the regularity and boundedness of ¥ imply the existence of L > 0 such that
v(xz) —v(yz)l = Llxg —ys| forallxs, ysz € X. (5-35)

We make the following splitting of Ee g(xy, 1) (see (5-28) for the definition):

1
Boo(rs, = ut) / / K(xs +etv(xs) — vs — esv(yn))ge vz, ) dolys) ds
—1 Jxg—ys|<de|t—s|

1
+u(t)/ / (k(xs +e€tv(xs) — ys —€sv(yx))
1 bl — k(xs +esv(xs) — yz — esv(y)))ge (yz, 8) do(ys) ds

1
+M(I)/ f (k(xs +es((xs) —v(yz)) — ys) —k(xs — yx))
Tl x ge(ys. 5)do(yz) ds

1
-Ht(l)/ / k(xz —ys)ge(ys,s)do(yzg)ds
—1 Jxg—ys|>4de|t—s|

=: Be1g(xz, )+ Boog(xs, 1) + Besg (s, 1) + Beag(xz, ). (5-36)
We are going to estimate the four terms on the right-hand side of (5-36) separately.
Concerning §6,1g(x):, t), note that
et —s| = dist(xs + €tv(xz), Tey) < |xz +€erv(xs) — ys —€sv(ys))|

for all (yg,s) € X x (—1, 1); thus |k(xg + €tv(xg) — yg —esv(yx))| < 1/(62|t —5%) by (5-27), and
then
1

1
|Be,1g(xs, 1) < ||u||L°°(R)/ 2]
—1

3 18e(ys, s)|do(ys)ds
1 =517 Jixg—ysi<delr—s|

1
< Cllulle(R)f M (ge(-,5))(xx)ds < CllullLemllv]lz=® Mg (xx), (5-37)
-1

where we used the Cauchy—Schwarz inequality and (5-34) in the last inequality above.
For the case of Ee,z g(xx, t), we split the integral over ¥ on dyadic annuli as follows. Set

N = [ 1og2(M) H +1 (5-38)

€|t —s|
for ¢t # s, where [ - ] denotes the integer part. Then, 2Ve|t — 5| > diam(€2,,,) and

1 N
|Bepg(xs, )| < ||u||L°°(R)/ Z/ ---do(ys)ds, (5-39)
145

ntlelt—s|>|xs—ys|>2"€|t—s|
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where “- -7 means |k(xy +€tv(xz) — yz —esv(ys)) —k(xz +esv(xs) — yx —esv(y))|1ge (v, 9)|.
By (5-35)9
(I=noLl)lxs —ys| <lxg —ys| —nolv(xs) —v(yz)]
< |xs +esv(xs) —yz —esv(ys)|
<lxz —ysl+nolvixs) —v(ys)| = (A +nol)|xs — ysl,

thus if we take ng < 1/(2L) we get
3lxs =yl < |rs +esvixs) —ys —esv(y)| < 2lxx — ysl. (5-40)
Additionally, for 2" +le|t —s| > |xx — yx| > 2"€|t — s|, using (5-40) we see that

\xz +etv(xy) — (xx —|—€SU(X2))| =e€|t —s| <27"xg — ysl
<27 x5z +esv(xs) — yx —esv(ys)|

< 3|xs +esvixs) —ys —esv(yz)] (5-41)
foralln =2,..., N. Therefore, combining (5-41), (5-27) and (5-40) we finally get

|k(xs +€tv(xs) — yx —esv(ys)) —k(xs + €sv(xs) — yg —esv(ys))|

|xy, +etv(xy) — (xx + esv(xy))] - Celt —s| C
Ixz +esv(xs) —ys —esv(y2)]? T lxz —ysP 232t —s|?

foralls,re(—1,1), 0<e<ny, n=2,..., N and 2" €|t —s| > x5 — yx| > 2" €|t —s]|. Plugging this
estimate into (5-39) we obtain

|E 28(xs, | < Cllull (R)/l XN:/' |ge(ys, 5)] do(ys) ds
€, ’ = Lo° O = T
—1 55 Sz xg—ys s 2neli—s| 2 €21 — |

N
= C”“”Lw(mfl Zi/ 18z O oy ds
B 1525 2" g s <2 tiel—s| (2rtlelt —s))?

o0 1
1 ~
< Cllull=® ) 5, f M. (ge (. $))(xx) ds < Cllull L@Vl L@ Mig(xs), (5-42)
n=2 -1

where we used the Cauchy—Schwarz inequality and (5-34) in the last inequality above.
Let us deal now with §€,3g(x):, t). Since 0 <€ <ng and s € (—1, 1), if we take n9 < 1/(2L) as before,
from (5-35) we see that

|z +es((xs) —v(yx)) — x5 | =€ls| v (xs) —v(ye)| < 3lxs — ysl,

and then, by (5-27),

els[v(xg) —v(ys)l - Ce
lxy — yz |3 T xz —ysl?

|k(xs +es((xz) —v(ys)) —ys) —k(xz —yz)| < C (5-43)
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Splitting the integral which defines 56’3 g(xx, t) into dyadic annuli as in (5-39), and using (5-43), (5-34)
and (5-38), we get

2
€lt—s|>|xs—yg|>2"€|t—s| lxz — ysl

1 N
~ |ge(yz, 8)|
|Be3g(xs, 1) SCllullLoo(R)/ E €/+1 === do(ys)ds
,1 n=2 2n

1 N
< Cllllim [ €37 MalgeCosntrs) ds
-1 n=2

1
§C||u||Lw(R)||U||Lw(R)/ ;
—1

diam(€2,,,)
1 - 7
ng( elf —s|

for all 0 < € < 59, where C > 0 only depends on 19. Hence, from (5-44) and the Cauchy—Schwarz
inequality, we obtain

log, (diam(QnO)

)‘M*(g(-,S))(XE)dS- (5-44)
€|t —s|

Note that

€

<e(C+|logy el + |log, |t —s]|) < C(1+|log, It —s1|)

1
|Besg(xs, t)] < C||u||Loo<R)||v||Loc(R>/ (1+ [log, |t —s|[)M.(g(-, 5))(xx) ds
—1

1 12
2 ~
< CllullL=mllvliLem) (/ (1+ [log, It —sl|) d5> M.g(xx)
1
< Cllull @ llvll @ Mg (xx), (5-45)

where we also used that 7 € (—1, 1), so f_ll(l + |log, |t — s||)2ds <C(1 —l—f02 |log, r|?dr) < 400, in
the last inequality above.

The term |§E,4g(xz, t)| can be estimated using the maximal operator T* as follows. Let A{(yx) and
A2(yx) denote the eigenvalues of the Weingarten map W (yy). By definition,

8e(yz, s) =v(s)det(l —esW(ys))g(ys, s)
=v(s) (1 + €271 (y2)Aa (ys) — eshi(yx) — esha(ys))g(vs, 5).

Therefore, the triangle inequality yields
1
|Beag(xs, )| < ||”||L°°(R)||v||L°°(R)/ (Ti(g (-, ) (xs) + 0 Tu(rirag(-, $))(xx)
-1
+ 10T (h18(+, ))(xx) + 10T (a8 (-, $))(xx)) ds
< Cllull oo 10| Loy (Teg (rm) 4 T 01 228) (e2) + T 010) (x2) + T 028) (x3)). (5-46)
Combining (5-36), (5-37), (5-42), (5-45) and (5-46) and taking the supremum on € we finally get that

sup |Beg(xs, )| < Cllullzom vl =) (M*g(xz) +T,g(xx)
0<e<ng ~ ~ ~
+ T (M1228) (xx) + To(M18) (xx) + Tu(hag) (xx)),  (5-47)



734 ALBERT MAS AND FABIO PIZZICHILLO

where C > 0 only depends on 7¢. Define

B.g(xs.0):= sup |Beg(xs.1)| for (xg.1) € X x (—1,1).
O0<e<no
Then, from (5-47), the boundedness of M, and T, from L?(S x (—1, 1)) to L%(X), see (5-31), and the
fact that ||A1]|z=(x) and ||A2||z~(x) are finite by Proposition 2.2, we easily conclude that there exists
C > 0 only depending on 79 such that

I BsgllL2zx—1.1) < Cllullemllviizem gl 2z x(=1.1))- (5-48)

5C. B¢,o, = Bo,w, + B’ in the strong sense when € — 0 and conclusion of the proof of (3-10). To
begin this section, we present a standard result in harmonic analysis about the existence of a limit almost
everywhere for a sequence of operators acting on a fixed function and its convergence in the strong sense.
General statements can be found in [Duoandikoetxea 2001, Theorem 2.2 and the remark below it] and
[Torchinsky 1986, Proposition 6.2], for example. For the sake of completeness, here we present a concrete
version with its proof.

Lemma 5.1. Let b € N and (X, ux) and (Y, juy) be two Borel measure spaces. Let {W,}o<e<p, be a
family of bounded linear operators from L*(ux)? to L?(uy)? such that, if
Wig(y):= sup [Weg)| forge L*(uy)* andy €Y,

0<e<no
then

Wi : L*(ux)” — L*(uy)

is a bounded sublinear operator. Suppose that for any g € S, where S C L*>(jux)? is a dense subspace,
lim._.o Weg(y) exists for wy-a.e. y € Y. Then, for any g € L*(jux)?, we know lim._.o W.g(y) exists for
uy-a.e.y €Y and

lim | Weg — lim Wsg|[ 2,0 =0 (5-49)

In particular, lim¢_, o We defines a bounded operator from L*(n x)? to L*(n )2

Proof. We start by proving that, for any g € L>(ux)?, lim._.o W.g(y) exists for py-a.e. y € Y. Take
8k € S such that ||gx — gll2(uy)» — 0 for k — 00, and fix A > 0. Since lim,_,o We gk (y) exists for uy-a.e.
y € Y, the Chebyshev inequality yields

My({y eY: |lim S(l),lp Weg(y) —ligni(r)lstg(y)| > A})
€e— -
<py({yev: }limsgp We(g — g |+ ]hm%lfWe(gk -] >1})
€— €~
<uy({yeY :2W.(g—g)(y) > A})

4 2
= )? ”W*(g - gk)”Lz(l/vY)

c 2
= 7 18 = 8kllzag -
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Letting k — oo we deduce that
ny({y €Y : [limsup Weg(y) —liini(?f Weg(y)| > A}) =0.
€e—0 -

Since this holds for all A > 0, we finally get that lim,_,o Weg(y) exists uy-a.e.

Note that |W.g(y) — lims—o Wsg(y)| < 2W,g(y) and W,g € L?(wy). Thus, (5-49) follows by the
dominated convergence theorem. The last statement in the lemma is also a consequence of the boundedness
of W,. O

Thanks to Lemma 5.1 and the results in Sections 5A and 5B, we are ready to conclude the proof of
(3-10). As we said before (5-4), to obtain (3-10) we only need to show that B, ,,, — By ., + B’ in the
strong sense when € — 0. From (5-4), we know that

lirr(l) Be.w,8(xx, 1) = By, 8(xx, 1)+ B'g(xx, 1) foralmost all (xg,7) € X x (—1, 1)
€e—

and all g € L®(Z x (—1, 1))* such that sup <1 18(xs, 1) —g(ys, )| < Cglxs —ys| forall xs, yx € X
and some C, > 0 (it may depend on g). Note also that this set of functions g is dense in L2(Z x (-1, 1)*
Additionally, thanks to (5-48) we see that, if ny > 0 is small enough and we set

Buwng(xs,1)i= sup |Beawg(xz,n)| for (xz,0) e x (~1, 1),

O<e<no

then there exists C > 0 only depending on 7g such that

| Bsws&ll L2z x(—1,1y) < CllullLe@llviiLe@ 1€l 22z x (=1,1y)4- (5-50)

Thus, from Lemma 5.1 we get that, for any g € L*(Z x (=1, 1)) the pointwise limit lim¢_, ¢ B¢ 4,8 (x5, 1)
exists for almost every (x5, t) € X x (—1, 1). Recall also that By ., + B’ is bounded in L>(Z x (=1, 1)*
(see the comment before (5-33) for By, the case of B’ is trivial), so one can easily adapt the proof of
Lemma 5.1 to also show that, for any g € L>(Z x (—1, 1))%

lirr(l) Be w,8(xx, 1) = By w,g(xx, 1) + B'g(xs,t) foralmostall (x5,7) € & x (—1,1).
€—>
Finally, (5-49) in Lemma 5.1 yields

eli_f)% I(Be.ws — Bo.ws — BNgll 2 x(—1.1ys =0 forall g € L*( x (—1, 1))*,

which is the required strong convergence of B ., to By, + B’ This finishes the proof of (3-10).

6. Proof of (3-9): A.(a) —> A¢(a) in the strong sense when ¢ — (

Recall from (3-3) and (3-8) that A.(a) with 0 < € < no and Ag(a) are defined by
1
(Ac(a)g)(x) = ./1 /Eqﬁ“(x —yz —esv(yz))v(s)det(l —esW(ys))g(ys, s)do(ys) ds,

1
(Ao(@)g)(x) = / | /E (v — y2)u()g(ys. 5) do(yz) ds.
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We already know that A, (a) is bounded from L%(Z x (=1, 1))* to L?*(R?)* To show the boundedness of
Ao(a) (and conclude the proof of (3-7)) just note that, by Fubini’s theorem, for every x € R3\ ¥ we have

1
(Ao(@)g) (x) = /Z ¢ (x — yz)( f QIO ds) do(ys),

and [! v(s)g(-,5)ds € L2(Z)* if g € LA(Z x (=1, 1))*. Since a € C\ R, [Arrizabalaga et al. 2014,
Lemma 2.1] shows that Ay(a) is bounded from L2(Z x (—1, 1))* to LZ(R3)%
We begin the proof of (3-9) by splitting

Ac(@)g = xro\@,, Ac(@)g + X, Ac(a)g. (6-1)

Let us treat first the case of XR\Q,, Ac(a). As we said before, since a € C\ R, the components of
¢“(x) decay exponentially when |x| — oo. In particular, there exist C, r > 0 only depending on a and 79
such that

99 ()], 199" (x)| < Ce™"™ forall x| > Ino, (6-2)

where the left-hand side of (6-2) means the absolute value of any component of the matrix ¢“(x) and of
any first-order derivative of it, respectively.

Note that 79 = dist(R? \ @y, Z). Hence, if x € R3\ @, yz € X, 0 <€ < Ingand s € (—1,1) then,
forany 0 <gq <1,

lg(x —ys —esv(y)+(1—g)(x —ys)| = [x —yx —gesv(yz)|

> |x—ys|—qels| = [x—ys|—ino = Sx—yz| = ino. (6-3)

Thus (6-2) applies to [x, ysl; :=q(x — yg —esv(ys)) + (1 —q)(x — yx), and a combination of the mean
value theorem and (6-3) gives

[¢(x = yx —esv(ym)) = ¢(x — yp)| < € max 3¢ ([x. yz]p)| < Cee”PHTEL - (6-4)

Set gc(yx, s) :=det(l —esW(yx))g(ys, s). On one hand, from (6-4), Proposition 2.2 and the Cauchy—
Schwarz inequality, we get that

XR\Q,, ()| (Ac(@)8) (x) — (Ap(a)ge) (x)]
1
< C||U||L°°(R)XR3\Q,70 (x)/ / ce— r/DIx—yx| 12 (v, $)| do(yx) ds
1)z U
< Cellvllemllgell L2z x (1,14 XRO\Q,, (ﬂ(/ e =yl dd(yg))
T

< CelvllLem gl L2z x (1,148 (),

where

1/2
E(x) = xmgm(x)( /E e—"x—”'da@z)) :
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Since & € L*(R?) because 0(X) < +00, we deduce that

[ Xro\@,, (Ac(@)g — Ao(@) gl L2meys < CellvllLom I8l L2z x (1,14 (6-5)

On the other hand, by Proposition 2.2 we have

18 (v, $) — g(ys, )| = |det(1 —esW (yx)) — 1]1g(yz, s)| < Celg(ys, 9)I.
This, together with the fact that Ag(a) is bounded from L2(Z x (=1, 1))* to L2(R%)*, see above (6-1),

implies
I Xro\@,, A0(@)(8e = )l 2wa = ClIvliLe®llge — gllr2sx (1,1
< CellvllLem 18l 22(z x (=1,1))*- (6-6)

Using the triangle inequality, (6-5) and (6-6), we finally get that
[ Xr3\@,, (Ae(@) = Ao(@)gll 2@y < Cellvllom lI8llL2(zx (1,1 (6-7)
forall0 <e < %'70, where C > 0 only depends on a and ng. In particular, this implies
eli_lg% IXr3\@,, (Ae(@) = Ao(@) |l 125 x(—1, 1y 2@+ = 0. (6-8)

Let us deal now with X0, Ac(a). Consider the decomposition of ¢ given by (5-1). Then, as in (5-2),

we write
Ac(a) = Ae,w‘l’ + Ae,wg + A€,(1)31

Ao(a) = Aot + A0, + A0,03

(6-9)

where Ac vt Aco and A, ,, are defined as A.(a) but replacing ¢“ by w{, @} and ws, respectively, and
analogously for the case of Ag(a). For j =1, 2, the arguments used to show (5-3) in the case of Be,qu
also apply to XQUOAG,Q);;; thus we now get

eli_f)r(l) X2, (Ac.wt = Aol L2zx (-1, 2@ey =0 for j=1,2. (6-10)

It only remains to show the strong convergence of XQUOAGM. This case is treated similarly to what we
did in Sections 5A, 5B and 5C, as follows.

6A. The pointwise limit of A¢ ,,,8(x) when € — 0 for g € L2(X x (=1, 1))% This case is much easier
than the one in Section 5A. For a fixed x € R*\ X, we can always find 8., C, > 0 small enough such that

[x —yy —esv(yg)| > C, forallyyeX,se(—1,1)and 0 <€ <3,.

In particular, for a fixed x € R3 \ X, we have |w3(x —yy —esv(yy))| < C uniformlyon yy € ¥, s € (—1, 1)
and 0 < e <y, where C > 0 depends on x. By Proposition 2.2 and the dominated convergence theorem,
given g € L>(X x (=1, 1))* we have

im A0, (x) = Ao.0ig(x)  for L-ae. x € R, (6-11)
€—>

where £ denotes the Lebesgue measure in R>.
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6B. A pointwise estimate of X2, (x)|A¢,0;8(x)| by maximal operators. Given 0 < e < %770, we divide
the study of X2, (x)Ac 0, g(x) into two different cases, i.e., x € 2, \ Q4c and x € Q4. As we did in
Section 5B, we are going to work componentwise; that is, we consider C-valued functions instead of
C*-valued functions. With this in mind, for g € L*>(Z x (—1, 1)) we set

1
Acg(x) :=/1/ k(x —ys —esv(yz))v(s) det(l —esW(yz))g(ys, s) do(ys) ds,
-1Jx

where k is given by (5-26).

In what follows, we can always assume that x € R3 \ ¥ because £(X) = 0. In case that x € Qq,
we can write x = xy + €tv(xy) for some ¢ € (—4, 4), and then Kgg(x) coincides with §€g(xz, 1), see
(5-28), except for the term u(¢). Therefore, one can carry out all the arguments involved in the estimate
of Ee g(xy, t), that is, from (5-28) to (5-48), with minor modifications to get the following result: Define

Av*g(xg, t):= sup |Z€g(xg +etv(xy))| for (xg,t) € T x (—4,4). (6-12)
O<e<no/4

Then, if g is small enough, there exists C > 0 only depending on ng such that
[ sup Aug (-, D) 25y < Clvlle@lig i @x-rny  forall g € L2(S x (=1, 1)). (6-13)
[t|<4

For the proof of (6-13), a remark is in order. The fact that in the present situation ¢t € (—4, 4) instead
of t € (—1, 1), as in the definition of Eeg(xg, t) in (5-28), only affects the arguments used to get (5-47)
at the comment just below (5-45). Now one should use that

5
/ |10g2r|2dr < 400
0
to prove the estimate analogous to (5-45) and to derive the counterpart of (5-47); that is,

Aug(xs, 1) < Clvlle@ (Mig (xs) + Tog(xx) + Tu(hirag) (x5) + Tu(r18) (x5) + Tu(Aag) (x5))

for all (xx,t) € ¥ x (—4,4), where A| and A, are the eigenvalues of the Weingarten map. Combining
this estimate, whose right-hand side is independent of ¢ € (—4, 4), the boundedness of ]\7* and ﬁ from
L%(Z x (=1, 1)) to L>(%), see (5-31), and Proposition 2.2, we get (6-13).

Finally, thanks to (6-12), (2-3), Proposition 2.2 and (6-13), for 9 small enough we conclude

|| sup XQ46|Z€g| ||L2(|R3) = || sup Z*g(PE, t)”Lz(Q,, )
0<e<no/4 t]<4 0
= C” sup Z*g("t)”LZ():)
[t|<4
< ClvliLem g2z x(=1,1))- (6-14)

We now focus on X0\ e Ze for0<e < %’70' Similarly to what we did in (5-36), we set

ge(ys, s) :==v(s)det(l —esW(yx))g(ys, s),
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see (5-33), and we split Zeg(x) into Zeg(x) = Ze,lg(x) + Xe,zg(x) + Z€,3g(x) + Z€’4g(x), where
1
Aorg(o) = / / (k(x — y5 — esv(ye)) — k(x — y))ge (5. 5) do(ys) ds,
—1JX
- 1
Aongx) = / / K(x = vs)ge (vs, 8) do(ys) ds,
—1 J|xg—yzg|<4dist(x,X)
1
Aesglr) = f f (k(x = y5) — k(x5 — y5)ge(vs, 5) do(yz) ds,
—1 J|xg—ys|>4dist(x,X)

1
Acag(x) :=/ f k(xz — yz)ge(ys,s)do(yx) ds.
—1 J|xg—ys|>4dist(x,X)
From now on we assume x € 2, \ 4¢ and, as always, yy € X. Note that

|(ys —esv(yz)) — ys| <€ < 1 dist(x, £) < 1 jx —ysl,

so (5-27) gives |k(x — yy —esv(ys)) —k(x —ys)| < Celx — ys| 3. Furthermore, we have |x — yx| >
Clxx — ys| for all y5x € ¥ and some C > 0 only depending on 9. We can split the integral on X, which
defines Xé,l g(x) in dyadic annuli as we did in (5-39), see also (5-42), to obtain

1
|Ae,1g<x>|sc/ / €lgele O o000y s
—1Jx

s—ys|<dist(x,x) dist(x, )3
'y €lge(yx, 5)|
Z’
py B0 o
—1 n—0 n dist(x, Z) <|xg —ys|<2"H! dist(x, X) |x _ y2|

1 oo
5C||U||L°CRMg(x2)+C/ _/ _I8eOm o as
o -1 g 21 J kg —yg <2t distr, 3y (27 dist(x, )2

o0 1
~ 1 -
< ClvllLeomMig(xs) +C22—n/ M. (ge(-, s)(xx)ds < CllvllLomMig(xs). (6-15)
n=0 -1

Using that [k(x — yg)| < Clx — yg |2 < C dist(x, X)~2 by (5-27), it is easy to show that
|Ae28(x)| < Cllvl| L@y Mg (xs). (6-16)
Since dist(x, X) = |x — xx /|, the same arguments as in (6-15) yield
|Ae3g(x)| < Cllvll L@ Mg (xs). (6-17)
Finally, the same arguments as in (5-46) show that
|Aeag ()] < Cllvllo@ (Teg(rs) + T(irag) (rs) + Tu(hi @) (xx) + T 02g) (x5)).  (6-18)
Therefore, thanks to (6-15)—(6-18) we conclude that

SUD g2, \ 2 () Acg ()]
0<e<no/4 ~ ~ ~ ~ ~
< Clvllzeom (Mig(xs) + Tug(rs) + Tu(hi228) (xx) + To(h18) (x5) + Tu(A28) (xx))
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and then, similarly to what we did in (6-14), a combination of (5-31) and Proposition 2.2 gives

| sup xe0ulAel| 2gs) < Clole@ gl x-1.1))- (6-19)
0<e<no/4

Finally, combining (6-14) and (6-19) we get that, if 9 > 0 is small enough, then

| sup e, 1Al o) < Cllvlize@llgll 2z 1.1y (6-20)
0<e=<no/4

where C > 0 only depends on 7.

6C. A ,; — Ao,w; in the strong sense when € — 0 and conclusion of the proof of (3-9). It only
remains to put all the pieces together. Despite that the proof follows more or less the same lines as the
one in Section 5C, this case is easier. Namely, now we don’t need to appeal to Lemma 5.1 because the
dominated convergence theorem suffices (the developments in Section 6A hold for all g € L>(Ex(—1, )4

not only for a dense subspace like in Section 5A).
Working component by component and using (6-20) we see that, if we set

Avos8(X) = sup |Acag(x)| forx e R\ T,
0<e<no/4

then there exists C > 0 only depending on ng > 0 (being 1o small enough) such that
X2, Ax.os8llL2weys < Cllvlizom I8l L2z x (- 1.1))4- (6-21)

Moreover, given g € L*(Z x (=1, 1))% in (6-11) we showed that lim._.¢ Ac 0y 8(x) = Ap,0;8(x) for
L-a.e. x € R3. Thus (6-21) and the dominated convergence theorem show that

lim || x0,, (Ac.os = A0.0)8ll 2oy = 0. (6-22)
Then, combining (6-1), (6-9), (6-8), (6-10) and (6-22), we conclude that
lim||(Ac (@) — Ao@)g 7oy < 1im (Il xeo\@,, (Ac (@) = Ao(@)g 172 gy
+ 11Xy (Acat = A0l T2 g0
+ 11Xy (Aeru — A0l T2 g0
+ 11X, (Ac s = 40,0811 72 sys) =0
forall g € L2(X x (—1, 1))* This is precisely (3-9).

7. Proof of Corollary 3.3

We first prove an auxiliary result.

Lemma 7.1. Let a € C\ R and ng > 0 be such that (1-2) holds for all 0 < € < ng. If no is small enough,
then for any 0 < n <ngand V € L (R) with supp V C [—n, n] we have

lAc(@l L2(5 x (=1, 1))4 > L2 (®3)*
| Be (@)l L2(2 s (=1,1))4 = L2(E x (=1, 1))

|Ce() |l L2yt = L2(z x (—1,1))*
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are uniformly bounded for all 0 < € < ng, with bounds that only depend on a, ny and V. Furthermore, if
no is small enough there exists § > 0 only depending on ng such that

I Be(@)ll 223 (—1.1))4 > L2(Ex (— 11t < % (7-1)
foralllal| <1, 0<e€ <ny, 0<n<ngandall (§,n)-small V.

Proof. The first statement in the lemma comes as a byproduct of the developments carried out in Sections 4,
5 and 6; see (4-4) for the case of C.(a), (5-50) and the paragraph which contains (5-3) for B¢(a), and
(6-7), (6-10) and (6-21) for A.(a). We should stress that these developments are valid for any V € L>*(R)
with supp V C [—n, nn], where 0 < n < no; hence the (8, n)-small assumption on V in Theorem 1.2
is only required to prove the explicit bound in the second part of the lemma, which will yield the
strong convergence of (1 + B.(a))~" and (8 + B.(a))~" to (14 Byo(a) + B")~! and (B + Bo(a) + B) ™,
respectively, in Corollary 3.3.
Recall the decomposition

Bc(a) = Be,a)? + Be,a)g + Be,w3 (7-2)
given by (5-2). Thanks to (5-50), there exists Co > 0 only depending on ng such that
| Be.wos | 22 x (=1, 1))t > L2 x (1,1 < CollullLew)llvllLe®) forall 0 < e < no. (7-3)

The comments in the paragraph which contains (5-3) and an inspection of the proof of [Behrndt et al.
2017, Lemma 3.4] show that there also exists C; > 0 only depending on ng such that, for any |a| < 1 and
j=L2,

[ Be.ot | 225 %~ 1,14 > L2 x (—1,1* = CillullLom lvliLem forall 0 < e <no. (7-4)

Note that the kernel defining Be ¢ is given by

. e—Vmi—a’lx| _q _ x
w5 (x) = TZW'W,
SO
" |m2—a2|
|wy (x)] = O T for |x| — 0.
X

Therefore, the kernel is of fractional type with respect to o, but the estimate blows up as |a] — oo. This

is the reason why we restrict ourselves to |a| < 1 in (7-4), where we have a uniform bound with respect

to a. However, for proving Theorem 1.2, one fixed a € C \ R suffices, say a = i; see (3-12) and (3-13).
From (7-2), (7-3) and (7-4), we derive that

| Be(@ L2z x(—1. 14> L2z x (=114 =< (Co+2C) |ullLemw)llvllLe®) forall 0 <e < no. (7-5)

If V is (8, n)-small (see Definition 1.1) then ||V || Loy < /7, so (1-5) yields

leell Loy 1V Loy = 0l V | Loomy < 6.
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Taking § > 0 small enough so that (Co +2C1)d < %, from (7-5) we finally get (7-1) for all 0 < € < ng.
The case of By(a) follows similarly, just recall the paragraph previous to (5-33) taking into account that
the dependence of the norm of By(a) with respect to |[ul| =) |v]lz=®) is the same as in the case of
0<e<no. U

7A. Proof of Corollary 3.3. We are going to prove the corollary for (H + V. —a)~!; the case of
(H + BV, —a)~! follows by the same arguments. Let 179, § > 0 be as in Lemma 7.1 and take a € C\ R
with |a| < 1. It is trivial to show that

||B/||L2(>:x(_1,1))4_>L2(2x(_1,1))4 < CllullLe@ vl Lo

for some C > 0 only depending on X. Using (1-5), we can take a smaller § > 0 so that, for any (§, )-small
V with 0 < 5 < no,

1Bl 122 x (- 1.1y > L2 x (1.1 < C8 < 5.
Then, from this and (7-1) in Lemma 7.1 (with € = 0) we deduce that
(14 Bo(a) + BNl 12 x(—1,1)* = 1€l 12sx(—1,1y* — 1(Bo(@) + B) gl 122 x(—1,1)y4
> %”g”Lz(Ex(—l,l))“
for all g € L%(Z x (=1, 1))* Therefore, 1+ By(a) + B’ is invertible and
I(1+ Bo(a)+ B))™! L2z x (=1, L2z x(=1,1))* = 3.

This justifies the last comment in the corollary. Similar considerations also apply to 1 + B¢(a), so in this
case we deduce that

(14 Be(@) ™ 22 x (1,194 22 x (— 11t =< 3 (7-6)
for all 0 < € < ny. Note also that
(1+ Be(a))™' — (14 Bo(a) + B)™' = (14 Bc(a)) "' (Bo(a) + B’ — Bc(a))(1 4 Bo(a) + B)~'. (7-7)

Given g € L>(X x (=1, 1))* set f = (14 By(a) + B')"'g € L>(Z x (—1, 1))* Then, by (7-7) and
(7-6), we see that

[((1+ Be@)™ = (4 Bo(@) + BY e 2z 1y
=1+ Be(@) ™ (Bo@ + B = BA@) f | oz 1.1y
= 3| (Bo@ + B" = Be(@) f | s 1,1 (7-8)

By (3-10) in Theorem 3.2, the right-hand side of (7-8) converges to zero when € — 0. Therefore, we
deduce that (14 Bc(a))™! converges strongly to (1 + By(a) + B’ )~! when € — 0. Since the composition
of strongly convergent operators is strongly convergent, using (3-5) and Theorem 3.2, we finally obtain
the desired strong convergence

(H+V.—a)™' > (H—a)""+ Ag(@)(1 + By(a) + B) 'Cy(a) when e — 0.

Corollary 3.3 is finally proved.
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DIMENSION-FREE L? ESTIMATES FOR VECTORS OF RIESZ TRANSFORMS
ASSOCIATED WITH ORTHOGONAL EXPANSIONS

BLAZEJ] WROBEL

An explicit Bellman function is used to prove a bilinear embedding theorem for operators associated
with general multidimensional orthogonal expansions on product spaces. This is then applied to obtain
L? boundedness, 1 < p < oo, of appropriate vectorial Riesz transforms, in particular in the case of Jacobi
polynomials. Our estimates for the L” norms of these Riesz transforms are both dimension-free and linear
in max(p, p/(p — 1)). The approach we present allows us to avoid the use of both differential forms and
general spectral multipliers.

1. Introduction
The classical Riesz transforms on R are the operators
Rif(x) =8, (—Ap) 2 f(x), i=1,...,d.
E. M. Stein [1983] proved that the vector of Riesz transforms

sz(levdef)

has L? bounds which are independent of the dimension. More precisely

IRfllLrmey < Cp I fllLrwey, 1 <p<oo, (1-1)

where C), is independent of the dimension d. Note that (1-1) is formally the same as the a priori bound
11V £ gy < Co I=2) Fll o ey

Later it was realized that, for 1 < p < 2, one may take C, < C(p — 1)~!in (1-1); see [Bafiuelos 1986;
Duoandikoetxea and Rubio de Francia 1985]. It is worth mentioning that the best constant in (1-1)
remains unknown when d > 2; the best results to date are given in [Bafiuelos and Wang 1995] (see also
[Dragicevi¢ and Volberg 2006] for an analytic proof) and [Iwaniec and Martin 1996].

The main goal of this paper is to generalize (1-1) to product settings different from R =R x --- x R
with the product Lebesgue measure. Our starting point is the observation that the classical Riesz transform
can be written as R; = §; (Z?: 1 Li)_]/ 2, where §; = d,,, and L; = 67§,. The generalized Riesz transforms
we pursue are of the same form,

R, =8L7YV% i=1,....,d, (1-2)

MSC2010: 42C10, 42A50, 33C50.
Keywords: Riesz transform, Bellman function, orthogonal expansion.
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with §; being an operator on L*(X;, Hi),

d
L; :6?8i+a,~ and LIZL,‘.
i=1

Here a; is a nonnegative constant. The adjoint ;" is taken with respect to the inner product on L>(X;, i),
where u; is a nonnegative Borel measure on X; such that du; (x;) = w;(x;) dx; for some positive and
smooth function w; on X;. To be precise, if 0 is an L? eigenvalue of L, then the definition of R; needs
to be slightly modified; this is properly explained in the next section. Throughout the paper we assume
that each X;, i =1, ...,d, is an open interval in R, an open half-line in R, or the real line; we also set
X=X x---xXgand u =1 ®---Q ug. We consider §; given by

8 f(x) = pi(x;) O, +qi(x;), x;i €X;,

for some real-valued functions p; € C*°(X;) and ¢; € C*°(X;). We remark that a significant difference
between the classical Riesz transforms and the general Riesz transforms (1-2) lies in the fact that the
operators §; and &} do not need to commute.

There are two assumptions which are critical to our results. Firstly, a computation, see [Nowak and
Stempak 2006, p. 683], shows that the commutator [§;, §7] is a function which we call v;. We assume
that v; is nonnegative; see (Al). Secondly, it is not hard to see that L = Z?:l L; may be written as
L=L+r, where Lisa purely differential operator (without a zero-order potential term) and r is the
potential term. We impose that Zf.l:l qiz is controlled pointwise from above by a constant times r, namely
2?21 g? < K -r for some K > 0; see (A2). In several cases we will consider, we can take K = 1 or
K = 0. In particular if g; = --- = g4 = 0 then the bound (A2) holds with K = 0. When 0 is not an

L? eigenvalue of L, our main result can be summarized as follows.

Main result (informal). Set p* = max(p, p/(p — 1)). Then the vectorial Riesz transform Rf =
(R1f, ..., Rqf) with R; given by (1-2) satisfies the bounds

IR fllLrx. <240+ VK)(p* = DI fllrxy, 1< p < oo.
In other words, introducing 6f = (61 f,...,84f), we have
81 L x oy < 240+ VE)(P* = DIL? fllioix . 1< p<oo.

The rigorous statement of our main result is contained in Theorem 1. In order to prove it we need some
extra technical assumptions. For the sake of clarity of the presentation we decided to concentrate on the
case of orthogonal expansions, when each of the operators L; = §78; + a; has a decomposition in terms
of an orthonormal basis. Our precise setting is described in detail in Section 2. We follow the approach
of [Nowak and Stempak 2006]; in fact the present paper may be thought of as an L” counterpart for a
large part of the L? results from that paper. Adding the technical assumptions (T1), (T2), and (T3) to the
crucial assumptions (A1) and (A2), we state our main result, Theorem 1, in Section 3. In all the cases
we will consider, the projection IT appearing in Theorem 1 is the identity operator or has its L” norm
bounded by 2 for all 1 < p < oco. Moreover, we have IT = I if and only if 0 is not an L? eigenvalue of L.
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From Theorem 1 we obtain several new dimension-free bounds on L?, 1 < p < oo, for vectors of
Riesz transforms connected with classical multidimensional orthogonal expansions. For more details we
refer to the examples in Section 5. For instance, in Section 5.3 we obtain the dimension-free boundedness
for the vector of Riesz transforms in the case of Jacobi polynomial expansions. This answers a question
left open in [Nowak and Sjogren 2008]. Moreover, the approach we present gives a unified way to treat
dimension-free estimates for vectors of Riesz transforms. In most of the previous cases, separate papers
were written for each of the classical orthogonal expansions. More unified approaches were recently
presented by Forzani, Sasso, and Scotto in [Forzani et al. 2015] and by the author in [Wrébel 2014].
However, these papers treat only dimension-free estimates for scalar Riesz transforms and not for the
vector of Riesz transforms.

Let us remark that Theorem 1 formally cannot be applied to some cases where the crucial assumptions
on v; and r continue to hold. This is true when L has a purely continuous spectrum, for instance for
the classical Riesz transforms on R? (when v; = 0 and r = 0). However, it is not difficult to modify the
proof of Theorem 1 so that it remains valid for the classical Riesz transforms. We believe that a similar
procedure can be applied to other cases outside the scope of Theorem 1, as long as the crucial assumptions
(A1) and (A2) are satisfied.

We deduce Theorem 1 from a bilinear embedding theorem (see Theorem 3) together with a bilinear
formula (see Proposition 2). The main tool that is used to prove Theorem 3 is the Bellman function
technique. This method was introduced to harmonic analysis by Nazarov, Treil, and Volberg [Nazarov
et al. 1999]. Before that paper, Bellman functions appeared implicitly in [Burkholder 1984; 1988; 1991].
The proof of Theorem 3 is presented in Section 4 and is based on subtle properties of a particular Bellman
function. This approach was devised by Dragicevié¢ and Volberg [2006; 2011; 2012]. Carbonaro and
Dragicevi¢ [2013; 2016a; 2016b; 2017] developed the method further. The approach from [Carbonaro
and Dragicevi¢ 2013] was recently adapted by Mauceri and Spinelli [2015] to the case of the Laguerre
operator. Our paper generalizes simultaneously [Dragicevi¢ and Volberg 2012] (as we admit a nonnegative
potential r) and [Dragicevi¢ and Volberg 2006; Mauceri and Spinelli 2015] (as we consider general p; in
8 = pi Ox;, +qi).

In some applications of the Bellman function method, the authors needed to prove dimension-free
bounds on L? for certain spectral multipliers related to the considered operators; see [Dragicevi¢ and
Volberg 2006; 2012] for such a situation. In other papers mentioned in the previous paragraph they needed
to consider operators acting on differential forms; see [Carbonaro and Dragicevi¢ 2013; Mauceri and
Spinelli 2015]. One of the merits of our approach is that we avoid using both general spectral multipliers
and differential forms. This is achieved by means of the bilinear formula from Proposition 2. This formula
relates the Riesz transform R; with an integral where only §; and two kinds of semigroups (one for L and
one for L + v;) are present; see (3-1).

For the sake of simplicity we use a Bellman function with real entries in Section 4. Thus our main results,
Theorems 1 and 3, apply to real-valued functions. Of course they can be easily extended to complex-valued
functions with the constants being twice as large. One may improve the estimates further by using a
Bellman function with complex arguments, as was done in [Dragicevi¢ and Volberg 2006; 2011; 2012].
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Notation. We finish this section by introducing the general notation used in the paper. By N we denote
the set of nonnegative integers. For N € N and Y being an open subset of R, the symbol C"(Y), n € N,
denotes the space of real-valued functions which have continuous partial derivatives in Y up to the order n.
In particular C®(Y) = C(Y) denotes the space of continuous functions on ¥ equipped with the supremum
norm. By C*°(Y) we mean the space of infinitely differentiable functions on Y. Whenever we say that
v is a measure on Y we mean that v is a Borel measure on Y. The symbols V f and Hess f stand for
the gradient and the Hessian of a function f: RN — R. For a, b € R", we denote by (a, b) the inner
product on RV and set la|> = (a, a). The actual N should be clear from the context (in fact we always
have N € {1,d,d + 1}). For p € (1, 0o) we set

= (5
p" =max|(p, — ).
p—1

2. Preliminaries

All the functions we consider are real-valued. Our notations will closely follow that of [Nowak and
Stempak 2006].
Fori =1,...,d, let X; be the real line R, an open half-line in R or an open interval in R of the form

X; =(0;,%;), where —oc0o<o0; <X; <o0.

Consider the measure spaces (X;, B;, i;), where B; denotes the o-algebra of Borel subsets of X; and
Wi is a Borel measure on X;. We impose that du; (x;) = w; (x;) dx;, where w; is a positive C* function
on X;. Note that in [Nowak and Stempak 2006] the authors assumed that X| = - - - = X ; this is, however,
not needed in our paper. Throughout the article we let

X=X x---xXy, =1 ® --Q g,

and abbreviate
LP:=L"(X, 1), l-llp=1I-lce, and [ -llpmp=1I"lrr—rr.

This notation is also used for vector-valued functions. Namely, if g = (g1, ..., gn): X — R" for some

N €N, then
12

1/p N
||g||p=(/X Ig(X)I”d/L(X)) , with|g(x)|=(Z|gi<x>|2)
i=1

We shall also write (f, g) 2 for (f, g)r2(x..)-
Letd;, i =1,...,d, be the operators acting on C.°(X;) functions via

d; = pi Oy, +qi.

Here p; and g; are real-valued functions on X;, with p;, ¢; € C*°(X;). We assume that p;(x;) # 0 for
x; € X;. We shall also denote by p and g the exponents of L” and L? spaces. This will not lead to any
confusion as the functions p; and ¢; will always appear with the indexi =1, ...,d.
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Let 8; be the formal adjoint of §; with respect to the inner product on L2(X iy Mi); 1.e.,

5 f == (i f)+aif, [ €CEX.

A simple calculation, see [Nowak and Stempak 2006, p. 683], shows that the commutator

w\
[8;,8;1=16,8] — 88, = pi (26];, - (l%‘j) - P,/-/> = (2-1

i
is a locally integrable function (0-order operator). Most of the assumptions made in this section are of a
technical nature. The first of the two assumptions that are crucial to our results is

the functions v;, i =1, ...,d, are nonnegative. (Al)

The property (A1) has been (explicitly or implicitly) instrumental for establishing the main results in

[Harboure et al. 2004; Mauceri and Spinelli 2015; Nowak and Sjogren 2008; Stempak and Wrébel 2013].

It is also explicitly stated by Forzani, Sasso, and Scotto as Assumption H1(c) in [Forzani et al. 2015].
For a scalar a; > 0 we let L; and L be given on C2°(X) by

d
L; ::8;"8i+ai, L=ZL,‘.
i=1

Here each L; can be considered to act either on C2°(X;) or on C2°(X); thus the definition of L makes
sense. Note that both L; and L are symmetric on C2°(X) with respect to the inner product on L% We
assume that for eachi =1, ..., d, there is an orthonormal basis {go,ii}kieN which consists of L?(X;, ;)
eigenvectors of L; that correspond to nonnegative eigenvalues {)\.5(’_ Jhiens 1€,

Li(p,’;i = qu go,’;[.
Then, it must be that Ay, > a; for k; e Nand i =1,...,d. We require that the sequence {A}'q Jhien 1S

strictly increasing and that limg, o0 )»};i = 00. Note that our assumptions on p;, g;, and w; imply that L;
is hypoelliptic. Therefore we have (p,ii € C*(X;). Setting, for k = (ky, ..., kg) € Nd,

P=¢p, ® QL. (2-2)

we obtain an orthonormal basis of eigenvectors on L? for the operator L = L + - - - + L. The eigenvalue
corresponding to ¢y is
M=+ AL

so that Lgy = Ager. We consider the self-adjoint extension of L (still denoted by the same symbol)
given by
Lf =Y h{fon)r20%

keNd
on the domain

Dom(L) = {f eL?: Y Il f el < oo}.

keNd
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We assume that the eigenfunctions ‘/’li,-’ i=1,...,d, are such that

(8; 0k + 80 ) 12Xs ) = (878; @h+ o Y 12X100) (T1)

fori=1,...,d, and k;, m; € N; see [Nowak and Stempak 2006, (2.8)]. The condition (T1) implies that
the functions

Sk =4, ® @80, @ ®pf (2-3)
are pairwise orthogonal on L? and
(Si ks Sign) 2 = Ay, — ai

see [Nowak and Stempak 2006, Lemmas 5 and 6]. Moreover, since ¢; € C*°(X), we also see that
Sigr € C*(X).

We remark that our assumptions differ slightly from those in [Nowak and Stempak 2006]. Namely,
we assume that the coefficients p;, g;, and the weight w; are C°° functions, whereas they considered
Di, qi, w; that possessed only a finite order of smoothness. The smoothness of these functions is in
fact needed to easily conclude that L; is hypoelliptic and that ¢; € C*°(X), which is an issue that was
overlooked' in [Nowak and Stempak 2006].

We also impose a boundary condition on the functions go,ii and 81.(,0,’;1,. Namely, we require that for each
i=1,...,d,if z; € {0;, ;}, then

Jim [(1+ 1@, I+ 18,60, 1) (07 wi 8,01, ] (i) = 0,
o . . . (T2)
Jim [(1 41 1™ 18,0, 1) (0 wi 03,6,01)] (6i) = 0

for all k; € N and sy, s > 0. Condition (T2) is close to Assumption H1(a) from [Forzani et al. 2015].
Observe that the term Igolii I*t 4 |8i<p,’;l_ |*2 in (T2) is significant only when the functions ‘/’li,« and § i(p,’;l_ are
unbounded on X;.
Let
A=aj+---+as, Ao=rj+ -+l

Then Ag is the smallest eigenvalue of L. We set

d_{N{ Ao >0,
AT N, ...,00}, Ag=0
and define

Mf =Y {f o) 20k

d
keNjy

Then in the case Ay > 0 we have I1 = I, while in the case Ag = 0 the operator IT is the projection onto

the orthogonal complement of the vector ¢, .. o). The Riesz transforms studied in this paper are formally

"The hypoellipticity of L; is not necessary for the theory from [Nowak and Stempak 2006] to work (Nowak, personal
communication, 2017). When not having this property, one has to add instead some extra assumptions (much weaker than
smoothness) on the regularity of the eigenfunctions gy.
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of the form
R; ;=& L7171,

while the rigorous definition of R; is

-1/2
Rif =Y 3 (f o2 bign.

keNq
In many of the considered cases, I1 = [ so that R; = §,L~'/2

It was proved in [Nowak and Stempak 2006, Proposition 1] that the vector of Riesz transforms

Rf=RRif,...,Raf)
satisfies
IR flla—2 < |1 fl2-

The main goal of this paper is to prove similar estimates for p in place of 2. We aim for these estimates
to be dimension-free and linear in p* More precisely, we shall prove that for 1 < p < oo it holds that

IRfllp—p < C(p*=DIflp.

Here C is a constant that is independent of both p and the dimension d.
To state and prove our main results we need several auxiliary objects. Firstly, we let

0; = p; Oy;. (2-4)

That is, 0; is the “differential” part of é;. In many (though not all) of our applications we will have g; =0
and thus §; = 0;. The formal adjoint of 0; on L*(X;, i) 1s

O f == (piwif), [ €CEX. 25)

A computation shows that L; = 070, +r;, with

_ 2 / / wl/'
n—m+—%—m%—m%—M%Jj- (2-6)

1

We shall also need
d

d
L:= ZO?Di =L—r, wherer:= Zri.
i=1

i=1

Then L is the potential-free component of L and the potential r is a locally integrable function on X. We

assume that .,

there is a constant K > 0 such that Z ql-z (x;)) <K -r(x) (A2)
i=1
for all x € X. This is our second (and last) crucial assumption. In many of our examples we shall have
q1 =---=¢q4 =0 and thus r = A and (A2) holding with K =0.
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Next we define
M= 818,488 =L+18,8/1=L+uv,
J#i
see [Nowak and Stempak 2006, (5.1)], and set
ci = I8,y

if §;¢x # 0 and c}; = 0 in the other case. Then {c};&,-(pk} rend (excluding those c,iSiwk which vanish) is an
orthonormal system of eigenvectors of M; such that M; (cfcéigok) equals Akcj;éi k-
We define

D =lin{g: k e N¢}, D; =8;[D] =1lin{8;¢x: k € N},
and make the technical assumption that
both D and D;, i =1, ..., d, are dense subspaces of L”, 1 < p < oc0. (T3)

In most of our applications the condition (T3) will follow from [Forzani et al. 2015, Lemma 7.5], which
is itself a consequence of [Berg and Christensen 1981, Theorem 5].

Lemma 1 [Forzani et al. 2015, Lemma 7.5]. Assume that v is a measure on X such that, for some & > 0,

d
/ exp(s > i |) dv(y) < co.
X i=1

Then, for each 1 < p < oo, multivariable polynomials on X are dense in L? (X, v).

we have

In what follows we consider the self-adjoint extension of M; given by

Mif =" Ml fch Sige)rach Sign
keNd
on the domain

Dom(M;) = {f eL®: > IS cidignd 2l < oo}.
keNd

Keeping the symbol M; for this self-adjoint extension is a slight abuse of notation, which however will
not lead to any confusion. Finally, we shall need the semigroups

_ 12 : _ml2
P ="'t and Q! :=e M

These are formally defined on L? as

12 . 12 . .
Pif=Y ™ (fiope, Of =) e ™ (fc Sigdacy Sigr.

keNd keNd

Note that for # > 0 we have P[D] C D and Q![D;1C Dy, i =1,...,d.
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3. General results for Riesz transforms

Recall that we are in the setting of the previous section. In particular the assumptions (A1), (A2), and the
technical assumptions (T1), (T2), (T3), are in force. The following is the main result of our paper.

Theorem 1. For each 1 < p < 0o we have
IRfIl, <241 +~K)(p* = DITfl|r, f €L

Remark. In all the examples we consider in Section 5 the projection IT satisfies || IT|| ,—, , <2, 1 < p < 00.
In fact in many of the examples IT equals the identity operator.

In order to prove Theorem 1 we need two ingredients. The first of these ingredients is a bilinear
formula that relates the Riesz transform with an integral in which both P; and Q! are present.

Proposition 2. Leti =1, ...,d. Then the formula

(Rif. 81> = —4f0 (8; PiTLf, 9, Q1) 2t dt (3-1)

holds for f € D and g € D;.
Before proving the proposition let us make two remarks.

Remark 1. Formulas similar to (3-1) were proved before, though, depending on the context, they may have
involved spectral multipliers of the operator L. However, treating these spectral multipliers appropriately
was achieved with variable success. A way of avoiding multipliers was first devised in [Carbonaro and
Dragicevi¢ 2013] for Riesz transforms on manifolds. In such a setting, the above formula is a special case
of the identity (3) there. The approach in [Carbonaro and Dragicevi¢ 2013] was adapted in [Mauceri and
Spinelli 2015] to the case of Hodge—Laguerre operators. In the case of Laguerre polynomial expansions
(see Section 5.2) the formula (3-1) is a special case of [Mauceri and Spinelli 2015, (5.1)]. We note that
both in [Carbonaro and Dragicevié¢ 2013] and [Mauceri and Spinelli 2015] the authors needed to consider
the Riesz transform as well as the formula (3-1) for differential forms; this is not needed in our approach.

Remark 2. Note that if the operators §; and § commute, then Qi = P; and the formula (3-1) can be
formally obtained via the spectral theorem. The problem is that often these operators do not commute.
A way to overcome this noncommutativity problem was devised by Nowak and Stempak [2013]. They
introduced a symmetrization 7; of §; that does commute with its adjoint; in fact 7;* = —7;. This
symmetrization is defined on LZ()N( ), where

X =(X;U(=XD) X x (XgU(=Xqg)).

Set T = — Zf:] Tl.2 and let S; = e~'T"”. The formula (3-1) for 7} is then formally

oo
(LT~ 8) ) = —4 f (T3St f. 9iS18) i 1 dt. (3-2)
0

This leads to a proof of (3-1) different from the one presented in our paper. Namely, a computation shows
that applying (3-2) to functions f: X > Rand g: X — R, which are both even in all the variables, we
arrive at (3-1).
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Proof of Proposition 2. We start with proving (3-1) for f = ¢; and g = 8;¢,,, with some k, n e N If k =0
and Ag = 0 then both sides of (3-1) vanish. Thus we can assume that A; > 0. A computation shows that

_ —1/2
&LV f, g e =20 28 f ) 12

and

* i e 1/2 —12)?
4 i fa Qg rdr =4 e b g e g
0 0

RS VIV 4
=4A3/2f e 1 dt - (81 £, 8) 12 = —r i - (61 8)12
0 A"+ 22
hence
0l

o
<5iL‘”2f,g>+4/ <al-P,f,a,Q;g>thdr=(xk‘l”— e
0

m) (8 f, &) 12 (3-3)
k n

Now §; f is also an L? eigenvector for M; corresponding to the eigenvalue A;. Consequently, since
eigenspaces for M; corresponding to different eigenvalues are orthogonal, (§; f, g) is nonzero only if
An = Ar. Coming back to (3-3) we obtain (3-1) for f = ¢ and g = §;¢,.

Finally, by linearity (3-1) holds also for f € D and g € D;. g

The second ingredient we need to prove Theorem 1 is a bilinear embedding, as was the case in
[Carbonaro and Dragicevi¢ 2013; Dragicevi¢ and Volberg 2006; 2012; Mauceri and Spinelli 2014; 2015].

For N e N (the cases interesting to us being N =1 and N =d) we take F =(fi, ..., fx): X x (0, oo) = RV
and set 4
|FI2:=r|FP+ [, F*+ Y [0 F|* (3-4)

i=1

The absolute values | - | in (3-4) denote the Euclidean norms on RY of the vectors F(x, t), 8, F(x,t) =
@ fi(x, 1), ..., 0 fn(x, 1)), and O; F(x, 1) = (0; f1(x,1),...,0; fn(x,1)), where (x,7) € X x (0, 00).
Below we only state our bilinear embedding. The proof of it is presented in the next section.

Theorem 3. Let f: X — Rand g = (g1, ..., 84) : X — R? and assume that f € D and g; € D; for
i=1,...,d. Define

F(x,t)=P,IIf(x) and G(x,t)=Q,8=(Q}g1,-.., 0%ga).
Then

/O/XIF(x,t)I*IG(x,t)I*d/L(X)tdt <6(p" = DTS, lIgllg- (3-5)

Remark. The theorem can be slightly generalized, at least at a formal level. Namely in Theorem 3, we
do not need that v; = [§;, §7]. It is enough to have any v; > 0 and take Q; = e ™Mi with M; = L +v;.

Our main theorem is an immediate corollary of Proposition 2 and Theorem 3.
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Proof of Theorem 1. 1t is enough to prove that for each f € L? and g; € LY, i =1, ..., d, the absolute
value of Z?:l (R; f, gi) does not exceed
d 12
(Z lgi |2)
i=1

A density argument based on the assumption (T3) allows us totake f e Dand g; € D;, i =1,...,d.

q

241 +VEK)(p* = DITIfl,

From Proposition 2 we have

o0

~YRif gV = / (0:PTIf, 8,0 i) 2t dt + f (qi PiTIf, 8, Q' gi) o t dt
0 0

and thus, assumption (A2) gives

00 d 172
S 4f / ((Z IOiP,l'If(x)|2> +ﬁm|1)tnf(x)|> |G (x, )] dp(x)t dt
0 JX\\ig

d

D (Rif, g

i=1

<41 +ﬁ>f°°/ |F(x, )]G (x, )|« dpu(x) 1 dt.
0 X

Now, Theorem 3 completes the proof. U

4. Bilinear embedding theorem

This section is devoted to the proof of our embedding theorem, Theorem 3. We shall follow closely the
reasoning from [Carbonaro and Dragicevi¢ 2013; Mauceri and Spinelli 2015].

4.1. The Bellman function. Before proceeding to the proof of Theorem 3 we need to introduce its most
important ingredient: the Bellman function.
Choose p > 2. Letg =p/(p — 1),

y=y(p)=3q(q—1),
and define g, : [0, 00)? — [0, 00] by

2 2—q )4 q
stsy 7, s; <85y,
Bp(si,s2) =s¥ +sT+y {7172 Lo
(2/p)s1p+(2/q—1)sg, sf’)sg.

For m = (m1, m») € N2, the Nazarov—Treil Bellman function corresponding to p, m is the function
B =B, ,: R™" xR"™ — [0, c0)
given, for any ¢ € R™! and n € R™2, by
Bpm(5,m) = 5B, (IC1. D).

The function B originated in an article by F. Nazarov and S. Treil [1996]. It was employed (and simplified)
in [Carbonaro and Dragicevi¢ 2013; 2017; Dragicevi¢ and Volberg 2006; 2011; 2012]. Note that B is
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Cl'(R™M*+m2) and is C? everywhere except on the set
{(¢,m eR™ xR™:p=0o0r|¢]”=]|n|?}.
To remedy the nonsmoothness of B we consider the regularization

Bk,p,m = BK = B *RmIerz wk,

where
1

Km1+m2

Y () = cme /Oy iy (x) and Y (x) = ¥ (x /i),

with ¢,, such that me +m, Y (x)dx = 1. Here xgmi+m, stands for the characteristic function of the
(m1+m3)-dimensional Euclidean ball centered at the origin and of radius 1. Since both B and ¥, are
biradial also B, is biradial. Hence, there is B, = B, , acting from [0, 00)? to R such that

B (¢, m) =3Bl InD), ¢ eR™, neR™.

We shall need some properties of S, and B, that were essentially proved in [Carbonaro and Dragicevié
2013; Dragicevi¢ and Volberg 2012; Mauceri and Spinelli 2014; 2015].

Proposition 4. Let k € (0, 1). Then, fors; >0, i =1, 2, we have

@ 0< Bi(s1,52) < (L +y (PN ((s1+K0)P + (2 +6)7),
(i) 0 < 3y, Be(s) < Cpmax((s1 + )P, 52+ k) and 0 < 85, B (s) < Cp(s2 + k)17, with C, a positive

constant.

The function B, belongs to C®(R™*™2) and for any & = (£, n) € R™™™2 there exists a positive
. = 1.(1Z], In|) such that for v = (w1, wp) € R™ ™2 ywe have
(i) (Hess(Bo)(&)w, o) = 1y (p)(telor > + 17 oo ).

Moreover, there is a continuous function E, : R™*™ — R for which

(V) (VBO®), &) = 37 (P)(wlt P+ 1. nP) =k Ec (),
V) 1Ec&)] < Cnp(1C1P7 Il + 0197 47T,
Proof (sketch). Let T = ©(|¢], |n]) be the function from [Carbonaro and Dragicevi¢ 2013, Theorem 3]
and define 1, = 1 *pa+1 ¥,. With exactly this 7., items (i), (ii), and (iii) were proved in [Mauceri and
Spinelli 2014, Proposition 6.3].

Let

Ek(s):_/\ (VB(%'—Ks),” 1//,((5) ds, S c Rmﬁ-mz;
Rm]+m2

see [Dragicevi¢ and Volberg 2012, (2.10)]. Item (iv) (with these 7, and E,) follows from [Dragicevié
and Volberg 2012, Theorem 4(iii’)], together with the observation from [Carbonaro and Dragicevi¢ 2013;
Dragicevi¢ and Volberg 2012] that

1/2
(TP E T+ 1Y) @) = ( fR GO NC e DR (OIS D dy) =1
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Item (v) is proved in [Dragicevi¢ and Volberg 2012, p. 207]. Note that, our Bellman function B, coincides
with —% O, from that paper (when Q, is restricted to real arguments).

We remark that in [Dragicevi¢ and Volberg 2012, Theorem 4 (iii’)] a stronger statement is proved with
an additional negative term — B, (§) on the left-hand side of (iv). U

4.2. Proof of Theorem 3. Define u : X x (0, 00) — R x RY by
u=ux,0)= (P If(x), Qgx) = (P TIf(x), Qg1(x), ..., O ga(x)).
Assume first that p > 2 and set
by =Bcou:X x(0,00) — [0, 00).

Here B = By 4,p is the Bellman function from Proposition 4 with m; = 1 and m, = d. For each
i=1,...,d, we fix a sequence {0/"},cn Which converges to o;, and a sequence {X'},cn which converges
to X;. We also impose that 0; < 0" < X' < Z; fori =1,...,d, n € N. Defining

X!=[o], 2] and X,=X]x---x X},

where n € N, we see that {X,,},en is an increasing family of compact subsets of X such that X =, X,.
We shall estimate the integral

I(n,e):= /07 (07 = L) (b)) (x, 1) dyu(x) te™" dt (4-1)
0 JX,

from below and above and then, first let n — oo and then ¢ — 0. Here « (n) is a small quantity depending
on n which will be determined in the proof. Since X, is compact, f e Dand g; € D;, i =1,...,d,
the integral (4-1) is in fact absolutely convergent. In what follows we will often briefly write « instead
of k(n).

The lower estimate of (4-1) for p > 2. The key result here is Proposition 5 below. Its proof hinges on
the assumption (A1).

Proposition 5. For x € X and t > 0 it holds that
(07 = Db (x, 1) > Y [F (e, D |G(x, Dy — k r(x) Ee (u(x, 1)). (4-2)

Proof. Set 0¢ := 9;. To justify (4-2) we shall need the pointwise equality

d d
37 = D)be =7 (VBe(u), u)+ ) v; - 3y, Be(w) - Qfgi) + ) _(Hess(B)@u), djur).  (4-3)
i=1 i=0
We first we focus on proving (4-3).
From the chain rule we have 0;b, = p;(VB,(u), dx,u). Moreover, a computation shows that, for
i=1,...,d,

/

w: u){
0f = —pidy, — pi _wl- —p} and 0D, =—pjo; — (p,- _wl» +2p§)pi8xi.
1

1
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Consequently, applying once again the chain rule we obtain for i =0, ..., d,
w!
0;0;be = —p;dy, (pi(V By (), dx,u)) — (Pij + p§)pi(VBK (u), Oy, u)
l
w)
= _pizax;(<VBK(u)a ax;”)) - pip,/' <VBK(M)9 8x1u> - (sz + p;)Pi(VBK(u), 8x1u>
4

/

_ 242 Wi N\ 2
- VBK(u)a —Di 8)(,—” —\Pi J +2p1 Di 8xiu —Di (HeSS(BK)(axiu)7 ax,-u>
4

= (VB (u), 0;0;u) — (Hess(B) (D;u), 0ju).

Now, summing the above formulaini =0, ..., d, we obtain
d
0 — D)be = (VB (u), 05 — Lyu)+ > _(Hess(B,)(u)(;u). dju). (4-4)
i=0

The formula (4-4) implies (4-3). Indeed we have

7 —Lu= (@ —L)P. f. (3 —L)0,g),

where
@} —L)P,f =0
and
0 —L)0:1g = (0] —L)Q,g1. ... (8} — L) 0 ga).
Moreover,

(07— L)0lgi = (3} — M) Qlgi +v; - Qlgi = vi - Olgi,
and using (4-4) the equation (4-3) follows.

Having demonstrated (4-3) we pass to the proof of (4-2). Proposition 4(ii) implies (9,, B, (u) - Qigi)>0.
Thus (4-3) together with the assumption (A1) produce

d
(87 = L)be > r (VBe(), u) + Y _(Hess(B)(@iu). du). (4-5)
i=0
Finally, (4-2) is a consequence of (4-5), items (iii) and (iv) from Proposition 4, and the inequality between
the arithmetic and geometric mean. (|

Coming back to the proof of the lower estimate in (4-1) we now take {k (n)},en such that |« (n)| < 1,
lim, x(n) = 0 and

lic (n) |/ /X |7 (X) Eye(y (u(x, )| dpe(x) < 1. (4-6)

To see that such a sequence exists we use Proposition 4(v) and the fact that P; f € D and Qﬁ gi €D
(hence also P, f € C*®(X) and Q'g; € C®(X)). Next, (4-2), together with (4-6), leads to

oo
1iminf1(n,8)27// / |F(x, O |G (x, D] dp(x) te™*" dt,
0o Jx

n—oo
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and, consequently, by the monotone convergence theorem

e—>0t n—

liminf liminf 7 (n, &) > y(p)fm/ |F(x,t)]«|G(x, )|« du(x)tdt. 4-7)
e 0 Jx

This is our lower estimate of (4-1).

The upper estimate of (4-1) for p > 2. The main ingredients here are the technical assumptions (T2)
and (T3). We split the integral in (4-1) as

I(n,e)=1(n,e)—L(n,¢)

[e.¢] o0
= / / 83(b,c(n))(x, Hdu(x)te ' dt —/ / L(bey)(x,1)dp(x)te " dt.
0 JX, 0 JXy

First we prove that

lim L(n,¢&)=0. (4-8)
n—oo

To see this we recall that L = Zflzl 070, with 0; given by (2-4) and 0} being the formal adjoint of d;
on L% Then,

d d 00
hn.e)=)  Ln.e) = Z/O fX ©70) (bie(m) (x, 1) dpu(x) te™*" dt,
i=1 i=1 n

and it is enough to prove that each of the integrals Ié (n, €) goes to 0 as n — oo. As the reasoning is
symmetricini =1, ..., d, we present it only for 121 (n, €). Define

XD =Xyx-xXg, xP=2....x), and uV=1® - ®ua.

Formula (2-5) together with integration by parts in the x;-variable produces

oo
I (n.€) = f / (T bS] x ™) = (plwn b o] ) du V(' e dr.
0 Jx
Call z7 either of the quantities o' or X{. Then the chain rule gives

(Piw1 3, b ) (@, x V) = pTEHwi @)y, P f (2}, x D) 3 Be (P f (2, x ), 0,827, xM))
+ piEDHwi@)(dx, Qg (@, xM), VB (P f (2}, x ), 0,8, x1))).  (4-9)

Since f € D and g; € D; we have that P, f e D and Q;g € D1 ® - - - ® Dy. Recall that ¢y is defined by
(2-2), while 8¢, i =1, ...,d, are given by (2-3). Now, Proposition 4(ii) implies

IVenBe (€M1 < Cpg(1C1P7 "+ 1™+ Il + 1471, (4-10)

Therefore, since |« (n)| < 1, a calculation based on (4-9) together with the assumptions (T2), (T3), and
Holder’s inequality produces lim,, 121 (n,e)=0.
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Now we focus on I{(n,¢). Since f €D, g;€D;, i=1,...,d, B, € C®(R4+1) and we integrate
over x € X, the double integral is absolutely convergent. Thus Fubini’s theorem gives

I (n, &) =/ /OOO 82 (be(n)) (x, 1) te™*" dt dju(x).

Integrating by parts in the inner integral twice we obtain
o
noer== [ [ ot na-ene  drauco
X, J0
oo oo
=/ bK(n)(x,O)du(x)—i—ez/ / bK(n)(x,t)te‘”dtd,u(x)—Zs/ / bemy(x, e~ dt du(x)
X XnJ0 X,J0

o0
< / bK<n)<x,0>du<x>+s2/ / Doy (6, 1) e~ dt dpu(x)
Xn X,J0
=1} (n)+1i(n,e).

In the first two equalities above we neglected the boundary terms by using the chain rule together with
(4-10).
First we treat 12 (n, €). Proposition 4(i) gives

If(n, &) < 82Cpf /OO(IP,Hf(x)I" +10:g(x0)|? + max(k (n)?, k (n)1)) te™*" dt dp(x).
X, J0

Take « (n) which satisfies (4-6) and
max (i ()%, ke (n)17%) u(X,) < 1. 4-11)

Then, since f e Dand g; € D;, i =1, ...,d, we have
o0
limsup I7(n, £) < £°C, / / |PILf (017 + Qg ()| tdt dj(x) < C(p, f, g) €
n—o00 XJO

and, consequently,

lim sup lim sup 77 (n, &) = 0. (4-12)

0+ n—oo

Coming back to / 11 (n) we use Proposition 4(i) to estimate
Iy < L+ y)fx (TP )+ () dpa(r) + 51 + y)/x (I8 (0)] + k()" dpa (o).

Now for each ¢ > 0 we split the first integral onto f‘ and the second

and fl

cni<elnf o) And ]

Then we obtain

Kk ()| >€|I1f (x)]

integral onto |,

k(n)|<elg ()| k(n)|>elg(x)|"

) <24+ (A+e)PITFIL+ (1 +e)7g]9)
+ 2L+ ) (T + e HPrm)P (X)) + L+ Dk () n(X,)).
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Since « (n) satisfies (4-6) and (4-11) we arrive at

lim sup limsup I} (n) < 3(1+ ) (ITIF 15+ gl%).
0t n— o0
Recalling (4-8) and (4-12) we thus proved
limsup limsup I (n, €) < 5(1+y(p)(ITIF 15 + lIgll2). (4-13)

e—0t n—oo

which is the upper estimate of (4-1) we need.

Completion of the proof of the bilinear embedding. Consider first p > 2. Combining the lower estimate
(4-7) and the upper estimate (4-13) we obtain

I+y(p)

2y (p)
Finally, a polarization argument finishes the proof. More precisely, for s > 0 we replace f with sf and g

/0 [ 1FGDLIGE. Dl duo e < (ITLF12 + gl9). (“-14)
X

with s~!g on both sides of (4-14). Then, the left-hand side is unchanged, while minimizing the right-hand
side over s > 0 we obtain

00 1+ 1/p 1/q
//|F(x,;)|*|G(x,t)|*du(x)tdt<ﬂ((£) +(1) )nnfupuguq. 4-15)
0o Jx 2y (p) q p

Using the above inequality, a calculation leads to (3-5). We sketch the argument below.
Note that for p > 2 we have p* = p and recall that y (p) = %q(q —1). Thus, for 1 < g <2 we obtain

| 1/p 1/q
+J/(p)((£> +<1> ):%(8+q(q—l))(q—1)1/fl—1(p_1)

2y(p) \\¢ p
<(g+3)@-DV"(p*—1). (4-16)
Setting s = ¢ — 1 we need to maximize the function H(s) := (s +4)s —*/¢*D for s € (0, 1]. Let
slogs
h(s) =lo 4) — ,
(s) gls+4) S
so that H(s) = ¢"®). Then we have
1 log s 1 1 2logs s—1

h (s) and h"(s) =

544 D 51l T d T G st nE
consequently, 7" (s) < 0 for s € (0, 1). Observe that 4'(5;) > 0 and 4'(3) < 0. Therefore h’ has a unique

zero inside the interval (%, %) and / attains a global maximum there. Obviously, the same is true for
H = ¢". Now it is easy to see that

max H(s) < 2. (L _2/7<6,
7/20<s<2/5 (5) <3 (20)

and thus also sup,_,-; H(s) < 6. Hence, coming back to (4-16) we obtain

2y(p) \\q p B '

In view of (4-15) this implies (3-5) and completes the proof of Theorem 3 for p > 2.
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The proof of Theorem 3 for p <2 proceeds analogously once we switch p with ¢ and P; f with O, g
in the definition of b,. Namely, we consider by (x,t)= EK(Q,g, P, f), where §K (¢, m) =B g,@ &, n),
IS R4, n € R. Here By 4 (4,1 is the function from Proposition 4 with m| =d and m, = 1. Then we repeat
the argument used for p > 2. The function B, satisfies items (iii)—(v) of Proposition 4 with p replaced by q.
Therefore both the lower estimate (4-7) and the upper estimate (4-13) hold with y (p) replaced by y (g).

5. Examples

Throughout this section we apply Theorem 1 to the examples of orthogonal systems considered in [Nowak
and Stempak 2006, Section 7]. This is possible for all of these systems except for the Fourier—Bessel
expansions [Nowak and Stempak 2006, Section 7.8]. In this case the condition (T2) fails. Despite this
failure we think that it might be possible to treat also the Fourier—Bessel expansions by the methods of the
present paper. It might be also interesting to try to apply the methods of our paper to the Riesz transforms
considered in [Nowak and Sjogren 2012] (in the case of Jacobi trigonometric polynomial expansions).

In all of the examples we present, for more details the reader is kindly referred to [Nowak and Stempak
2006, Sections 7.1-7.7]. The formulas for v; and r = Z?:l r; in the examples below follow directly from
(2-1) and (2-6). Recall that

u=u1 Q@ --Quq, X=Xix---xXq, LP=LPX, ), lI-lp=1-lce,

= mas(r. L)
p* =max|p, — ).
p—1

5.1. Ornstein—-Uhlenbeck operator: Hermite polynomial expansions. Here we consider

and

_ 2
pi=1, ¢=0, a=0, wi(x)=n""%" du(x;)=wx)dx
on X; = R. Then

5 =0 =0y, O8f=—0,+2x, v=I[5.81=2 r=0, (5-1)

i Y

and

Li=—A+2(x,V)

IIM&

is the Ornstein-Uhlenbeck operator on X = R%. The operator L is essentially self-adjoint on C>°(R¢)
with the self-adjoint extension given by

Lf =Y |kI(f, Hi) 2 Hi.

keNd

In the formula above |k| = k| + - - - 4 kg4, the symbol L? stands for L? = L>(R?, 1), while {Hk}kENd is
the system of L? normalized Hermite polynomials; see [Nowak and Stempak 2006, Section 7.1; Lebedev
1972, p. 60]. In this section we take

—H, keN
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Note that u is a probability measure in this setting. The projection IT becomes

Nf= Y (f.H)pH. fel
keNd, k0
Then

(I —T0) f = (f, Ho) > Ho,

and, since ﬁo = 1, the operator I — IT is the projection onto the constants given by

(1= = [ fordum. rex
X
Hence, by Holder’s inequality ||(/ —IT) f||, < || f Il » and, consequently,

ITLf N, <20 fllp, 1< p<oo. (5-2)
Next

8, Hy = \/2k; Hy—e,. (5-3)

where, by convention I’-IVk_e,. =0 if k; = 0. This convention is also used for the examples presented in the
next sections. The Riesz transform is defined by

Rif= ) (k’)1/2<fﬁ> i 12
S — s )2 g —e; fe .

1k|
keNd, k0 Ik

Dimension-free estimates for the vector Rf = (R f, ..., Rq f) were proved by Meyer [1984]; see
also [Gundy 1986; Gutiérrez 1994; Pisier 1988] for different proofs. Later Dragicevi¢ and Volberg [2006,
Corollary 0.4] found a proof which uses the Bellman function method. The best result in terms of the
size of the constants is due to Arcozzi [1998, Corollary 2.4] who proved that [[Rf|, <2(p* — DI f1l,,
1 < p < 0o. An application of Theorem 1 produces similar, though weaker, bounds.

Theorem 6. Fix 1 < p < oo. Then, for f € L? such that fX f()du(y) =0, we have

IRfNlp <24(p™ = DI fllp- (5-4)
Remark. Using (5-2) we may extend the bound (5-4) to all f € L? with 24 being replaced by 48.

Proof. We apply Theorem 1. In order to do so we need to check that its assumptions are satisfied.

By (5-1) we see that (A1) and (A2) (with K = 0) hold. Condition (T1) is proved by an easy calculation
based on integration by parts. The assumption (T2) is also straightforward. Finally, (T3) follows from
Lemma 1 and (5-3).

Now, if [ v S () du(y) =0 then IT1f = f. Thus, an application of Theorem 1 completes the proof. [

5.2. Laguerre operator: Laguerre polynomial expansions. Here, for a parameter « € (—1, 00)%, we
consider

pi=+%i, =0, a=0, wix)= e Mdx;,  dpi(x;) = wi(x;) dx;

o
——.
Fla;+1) !
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on X; = (0, 00). Then §; =0; = ,/x; dx,, and thus

1
o+ 5+ X
2)6,' ’

24 x, ui=18.81= r=0. (5-5)

In this case
d d
L=ZL,' =Z—x,~ 8%1 —(a,-+1—xl-)8xi
i=1 i=1

is the Laguerre operator on X = (0, 00)4. Tt is symmetric on CZ°((0, 00)4) and has a self-adjoint extension

Lf =Y IkI(f. L§) L.
keNd
Here L2 = L2((0, 00)¢, 1), while {L%};cna is the system of L2 normalized Laguerre polynomials; see
[Nowak and Stempak 2006, Section 7.2; Lebedev 1972, p. 76]. These Laguerre polynomials are our
functions ¢y in this section; namely
o =LY keN
Next we have
8Ly = ki J/xi Ly (5-6)

while the projection IT becomes

nf= Y (ALPeLE fel”
keNd, k0
A repetition of the argument from the previous section shows that I1f = f if and only if [’ xS du(y)=0

and
ITLfN, <20 fllp, 1< p<oo. (5-7)

The Riesz transform is then given by

ki\'? o ~yte:
Rif= ) (ﬁ) (L) 2y LTS, fel?
keNd k0

Dimension-free bounds for single Riesz transforms R; were first studied by Gutiérrez, Incognito and
Torrea [Gutiérrez et al. 2001] for half-integer multi-indices, and generalized’ by Nowak [2004] to multi-
indices @ € [—%, oo)d. Moreover in [Graczyk et al. 2005], Graczyk, Loeb, Lopez, Nowak, and Urbina
proved dimension-free estimates on L? for the vector of Riesz-Laguerre transforms and half-integer
multi-indices «. Recently, the author [Wrébel 2014, Theorem 4.1(b)] obtained dimension-free bounds on
L? for scalar Riesz transforms and general parameters o € (—1, 00)?, while Mauceri and Spinelli [2015,
Theorem 5.2] proved a dimension-free bound for the vectorial Riesz transforms Rf = (R, f, ..., Ra f),

and o € [—%, oo)d. All the bounds mentioned in this paragraph are also independent of the parameter o

In [Nowak 2004, Theorem 13] the author also states an estimate on L? for the vector of Riesz-Laguerre transforms that is
dimension-free for certain values of «. Unfortunately this result is not properly proved there (Nowak, personal communication,
2017). This is due to a problem in the proof of the vectorial g-function bound from [Nowak 2004, Theorem 7(b)].
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(appropriately restricted). Moreover, the estimate from [Mauceri and Spinelli 2015, Theorem 5.2] is also
linear in p*.

By using Theorem 1 we obtain a result which coincides with [Mauceri and Spinelli 2015, Theorem 5.2]
in the case of Riesz transforms acting on functions.

Theorem 7. Fix o € [—%, oo)d and 1 < p < oo. Then, for f € LP which satisfy fx f)du(y)=0,we
have

IR fll, <24(p™ = DIflp.

Remark. By (5-7) we have the same bound for general f € L” with the constant being twice as large.

Proof. We are going to apply Theorem 1, so we need to verify its assumptions.

By (5-5) we see that if o € [—%, oo)d, then (A1) and (A2) (with K = 0) are satisfied. Moreover, the
assumptions (T1) and (T2) follow from a direct calculation. Next, for such « the condition (T3) can be
deduced from Lemma 1 together with (5-6).

Now, if [ x S du(y) =0 then I1f = f. Therefore, using Theorem 1 we complete the proof of
Theorem 7. [

5.3. Jacobi operator: Jacobi polynomial expansions. In this section for parameters o, g € (—1, 00)¢
we consider

pi=vV1—x? ¢ =0, a =0,

wi(xi)=m(l_xi)ai(l'f'xi)ﬁidxi, dpi(x;) =w;(x;))dx;, X;=(=1,1),

where C(«;, B;) is such that u;(X;) = 1. Then §; =0; =+'1 —xl.2 0y, and

T+x —x
aj:_\/l—x,?ax,.+(ai+%),/:i’_—(ﬁi+%) -y
l

1+Xl'

(5-8)

T it S e

6= , r=0.
1—x; 1+ x;

Here

d d
L=) Li=) —(1-x))d; — (B — i — (@ + i +2Dxi;) oy
i=1 i=1

is the Jacobi operator on X = (—1, D4 Let L2=L?((—1, 1)¢, w), and denote by {ﬁ:’ﬁ}keNd the system of
L? normalized Jacobi polynomials; see [Nowak and Stempak 2006, Section 7.1; Szegé 1975, Chapter 4].
These Jacobi polynomials are our functions ¢y in this section; namely

o =P’ kel
The Jacobi operator is symmetric on C°((—1, 1)4) and has a self-adjoint extension

Lf =Y hlf PP 2 BEP,

keNd



766 BLAZEJ] WROBEL

where A; = Zl‘.l: | )Lj'{l_ with )\}‘(i =ki(kj+a;+B;+1),i=1,...,d. Similarly to the previous two sections
the projection IT is

Nf= Y (£PPRPP fel?

keNd, k0
Moreover, I1f = f precisely when |[. x S () du(y) =0 and we have
ITLflp <20 f1lp, 1< p<oo. (5-9)

The action of §; on Jacobi polynomials is given by

8i PP = Vki(ki + i + B + DV —x2 PP (5-10)
and the Riesz transform becomes

)\‘i. 1/2 -
Rif= ) <_k> O B V1= BEtelte, per?

A
kend, k0 N K

Dimension- and parameter-free estimates for single Riesz transforms R; are due to Nowak and Sjégren
[2008], who proved them for o, 8 € [—% oo)d.

An application of Theorem 1 generalizes [Nowak and Sjogren 2008, Theorem 5.1] to the vectorial
Riesz transforms R f = (R, f, ..., Ry f). This result is new according to our knowledge. Moreover, we
obtain an explicit estimate which is linear in p*

Theorem 8. Fixa, § € [—%, oo)d and 1 < p < oc. Then, for f € L? which satisfy [, f(y)du(y) =0,
we have

IRfII, <24(p* = DIfllp, feL”. (5-11)

Remark. As in the previous two sections (5-11) holds for all f € L? with 48 (p* — 1) in place of
24 (p* — 1). This follows from (5-9).

Proof. We are going to apply Theorem 1, so we need to verify its assumptions for parameters «, B €
[~3.00)"

By (5-8) we see that if o, € [—1, oo)d, then (A1) and (A2) (with K = 0) are satisfied. Similarly,
using (5-10) one can see that, for such « and 8, the conditions (T1) and (T2) also hold. The assumption
(T3) follows from Lemma 1 together with (5-10).

Now, since [ x S () du(y) =0 implies I1f = f, an application of Theorem 1 completes the proof of

Theorem 8. O
5.4. Harmonic oscillator: Hermite function expansions. Here we take

pi=1, q=x;, a=1wkx)=1 dux)=dx;, Xi=R,
so that
8i =0y +xi, 0;i=20y, & =—0+ux, =[5,,8"1=2, r(x)=|x/% (5-12)

1 i’ Y
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and L is the harmonic oscillator d
L=Y Li=-A+[x
i=1

It is well known that L is essentially self-adjoint on C2° (R?) with the self-adjoint extension given by

Lf =) Qlkl+d){f. hi)p2hu.
keNd
Here L? = L?(RY, dx), while {/;}ycne is the system of L? normalized Hermite functions; see [Nowak
and Stempak 2006, Section 7.4]. The functions hj are our ¢ in this section. They are of the form
hi=hi, @--- Q hy,, where
hiy (x) = Hy, (x)e ™% x; € R, (5-13)

with I-Iki being the Hermite polynomial from Section 5.1. Note that as 0 is not an L? eigenvalue of L, the
projection IT equals the identity operator.
Next
8ihk = \/2kjh—;, (5-14)
and thus the Riesz transform is

R, f = , h hi_e,;, e L".
if= > (2|k|+d) (fhidp2hi—e,.  f
keNd, k£0

Here dimension-free bounds for the vector of Riesz transforms can be deduced, by means of transference,
from the paper of Coulhon, Miiller, and Zienkiewicz [Coulhon et al. 1996]; see also [Harboure et al.
2004; Lust-Piquard 2006] for different proofs. Moreover, a dimension-free bound for the vector of Riesz
transforms which is additionally linear in p* was proved in [Dragicevi¢ and Volberg 2012, Proposition 4].

Using Theorem 1 we are able to obtain a more explicit estimate for the vector R f than in [Dragicevi¢

and Volberg 2012]. However, contrary to that paper, our method says nothing about the vector of “adjoint
transforms R* f = (3?1;1/2]6’ o Sijl/zf),

Theorem 9. For 1 < p < o0 we have

IRfII, <48(p* = DIfllp. [feL”

Proof. We apply Theorem 1. In order to do so we need to check that its assumptions are satisfied.

The equation (5-12) gives (A1) and (A2) with K = 1. Condition (T1) is straightforward. The assumption
(T2) holds since, by (5-13), Hermite functions hy, vanish rapidly at oo. Finally, (T3) follows from
(5-14) and the (well-known) density of Hermite functions in L?, 1 < p < o0.

Thus, an application of Theorem 1 is justified and the proof of Theorem 9 is completed. O

5.5. Laguerre operator: Laguerre function expansions of Hermite type. For a parameter o € (—1, 00)?
we consider
o + %
pi=1, q=xi— sooar=1, wilx) =1, dui(x;)=dx;, X;=1(0,00),

i
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so that
ai+ 3 ai+ 3
§i=dy+x———2, =08y, O =—0y+xi——2,
i Xi
d 2_1 (5-15)
v=18,81=2. r() =N+ ——*.
i=1 i

Here L is the Laguerre operator
d d wz 1
L= Li=-A+[xP+) -+
i=1 i1 N
Then L is symmetric on C2°(R¢) and has a self-adjoint extension given by
Lf = (4lkl+2d +2leD{f. ¢f) 208

keNd

In the above formula we set |k| =k; +- - -+ kg and |o| = a1 + - - - +a4; note that |«| may be negative. By

L? we mean L2((0, 00)?, dx), while {@} Ykene stands for the system of L? normalized Laguerre functions

of Hermite type; see [Nowak and Stempak 2006, Section 7.5]. The functions ¢;’ are the tensor products
o o] od :

(s :q)kl R-- .®¢kd with

0 (i) = V2L 6D K2 x>0, (5-16)
and Z‘IZ,I the Laguerre polynomials from Section 5.2. In this section we take
Pk = ¢ -

As 0 is not an L? eigenvalue of L, the projection IT equals the identity operator.
Next
+ .
Sigk = =2k o). (5-17)
and thus the Riesz transform is
4k; 172 e,
Rif=- ) (—) (f o) 20p, . felL’

keNA ££0 41k| 4+ 2|a| 4 2d j

Dimension-free bounds for single Riesz transforms R; were obtained by Stempak and the author [Stempak
and Wrébel 2013, Theorem 5.1] for a certain restricted range of the parameter .
. . 1 d
In this section, for @ € (5, oo) we define

1

o _.l_ =

C(x) = max ! f .
i=ld ot — 3

By using Theorem 1 we obtain the following strengthening of [Stempak and Wrébel 2013, Theorem 5.1]

1 d

in the case a € (3, 00)".
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Theorem 10. Let o € (%, oo)d. Then, for 1 < p < 00, we have

IRfIl, <241+ C@)(p*=DIfllp, feL”

Proof. We apply Theorem 1. In order to do so we need to check that its assumptions are satisfied.

The formula (5-15) gives (A1) and (A2) for o € (%, oo)d with K = C(«). Conditions (T1) and (T2)
follow from (5-16) and (5-17). Finally, (T3) follows from [Nowak 2003, Lemma 5.2] and (5-17).

Thus, an application of Theorem 1 is justified and the proof of Theorem 10 is completed. O

5.6. Laguerre operator: Laguerre function expansions of convolution type. For a parameter o €
(—1, 00)¢ we consider

pi=1 qi=xi, a=20+42,

wi () =X dp () = wit) dxi, X = (0, 00),
so that
20; + 1
Bizaxi+xi7 ai:ax,-, 8?:—8xi+x,~— @i + ,
Xi
(5-18)
200+ 1
v =1[8;,671=2+ r(x) = x|~

xr
Here L is the Laguerre operator
d d
20 4+ 1
L=X]:Lz=_A+|x|2_Z fx axi.
1=

i

i=1
Then L is symmetric on C2°((0, 00)?) and has a self-adjoint extension given by
Lf =) (k| +2d +2lal)(f. £) 247
keNd

Here L? = L?((0, 00)?, w(x)dx), while {£7 }kene 1s the system of L? normalized Laguerre functions
of convolution type; see [Nowak and Stempak 2006, Section 7.6]. The functions ¢} are of the form
=0 ®- - ®L1 with 2

0 () =V2LY (e ™ x>0, (5-19)

and Z‘IZ,I the Laguerre polynomials from Section 5.2. In this section we take
Yk = E%.
Also here, as 0 is not an L? eigenvalue of L, the projection IT equals the identity operator.
Next
5,6% = —2/ki x; £21¢ (5-20)

kfe,- 4
and thus the Riesz transform is

4k; 172 ,

R f=— S o E— L 09) 200 cL>

of 2 (4|k|+2|a|+2d) bzt T
keNd, k0
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The boundedness of these Riesz transforms on L? was proved by Nowak and Stempak [2007, Theorem 3.4].
Later Nowak and Szarek [2012, Theorem 4.1] enlarged the range of admitted parameters «. In both of these
papers Calderén—Zygmund theory was used; thus the L? bounds depended on the dimension d. Applying
Theorem 1 we obtain a dimension-free bound for the vectorial Riesz transform R f = (R f, ..., Raf).

Theorem 11. Let o € [—%, oo)d. Then, for 1 < p < 00, we have

IRfII, <48(p" = DIfllp. feL” (5-21)

Proof. A continuity argument based on (5-19) and (5-20) shows that it suffices to prove (5-21) for
ae (-1,
are satisfied.

The formula (5-18) gives (A1) and (A2) with K = 1. Conditions (T1) and (T2) follow from (5-19) and
(5-20). It remains to prove (T3). For the space D this condition follows from [Nowak 2003, Lemma 4.3].
Inthe case of D;, i =1, ..., d, the assumption (T3) can be deduced from (T3) for D together with (5-20).

Thus, an application of Theorem 1 is justified and the proof of Theorem 11 is completed. O

oo)d. We are going to apply Theorem 1. In order to do so we need to check that its assumptions

5.7. Jacobi operator: Jacobi function expansions. For parameters «, f € (—1, 00)? we consider

pi=1, q=-1Qou+1cot(3x;)+ 128 + Dtan(3x;), a = F(;i+pi+ D2
wi(x) =1, dpi(x;)=dx;, X;=(0,m),

so that
N 1 1 1 1 _
8; =0y, — 3 Qo+ 1) cot(5x;)+3 2B+ Dtan(3x;), =0y,
2a;+1 28i+1
8 =—08y, —12a;+1) cot(2x;)+1(28;+1) tan(Lx;), =[8.,8/1= : ,
! 5 (2aitl) (2 l) 1@Ai+D (2 I) i 80052(%)6,-) SSinz(%xi) (5-22)

d
r(x)= Z Qa1 cot? (3x:) + 2B+ D tan® (3x;) + & (@ +Bi+1)?— Qo+ 1) (2B +1)).
Here L is the Jacobi operator
d d 2
4o? — 1 47 —1
=Y Li= +Z< + ﬂ‘zl )
P 16 sin? ) 16 cos (ix,-)
Then L is symmetric on CZ°((0, 7)) and has a self-adjoint extension given by

Lf =Y alf oy Py agy "

keNd

Here Ay = Y0 AL with &) = (ki + L + B + 1)’ L? = L2((0, 1), dx), while {¢{""}cna is the
system of L? normalized Jacobi functions; see [Nowak and Stempak 2006, Section 7.7]. These Jacobi
functions have the tensor product form ¢g’ = ¢“' o e ¢]‘zij’ P with

¢ P (x) = 2@ BN BRI (cos ) (sin (L)) T (cos (L)) P (5-23)
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for x; € (0, ), and 5,2‘ i being the Jacobi polynomials from Section 5.3. In this section we take

Yk = ¢,‘§‘”3.
In the case when a, 8 € [%, oo)d, the L? kernel of L is trivial, and thus the projection IT equals the identity
operator.
Next
807" = —Vkitki +oi+ pi + Do P (5-24)

and thus the Riesz transform is

ki(ki+ai+,8i+1) 172 o ote; e;
Rif=- > ( ) oo Py gt P el

A
keNd, k;#0 k

In the case d = 1 the L? boundedness of these Riesz transforms was proved by Stempak [2007]. Using
Theorem 1 we obtain the following multidimensional bounds.

Theorem 12. Let o, B € [% oo)d. Then, for 1 < p < 0o, we have
IRfll, <48 (p*=DIfll,, felL”’

Proof. A continuity argument based on (5-23) and (5-24) allows us to focus on «, 8 € (% oo)d. We
are going to apply Theorem 1 for such parameters o and 8. In order to do so we need to check that its
assumptions are satisfied.

The formula (5-22) gives (A1) and (A2) (with K = 1). Conditions (T1) and (T2) follow from (5-23)
and (5-24), while (T3) can be deduced from the density of polynomials in C((—1, 1)) together with (5-23)
and (5-24).

Thus, an application of Theorem 1 is permitted and the proof of Theorem 12 is completed. g
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REDUCIBILITY OF THE QUANTUM HARMONIC OSCILLATOR IN
d-DIMENSIONS WITH POLYNOMIAL TIME-DEPENDENT PERTURBATION

DARIO BAMBUSI, BENOIT GREBERT, ALBERTO MASPERO AND DIDIER ROBERT

We prove a reducibility result for a quantum harmonic oscillator in arbitrary dimension with arbitrary
frequencies perturbed by a linear operator which is a polynomial of degree 2 in (x;, —1d;) with coefficients
which depend quasiperiodically on time.

1. Introduction and statement of results

The aim of this paper is to present a reducibility result for the time-dependent Schrédinger equation

iy = H ()Y, xeR%, (1-1)
H.(wt) := Hy+ W (wt, x, —1V), (1-2)
where
d
Ho:=—=A+V(@), V@)=Y vl v >0, (1-3)
j=1

and W0, x, &) is a real polynomial in (x, §) of degree at most 2, with coefficients being real analytic
functions of 6 € T". Here w are parameters which are assumed to belong to the set D = (0, 27)".

For € = 0 the spectrum of (1-2) is given by

d
0 (Ho) = (Mhkents  he = Ay, = Y _(2Kkj + Dj, (1-4)
j=1

with k; > 0 integers. In particular if the frequencies v; are nonresonant, then the differences between
couples of eigenvalues are dense on the real axis. As a consequence, in the case € = 0 most of the
solutions of (1-1) are almost periodic with an infinite number of rationally independent frequencies.

Here we will prove that for any choice of the mechanical frequencies v; and for w belonging to a
set of large measure in D, the system (1-1) is reducible: precisely there exists a time-quasiperiodic
unitary transformation of L%(R?) which conjugates (1-2) to a time-independent operator. We also deduce
boundedness of the Sobolev norms of the solution.

The proof exploits the fact that for polynomial Hamiltonians of degree at most 2, the correspondence
between classical and quantum mechanics is exact (i.e., without error term), so that the result can be

MSC2010: 35J10, 37KS55.
Keywords: reducibility, harmonic oscillators, growth of Sobolev norms.
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proven by exact quantization of the classical KAM theory, which ensures reducibility of the classical
Hamiltonian system

d
he:=ho+eW(wt, x,§), ho:=Y & +vixl. (1-5)
j=1

We will use (in the Appendix) the exact correspondence between classical and quantum dynamics of
quadratic Hamiltonians also to prove a complementary result. Precisely we will present a class of
examples, following [Graffi and Yajima 2000], in which one generically has growth of Sobolev norms.
This happens when the frequencies w of the external forcing are resonant with some of the v;.

We recall that the exact correspondence between classical and quantum dynamics of quadratic Hamil-
tonians was already exploited in [Hagedorn et al. 1986] to prove stability/instability results for one degree
of freedom time-dependent quadratic Hamiltonians.

Notwithstanding the simplicity of the proof, we think that the present result could have some interest,
since this is the first example of a reducibility result for a system in which the gaps of the unperturbed
spectrum are dense in R. Furthermore it is one of the few cases in which reducibility is obtained for
systems in more than one space dimension.

Indeed, most of the results on the reducibility problem for (1-1) have been obtained in the 1-dimensional
case, and also the results in higher dimensions obtained up to now deal only with cases in which the
spectrum of the unperturbed system has gaps whose size is bounded from below, like in the harmonic
oscillator (or in the Schrodinger equation on T¢). On the other hand we restrict here to perturbations,
which although unbounded, must belong to the very special class of polynomials in x; and —id;. The
reason is that for operators in this class, the commutator is the operator whose symbol is the Poisson
bracket of the corresponding symbols, without any error term (see Remark 2.2 and Remark 2.4). In order
to deal with more general perturbations one needs further ideas and techniques.

Before closing this introduction we recall some previous works on the reducibility problem for (1-1)
and more generally for perturbations of the Schrodinger equation with a potential V (x). As we already
anticipated, most of the works deal with the 1-dimensional case. The first one is [Combescure 1987], in
which the pure point nature of the Floquet operator is obtained in the case of a smoothing perturbation
of the harmonic oscillator in dimension 1; see also [Kuksin 1993]. The techniques of this paper were
extended in [Duclos and St ovi¢ek 1996; Duclos et al. 2002] in order to deal with potentials growing
superquadratically (still in dimension 1) but with perturbations which were only required to be bounded.

A slightly different approach originates from the so-called KAM theory for PDEs [Kuksin 1987; Wayne
1990]. In particular the methods developed in that context in order to deal with unbounded perturbations,
see [Kuksin 1997; 1998], were exploited in [Bambusi and Graffi 2001] in order to deal with the reducibility
problem of (1-1) with superquadratic potential in dimension 1; see [Liu and Yuan 2010] for a further
improvement. The case of bounded perturbations of the harmonic oscillator in dimension 1 was treated in
[Wang 2008; Grébert and Thomann 2011].

An extension of KAM theory to NLS on T4 has been obtained in [Eliasson and Kuksin 2010] and
its methods have been adapted to deal with the reducibility problem of quasiperiodically forced linear
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Schrodinger equation in [Eliasson and Kuksin 2009]. A further reducibility result for equations in more
than one space dimension is [Grébert and Paturel 2016], in which bounded perturbations of the completely
resonant harmonic oscillator in R were studied. As far as we know, these are the only higher-dimensional
linear systems for which reducibility is known. !

We remark that all these papers deal with cases where the spectrum of the unperturbed operator is
formed by well-separated eigenvalues. In the higher-dimensional cases they are allowed to have high
multiplicity localized in clusters. But then the perturbation must have special properties ensuring that the
clusters are essentially not destroyed under the KAM iteration.

Finally we recall the works [Bambusi 2017a; 2017b], in which pseudodifferential calculus was used
together with KAM theory in order to prove reducibility results for (1-1) (in dimension 1) with unbounded
perturbations. The ideas of the present paper are a direct development of the ideas of [Bambusi 2017a;
2017b]. We also recall that the idea of using pseudodifferential calculus together with KAM theory in
order to deal with problems involving unbounded perturbations originates from [Plotnikov and Toland
2001; Iooss et al. 2005] and has been developed in order to give a quite general theory in [Baldi et al.
2014, Berti and Montalto 2016; Montalto 2014]; see also [Feola and Procesi 2015].

In order to state our main result, we need some preparations. It is well known that (1-1) is well-posed,
see for example [Maspero and Robert 2017], in the scale H’, s € R, of the weighted Sobolev spaces
defined as follows. For s > 0 let

H = (y € LXRY) : H)*y € LARD),

equipped with the natural Hilbert space norm ||y || := ||H8/ 21//|| 2wd)- Fors <0, #H° is defined by
duality. Such spaces are not dependent on v for v; >0, 1 < j <d. We also have H* = Dom(—A+ |x|%)*/2,
We will prove the following reducibility theorem:

Theorem 1.1. Let v be a solution of (1-1). There exist €, > 0, C > 0 and for all |€| < €, a closed
set E C (0, 2m)" with meas((0, 27)" \ &) < Ce'/® and, for all w € &, there exists a unitary (in L?)
time-quasiperiodic map U, (wt) such that, defining ¢ by U, (wt)p =, it satisfies the equation

i = Haoop, (1-6)

with Hoo a positive definite time-independent operator which is unitary equivalent to a diagonal operator

d

00 .2 2
DV =5,
=1

where vj°° = vfo (w) are defined for w € & and fulfill the estimates
|vj—vj‘?°| <Ce¢, j=1,...,d.
Finally the following properties hold:
(i) Foralls > 0, forall y € H*, we have 6 — U, (0)} € COm™; 1%).

IWe would like to point out also [Procesi and Procesi 2012; 2015], which at present refer to the resonant nonlinear Schrodinger
equation; it would be interesting to study if they have some consequences for reducibility theory.
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(i) For all s = 0, there exists Cy > 0 such that for all 6 € T"
1= UpO)l £egs+2: 945y < Cise. (1-7)
(iii) Foralls,r >0, the map 6 +— U, (0) is of class C"(T"; L(HST4+2; 19)).

Remark 1.2. In Theorem 1.1, if the frequencies v; are resonant, then the change of coordinates U,, is
close to the identity, in the sense of (1-7), but the Hamiltonian H, is not necessary diagonal. However, it
is always possible to diagonalize it by means of a metaplectic transformation which is not close to the
identity; see Theorem 2.10 and Remark 2.11 below.

Let us denote by U (¢, T) the propagator generated by (1-1) such that ¢ (7, ) =1 for all T € R.
An immediate consequence of Theorem 1.1 is that we have a Floquet decomposition:

Ue o(t, T) = Ul (wt) e = U (wtau). (1-8)

Another consequence of (1-8) is that for any s > 0 the norm ||U (¢, 0)¥o || is bounded uniformly in
time:

Corollary 1.3. Let w € & with |€| < €. The following is true: for any s > 0 one has

cslolls = 1Ue.w(t, 00%0lls < Cslivholls  forallt € R, for all Yo € H, (1-9)

for some cg >0, C; > 0.
Moreover there exists a constant ¢, such that if the initial data o is in H**? then

IWolls — ecslivollsr2 < e, OYolls < 1Volls +eciliVolls+2 forallt €R. (1-10)

It is interesting to compare estimate (1-9) with the corresponding estimate which can be obtained for
more general perturbations W (¢, x, D). So denote by U(¢, T) the propagator of Hy + W (t, x, D) with
U(t, 7) = 1. Then in [Maspero and Robert 2017] it is proved that if W (¢, x, &) is a real polynomial in
(x, &) of degree at most 2, the propagator U/(¢, s) exists, belongs to L(#’) for all s > 0 and fulfills

U@, 0)olls < e oy forallz e R
(the estimate is sharp!). If W (z, x, £) is a polynomial of degree at most 1, one has
U(, 0)olls < Cs(1+1£])* IYpolls  forall 1 € R.

Thus estimate (1-9) improves dramatically the upper bounds proved in [Maspero and Robert 2017] when
the perturbation is small and depends quasiperiodically in time with “good” frequencies.

As a final remark we recall that growth of Sobolev norms can indeed happen if the frequencies w are
not well chosen. In the Appendix, we show that the Schrodinger equation

i = [—10c, + 3x* +axsinot]y, xeR

(which was already studied by Graffi and Yajima [2000], who showed that the corresponding Floquet
operator has continuous spectrum), exhibits growth of Sobolev norms if and only if w = +£1, which are
clearly resonant frequencies. We also slightly generalize the example.
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Another example of growth of Sobolev norms for the perturbed harmonic oscillator is given by Delort
[2014]. There the perturbation is a pseudodifferential operator of order 0, periodic in time with resonant
frequency w = 1.

Remark 1.4. The uniform-time estimate given in (1-9) is similar to the main result obtained in [Eliasson
and Kuksin 2009] for small perturbation of the Laplace operator on the torus T¢. Concerning perturbations
of harmonic oscillators in R?, most known reducibility results are obtained for d = 1, except in [Grébert
and Paturel 2016].

Remark 1.5. In [Eliasson and Kuksin 2009; Grébert and Paturel 2016] the estimate (1-10) is proved
without loss of regularity; this is due to the fact that the perturbations treated in those papers are bounded
operators. There are also some cases, see for example [Bambusi and Graffi 2001], in which the reducing
transformation is bounded notwithstanding the fact that the perturbation is unbounded, but this is due to
the fact that the unperturbed system has suitable gap properties which are not fulfilled in our case.

Remark 1.6. The €'/? estimate on the measure of the set of resonant frequencies is not optimal. We
wrote it just for the sake of giving a simple quantitative estimate.

Remark 1.7. Denote by {/},cne the set of Hermite functions, namely the eigenvectors of Hy: Hyyy =
Ax¥y. They form an orthonormal basis of L?(R%), and writing ¥ = ), ¢y ¥, one has

Il 2 (A + kD> el
k

Denote by ¥/ (1) = Y, cne €k (t) ¥k the solution of (1-1) written on the Hermite basis. Then (1-9) implies the
following dynamical localization for the energy of the solution: for all s > 0, there exists Cy = Cs(1/g) > 0
such that
sup |ex ()] < Cs(1+ k) ~*  for all k € N (1-11)
teR
From the dynamical property (1-11) one obtains easily that every state ¥ € L2(R?) is a bounded state
for the time evolution U ,, (¢, 0)y under the conditions of Theorem 1.1 on (¢, w). The corresponding
definitions are given below.

Definition 1.8 [Enss and Veseli¢ 1983]. A function ¢ € L?(R?) is a bounded state (or belongs to the
point spectral subspace of {U (¢, 0)};er) if the quantum trajectory {U ., (¢, 0)y : ¢ € R} is a precompact
subset of L%(R4).

Corollary 1.9. Under the conditions of Theorem 1.1 on (€, w), every state Y € L*(RY) is a bounded
state of {Ue ,(t, 0)}reRr.

Proof. To prove that every state { € L?(R?) is a bounded state for the time evolution Ue o (t, 0)y, using
that H* is dense in L*(R?), it is enough to assume that { € H*, with s > 1d. With the notation of

Remark 1.7, we write

v) =y @)+ RNV @),

where Yy M (1) =3 _y ek and RN (1) = 3y ek (DY
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Take § > 0. Applying (1-11), taking N large enough, we get that IRM 1)l < %8 for all r € R. But
{yM(t) :t € R} is a subset of a finite-dimensional linear space. So we get that {U ,,(t,0)¢ : t € R} is a
precompact subset of LZ(R?). (|

This last dynamical result is deeply connected with the spectrum of the Floquet operator. First note
that Theorem 1.1 implies the following:

Corollary 1.10. The operator U,, induces a unitary transformation L*>(T") ® L*(R?) which transforms
the Floquet operator K, namely

K = —iw- % + Ho+ €W (0),
into
—iw - o +H
90 oo

Thus one has that the spectrum of K is pure point and its eigenvalues are A}’Q +w-k.

Notice that Enss and Veseli¢ [1983, Theorems 2.3 and 3.2] proved that the spectrum of the Floquet
operator is pure point if and only if every state is a bounded state. So Corollary 1.10 gives another proof

of Corollary 1.9.
2. Proof of Theorem 1.1
To start, we scale the variables x; by defining xj’. = /Vjx; so that, defining

hj(Xj,:‘;:j) = Sj-2+x-2, Hj = —8)%j+x]~2,

one has

d d
ho:Z\)jhj, H()ZZV]'HJ'. (2'1)
j=1 j=1

Remark 2.1. Notice that for any positive definite quadratic Hamiltonian 4 on R?? there exists a symplectic
basis such that 7 = Z?:l vihj, with v; > 0 for 1 < j < d; see [Hormander 1994].

For convenience in this paper we shall consider the Weyl quantization. The Weyl quantization of a
symbol f is the operator Op" (f), defined as usual as

Op" (f)u(x) =

Gt | T A ey v
y.EeR?

Correspondingly we will say that an operator F = Op”( f) is the Weyl operator with Weyl symbol f.
Notice that for polynomials f of degree at most 2 in (x, &), we have Op¥(f) = f(x, D) + const, where
D=i"'v,.

Most of the time we also use the notation f*(x, D) := Op" (f). In particular, in (1-2) W (wt, x, —idy)
denotes the Weyl operator W¥ (wt, x, D).

Given a Hamiltonian y = x(x, &), we will denote by ¢§( the flow of the corresponding classical
Hamilton equations.
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It is well known that, if f and g are symbols, then the operator —i[ f*(x, D); g¥(x, D)] admits a
symbol denoted by { f; g}m (the Moyal bracket). Two fundamental properties of quadratic polynomial
symbols are given by the following well-known remarks.

Remark 2.2. If f or g is a polynomial of degree at most 2, then {f; g}m = { f; g}, where

d
o N Of 38 g Of
gl = < 9x; 08 o, 05

Jj=
is the Poisson Bracket of f and g.

Remark 2.3. Let x be a polynomial of degree at most 2; then it follows from the previous remark that,
for any Weyl operator f*(x, D), the symbol of e/X" D) fw(x D)= #x" (D) js f o ¢’

Remark 2.4. If f and g are not quadratic polynomials, then {f; g}m = {f; g} + lower-order terms;
similar lower-order corrections would appear in the symbol of e~ #X" (D) fw(x  D)eitx" D) That is the
reason why we restrict here to the case of quadratic perturbations. In order to deal with more general
perturbations one needs further ideas which will be developed elsewhere.

Next we need to know how a time-dependent transformation transforms a classical and a quantum
Hamiltonian. Precisely, consider a 1-parameter family of (Hamiltonian) functions x (¢, x, &) (where ¢ is
thought of as an external parameter) and denote by ¢* (¢, x, £) the time t flow it generates, precisely the

solution of
dx 0y d&

_x s _ _x )
yialey (t,x, £), o= (t, x, ). (2-2)

Consider the time-dependent coordinate transformation
(0, §) =¢' (1,5, ) =97 (1. X", §)]e=1. (2-3)

Remark 2.5. Working in the extended phase space in which time and a new momentum conjugated to it
are added, it is easy to see that the coordinate transformation (2-3) transforms a Hamiltonian system with
Hamiltonian 4 into a Hamiltonian system with Hamiltonian 4’ given by

1
a
Wt x', &)=h(g'(t x &) — / a—f(t, ¢7(t,x',&N)dr. (2-4)
0
Remark 2.6. If the operator x " (t, x, D) is selfadjoint for any fixed ¢, then the transformation
w =e—ixw(1,x,D)w/ (2_5)

transforms iy = Hy into iy’ = H'y' with

1
H = elx“(t,x,D)Heflxw(t,x,D) _/ e1rx“(t,x,D)(atXw(t’ X, ;;_)) e*lrx"(t,x,D) drt. (2-6)
0

This is seen by an explicit computation. For example see Lemma 3.2 of [Bambusi 2017a].
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So in view of Remark 2.3, provided that transformation (2-5) is well-defined in the quadratic case, the
quantum transformed Hamiltonian (2-6) is the exact quantization of the transformed classical Hamiltonian
(2-4).

To study the analytic properties of the transformation (2-5) we will use the following simplified version
of Theorem 1.2 of [Maspero and Robert 2017] (to which we refer for the proof).

Theorem 2.7 [Maspero and Robert 2017]. Let Hy be the Hamiltonian of the harmonic oscillator. If X is
an operator symmetric on H such that X H; Vand [X, HolH, Ubelong to L(H®) for any s > 0, then the
Schrodinger equation

10: ¢ = Xy

is globally well-posed in H* for any s, and its unitary propagator e~'*X belongs to L(H*) for all s > 0.
Furthermore one has the quantitative estimate

sl lls < lle” ™ ylls < Cyllylls forall T €0, 11, (2-7)

where the constants c;, Cs > 0 depend only on ||[X, Hj1H, ™ || £(30)-

The properties of the transformation are given by the next lemma and are closely related to the standard
properties on the smoothness in time of the semigroup generated by an unbounded operator.

Lemma 2.8. Let x(p, x, &) be a polynomial in (x, §) of degree at most 2 with real coefficients depending
in a C®-way on p € R". Then for all p € R", the operator x“(p, x, D) is selfadjoint in L*(R%).
Furthermore for all s > 0, for all T € R, the following hold true:

(1) The map p — e 1T (Px.D) o i CO(R™, L(HT2, 1)),
(ii) For all y € H*, the map p > e 77X (0-X:D)yr g in COR™, 15).
(iii) Forall r € N, the map p —> e X" (0-X:D) g iy CT (R, LHST4 2 745)).

@iv) If'the coefficients of x (p, x, &) are uniformly bounded in p € R" then for any s > O there exist c; > 0,
C, > 0 such that we have

csllylls < e ™ O Phyyi o< Collylly forall p e R”, forall T € [0, 1].

Proof. First we remark that in this lemma the quantity p plays the role of a parameter. Since x (p, x, &) is
a real-valued polynomial in (x, &) of degree at most 2, the operator x " (p, x, D) is selfadjoint in L*(R%),
so for all p € R" the propagator e ~7x" (#-*.D) ig unitary on L>(R?).

In order to show that e ~7x" (-*:D) maps %5 to itself, for all s > 0, for all p € R", we apply Theorem 2.7.
Indeed since x"(p, x, D) has a polynomial symbol, we know x“(p, x, D)H, ! and the commutator
[Ho, x"(p,x, D)]H, ! belong to L(H*) for all s > 0. Item (iv) follows by estimate (2-7) and the fact
that |[[Hj, x" (0, x, D)]H; * || £(30) is bounded uniformly in p.

To prove item (i) we use the Duhamel formula

e—irB _ e—i‘EA — 1/‘[ e—i(T—TI)A (A _ B) e_ile dfl_ (2-8)
0
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Then choosing B = x"(p + p’, x, D), A= x"(p, x, D) one has that forall0 <t < 1

—itx"(p+p’,x,D) _

le e IO D Lqisi 30y < Cllx ™ (0 + 9 X, D) = XV (0, %, Dl 2gps2 24

This proves item (i). Continuity in item (ii) is deduced by (i) with a standard density argument. Finally

item (iii) is proved by induction on r, again using the Duhamel formula (2-8). U
Remark 2.5, Remark 2.6 and Lemma 2.8 imply the following important proposition.

Proposition 2.9. Let x(t, x, &) be a polynomial of degree at most 2 in x and & with smooth time-

dependent coefficients. If the transformation (2-3) transforms a classical system with Hamiltonian h into

a Hamiltonian system with Hamiltonian I', then the transformation (2-5) transforms the quantum system
with Hamiltonian h" into the quantum system with Hamiltonian (h’)".

As a consequence, for quadratic Hamiltonians, the quantum KAM theorem will follow from the
corresponding classical KAM theorem.
To give the needed result, consider the classical time-dependent Hamiltonian

he(t, x,8):= Y 3vj(x] + &) +e W(ot, x, &), (2:9)
1<j<d
with W as in the Introduction. The following KAM theorem holds.
Theorem 2.10. Assume v; > vy >0for j=1,...,d and T" x R x RY > @,x,E)—>WO,x,&)eRis

a polynomial in (x, £) of degree at most 2 with coefficients which are real analytic functions of 60 € T".
Then there exists €, > 0 and C > 0, such that for €| < €, the following hold true:

(i) There exists a closed set & C (0, 2)" with meas((0, 2r)" \ &) < Ce'/”.
(ii) For any w € &, there exists an analytic map 60 — A, (0) € sp(2d) (the symplectic algebra2 of
dimension 2d) and an analytic map 0 — V,,(9) € R* such that the change of coordinates

(', &) = e @D (x, &) + V, (1) (2-10)

conjugates the Hamiltonian equations of (2-9) to the Hamiltonian equations of a homogeneous
polynomial hoo (x, &) of degree 2 which is positive definite. Finally both A, and V,, are €-close to zero.

Furthermore h, can be diagonalized: there exists a matrix P € Sp(2d) (the symplectic group of dimen-
sion 2d) such that, setting (y, n) = P(x, &) we have

d
hoo o P~ (3o m) =Y _vXG7+ 1), (2-11)
j=1

where v}’o = UJ‘?O (w) are defined on &, and fulfill the estimates

P —vl<Ce j=1,....d. (2-12)

Remark 2.11. In general, the matrix P is not close to the identity. However, in the case that the
frequencies v; are nonresonant, P = 1.

ZRecall that a real 2d x 2d matrix A belongs to sp(2d) if and only if JA is symmetric
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KAM theory in finite dimensions is nowadays standard. In particular we believe that Theorem 2.10 can
be obtained combining the results of [Eliasson 1988; You 1999]. However, for the reader’s convenience
and the sake of being self-contained, we add in Section 3 its proof.

Theorem 1.1 follows immediately combining the results of Theorem 2.10 and Proposition 2.9.

Proof of Theorem 1.1. We see easily that the change of coordinates (2-10) has the form (2-3) with a
Hamiltonian x,(wt, x, £) which is a polynomial in (x, §) of degree at most 2 with real, smooth and
uniformly bounded coefficients in ¢ € R.

Define U, (wt) = ¢ Xo @1.X.D), By Proposition 2.9 it conjugates the original equation (1-1) to (1-6),
where Hy := Op® (ho).

Furthermore 6 +— U, (@) fulfills (i)—(iv) of Lemma 2.8, from which it follows immediately that
0 — U, (0) fulfills items (i), (iii) of Theorem 1.1. Concerning item (ii), by the Taylor formula the quantity
11— Un(O) |l £3gs+2,345) 1s controlled by || x.' (0, x, D) || z(34s+2 35y, from which estimate (1-7) follows.

Finally using the metaplectic representation, see [Combescure and Robert 2012], and (2-11), there
exists a unitary transformation in L? denoted by R(P~1), such that

d
RP™) HoR(P™) =Y vi(x} — 7). O
j=1

We prove now Corollary 1.3.

Proof of Corollary 1.3. Consider first the propagator e~ "/~ We claim that

sup || 1 Hoo sy <oo forallr € R. (2-13)
teR

Recall that Hy, = h{, (x, D), where hoo(x, &) is a positive definite symmetric form which can be di-
agonalized by a symplectic matrix P. Since h is positive definite, there exist cg, c1, c2 > 0 such
that

ctho(x, §) < co+hoo(x, §) < c2(1 +ho(x, §)),

which implies Cy Hy < Cy+ Hoo < C2(1 + Hp) as bilinear form. Thus one has the equivalence of norms

CoMNW Il < I1(Hoo) Yl 12 < Csll ¥ |12
Then
lle™ " Hoe gl < Cyll(Hoo)*/? e Htirg | 12 = Cs | (Hoo)*"* Woll 12 < CLllvollaes,

which implies (2-13).

Now let ¥ (¢) be a solution of (1-1). By formula (1-8), ¥ (¢) = Ua"j(a)t)e*itHOOUw(O)x/fo. Then the
upper bound in (1-9) follows easily from (2-13) and sup;, ||Uy(w1)]| £(2s) < 00, which is a consequence
of Lemma 2.8. The lower bound follows by applying Lemma 2.8 (iv).

Finally estimate (1-10) follows from (1-7). Il
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3. A classical KAM result

In this section we prove Theorem 2.10. We prefer to work in the extended phase space in which we
add the angles 6 € T" as new variables and their conjugated momenta / € R". Furthermore we will use
complex variables defined by

Zj = \/Li(fj —ix;),

so that our phase space will be T" x R" x C¢, with C? considered as a real vector space. The symplectic
form is dI A d6 +1idz A dz and the Hamilton equations of a Hamiltonian function (6, I, z, z) are

. oh . 0h . .0h
Il=——, 0=_—, Z=-1_—_.

a0 al 0z
In this framework /¢ takes the form hg = Z;-i: |
degree 2, W(0, x,£) = q (0, z, 7). The Hamiltonian system associated with the time-dependent Hamil-

vjz;Z; and W takes the form of polynomial in (z, z) of

tonian /., see (2-9), is then equivalent to the Hamiltonian system associated with the time-independent
Hamiltonian w - I + h, (written in complex variables) in the extended phase space.

General strategy. Let h be a Hamiltonian in normal form:
h(l,0,z,2) =w-14(z, N(®)z), (3-1)
with N € My the set of Hermitian matrices. Notice that at the beginning of the procedure N is diagonal,
N = Ny =diag(v;, j=1,...,d)
and is independent of w. Let ¢ = g, be a polynomial Hamiltonian which takes real values: ¢(9, z,z7) € R
for € T" and z € C?. We write
q(0,2,2) = (2, Q2(0)2) + (2, Q:z(0)2) + (Z, 0(0)2) + (Q:(6), 2) +(0:(0), 2), (3-2)
where Q,.(0) = Q;,(w, ) and Q.:(0) = Q,:(w, 8) are d x d complex matrices and Q,(f) = Q.(0, w)
is a vector in C% They all depend analytically on the angle

el ={x+iy:xeT", yeR" |y| <o}

We notice that Q,; is Hermitian, while O, is symmetric. The size of such a polynomial function
depending analytically on # € T" and C' on @ € D = (0, 27)" will be controlled by the norm
lgls := sup [8]Qz(@. )|+ sup [8]Q:z(w, O)I+ sup [3]Q:(w,6)|

Imé | <o |[Imé| <o Imé | <o
weD, j=0,1 weD, j=0,1 weD, j=0,1

and we denote by Q(o) the class of Hamiltonians of the form (3-2) whose norm [ - ], is finite.
Let us assume that [¢], = O(e). We search for x = x, € Q(o) with [x], = O(€) such that its time-1
flow ¢, = ¢;(=1 (in the extended phase space, of course) transforms the Hamiltonian / + ¢ into

(h+q©))o¢y =hy+4q4+0), weDy, (3-3)
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where hy = w- I 4 (z, N.Z) is a new normal form, e-close to /, the new perturbation g € Q(o) is of
size® O(e%/?) and D, C D is €“~close to D for some « > 0. Notice that all the functions are defined on
the whole open set D but (3-3) holds only on D, a subset of D from which we excised the “resonant
parts”.

As a consequence of the Hamiltonian structure, we have

(h+q©) 0 py =h+1{h, x}+q©0) + 0, weD,.
So to achieve the goal above we should solve the homological equation:
. x}=hy—h—q@®)+0E?), weD,. (3-4)

Repeating iteratively the same procedure with 4 instead of &, we will construct a change of variable ¢
such that

(h+q@)op=w-1+hs, ©€Dx,
with hioe = (2, Noo(w)Z) in normal form and D, an €“-close subset of D. Note that we will be forced to

solve the homological equation not only for the diagonal normal form Ny, but for more general normal
form Hamiltonians (3-1) with N close to Nj.

Homological equation.

Proposition 3.1. Let D = (0, 27)" and D 5 w — N(w) € My be a C' mapping that satisfies
. min(1, vy)
3/ (N(w) — N —_— 3-5
[19;,(N (@) — No)|l < max(@. d) (3-5)

for j=0,1andweD. Leth=w- 1+ (z, NZ), g € Q(0), k >0and K > 1.
Then there exists a closed subset D' = D' (k, K) C D satisfying

meas(D\ D) < CK"«, (3-6)
and there exist x,r € ﬂ050,<0 9(6") and D> w+> N(w) € My a C! mapping such that for all w € D’

{h, x}+q =z, N2)+r. (3-7)

Furthermore for all € D
1IN @)l <lglo,  j=0.1, (3-8)

and forall0 <o’ <o

e—]/Z(G—G’)K
[rlo < C————Iqls, (3-9)

(0 —a)"

o < -8
~ k(o —o/)"

[q]o- (3-10)

3Formally we could expect g+ to be of size O (€2) but the small divisors and the reduction of the analyticity domain will lead
to an estimate of the type O3/,
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Proof. Writing the Hamiltonians 4, ¢ and x as in (3-2), the homological equation (3-7) is equivalent to
the three following equations (we use that N is Hermitian, thus N =/N):

®-VoXz—ilN, Xz 1= N — Q: + R, (3-11)
w‘VGXzz_i(NXzz+Xzzl\_/):_sz+RZZv (3-12)
w-VoX,+INX, =—0,.+R,. (3-13)

First we solve (3-11). To simplify notation we drop the indices zz. Written in Fourier variables (with
respect to 6), (3-11) reads as

iw-k X —i[N, Xi1=68oN — O + Ry, ke Z", (3-14)

where §; ; denotes the Kronecker symbol.
When k = 0 we solve this equation by defining

5(\():0, k\():o and ﬁ=§0.
We notice that N € My and satisfies (3-8).
When |k| > K, (3-14) is solved by defining

Ri=0r Xi=0 forlkl>K. (3-15)
Then we set
Ri=0 for|k| <K

in such a way that r € (), <o'<0 Q(c’) and by a standard argument r satisfies (3-9). Now it remains to
solve the equations for X, 0 < |k| < K, which we rewrite as

Li(@)Xi =i 0y, (3-16)
where L (w) is the linear operator from Mg, the space of symmetric matrices, into itself defined by
Li(w) M+ (k-w)M —[N(w), M].

We notice that Mg can be endowed with the Hermitian product: (A, B) = Tr(AB) associated with
the Hilbert—Schmidt norm. Since N is Hermitian, L (w) is selfadjoint for this structure. As a first
consequence we get

1 . 1
min{|A], 2 € ¥ (Li(w))}  min{lk-» —a(w)+B(@)|:a, B € Z(N(w)}

where for any matrix A, we denote its spectrum by X (A).

(L))~ < (3-17)

Let us recall an important result of perturbation theory, which is a consequence of Theorem 1.10 in
[Kato 1980] (since Hermitian matrices are normal matrices):

Theorem 3.2 [Kato 1980, Theorem 1.10]. Let I C R and I > z — M (z) be a holomorphic curve of
Hermitian matrices. Then all the eigenvalues and associated eigenvectors of M (z) can be parametrized
holomorphically on 1.
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Let us assume for a while that N depends analytically on w in such a way that w — L (w) is analytic.
Fix a direction z; € R"; the eigenvalue Az (w) =k - @ — a(w) + B(w) of Li(w) is C! in the direction® zx
and the associated unitary eigenvector, denoted by v(w), is also piecewise C! in the direction z;. Then,
as a consequence of the hermiticity of L (w) we have

doM (@) - 2k = (V(®), (doLi(@) - 2k) V(@)).

Therefore, if N depends analytically of w, we deduce using (3-5) and choosing z; = k/|k|

dori(@) - LS

|k
which extends also to the points of discontinuity of v(w). Now given a matrix L depending on the
parameter @ € D, we define

> k| =210,Nl = 5 fork #0, (3-18)

D(L.k)={weD:||L@) | <«}
and we recall the following classical lemma:

Lemma 3.3. Let f : [0, 1] — R be a C'-map satisfying | f'(x)| = 8 for all x € [0, 1] and let k > 0. Then
meas{x € [0, 1] | f(x)] <k} < %

Combining this lemma, (3-17) and (3-18) we deduce that, if N depends analytically of w, then for k £ 0

meas(D \ D(Lg, k)) < Ck. (3-19)

Now it turns out that, by a density argument, this last estimate remains valid (with a larger constant C)
when N is only a C! function of w; the point is that (3-18) holds true uniformly for close analytic
approximations of M.

In particular, defining

D = ﬂ D(Ly, &),
0<lk|<K

D’ is closed and satisfies (3-6).

By construction, )?k(w) ‘= iLp(w)™! Qk satisfies (3-16) for 0 < |k| < K and w € D(Lg, k) and

IXe(@)l <k Ox(@)ll, @ € D(Li. k). (3-20)

It remains to extend X «(-) on D. Using again (3-5) we have for any |k| < K and any unit vector z,
|0 A (w) - z| < CK. Therefore
K
dist(D\ D(L, k), D(Ly, 3k)) = ——
CK
and we can construct (by a convolution argument) for each k, 0 < |k| < K, a C! function g on D with
lgklcopy = C,  18klcr(p) <CKk™! (3-21)

4That is, 1 — M (w +tzx) is a holomorphic curve on a neighborhood of 0, and we denote by d,A(w) - z its derivative at
t=0.
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(the constant C is mdependent of k) and such that 8k (w) =1 for w ¢ D(Lg, k) and gy (a)) = 0 for
we D(Lk, 3k). Then X = g¢ Xy is a C! extension of Xy to D. Similarly we define O = gx Oy in such a
way that X, satisfies

Li(@) Xy (@) =iOr(w), 0<|k|<K, weD.

Differentiating with respect to w leads to
Li(®) 80, X (k) =90, O(k) = k; X (k) + [9, N, X(K)], 1< j<n.

Defining By (w) = i 3, O (@) — kj X1 () + [0, N (@), X ()] we have

180, Xk (@)l <6~ Be(@)ll, @€ D.
Using (3-5), (3-20) and (3-21) we get for |k| < K and w € D

I Bi(@)Il < 1180, Ok (@)l + K | Xx (@) | + 21180, N (@) | | Xi (@) ]
< CK& (|10, Ok, @) | + 1 O (k, w)).

Combining the last two estimates we get

sup 19X (@) < CKk™2 sup  [[3] Ox ().
weD, j=0,1 weD, j=0,1
Thus defining
Xz, 0)= Y X,

0<|k|<K
X,z (w, +) satisfies (3-11) for w € D’ and leads to (3-10) for x.:(w, 0, z,2) = (z, Xz (w, - )Z).

We solve (3-13) in a similar way. We notice that in this case we face the small divisors |w -k — oe(a))l,
k € 7", where o € XY (N (w)). In particular for k£ = O these quantities are > évo since | —vj| < vo for
some 1 < j <d by (3-5).

Writing in Fourier variables and dropping indices zz, (3-12) reads as
iw-k X(k) —i(NX(k)+ X(k)N) = —0(k) + R(k). (3-22)

So to mimic the resolution of (3-14) we have to replace the operator Ly (w) by the operator My (w), defined
on Mg by
My ()X :=w-k+NX+ XN.

This operator is still selfadjoint for the Hermitian product (A, B) = Tr(AB) so the same strategy applies.
Nevertheless we have to consider differently the case k = 0. In that case we use that the eigenvalues of
My (w) are close to eigenvalues of the operator My defined by

My: X +— NoX +XNo= NoX + XNy,
with Nog = diag(v;, j =1, ...,d) areal and diagonal matrix. Actually in view of (3-5)

(L = Lo)M|lus < [N — Nollus M |lus < d|[N — Noll [M |lus < vo.
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The eigenvalues of L are {v; +v,: j,£=1,...,d} and they are all larger than 2vy. We conclude that
all the eigenvalues of My(w) satisfy |a(w)| > vg. The end of the proof follows as before. Il

The KAM step. Theorem 2.10 is proved by an iterative KAM procedure. We begin with the initial
Hamiltonian &g + g, where

ho(1,0,z,2) =w- 1+ (z, Noz), (3-23)

No =diag(v;, j=1,...,d), € D=[I1,2]" and the quadratic perturbation go equals e W € Q(o, D) for
some o > 0. Then we construct iteratively the change of variables ¢,,, the normal form 4,, = w-1+(z, N, Z)
and the perturbation g,, € Q(oy,, Dy,) as follows: Assume that the construction is done up to step m > 0.
Then:

(i) Using Proposition 3.1 we construct x,,+1, Fm+1 and N, the solution of the homological equation:

{h, X1} = (2 NuZ) = qu(®) + rms1, @ €Dpyr, 0 € T2 . (3-24)
(i) We define A4+ ;= - I 4+ (2, Npy4+12) by
Nut1 = Ny + N, (3-25)
and 1
Gt = I+ /0 (1= ) tmst — i + P ) + (s st} o, dr. (3-26)

By construction, if Q,, and N,, are Hermitian, so are R,, and S,,+ by the resolution of the homological
equation, and also N,,+1 and Q4.

For any regular Hamiltonian f we have, using the Taylor expansion of f o ¢
t=1,

t

. between r =0 and
m+1

1
foby,., =f+{f ma)+ /0 (=L gmsa} Xms1} 0 85, dr.

Therefore we get for w € Dy, 41
(hm +qm) © ¢)1(m+] =hmi1+qm1.
Iterative lemma. Following the general scheme above we have

(ho+qo) oy 0+ 0¢ =hm+qm,

where ¢, is a polynomial of degree 2 and h,, = w - I + (z, N;,z) with N,, a Hermitian matrix. At step m
the Fourier series are truncated at order K, and the small divisors are controlled by «,,. Now we specify
the choice of all the parameters for m > 0 in terms of €,,, which will control [g,]p,,.q,,-

First we define €¢g = ¢, o9 =0, Dy =D and for m > 1 we choose

-2 -1 -1 1/8
Om—1—0m = Cyoom™ ", Ky =2(0y—1 —0p) lnEm_], Km =€,_1»

where (C,)™' =2, 1/j>
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Lemma 3.4. There exists €, > 0 depending on d, n such that, for |e| < €, and
em=€%?" m=>0,
we have the following:

For all m > 1 there exist closed subsets Dy, C Dy—1, hyy = - I + (2, Ny,2) in normal form, where
Dy 3w+ Ny (w) € My € Cl, and there exist X, qm € Q(Dy, o) such that form > 1:

(1) The symplectomorphism
O =y, (@) R xT"xC¥ - R"'xT" x C*,  weD,, (3-27)
is an dffine transformation in (z, 7), analytic in 6 € T;, and C Vin w € D, of the form
O (1,0,2,2) = (gn(1,0,2,2),0,¥Vu(0,z2,2)), (3-28)

where, for each 6 € T", (z,7) — W,,(0, z, 7) is a symplectic change of variable on C*".
The map ¢, links the Hamiltonian at step m — 1 and the Hamiltonian at step m; i.e.,

(hm-1+gm-1)opm =hyu+qn forallw € D,y,.

(ii)) We have the estimates
1/9

meas(Dy—1 \ Dn) <€, _,, (3-29)
[No—115f < €m-1, (3-30)

[gmly 5" < €m. (3-31)

o (@) — Ll e xczy < Cey>, forall € Dy (3-32)

Proof. Atstep 1, ho = w - I 4+ (z, Noz) and thus hypothesis (3-5) is trivially satisfied and we can apply
Proposition 3.1 to construct i, Ny, r; and D; such that for w € D,

{ho, x1} = (z, (N1 — No)z) —qo +r1.

Then, using (3-6), we have

meas(D\ D;) < CKj«k; < 6(1)/9

for € = ¢¢ small enough. Using (3-10) we have for ¢y small enough

K, 172
€0<EO/ .

[xilp,o) <C—H———
b k(00— 01)"

Similarly using (3-9), (3-8) we have

15/8
IN —Noll <o and  [rilp,.q < C O </t
- T (oo T
for € = €9 small enough. In particular we deduce [|¢1 — 1| £ (g 7 20y < e(l)/ % Thus using (3-26) we get
for €p small enough

3/2
[q1]D) 00 < 60/ =€y.

The form of the flow (3-28) follows since x; is a Hamiltonian of the form (3-2).
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Now assume that we have verified Lemma 3.4 up to step m. We want to perform the step m + 1. We
have h,, = w- I + (z, N,,Z) and since
m—1
|Nmw — Noll < [N — Noll + -+ IN1 = Noll < ) ¢ < 2e0,
j=0
hypothesis (3-5) is satisfied and we can apply Proposition 3.1 to construct Dy, 1, Xm+1 and g, +1. Estimates
(3-29)—(3-32) at step m + 1 are proved as we have proved the corresponding estimates at step 1. O

Transition to the limit and proof of Theorem 2.10. Let &, = ﬂmzo Dy. In view of (3-29), this is a
closed set satisfying
meas(D \ &) < Z e,ln/g < 263/9.

m=>0

Let us set ¢~’N =¢io0---0¢y. Due to (3-32) it satisfies for M < N and for w € &
N
= ~ 1/2
6N — dmll e T xc2y = Z 2 <2e”.
m=M

Therefore (¢n)y is a Cauchy sequence in £(R" x T" x C2¢). Thus when N — 0o, the mappings ¢x
converge to a limit mapping ¢, € L(R" x T" x C>?). Furthermore since the convergence is uniform on
w €& and 0 € T, /2, we know ¢éo depends analytically on 6 and C U'in @. Moreover,

1/2
oo — Ll s xcoay < € (3-33)

By construction, the map q~§m transforms the original Hamiltonian h¢ 4 qg into A, 4 g,,. When m — oo,
by (3-31) we get g, — 0 and by (3-30) we get N,,, — N, where

+0o0
N=N@)=No+Y N
k=1

is a Hermitian matrix which is C! with respect to w € &.. Setting hoo(z,2) = w - I + (z, N(w)Z) we have
proved
(h+q(0)) 0o = heo- (3-34)

Furthermore for all w € & we have, using (3-30),

oo
IN(@) = Noll < em <2¢
m=0
and thus the eigenvalues of N (w), denoted by v]‘.’o (w), satisfy (2-12).
It remains to give the affine symplectomorphism ¢,. At each step of the KAM procedure we have by
Lemma 3.4
Oon(1,0,2,2) =(gn(1,0,2,2),0, ¥, (0, z,2)),
and therefore
boo(1,0,2,7)=(g(1,0,2,2),0,¥(0, z,7)),

where W (0, z,2) =lim,,;, oo ¥V1oWr0---0W,,.
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It is useful to go back to real variables (x, &). More precisely, write each Hamiltonian y,, constructed
in the KAM iteration in the variables (x, &):

Xm0, x,8) = % [g] -E B, (0) [g] +Un0), E:= |:(1) _(1)i| , (3-35)

where B,,(0) is a skew-symmetric matrix of dimension 2d x 2d and U,,(0) € R24, and they are both of
size €,,. Then W, written in the real variables has the form

1
U, 0, x,&) =B (x,£)+T,,), where T),(0) := / =By, (6) ds. (3-36)
0

Lemma 3.5. There exists a sequence of Hamiltonian matrices A;(0) and vectors V;(0) € R4 such that
Wio---oW(x, &) =M (x, &) + V(0) forall (x,) € R¥. (3-37)

Furthermore, there exist an Hamiltonian matrix A,(0) and a vector V,,(9) € R*? such that

lim 4@ = gAx®) lim V;(0) = Vs (6),
[— 400 [— 400 (3 38)
sup  [[AL(0)] < Ce, sup  |V,(0)] < Ce,
Imb|<c/2 [Imb| <o /2

and for each 6 € T",
W, x, &) =eD(x, &)+ V,(0) forall (x,&) e R¥.

Proof. Recall that ¢; = e + T;, where T; is a translation by the vector 7; with the estimates || B; || < Ce;,
IT;|l < Cej. So we have e =1+ S; with ||S;|| < Ce;. Then the infinite product [],_ j<too eBi is
convergent. Moreover we have [],_;; e% =14 M; with | M;|| < Ce, so we have [],_; _, . ¥ =1+ M,
with ||M]| < Ce. This is proved by using

1_[ A+S)=1+S+S1S+--+818%--5
1<j<l
and estimates on || S;||.
So, M; has a small norm and therefore A; :=log(l 4+ M;) is well-defined. Furthermore, by construction
I+ M; € Sp(2d) and therefore its logarithm is a Hamiltonian matrix, namely A; € sp(2d) for 1 </ < +o0.
Now we have to include the translations. By induction on / we have

pro---opi(x,§) =eV(x,6)+V,
with V| = e Ti+1+ Vi and Vi = Ty. Using the previous estimates we have
Vi1 = Vill = ClITi1 |l < Cey.

Then we get that lim;_, 1~ V; = Vi exists. O
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Appendix: An example of growth of Sobolev norms (following Graffi and Yajima)

In this appendix we are going to study the Hamiltonian
H:=—10, + 3x* +axsinowt (A-1)

and prove that it is reducible to the harmonic oscillator if w # =£1, while the system exhibits growth of
Sobolev norms in the case w = 1. Actually the result holds in a quite more general situation, but we think
that the present example can give a full understanding of the situation with as few techniques as possible.
We also remark that in this case it is not necessary to assume that the time-dependent part is small.

Finally we recall that (A-1) with @ = £1 was studied by Graffi and Yajima as an example of a
Hamiltonian whose Floquet spectrum is absolutely continuous (despite the fact that the unperturbed
Hamiltonian has discrete spectrum). Exploiting the results of [Enss and Veseli¢ 1983; Bunimovich et al.
1991], one can conclude from [Graffi and Yajima 2000] that the expectation value of the energy is not
bounded in this model. The novelty of the present result rests in the much more precise statement ensuring
growth of Sobolev norms.

As we already pointed out, in order to get reducibility of the Hamiltonian (A-1), it is enough to study
the corresponding classical Hamiltonian, in particular proving its reducibility; this is what we will do. It
also turns out that the whole procedure is clearer working as much as possible at the level of the equations.

So, consider the classical Hamiltonian system

h = %(x2+§2)+ax sin(wt), (A-2)
whose equations of motion are
x =, .. .
. . < Xi+x+asin(wt)=0. (A-3)
& =—x —asin(wt)

Proposition A.1. Assume that w # +1. Then there exists a time-periodic canonical transformation
conjugating (A-2) to
h' =L (x* + 7). (A-4)
If w = %1 then the system is canonically conjugated to
h' = +jak. (A-5)
In both cases the transformation has the form (2-10).

Corollary A.2. Inthe case w ==+1, for any s >0 and oy € H’, there exists a constant 0 < Cy = Cy (|| ol #s)
such that the solution of the Schrodinger equation with Hamiltonian (A-1) and initial datum g fulfills

¥ (O)lgs = Cs(t)’  forallt € R. (A-6)

Before proving the theorem, recall that by the general result of [Maspero and Robert 2017, Theorem 1.5],
any solution of the Schrodinger equation with Hamiltonian (A-1) fulfills the a priori bound

1Y Ol < Colllvollzes + 121 [1Yoll30)  forall € R, (A-7)

which is therefore sharp.
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Proof of Proposition A.1. We look for a translation

x=x'=f(0), &=£&-g@, (3-8)
with f and g time-periodic functions to be determined in such a way to eliminate time from (A-3).
Writing the equations for (x’, £), one gets
X =& —g+f E=-x—asin(w)+s+f
which reduces to the harmonic oscillator by choosing

{—a sin(wt) + g+ f =0,
—g+f=0

which has a solution of period 27 /@ only if @ # =£1. In such a case the only solution having the correct

— f+ f=asin(wr), (3-9)

period is

a .

= sin(wt), = cos(wt).
fl—a)z()gl—wz()
Then the transformation (3-8) is a canonical transformation generated as the time-1 flow of the auxiliary

Hamiltonian

a .
T sin(wt) +x T

which thus conjugates the classical Hamiltonian (A-2) to the harmonic oscillator; of course the quantization

x = —¢& cos(wt),

of x conjugates the quantum system to the quantum harmonic oscillator, as follows by Proposition 2.9.
We come to the resonant case, and, in order to fix ideas, we take w = 1. In such a case the flow of the
harmonic oscillator is periodic of the same period as the forcing, and thus its flow can be used to reduce
the system.
In a slightly more abstract way, consider a Hamiltonian system with Hamiltonian

H := 3(z; Bz) + (z; b(1)),

with z := (x, §), B a symmetric matrix, and b(¢) a vector-valued time-periodic function. Then, using the
formula (2-4), it is easy to see that the auxiliary time-dependent Hamiltonian

X1 := 3t(z; Bz) (3-10)
generates a time-periodic transformation which conjugates the system to
B = (z; e ' Bb(1))
(J being the standard symplectic matrix). An explicit computation shows that in our case
h' = laxsin(2t) — 1ag cos(2t) + Saé. (3-11)

Then in order to eliminate the two time-periodic terms in (3-11) it is sufficient to use the canonical
transformation generated by the Hamiltonian

X2 = —%Sa sin(2t) — }an cos(2t), (3-12)
which reduces to (A-53). g
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Proof of Corollary A.2. To fix ideas we take w = 1. Let x}" = %t(—axx + x?) and X,  be the Weyl

quantizations of the Hamiltonians (3-10) and (3-12) respectively. By the proof of Proposition A.1, the
changes of coordinates

y=eTtyr, gy =TSP, Hy = 5 (=0 +27), (3-13)

conjugate the Schrodinger equation with Hamiltonian (A-1) to the Schrodinger equation with Hamiltonian
(A-2), namely the transport equation

o = —%a Oy Q.
The solution of this transport equation is given clearly by
(1, x) = o(x — ar),
where ¢ is the initial datum. Now a simple computation shows that
liminf |17 lo (1)l = (31al) llpollzeo-
In particular there exists a constant 0 < Cy; = C(]l¢o||7s) such that
lo@llzes > Cy ). (3-14)

Since the transformation (3-13) maps H* to H* uniformly in time (see also Lemma 2.8) estimate (3-14)
holds also for the original variables. O

We remark that by a similar procedure one can also prove the following slightly more general result.
Theorem 3.3. Consider the classical Hamiltonian system
d d
h=Y 30,7 +ED)+ ) (g(@hx; + f(@nE), (3-15)
j=1 j=1
with f;, gi € C"(T").
(1) Ifthere exist y > 0 and t > n+ 1 such that

-k +v;| >

T forallke?", j=1,....d, (3-16)

andr >t+ 1+ %n, then there exists a time-quasiperiodic canonical transformation of the form
(2-10) conjugating the system to’

h=

J

(2) If there exist 0 # k € 7" and j, such that

v (7 +ED).

d
=1

a)~l€—vjv:0, (3-17)

5 Actually the transformation is just a translation, so in this case one has A = 0.
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and there exist y > 0 and t such that

lw-k£v; forall (k, j) # (k, j) (3-18)

| > L

14 k|7
andr >t+ 1+ %n, then there exists a time-quasiperiodic canonical transformation of the form
(2-10) conjugating the system to

1 2, £2
h= Z 3V (x; +&7) +c1xj + 0285,
J#EJ
with ¢1, ¢c2 € R.
Remark 3.4. The constants cy, c; can be easily computed. If at least one of them is different from zero
then the solution of the corresponding quantum system exhibits growth of Sobolev norms, as in the special
model (A-1). Of course the result extends in a trivial way to the case in which more resonances are present.
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EIGENFUNCTION SCARRING AND IMPROVEMENTS IN L* BOUNDS

JEFFREY GALKOWSKI AND JOHN A. TOTH

We study the relationship between L™ growth of eigenfunctions and their L? concentration as measured
by defect measures. In particular, we show that scarring in the sense of concentration of defect measure on
certain submanifolds is incompatible with maximal L*° growth. In addition, we show that a defect measure
which is too diffuse, such as the Liouville measure, is also incompatible with maximal eigenfunction
growth.

1. Introduction
Let (M, g) be a C* compact manifold of dimension n without boundary. Consider the eigenfunctions
(—Ag =MDz, =0, uzllz2 =1 (1-1)

as A; — oo. It is well known [Avakumovic¢ 1956; Levitan 1952; Hérmander 1968], see also [Zworski
2012, Chapter 7], that solutions to (1-1) satisfy

(n=1)/2
[, Iy < CA; (1-2)

and that this bound is saturated, e.g., on the sphere. It is natural to consider the situations which produce
sharp examples for (1-2). In many cases, one expects polynomial improvements to (1-2), but rigorous
results along these lines are few and far between [Iwaniec and Sarnak 1995]. In the case of negatively
curved manifolds, log improvements can be obtained [Bérard 1977]. However, at present, under general
dynamical assumptions, known results involve o-improvements to (1-2) [Toth and Zelditch 2002; Sogge
et al. 2011; Sogge and Zelditch 2002; 2003; 2016a; 2016b]. These papers all study the connections
between the growth of L° norms of eigenfunctions and the global geometry of the manifold (M, g). In
this note, we examine the relationship between L> growth and L? concentration of eigenfunctions. We
measure L2 concentration using the concept of a defect measure — a sequence {u »; } has defect measure p
if forany a € S0 _(T*M \ {0}),

(a(x, D)I/l)\j,l/l)v) - a(-xag)d/’l“ (1_3)
S*M

By an elementary compactness/diagonalization argument, it follows that any sequence of eigenfunctions
uy,; solving (1-1) possesses a further subsequence that has a defect measure in the sense of (1-3) [Zworski
2012, Chapter 5; Gérard 1991]. Moreover, a standard commutator argument shows that if {u;,} is any

MSC2010: 35P20, 58]50.
Keywords: eigenfunction, sup norms, defect measure.
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sequence of L2-normalized Laplace eigenfunctions, the associated defect measure s is invariant under the
geodesic flow; that is, if G; : S*M — S§*M is the geodesic flow, i.e., the Hamiltonian flow of p = %|§|2,
(Gy)sp = forall t € R.

Definition 1.1. We say that an eigenfunction subsequence is strongly scarring provided that for any
defect measure p associated to the sequence, supp u is a finite union of periodic geodesics.

Theorem 1. Let {u;,} be a strongly scarring sequence of solutions to (1-1). Then

—-1)/2
g, ll e = 01" D7%).

We also have improved L* bounds when eigenfunctions are quantum ergodic, that is, their defect
measure is the Liouville measure on S*M, wr; see, e.g., [Shnirelman 1974; Colin de Verdiere 1985;
Zelditch 1987] for the standard quantum ergodicity theorem.

Theorem 2. Let {u;;} be a quantum ergodic sequence of solutions to (1-1). Then

—-1)/2
g, ll e = 01" D7%).

Theorems 1 and 2 are corollaries of our next theorem, where we relax the assumptions on u and make
the following definitions. Define the time-T flow-out by

T
Acri= ) Gusim).
t=—T
Definition 1.2. Let #" be the n-dimensional Hausdorff measure on S*M induced by the Sasaki metric
on T*M; see for example [Blair 2010, Chapter 9] for a treatment of the Sasaki metric. We say that the
subsequence u,;, j =1,2, ..., is admissible at x if for any defect measure p associated to the sequence
there exists 7" > O such that

H" (supp i, , ) = 0. (1-4)
We say that the subsequence is admissible if it is admissible at x for every x € M.

We note that in (1-4), A, , denotes the defect measure restricted to the flow-out A, 7; for any A that
is p-measurable,

wla,r(A) :=pn(AN Ay 7).

Theorem 3. Let {u;,;} be a sequence of L?-normalized Laplace eigenfunctions that is admissible in the
sense of (1-4). Then
sz, | = 0" "),

Remark 1.3. We choose to use the Sasaki metric to define H" for concreteness, but this is not important
and we could replace the Sasaki metric by any other metric on S*M.

Theorem 3 can be interpreted as saying that eigenfunctions which strongly scar are too concentrated
to have maximal L growth, while diffuse eigenfunctions are too spread out to have maximal growth.
However, the reason the admissibility assumption is satisfied differs in these cases. In the diffuse case
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(see Theorem 2), one has |, , = 0, so that the admissibility assumption is trivially verified. In the
case where the eigenfunctions strongly scar (see Theorem 1), w4, , 7 0 but the Hausdorff dimension of
supp it|a, ; is < n; so again, (1-4) is satisfied. The zonal harmonics on the sphere S$2, which saturate the
L bound (1-2), lie precisely between being diffuse and strongly scarring (see Section 4).

Observe that the condition u is diffuse is much more general than u = py. Jakobson and Zelditch
[1999] show that any invariant measure on S*S” where S” is the round sphere can be obtained as a defect
measure for a sequence of eigenfunctions and in particular many non-Liouville but diffuse measures
occur.

Remark 1.4. We note that the results here hold for any o(1) quasimode of (—A, — A2) that is compactly
microlocalized in frequency; see [Galkowski 2017].

Relation with previous results. Theorem 2 is related to [Sogge et al. 2011, Theorem 3], where the
o(h'="/2) sup bound is proved for all Laplace eigenfunctions on a C® surface with ergodic geodesic
flow. However, in Theorem 2, we make no analyticity or dynamical assumptions on (M, g) whatsoever,
only an assumption on the particular defect measure associated with the eigenfunction sequence. Recently,
Hezari [2016] and Sogge [2016] gave independent proofs of Theorem 2.

One consequence of the work of Sogge is the relation between L? norms for eigenfunctions and the
push forward of defect measures to the base manifold M. In particular, he showed [Sogge 2016, (3.3)]
that

ezl zeqary < CAP™D72 sup 8712 usl 2 (1-5)
xXeM
when A~! <8 <inj(M, g) and A > 1. We note that when u,, are quantum ergodic, lwall L2y )y = §n/?
and so the o(A~1/2)-bound in Theorem 2 follows from (1-5) as well; see also Corollary 1.2 in [Sogge
2016].

However, neither the scarring result in Theorem 1 nor the more general bound in Theorem 3 follow
from (1-5). To compare and contrast with (1-5), we observe that (1-5) implies for any § > 0 independent
of A,

lim sup A2l || Loy < C sup 8772 (u(S* Bs(x))) /2.

L—00 xeM

Our main estimate in (3-12) says that for any x (i) with d(x (1), x) =o0(1),

. _ 1/2
tim sup A=/ u; (x ()] < C5(H" (supp el a,5/2.35)) (1-6)

A—00
where for §; > §; we have A (81, §2) = Ax5, \ Ax.s,- This microlocalized bound allows us to deal with
the more general scarring-type cases as well. In particular, the key differences are that we have replaced
S*Bs(x) by A,(§/2,28) C A, and the defect measure by Hausdorff n-measure. We note however that
unlike (1-5), 8 > 0 can be arbitrarily small but is fixed independent of A in (1-6).
Sogge and Zelditch [2002] proved that any manifold on which (1-2) is sharp must have a self-focal
point. That is, a point x such that |£,| > 0, where

Ly :={& € S;M : there exists T such that exp, T§ = x}
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and | - | denotes the normalized surface measure on the sphere. Subsequently, in [Sogge et al. 2011] the
authors showed that one can replace £, by the set of recurrent directions R, C £, and the assumption
Ry| > 0 for some x € M is necessary to saturate the maximal bound in (1-2). Here,

Ry = {s €SIM £ e (ﬂ UG,(x,g)ms;M)ﬂ(ﬂ U G,(x,é)ﬂSng)}.

T>0 t>T T>0 t<-T

The example of the triaxial ellipsoid with x equal to an umbilic point shows that latter assumption is
weaker than the former. Indeed, in such a case |£,| = 1, whereas |R,| = 0. Most recently, in [Sogge and
Zelditch 2016a; 2016b], it was proved that for real-analytic surfaces, the maximal L°° bound can only
be achieved if there exists a periodic point x € M for the geodesic flow, i.e., a point (x, &) such that all
geodesics starting at (x, £) € S*M close up smoothly after some finite time 7' > 0.

Together with our analysis, the results of [Sogge et al. 2011] imply that any sequence of eigenfunctions,
{u,} having maximal L*° growth near x and defect measure p must have (A, 7) > 0 forall 7 > 0 and
|Ryx| > 0. In particular, the results of that paper show that u, can only have maximal L* growth near a
point with a positive measure set of recurrent points and Theorem 3 shows that a point with maximal L*°
growth must have (A, 7) > 0. As far as the authors are aware, the results in [Sogge et al. 2011; Sogge
and Zelditch 2016a; 2016b] do not give additional information about .

On the other hand, under an additional regularity assumption on the measure y, Theorem 3 can be
used to show that when u; has maximal growth near x, the measure 1|4, , is not mutually singular with
respect to ‘H". Since the measure for a zonal harmonic is a smooth multiple of H" (see Section 4), this
implies that the measure  resembles the defect measure of a zonal harmonic. In [Galkowski 2017], the
first author removed the necessity for any additional regularity assumption and gave a full characterization
of defect measures for eigenfunctions with maximal L* growth, in particular proving that if u, has
maximal growth near x and defect measure i, then |4, , is not mutually singular with respect to H".
Finally, we note that unlike [Sogge et al. 2011; Sogge and Zelditch 2002; 2016a; 2016b], the analysis
here is entirely local.

2. A local version of Theorem 3

In the following, we will freely use semiclassical pseudodifferential calculus where the semiclassical
parameter is & with 7~! = A € Spec v —A ¢- We write r(x, y) : M x M — R for the Riemannian distance
from x to y and write B(x, &) for the geodesic ball of radius § around x. We start with a local result:

Theorem 4. Let {u;,} be sequence of Laplace eigenfunctions that is admissible at x. Then for any
§(h) =o(1),

lln || Lo (B x5y = (B2,

Theorem 3 is an easy consequence of Theorem 4.

Proof that Theorem 4 implies Theorem 3. Suppose that u is admissible and

limsup A"~ D72|juy || 1 # 0.
h—0
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Then, there exist ¢ > 0, hy — 0, xp, so that
—(-1)/2
[, (X, )| > chy, =172,

Since M is compact, by taking a subsequence, we may assume xj;, — x. But then r(x, x,) = o(1) and
since u is admissible at x, Theorem 4 implies

timsup """ |up, ()| = 0. -

k—00
3. Proof of Theorem 4
In view of the above, it suffices to prove the local result: Theorem 4.
Proof. Fix T > 36 > 0 and let p € S(R) with p(0) =1 and supp p C (8, 28). Let
S*M(e) :={(x, &) : [IEl, —1| < ¢}

and x (x, &) € C;°(T*M) be a cutoff near the cosphere S*M with x (x, &) =1 for (x, &) € S$*M(¢) and
x(x,&) =0 when (x,§) € T*M \ S*M(2¢). Let x(x, hD) € Op,(C;°(T*M)) be the corresponding
h-pseudodifferential cutoff. Also, in the following, we will use the notation

[y :=supp ula, ,

to denote the support of the restricted defect measure corresponding to the eigenfunction sequence {u,}
in Theorem 3.
Then, we have

1 R ; _h2A—
up =p(ﬁ[—h2A— 1])uh = /Rp(t)e'(t/z)[ WA=y (y, RDy)uy, dt + Op (h™). (3-1)

Microlocalization to the flow-out A,. Set
Vi, x, y, h) = (A PNy (y hDy)) (2, x, ).

Then, by Egorov’s theorem [Zworski 2012, Theorem 11.1]
WE,(V(t, .-, ) C{x. &y, n):(x,6) =Gy, ),

see, e.g., [Dyatlov and Zworski 2017, Definition E.37] for a definition of WF;,
Let by ¢(x, hD) € Op, (C;°(T*M)) be a family of h-pseudodifferential cutoffs with principal symbols

&l — 1] <2¢}; (3-2)

by € Cé’o({(y, n) : (y,n) = G;(xg, &) for some (xg, &) € S;‘OM(35) with r(x, xg) <2¢, §/2 <t < 38},

with

bre=1 on{(y.n) :(y.n) = G,(xo,§) for some (xo, §) € Sy M(2¢) with r(x, xp) <&, § <t <28}.
By the definition of WF, together with (3-1) and (3-2), it follows that for r(x(h), x) = o(1),

Mh(X(h))=/MV(X(h),y,h)bx,g(y,hDy)uh(y)dy-i-0£(h°°), (3-3)
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where,
V(x(h),y, h) = f p() (e PIEANy (y hD ) (2, x(h), y) dt.
R
By a standard stationary phase argument,
Vx,y, h) =hU""Re "0 g (x y k) pr(x, y)) 4+ 0. (h), (3-4)

where a(x, y, h) € S°(1).

To see this, observe that by [Zworski 2012, Theorem 10.4]

Vx,y, h)= (27rh)_"/ POy (1 x v, h) p(t) dndt + O (h™),

where b € C2° and ¢ solves

dhp =510l — . @O x,y.m) = (x—y,n). (3-5)
In particular, for all (¢, x, y, n), we have exp(tH‘gg/z)(an(p + v, n) = (x, 3y¢). The phase function

o(t, x, y,m) = (exp, (x), n) + 5t (Inl; — 1)
satisfies (3-5).
We next perform stationary phase in (¢, 7). First, observe that the phase is stationary at

exp(tHig22) (v, 1) = (x, 0x9),  19xplgx) = 1.
In particular, t = r(x, y) and the geodesic through (y, ) passes through x. Since supp p C (6, 28), by
performing nonstationary phase, we may assume ¢ € (8, 28) and hence § < r(x,y) < 26. Then, we
observe that 8(%7”)(,0 is nondegenerate for ¢ € (8, 28). The solutions (#., n.) of the critical point equations
0,9 =0 and 9,¢ = 0 are given by
exp; ! (x)
r(x,y)
Consequently, (3-4) follows from an application of stationary phase; see also [Sogge 1993, Lemma 5.1.3;

Burq et al. 2007, Theorem 4].
Then, in view of (3-4) and (3-3),

up(x(h)) = vp(x(h)) + Os(h™),

te=lexp, ()| =r(x,y), ne=

vy (x(h)) = h“—"W/ e rEWINIhg(x(h), y, h) p(r(x(h), ¥)) by (y, RDy) un(y) dy. (3-6)
Now, note that forZZ?Zé%o (M),
va(x(h)) = I (x(h), ) + L(x(h), ), (3-7)
where
I = Qrh)' =2 / e TV (x(h), y, 1) H(r(x(h), Y)W (V) (e (y. hDy)up)dy,
8/2<r(x,y)<28
L= Qmh)'"/? /5 e 2(Se—”("(’”’”/ "a(x(h), y, h) p(r(x(h), y)) A= () (bx.e(y, hDy)up)dy.
<r(y)<
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Therefore, by Cauchy—Schwarz applied to /1 and I,
1D e ()] < Cs (191122 152 (v, DYl 2 + [ (1 = ¥ () [br.e (v. ADy)usl| ).
Hence letting 7 — 0 then ¢ — 0, and using that
12,6 (v, ADy)up (Y2 < (sup |bx e | 406 (1) lunll 2,

see for example [Zworski 2012, Theorem 5.1], we have

h—0

limsuph<"—”/2|uh(x<h)>|sc,s<||w||Lz+( fA " (l—w(y))zdu>2)~ (3-8)
x,36 \\x,5/2

Further microlocalization along supp p|a,. Let 1" be the n-dimensional Hausdorff measure on the
flow-out A . By assumption, #" (supp u|a,) = 0. In view of the microlocalization above, we are only
interested in the annular subset

Ax(8/2,38) := Ay 35 \ Ax )2

Since H" is Radon, for any &1 > 0, there exist n-dimensional balls B(r;) C A (§/4,45), j =1,2,...,
withradiir; >0, j=1,2,..., such that

o0 (o.¢]
Supp (4, (s/2.35) C U B(ry), H" (U B(Fj)) < H"(supp ila,/2,35) + €1
j=1 j=1

Note that for § > 0 small enough, the canonical projection 7 : T*M — M restricts to a diffeomorphism
m: A (38.48) > {ye M:8/4 <r(x,y) <48}

Consider the closed set
K = m(supp ula,s/2,38) C M

with open covering

o0
G = 71( B(rj)) satisfying H"(G) = H"(K) + O (e1). (3-9)
j=1
By the C* Urysohn lemma, there exists xr, € C3°(M; [0, 1]) with

xr.lk =1, supp xr, CG. (3-10)

(Note that xr, depends on €1, but we suppress this dependence to simplify notation.) We now apply (3-8)
with ¥ = xr,. First, observe that by (3-9) and (3-10)

lxr, 2 < (H'(G)'? < (H'(K)2 + 0(e,). (3-11)
Next, by construction, for all ¢; > 0,

(I =xr)(y) =0 forall y € w(Supp /t|a, 45\A,.s4)
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and hence

/ (1—xr,)*dp=0.
Ax,S(Y\Ax,E/Z

Using this together with (3-11) in (3-8) and sending &; — 0 gives
. _ 1/2 1/2
tim sup %~/ {uy, (x ()| < Cs (H" (r(5upp a4, 5/2.39))) - < Ch(H" (supp pla,@230)) > (3-12)
h—0
where the last inequality follows from the fact that 77| 4(s/2,3s) is a diffeomorphism. Finally, since uj, is
admissible at x,

H" (supp 1|4, s/2,35)) = 0. 0

Remark 3.1. For r(x(h), x) = o(1), the estimate
: _ " 1/2
tim sup A"~} (x ()] < C5(H" (supp 1l a,5/2.35)))
h—0
in (3-12) holds for any sequence of eigenfunctions with defect measure p. It gives a quantitative estimate
relating the behaviour of the defect measure to L* norms of eigenfunctions. This estimate can also be
obtained as a consequence of [Galkowski 2017, Theorem 2] by replacing the absolutely continuous part

of p with Lypp uj, dH".

4. The example of zonal harmonics

Let (S2, gean) be the round sphere and (r, ) be polar variables centred at the north pole p = (0,0, 1) R,
The geodesic flow is a completely integrable system with Hamiltonian

H=|§; =8+ (sinr) %, re(0,m), (4-1)

and Claurault integral p = & satisfying {H, p} = 0. The associated moment mapping is P = (H, p) :
T*S?> — R? and the connected components of the level sets are, by the Liouville—~Arnold theorem,
Lagrangian tori A, indexed by the values of the moment map (1, ¢) € P(T*S?).

The associated quantum integrable system is given by the Laplacian A, and the rotation operator /1 Dg.
The corresponding L?-normalized joint eigenfunctions are the standard spherical harmonics Y,’; with

—A YK =k(k+ 1YY, hDgYE =mYE.
These eigenfunctions can be separated into various sequences (i.e., ladders) associated with different
values (e P(T*S?); specifically, the correspondence is given by ¢ = lim,,_, o, m/k). The eigenfunctions
with maximal L* blow-up are the sequence of zonal harmonics given by
V2kF1 [
2r

0

up(r,0) = Y5 (r,0) = (cosr+isinrcost)fdr, h=k"' k=1,2,3.... (4-2)

It is obvious from (4-2) that
Yy (p)| ~ k'/?

and thus attains the maximal sup growth at p (similarly, at the south pole). At the classical level, the
zonals uy = Yé‘ concentrate microlocally on the Lagrangian tori Ag = P~'(1, 0). From the formula (4-1)
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it is clear that away from the poles (where (r, ) are honest coordinates),
Ao\ {Ep}={(r, 0,6 =+1,6 =0):r € (0, 7)} = $*\ {£p}. (4-3)

The choice of £, = +1 determines the Lagrangian torus (there are two of them) and also, either torus
clearly covers the entire sphere. At the poles themselves, the projection 7y, : Ag — S 2 has a blowdown
singularity with

7y, (£p) = SL(S?) =S, (4-4)
To see this, consider the behaviour at p (with a similar computation at —p). Rewriting the integral in

involution in Euclidean coordinates (x, y, z) € R3, one has H = (x&y — VE) T+ (xE. —zE) >+ (VE; —zéy)2
and & = x§, — y&,. Setting H =1, x§, — y&§, =0and (x, y,2) = (0,0, 1) gives

Th (D) ZH(E §) e R EI 4+ =1}

It is then clear from (4-3) and (4-4) that 7, : Ao — S? is surjective and a diffeomorphism away from the
poles (modulo choice of Lagrangian cover) and the fibres above the poles are S (S?) = S'. We also note
that the Lagrangian Ao = A, 2, is the 27 -flow-out Lagrangian of S;‘;(S2) and the cylinder A ,(8/2, 38) is
just a local slice of this Lagrangian.

The defect measure w associated with the zonals is

dp = |db do,|,

where (61, 62; 11, I) € R?/7* x R? are symplectic action-angle variables defined in a neighbourhood of
the Lagrangian torus A [Toth and Zelditch 2003]. One can choose one of the angle variables 9; € S;‘;(Sz)
to parametrize the circle fibre above p (a homology generator of the torus). Then, by the Liouville-Arnold
theorem, the geodesic flow on the torus Ag = {I} = c1, I» = ¢3} is affine with

oH
Qj(t):ej(0)+ajt, Ol]:a—I;ﬁO
It is then clear that
2
M(Ap,(g):/‘ dQl-f ardt~§#0
0 It <8
and supp i|a, = A . Therefore, this case violates the assumption in Theorem 3 and that is of course

consistent with the maximal L° growth of zonal harmonics.
The analysis above extends in a straightforward fashion to the case of a more general sphere of rotation

[Toth and Zelditch 2003].
5. Eigenfunctions of Schriodinger operators

Consider a Schrodinger operator P(h) = —thg + V with V € C*(M; R) on a compact, closed
Riemannian manifold (M, g) and let uj, be an L?-normalized eigenfunction with

P(Wup =E(u,,  E(h)=E+o(l), E>minV, lunll2 = 1. (5-1)
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Any sequence uy, of solutions to (5-1) has a subsequence uj, with a defect measure & in the sense that
fora € Cg°(T*M)
(a(x, hD)uy, up) — adu.
T*M
Such a measure u is supported on {p = 0} and is invariant under the bicharacteristic flow G, :=exp(tH,).
In analogy with the homogeneous case, we define for x € M the time-T flow-out by

T
Avrvi= | G0,
t=—T
where

Sy ={§ e T\M: |E],+V(x)=E}.

Definition 5.1. Let 1" be n-dimensional Hausdorff measure on {|& |§ + V(x) = E} induced by the Sasaki
metric on T*M. We say that the sequence u;, of solutions to (5-1) is admissible at x if for any defect
measure p associated to the sequence, there exists T > 0 so that

H"(supp pla, 1) = 0. (5-2)
With these definitions we have the analog of Theorem 3:

Theorem 5. Let B C V™' (E) be a closed ball in the classically allowable region and j be a defect
measure associated with the eigenfunction sequence uy. Then, if the eigenfunction sequence is admissible
forall x € B in the sense of (5-2),

sup |up (x)| = o(h1="/2).

xeB

Proof. In analogy with the homogeneous case [Christianson et al. 2015, Lemma 5.1], we have
p(h~ [P (h) = ED)(x, y) = h ™ a(x, y, e A 4 R(x, y, ),

where A(x, y) € [(2Co)~ e, 2Cpe] for some Cy > 1 and is the action function defined to be the integral of
the Lagrangian L(x, &) = |§ |§, — V(x) along the bicharacteristic in {p = E} starting at (y, ) and ending
at (x, &). For (x, y) in a small neighbourhood of the diagonal, there is a unique such n satisfying this
condition. The remainder R(x, y, h) is equal to O (h*) pointwise and with all derivatives. The proof
then follows using the same argument as in the homogeneous case. U
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