UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

Almost everywhere convergence of Bochner-Riesz
means on Heisenberg-type groups

Horwich, Adam; Martini, Alessio

DOI:
10.1112/jims.12401

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):

Horwich, A & Martini, A 2021, ‘Almost everywhere convergence of Bochner-Riesz means on Heisenberg-type
groups', Journal of the London Mathematical Society, vol. 103, no. 3, pp. 1066-1119.
https://doi.org/10.1112/jilms.12401

Link to publication on Research at Birmingham portal

Publisher Rights Statement:

This is the accepted version of the following article: Horwich, A.D. and Martini, A. (2020), Almost everywhere convergence of Bochner—Riesz
means on Heisenberg-type groups. J. London Math. Soc.. https://doi.org/10.1112/jlms.12401, which has been published in final form at
https://doi.org/10.1112/jlms.12401

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@Ilists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 19. Apr. 2024


https://doi.org/10.1112/jlms.12401
https://doi.org/10.1112/jlms.12401
https://birmingham.elsevierpure.com/en/publications/0efa4761-d86f-4a4a-a2ac-37d262e80d74

J. London Math. Soc. (2) 00 (2020) 1-54 doi:10.1112/jlms.12401

Almost everywhere convergence of Bochner—Riesz
means on Heisenberg-type groups

Adam D. Horwich and Alessio Martini

ABSTRACT

We prove an almost everywhere convergence result for Bochner—Riesz means of LP functions on
Heisenberg-type groups, yielding the existence of a p > 2 for which convergence holds for means
of arbitrarily small order. The proof hinges on a reduction of weighted L? estimates for the
maximal Bochner—Riesz operator to corresponding estimates for the non-maximal operator, and
a ‘dual Sobolev trace lemma’, whose proof is based on refined estimates for Jacobi polynomials.

1. Introduction

The study of Bochner—Riesz means is a classical topic in harmonic analysis. Recall that the
Bochner-Riesz means of order A > 0 of any function f € L?(R?) are defined by

T f = (1= rL))f, (L.1)
where £ = A := — Z?Zl 97 is the Buclidean Laplacian and r € RT := (0,00). The associated
maximal Bochner—Riesz operator is then given by

T)f :=sup|(1 —rL)} f|. (1.2)
r>0

The problem of under what conditions and in which sense one may ensure that 7)) f converges
to f as r — 0T is a key part of the investigation of summability methods for the Fourier
inversion formula, with connections to many other fundamental problems in harmonic analysis
and partial differential equations (see, for example, [19, 31, 48, 69, 73]).

A question of particular interest is the range of A >0 and p € [1,00] for which 7)) and
T2 are bounded on LP(R?); the believed best bound on this is known as the Bochner-Riesz
conjecture (respectively, maximal Bochner—Riesz conjecture). It is conjectured that, for A > 0,
the operator T is bounded on LP(R?) if and only if

d—1/1 A <1<d+1 1+ A (1.3)
d 2 d-1 D d 2 d+1)’ '
and, for p > 2, the same LP boundedness range is conjectured for 7). A number of partial
results in this direction have been obtained, including recent breakthroughs (see [5, 8, 11, 15,
32, 45, 46, 72] and references therein), but the full conjectures remain open.

A weaker property than L? boundedness of T is the almost everywhere convergence of T f
to f as r — 0T for all f € LP. While the maximal Bochner-Riesz conjecture remains open,
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almost everywhere convergence has been proved [9] in the range (1.3) for p > 2 (see also [2,
47] for more recent endpoint results).

THEOREM (Carbery, Rubio de Francia and Vega). Let £ be the Laplacian on R%. Let A > 0
and 2 < p < oo be such that
d—1/1 A 1 1
- <-<:.
d \2 d-1)°p32

Then T f converges to f almost everywhere as r — 07 for all f € LP(R?).

As the Laplacian on R? is a positive self-adjoint operator, it has a spectral resolution that
may be used to define the Bochner—Riesz operators (1.1) and (1.2). As such, we may extend
the notion of Bochner-Riesz operators to other positive self-adjoint operators £ on L?(X)
for some measure space X. This corresponds to investigating ‘Fourier summability’ for more
general eigenfunction expansions than the one determined by the Euclidean Laplacian.

Here we are concerned with (homogeneous left invariant) sub-Laplacians £ on stratified
Lie groups. The current understanding of the optimal ranges for L? boundedness and almost
everywhere convergence of Bochner-Riesz means is rather limited in this context, compared to
the Euclidean case. A particularly significant result is that of Gorges and Miiller [30], which
extends the result of Carbery, Rubio de Francia and Vega to the setting of Heisenberg groups
H,,.

THEOREM (Gorges and Miller). Let £ be the sub-Laplacian on the Heisenberg group H.,,.
Let Q =2m+2 and D =2m + 1. Let A > 0 and 2 < p < oo be such that

—-1/1 A 1 1
QQ<2D—1) <5 S (14)

Then T f converges almost everywhere to f asr — 07 for all f € LP(H,,).

We remark that the quantities represented by @ and D, namely the homogeneous and
topological dimension of the group H,,, respectively, make sense for any stratified Lie group
(see Section 2 below for details) and are both equal to d for R?.

The above theorem should be compared with the following general result by Mauceri and
Meda [58, Corollary 2.8], which is valid for any stratified group and concerns L? boundedness
of the maximal Bochner—Riesz operator on such groups (see also [37, 56, 57, 60]).

THEOREM (Mauceri and Meda). Let £ be a sub-Laplacian on a stratified group G of
homogeneous dimension Q). Let A > 0 and 2 < p < oo be such that
1 A 1 1
- — —— < —-< - 1.5
2 Q-1 p 2 (15)
Then the maximal operator T;* extends to a bounded operator on LP(G). In particular, T f
converges almost everywhere to f asr — 0% for all f € LP(G).

The condition (1.5) is more restrictive than (1.4); however, Mauceri and Meda’s result
applies to a larger class of groups and gives in the range (1.5) a stronger property than almost
everywhere convergence. A natural question is to what extent it is possible to obtain almost
everywhere convergence beyond the range (1.5) for groups other than the H,,. A particularly
elusive problem is obtaining a range with the same ‘trapezoidal’ shape as (1.4), that is, such that
a p > 2 exists for which all A > 0 are admissible (see Figure 1); apart from the pioneering work
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FIGURE 1 (colour online). Range of almost everywhere convergence of Bochner—Riesz means on
H-type groups given by Theorem 1.1. The diagram also depicts the results by Gorges and Miiller
(valid for Heisenberg groups only) and Mauceri and Meda.

by Gorges and Miiller, we are not aware of results of this kind for nonelliptic sub-Laplacians
L, even outside the context of stratified groups.

Here we succeed in proving almost everywhere convergence in a ‘trapezoidal’ range in the
setting of Heisenberg-type (henceforth H-type) groups. This is a class of 2-step stratified Lie
groups that includes the Heisenberg groups H,,, as well as groups with higher-dimensional
centre [38]. Our main result reads as follows.

THEOREM 1.1. Let L be the sub-Laplacian on an H-type group G of homogeneous dimension
@ and topological dimension D, and set QQ, = 2Q) — D. Let A\ > 0 and 2 < p < oo be such that

=11 A 1 1
et o

Then T2 f converges almost everywhere to f asr — 07 for all f € LP(G).

Observe that, if 2m and n are the dimensions of the first and second layers of the H-type
group G, then D = 2m +n, Q@ = 2m + 2n and Q. = 2m + 3n. The range (1.6) is smaller than
(1.4); however Gorges and Miiller’s result only applies for n = 1, while Theorem 1.1 applies for
arbitrary n > 1.

As in other works on the subject, the proof of our almost everywhere convergence result
is obtained by considering LP to L12OC boundedness of the maximal Bochner—Riesz operator.
As a matter of fact, it is enough to consider the ‘local’ maximal Bochner—Riesz operator
defined by

TN = sup [T, (L7)
0<r<1
Indeed, if || 1xT||Lr— 12 < oo for all compact sets K C G (here 1 denotes the characteristic
function of K), then Sobolev embeddings for sub-Laplacians [24] and a standard three-e
argument imply the almost everywhere convergence of T\ f to f as r — 0T for all f € LP(G).
As usual in this context, we consider a dyadic decomposition of the Bochner—Riesz multiplier:
for ¢ >0 and Dy := {27% : k € Ny}, we may write

(1=0% =Y 6*ms(0), (1.8)

6€Dy
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where, for all j € Ny and § € Dy, the function ms € C2°(R) is real-valued and satisfies

1—061 ifd<1,

[—1,1] if 6 = 1. (L.9)

g loe S5 677 and supp(ms) © {
Note that the functions ms in (1.8) depend on A, but satisfy (1.9) with implicit constants
independent of \; hence, with a slight abuse of notation, we suppress the dependence on A of
the functions mg from their notation.
Let us define the maximal operators corresponding to the dyadic decomposition:

M; f = supms(rL)fl, MSf:= sup |ms(rL)f|. (1.10)
>0 0<r<1

In view of (1.8), for any given p € [2,00] and A\g € R, the L? to L? _ boundedness of T} for all
A > \g would follow from an estimate of the form

LM g2 S 5N (L11)

for all 6 € Dy and all compact sets K C G, where the implicit constant depends only on those in
(1.9) and on the compact set K, but not on ¢. In order to prove Theorem 1.1, it is then enough
to prove (1.11) for all pairs (1/p, Ao) lying in the ‘infinite trapezoid’ depicted in Figure 1.

As a matter of fact, thanks to interpolation [7], it suffices to consider just the vertices of the
trapezoid, that is, the estimates

1k M || oo g2 S 6~ P02 (1.12)
1k M5 || 202 /@-1 2 S 1, (1.13)
1k M |lr2r2 £ 1, (1.14)

where  stands for < C'(e) ¢ for all arbitrarily small € > 0.

Among these, the estimates (1.12) and (1.14) actually follow from stronger L estimates
for the ‘global’ maximal operator My, which can be obtained in a relatively straightforward
way using available estimates for functions of a sub-Laplacian. More precisely, for a general
stratified group G and sub-Laplacian £, one can prove the estimates

1M | poe e £ 81274 E MG 2 p2 S 1, (1.15)

where ¢y (£) is the ‘Mihlin-H6rmander threshold’ for £ defined as in [53]; it is known that
D/2 < ¢4 (L£) < Q/2 for arbitrary stratified groups and sub-Laplacians [16, 54, 58], that
¢+(£) < Q/2 for all 2-step stratified groups [53] and that ¢y (L) = D/2 for several classes
of 2-step stratified groups, including the H-type groups [34, 49-52, 63]. In view of (1.8), the
estimates (1.15) immediately lead to the following improvement of the result by Mauceri and
Meda.

THEOREM 1.2. Let L be a sub-Laplacian on a stratified group G. Let A > 0 and 2 < p < o0
be such that
1 A 1 o 1
2 201 p 72
Then the maximal operator T2 extends to a bounded operator on LP(G). In particular, T f
converges almost everywhere to f asr — 07 for all f € LP(G).

The estimate (1.13), instead, requires a more delicate analysis, which we develop for an H-
type group G. By Hoélder’s inequality, it is readily seen that (1.13) follows from the estimate

11 MS 2wy —22 S 1, (1.16)
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where w,(z,u) = (1 +]2|)~2"™/9(1 4 |u|)~"/@* in the usual exponential coordinates (here z
and u correspond to the first and second layer of G, respectively); in turn, (1.16) can be easily
deduced by interpolating the weighted estimates

M5 |2 p=o)»rzqain-= L IMS z2(atp)-)>r2(140)-4) < 1y (1.17)
where | - | is a homogeneous norm on G, p(z,u) = |z|, a =2/3 and b = 1.

As it turns out, the estimates (1.17) reduce, roughly speaking, to the corresponding estimates
for the ‘non-maximal’ operator:

Ims (D)l L2 n-=)—rza+in-= 1L Ims(O)llrz(a+p)-2)»r2(140)-1) S 1 (1.18)

More precisely, in Section 4 below, we prove that for a certain class of weights w on an H-type
group G, the following estimate holds:

M52 0220wy S sUp ms(sL) |22 wy— 22wy sup 05 (SL) |2 (w)— L2 (w) (1.19)
s€(0,1) s€(0,1)

for all 6 € D := Dy \ {1}, where the implicit constant may depend on w, and ms(¢) = d¢mj(¢);
note that the s satisfy the same conditions (1.9) as the ms. The ‘maximal-to-non-maximal’
reduction estimate (1.19) actually applies to the weights in (1.18) only if a € 4Ny and b € 2Npy;
however, a more sophisticated ‘interpolation’ argument, presented in Section 5, allows us to
work around this restriction and consider fractional powers as well. While the idea of reducing
estimates for the maximal operator to those for the non-maximal operator is implicit in both
the works of Carbery, Rubio de Francia and Vega [9] and Gorges and Miiller [30], an explicit
estimate such as (1.19) does not seem to appear in either work, and may be of independent
interest (cf. also [55]).

We are now down to proving the weighted estimates (1.18). Through this paper, this will be
reduced to proving suitable ‘dual Sobolev trace inequalities’, stated as Theorems 7.1 and 7.2
below. To briefly explain the idea, in addition to the sub-Laplacian £, let us fix an orthonormal
basis Uy, ..., U, of the second layer g of the Lie algebra of the H-type group G. The operators
L and Uj/i all commute and admit a joint functional calculus [62]. We define the pseudo-
differential operator

U = (—(U +---+U))'? (1.20)
and the spectral cut-off operators Ms ; by
1157 (L) 1[2_7‘,2_7‘+1)(27r£/02/) forj=1,...,Js—1,
1[1,5’1] (L) 1[2.1(;,00)(271'5/%) for j = Jg,

6,5 -

where § € D, and J5 € N is such that 275 ~ §~1 (see Figure 2). We wish to prove, for all § € D
and j =1,...,Js, the estimates

1M £13 = (277N 72 (1)) (1.21)

15,5 £13 = (271122 1y (1.22)

where a = 2/3 and b = 1 as before. Theorems 7.1 and 7.2 are minor technical modifications of
these inequalities.

In the case of Heisenberg groups, a stronger version of the estimate (1.21), where a = 1,
appears in Gorges and Miiller’s paper [30, Lemmas 7 and 8], arising as a replacement for the
following Euclidean ‘dual Sobolev trace inequality’

ILa—s. (D) FI3 £ SN2 1y (1.23)

note that (1.23) is an immediate consequence of the Sobolev trace lemma applied in frequency
space, where the norm in the left-hand side of (1.23) turns into the L? norm of a function
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1/

W-{/[Re f B Li-s1)(£)

—

0 %

FIGURE 2 (colour online). Joint spectrum of £ and % and spectral cut-offs
Mé,j = 1[1,511] (ﬁ) Rj, where Rj = 1[2jY2j+1)(2ﬂ'£/@/) fOI‘j < J(S,

on an annulus of thickness &, while the norm in the right-hand side becomes the L? Sobolev
norm of order 1/2 of the function. The method of Carbery, Rubio de Francia and Vega in the
Euclidean case hinges on an estimate such as this [9, Lemma 3].

In the case of Heisenberg(-type) groups, the proof of the ‘trace lemmas’ (1.21) and (1.22)
is significantly more complicated than that of (1.23) in the Euclidean case. Among other
things, the group Fourier transform on a noncommutative stratified Lie group has substantially
different features from the Euclidean Fourier transform, and describing the effect on the ‘Fourier
side’ of multiplication by a power of the homogeneous norm | - | is not as straightforward as in
the Euclidean case, where it can be interpreted as (fractional) differentiation or integration.

The method used by Gorges and Miiller to prove (1.21) involves considering negative frac-
tional powers of a difference-differential operator on the Fourier-dual space to the Heisenberg
group H,,, which corresponds on the group side to the multiplication operator by the function

|2|? — 4iu. Here we are adopting the usual exponential coordinates (z,u) € C™ x R for the

. 2 . 1/2 4 2\1/4 .
Heisenberg group H,,, and we remark that ||z|” — 4iu| *~ = (]z|” + 16|u|”) * is a homogeneous

norm on H,,. As it turns out, if one restricts to ‘radial’ functions on H,, (that is, functions
depending only on |z| and u), then simple explicit formulas for the Schwartz kernel of these
fractional powers can be found [30, Theorem 11], and an application of Schur’s Test would
readily lead to the estimate (1.21) for radial functions f; a more delicate argument based on
complex interpolation allows Gorges and Miiller to dispense with the radiality constraint and
obtain (1.21) with @ = 1 in full generality.

In the case of Heisenberg-type groups, additional obstacles appear. Here, loosely speaking,
(z,u) € C™ x R™, where n may be larger than 1 (indeed n > 1 is the case of interest), and
the expression |z|? — 4iu no longer makes sense. One could consider the function |z|* + 16]u|?
as a replacement; however, while relatively explicit formulas may be found for the Schwartz
kernel of negative fractional powers corresponding to |z|* 4+ 16|u|?, when n > 1 these formulas
become significantly harder to handle.

For this reason, here we instead consider the ‘fractional integration operators’ on the Fourier-
dual space corresponding to multiplication on the group side by negative powers of |z| and |u],
that is, ‘pure’ first and second layer ‘weights’. While the resulting formulas remain substantially
more complicated than those dealt with by Gorges and Miiller in the Heisenberg group case, we
nevertheless manage to estimate them and deduce (1.21) with a = 2/3, as well as (1.22) with
b = 1. In particular, the formulas for the Schwartz kernels of the fractional powers corresponding
to the second-layer weight |u| involve Jacobi polynomials, and our results are ultimately based
on the combination of a number of classical and more recent estimates on Jacobi polynomials
[21, 33, 40, 41].
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It is a natural question whether the stronger estimate (1.21) with @ = 1 can be proved for
general H-type groups; this would imply the almost everywhere convergence result in wider
range (1.4). There is some evidence that this may actually be possible: indeed, we can prove
(1.21) with a =1 in a restricted range of j, namely for j < 3Js5/4, and also for j = Js. We
remark that the case j < 3Js5/4 is dealt with by using pure second-layer weights, while the
case j = Js follows by considering pure first-layer weights; this suggests that the missing range
3Js/4 < j < Js could perhaps be recovered by exploiting ‘mixed’ weights jointly depending on
z and u.

Another related question is whether the estimates and machinery developed in this paper
can be used to prove a ‘localisation principle’ for Bochner—Riesz means on H-type groups, in
the spirit of Carbery and Soria’s results in the Euclidean setting [10]; recent investigation in
this direction in the context of Heisenberg groups can be found in [28].

A further question is whether the almost everywhere convergence result from Theorem 1.1
can be ‘upgraded’ to an LP boundedness result for the maximal operator 77, going beyond
the range given by Theorem 1.2. As a matter of fact, in analogy with the Euclidean case
[15], it is possible [14] to deduce in great generality L boundedness results for the maximal
Bochner—Riesz operators associated with a ‘Laplace-like’ operator £ from the validity of LY —
L? restriction estimates of Tomas-Stein type for £, provided 2 < p < ¢/. In the case of the
Heisenberg groups, however, no nontrivial restriction estimates of this kind hold for the sub-
Laplacian £ [61]; for H-type groups with higher-dimensional centre, some estimates of Tomas—
Stein type do hold [12], but the corresponding L? boundedness results for 77 given by [14]
are strictly included in those given by Theorem 1.2. This seems to indicate once more that the
investigation of Bochner—Riesz means for sub-Laplacians requires substantially new ideas and
methods compared to the Euclidean case.

In these respects, it is worth pointing out that, in the Euclidean case, relatively explicit
formulas and asymptotics for the convolution kernels of the Bochner—Riesz operators are
available, from which one can derive the necessity of the condition (1.3) for LP boundedness
(see, for example, [35] and [69, § X1.6.19]) and confirm the sharpness of the result of Carbery,
Rubio de Francia and Vega on almost everywhere convergence (cf. [10, pp. 320-321]). However,
already in the case of the Heisenberg groups, very little appears to be known in terms of
necessary conditions for almost everywhere convergence or LP boundedness of Bochner—Riesz
means for sub-Laplacians. The techniques introduced in the recent work [54] allow one to
relate the functional calculus for a sub-Laplacian on a manifold with that for the Laplacian on
a Euclidean space of the same topological dimension D, and can be used to deduce that, at
least for what concerns LP boundedness, for a sub-Laplacian one cannot go beyond the closure
of the range (1.3) with d = D. In light of this, one may also ask whether the quantities @) and
Q. in (1.4) and (1.6) can be replaced by D. However, at this stage, we do not know whether
these or other improvements are possible, or instead, as in the case of restriction estimates,
“non-Euclidean” obstructions may subsist.

Structure of the paper

In Section 2, we recall basic definitions and results about stratified groups, H-type groups
and sub-Laplacians thereon. Among other things, we introduce a number of weights we will
be working with and see how they interact with convolution (so-called Leibniz rules) and the
group Fourier transform.

Section 3 shows how the estimates (1.15) can be proved for an arbitrary sub-Laplacian £ on
a stratified group G, leading to the proof of Theorem 1.2.

In Sections 4 and 5, we restrict to the case of Heisenberg-type groups and we discuss
the aforementioned ‘maximal-to-non-maximal’ reduction, showing in particular that (1.17)
essentially reduces to (1.18).
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In Section 6, we show how the weighted L? estimates (1.18) follow from ‘dual trace lemmas’
as discussed above. The trace lemmas are finally proved in Section 7, thus completing the proof
of Theorem 1.1. The proofs the trace lemmas are based on a number of estimates for Jacobi
polynomials that are discussed in Section 8.

Notation

We write Ny and N for the sets of nonnegative and positive integers, respectively; R™ denotes
the positive half-line (0, 00). For two quantities A and B, the expression A < B indicates that
there exists a constant C' > 0 such that A < CB; we also write A <, B to indicate that the
implicit constant C' may depend on the parameter p. Moreover, A ~ B is the conjunction of
A< Band B < A.

2. Analysis on stratified and H-type groups

2.1. Stratified groups and sub-Riemannian structure

We briefly recall a number of standard definitions and results. For details, we refer the reader
to [25, 29, 76].

A stratified group G is a connected, simply connected nilpotent Lie group whose Lie algebra
g is stratified, that is,

k
g= @93’ (2.1)

for certain subspaces g1,..., g of g, called layers, such that

[ga; gb] g Ja+b

for all a,b=1,...,k (here g, = {0} for a > k) and the first layer g; generates g as a Lie
algebra; if g5 # {0}, we say that g and G have step k. Via the exponential map, we may and
shall normally identify a stratified Lie group G with its Lie algebra g. Group multiplication on
G is then given by the Baker—Campbell-Hausdorff formula,

1
zy=z+y+ eyl +...,
which due to nilpotency is a finite sum, while group inversion is simply given by
T = —x,

and any Lebesgue measure on g is a (left and right) Haar measure on G.

The choice of a Haar measure on a stratified group G allows us to define Lebesgue spaces
LP(G) for 1 < p < oo. As it is known, L!(G) is a Banach x-algebra with respect to convolution
and involution, given by

fro@) = [ f)at D dy. [ @) =T
for almost all z € G and f,g € L'(G). We record here the useful identity
(frgxh)=(f*n"g), (2.2)

where (-,-) denotes the L? inner product, that is,

(f.9) = /G f(2) 90 da
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We will also consider weighted LP spaces on Gj for a locally integrable nonnegative function
w: G — R, we will normally write L”(w) in place of LP(G,w(x) dx).

If we write x € G 2 g as (z1,...,2) according to the decomposition (2.1), automorphic
dilations &, (r € RT) on g and G are defined by setting
O (21, .. xp) = (rlxl,...,rk’xk). (2.3)

With respect to these dilations, the Haar measure scales according to the dimensional
parameter ) given by

k
Q=) _jdim(g),

=1

called the homogeneous dimension of G. We also define D to be the topological dimension of
G given by

k
D= Z dim(g;).
j=1

Since the first layer g; generates g as a Lie algebra, the choice of an inner product on
g1 determines a left-invariant sub-Riemannian structure on G and a corresponding Carnot—
Carathéodory distance d. By left-invariance we have actually

d(z,y) =y =

for a nonnegative proper continuous function |-|: G — R, which is but one example of a
(subadditive) homogeneous norm on G, since it satisfies

|lzyl < fal +lyl,  |0vz] = rlxl,

for all z,y € G and r € R*, and in particular

k .
DR
j=1

In what follows we will write B(x,r) and B(x,7) to denote the open and closed balls associated
with the Carnot—Carathéodory distance.
Due to left-invariance and homogeneity,

|B(,r)| = r?B(0,1)]

for all » € RT and x € G, where |B(z,r)| denotes the Haar measure of B(z,r). In particular, G
with the Carnot—Carathéodory distance d and the Haar measure is a doubling metric measure
space, with ‘doubling dimension’ @), and the theory of singular integrals and weights on spaces of
homogeneous type can be applied to G. In particular, the Hardy-Littlewood maximal operator
M on G, given by

Mf(z) == supr—@ / F(ay)| dy,
>0 |z|<r

is of weak type (1,1) and bounded on LP(G) for p € (1,00]. This implies the following
boundedness result for maximal operators [25, Corollary 2.5], where, for any function f : G —
C and r > 0, we denote by D,.f the function given by

D, f(x) = 1~ f(6,-12(x)). (2.4)
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LEMMA 2.1. Let G be a stratified Lie group with a sub-Riemannian structure, and ) be
its homogeneous dimension. Let K : G — C be a measurable function satisfying the estimate

C

for some C e > 0. Let T* be the operator defined by
T"f(@) = sup|f » (D, K)()]
Then, for all x € G,
T f(x) Se CM f(a).
In particular,

1T fllp Sew Clifllp
for all p € (1, 00].

Recall that a weight on G is a nonnegative locally integrable function w : G — R. The
Muckenhoupt class A2(G) is the set of weights on G for which the Hardy—Littlewood maximal
function on G is bounded on L?(w); an equivalent characterisation is that w € A»(G) if and
only if

sup r_2Q/ w(y) dy/ w(y) tdy < oo (2.5)
z€G B(z,r) B(z,r)

r>0

[69, 71]. Then we have the following result (cf. [69, Chapter V).

LEMMA 2.2. Let G be any stratified group and let | - | be a homogeneous norm on G. Then
the weights | - |* and (1+ |- |)* are in A3(G) for |a| < Q. In addition, if p: G — R is defined
by p(x1,...,xx) = |z1| for any norm on gy, then the weights p® and (1 4 p)® are in A3(QG) for
la| < dim g;.

2.2. Sub-Laplacians and their functional calculus

Let G be a stratified group with a sub-Riemannian structure as before. Recall that the Lie
algebra of G may also be thought of as the space of left-invariant vector fields on G. If we take
an orthonormal basis Xi,..., Xy of g1, then we define the sub-Laplacian £ on G as

d
L:=— ZXJQ
j=1

It can be shown that £ does not depend on the choice of the orthonormal basis.

We may also consider the sub-Laplacian £ via its spectral decomposition. One can show
that £ is positive and (essentially) self-adjoint on L?(G), with core the Schwartz class .7 (G)
of rapidly decaying functions on G. Hence, £ has a spectral decomposition

£:A AAE(N). (2.6)

We can then define a functional calculus for £ by defining operators

me:AmF@mE@)
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for all bounded Borel functions F': R — C. Such operators F'(L) are left-invariant and so
are convolution operators; that is, there exists K € ./(G) such that F(L)f = f* K. By
homogeneity then we have the following result [25, Lemma 6.29].

LEMMA 2.3. Let G be a stratified Lie group and L be a sub-Laplacian. Let F': R — C
be a bounded Borel function and let K denote the convolution kernel of F(L). Then, for
all r > 0,

F(rL)f = f # (D,K) = D,F(L)D, f. (2.7)

Here we briefly recall a number of results concerning the functional calculus of sub-Laplacians
L on stratified groups. A property of the sub-Laplacian £ which we will use is the ‘finite
propagation speed’ of solutions of the associated wave equation (see, for example, [59, 67]).

LEMMA 2.4. Let G be a stratified group and L be a sub-Laplacian. For t € R, let K; denote
the convolution kernel of the operator cos(tv/L). Then

supp(Ky) € B(0, [¢]).

Another important property is that if F': R — C is in the Schwartz class, then the
convolution kernel of the operator F'(£) is in the Schwartz class on G [36]. A particular instance
of this result is stated below in a quantitative form.

LEMMA 2.5. Let £ be a sub-Laplacian on a stratified group G. Then there exists k € N
such that, if an even function F' : R — R satisfies
|F|l; = sup (L+N)FFDON)| < 0.
AERT
§=0,....k

then the convolution kernel K of the operator F(\/L) satisfies the estimate

115
K < 2.8
K@ ot (2.8)
for all x € G, where the implicit constant does not depend on F.
Proof. This is an immediate consequence of [36, Lemmas 1.2 and 2.4] and [77]. O

Note that the estimate (2.8) implies integrability of K. A number of works have been devoted
to determining the minimal smoothness requirement on a compactly supported F : R — C so
that the convolution kernel of the operator F'(£) is integrable (see [53, 54] and references
therein). We recall here the definition of ¢, (£) from [53] as the infimum of all the sy € RT
such that, for all s > sy and all F': R — C supported in [—1, 1],

1Koy Ss [1Fl22m) (2.9)

where K is the convolution kernel of F(L), and L?(R) is the L? Sobolev space on R of
(fractional) order s. As mentioned in the introduction, D/2 < ¢ (L) < Q/2 for all stratified
groups G and sub-Laplacians £, and the equality ¢, (£) = D/2 is known to hold for a number
of 2-step stratified groups, including the H-type groups.

The next lemma regards weighted L? boundedness of a square function associated to a
Littlewood—Paley decomposition for a sub-Laplacian. The result is analogous to Euclidean
results found in, for example, [69]; a proof in our setting can be derived, for example, from the
results of [42, 70].
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LEMMA 2.6. Let L be a sub-Laplacian on a stratified group G. Let ¢ € C>°(R") be such
that

> p@'N) =1 forall x>0,
l€Z
and let w € As(G). Then
D lle@ L) fllFew) = 11122 (2.10)
lez

for all f € L*(w), where the implicit constants may depend on ¢ and w.

2.3. H-type groups

An H-type group is a 2-step stratified Lie group whose Lie algebra g is endowed with an inner
product (-, -) satisfying the following conditions. Firstly, the layers g; and go are orthogonal.
Secondly, if we define, for each p € g5, the skew-symmetric endomorphism _#,, of g; by

(Ju(2),2") = u(lz,2]) V2,2 € g,

then we require that, for all u € g3,

/i = 7‘:U‘|21d

Note that, under these assumptions, u([-,-]) is a symplectic form on g; for all u € g5\ {0};
hence, the dimension of g; is even. Moreover, the restriction of the inner product to gy
determines a sub-Riemannian structure on GG and a distinguished sub-Laplacian £, which we
will use throughout.

We refer to [17, 18, 38, 39] for additional information on H-type groups.

2.3.1. The Fourier transform on H-type groups. We now recall some facts regarding
Fourier analysis on H-type groups. Let G be an H-type group with dimg; = 2m and
dim go = n. Following [3], for each u € g5 \ {0} ~ R™ \ {0}, there exists an orthonormal basis
Ei(u),...,FEon(u) of g1 such that

[l By () i j<m
—|p|Em—j(p) otherwise.

HuEji(p) = {

Here we do not assume that the E;(u) depends continuously on ;0 however, we may and shall
assume that E;(A\u) = E;(u) for all A > 0. For all u € g5\ {0}, this choice of an orthonormal
basis induces an isometrlc identification of g; with C™: to all z € g; we associate the element
z(p) = (z1(@), ..., z2m(p)) € C™ such that

m

2= [(Rezj () Ej(n) + (mz; () Ejrm ().

j=1

It is easily checked that, for all u € g3, the map (z,u) — (2(u), |u| ' - u) defines a Lie group
epimorphism from G to the Heisenberg group H,,. In particular, if we define (cf. [26, 30]) the
Schrédinger representation w? of H,, with parameter s € R\ {0} on L?(R™) by

[wS(zﬁ)ap](x) — 627ri.s(t+1m(z)»:E+Re(z)~1m(z)/2)So(x + Re(z))

for all ¢ € L*(R™) and (z,t) € H,,, then a family @, (u € g3\ {0}) of pairwise inequivalent
irreducible unitary representations of G on L?(R™) is given by

(22 0) = 7l (=) ||~ o ) (21)
for all (z,u) € G.
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This family of representations is enough to write a Plancherel formula for the group Fourier
transform. Namely, if we define the group Fourier transform of f € L' (G) as the operator-valued
function given by

) = /G £(9) @u(9) dg

for all u € g3\ {0}, then the following properties hold (see, for instance, [3, 27]), where T
denotes the adjoint operator to T'.

LEMMA 2.7. Forall f,g € L'(G) and u € g3 \ {0},

Frg) = Faw), (2.12)
Fo(u) = Flm*. (2.13)
Moreover, for all f,g € L' N L?(G),
() = [ (G300 " d (214)
113 = / Gl il ™ . (2.15)

Note that from (2.11), it follows that, for all f € L'(G) and p € g3 \ {0},

Flp) = /H P f(9) @), (9)dg, (2.16)

where P, f € L'(H,,) is defined by

Puf(e(u)st) = [ fCart o) do
“w

for all z € g; and t € R. In other words, the group Fourier transform of f € L'(G) at p €
g5 \ {0} is the same as the group Fourier transform of P, f € L'(H,,) at |u|.

It is convenient to express the ‘matrix components’ of the group Fourier transform f(u) of
a function f € L'(G) in terms of suitably rescaled Hermite functions. We start by defining
Hermite functions on the real line by

dk

hi(z) = (2’%!\/%)—1/2(—1)%%2/2@6—-’”2, z €R, k e Ny,

and their m-dimensional versions as

ha(x) := H ha;(zj), =e€R™, acNg.
j=1

We then renormalise these Hermite functions by defining, for all s > 0,
he(x) := (2ms)™ *ho((27s)Y%2), x € R™, a € NI (2.17)

For each s >0, the family (h})aeny forms an orthonormal basis of L?(R™). Now, for all
€LY G), pegs\{0} and o, 3 € N, we define

-~ ~

Flusa, B) = (F(p)nl nlt!y = /G F(g) (mu (@Rl m2) dg. (2.18)
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~

For later convenience, we extend the definition of f(u,«, ) to all a, 8 € Z™ by

o~

f(p,a,8):=0 for all (a, B) ¢ Ng* x Ng'.

From (2.12) and (2.13) we immediately derive the following identities:

Fu 0, B) = Flu, B,0), (2.19)
Frglpa,B) = > (w07 Fl.7, 6)- (2.20)
YENT

for all f,g € L'(G), u € g3\ {0} and o, B € NJ".
One can show that the Hermite functions h' are eigenfunctions for L£(u) := dw, (L), the
group Fourier transform of the sub-Laplacian; namely,

L(w)hl = c(|a])|plhl!,
where |a| = a; 4+ -+ + ayy, for all @ € N™ and, for all k € N,

c(k) :=2m(2k + m). (2.21)
In addition, if % is the ‘central pseudo-differential operator’ defined in (1.20), then 02//\(u) =
dw, (%) = 2m|p|Id. The group Fourier transform is compatible with the joint spectral
decomposition and functional calculus of £ and %, and so

~

(E(L, %) [Ty, B) = Fe(|a) ], 2l ul) £, @, B)- (2.22)

It will often be convenient to consider functions on G that depend only on |z| and u; we
shall call such functions radial. In the case that f is radial, the off-diagonal matrix coefficients
of f(u) are zero, and furthermore, the diagonal coefficients depend only on the magnitude
la| =3, a; of the index o € N":

~ ~

f(ﬂ)aaﬁ) = 5&,5.]0(,“) |Oé|€1, |Oé‘€1)

for all € g5\ {0} and «, 8 € N*, where e; = (1,0,...,0) (this is true for Heisenberg groups
[75, Theorem 1.4.3], hence for general H-type groups by (2.16)). In this case, we adopt the
notation

o~ o~

f(uv k) = (/1'7 kex, kel) (223)

for all (u, k) € (g5 \ {0}) x Ny. These simplifications correspond to the fact that the Banach x-

algebra L., ;(G) of integrable radial functions on G is commutative [18]; indeed, (2.23) expresses

a relation between the Gelfand transform and the group Fourier transform of f € L] ,(G),
where (g5 \ {0}) x Ny parametrises a subset of full measure of the Gelfand spectrum of L, ,(G).

rad
For radial functions we have simpler expressions for the Fourier coefficients and the

Plancherel formula. We recall that the Laguerre polynomial Lj, of type a > —1 and degree
k is defined by

1 dF

Li(x) == Herx_a%(e_xx’““), z €R.
Then, for all radial f € %(G),
. k 1\ ! o ]zl
ﬂmm=(+z ) /Q%WWamWHme%f‘”dww (2:24)
G
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This now gives us an alternative Plancherel theorem and inversion formula for radial functions,
which may also be found in [62]. Specifically, if f € L?(G) is radial, then

k .
T ( tme ) T B ™ ds (2.25)

R\ {0} keno
and, if f € ~(G) is radial, then

—2mipu T m— “H‘ m
(2,u) S Fluny k) €270 L (e g [212) =25 ] . (2.26)
R™\{0} gen,

We recall from (2.14) that

/ > FpB,0) Gl By ) ™ dp. (2.27)

o, ﬁGNm

Observe that, if one of f, g is a radial function, then the only non-zero terms would be the
diagonal ones, where o« = 8. Thus, if one of f, g is radial, then

9= ¥ FwaFmaa (2:29)

aENg

Furthermore, from (2.20) and the Cauchy—Schwarz inequality, we deduce that

/ S gl )l lul™ du < | £l1llg]l-- (2.29)

aeNy

2.3.2. Differentiation on the Fourier dual. A complex valued function on an H-type group
G will be called a polynomial if it is a polynomial in exponential coordinates. In the Euclidean
case, the Fourier transform intertwines operators of multiplication by a polynomial with
constant coefficient differential operators. In analogy with this, it is natural to interpret the
effect on the Fourier side of multiplication by a polynomial on G as a sort of ‘differentiation’
on the group Fourier dual.

This idea makes sense also in more general stratified groups (see, for example, [23]). However,
on H-type groups, explicit formulas for these ‘differential operators’ on the Fourier side can
be written in many cases. In the case of the Heisenberg groups, a number of these formulas
are listed in [30, p. 151] (see also [20, 63] and [66, Lemma 6.4]). In view of (2.16), these
formulas admit straightforward extensions to H-type groups, which we list below. We need
some notation: for all p € g5\ {0}, j=1,...,mand Il =1,...,n, define

CML?‘(Z’u) = Zj(/’c)7 m(%u) :m’ p(z,u) = |Z‘7
?/fl(ZaU) = uy, ¢(Zvu) = |U|

Here we are identifying go with R™ by the choice of an orthonormal basis, so that the u; are
the components of u. Note that p and ¢ are not polynomials, but their squares are.

Let us first consider first-layer polynomials, that is, those depending only on the first-layer
variable z. For all f € #(G), p€g5\{0},7=1,...,m, a, 8 € NJ",

(2.30)

()2 G F (s 00 B) = (g + 12 Flpts 0+ 5, 8) = B2 s 0, B — ) (2.31)

(Wlul)l/zﬁ(u, o, B) = o) flpa—ej, ) = (B; + 1) flp, 0, B+e;),  (232)
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where e; € Ni* is the jth standard basis element. By combining these operators and summing
over j, we thus obtain a formula for the operator of multiplication by p?, which is particularly
simple in the case of radial functions f. Specifically, for all u € g5\ {0} and k € N,

— 1 ~ ~ ~

p*f(p, k) = W[(% +m)f(u, k) = kf(p k= 1) = (k+m)f(p k+1)]. (2.33)

We now pass to second-layer polynomials, that is, those only depending on w. For all radial
functions f € S (G),l=1,...,n, u € g5\ {0} and k € Ny,

~

4W¢W(u,k)=2%f(u7k) P |2[mf(u7 k) +kf(u ke —1) = (k+m)f(uk+1)].  (234)

Note that, in the formulas (2.31) and (2.32), the p in the multiplier ¢, ; must match the

in the argument of the Fourier transform f In applications, we will also need to consider the
case of mismatch. This is discussed in the following lemma, where we use the notation

Cup,0 = Cup and  (up1 = @7- (2.35)

LEMMA 2.8. Let pi,p€ R\ {0}. Then there exist Cqp (i, 1) € C (where j, k€
{1,...,m} and o, 8 € {0,1}) such that

Guogo =D D Copiklpts i) Guk s (2.36)
k=18e{0,1}
and |Cq 3,5,k (1, t1)| is bounded uniformly in «, 3,7, k, i, pt1.

Proof. For all u, 11 € g5\ {0}, the change of variables z(u) — z(p1) is an R-linear isometry
on C™, whose matrix coefficients are therefore uniformly bounded as well as those of its
inverse. O

2.3.3. Dual Leibniz rules. 'We now proceed to calculate ‘Leibniz rules’ for the polynomials
n (2.30), describing the effect of multiplying by such polynomials a convolution product on G
(see also [23, Proposition 5.2.10]).

Note first that each ¢, ,;,: G —C (pe€ g5\ {0}, j=1,...,m) is a group homomorphism,
whence

Cu,j(f *g) = (Cu,jf) * g+ f* (Clhjg)'

for all f,g € L'(G). An analogous rule holds for m Iterating and combining the above formula
yields

p(fxg)=(0f) g+ fx +Z (Cug ) * (Cuj9) "‘Z (Cug ) * (Cuj9)- (2.37)
j=1 7j=1

The rule for ¢; (I =1,...,n) is more involved, due to the fact that ¢); is not a homomorphism.
Indeed,

di(z,u) - (2, u) = (2, u)) + (V) + %([Z, Zi-
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By explicitly writing ([z,2']); in terms of the coordinates z(u), z’'(u) (for any choice of u €
g5\ {0}) and the structure constants of g, we easily derive

Yi(f*g) = (Wif) * g+ [ * (tig)

2.38
+ Z Z jaﬁ Cukozf) (Cu,j,Bg)v ( )

k,j= 1a6€{01}

for some constants ¢ )

using the notation (2.3

L a 5 € C which are uniformly bounded in y, &, j, ., B; here again we are
2.3

2.3.4. Dual fractional integration for radial functions. Recall from Section 2.3.1
that the Fourier transformation determines a unitary isomorphism between the space
L2 4(G) of square-integrable radial functions on G and the space H = L*((R™\ {0}) x
No, |p|™ du (k‘H;f_l) d#(k)), where # denotes the counting measure on Ny. If w = w(|z],u) is a
radial function on G, then this unitary isomorphism intertwines the operator of multiplication
by w with a (possibly unbounded) operator d,, on H.

If w is a radial polynomial, then 0, corresponds to one of the ‘differential operators on
the dual’ discussed in Section 2.3.2. If instead w is a negative fractional power of a radial
polynomial, then we can think of J,, as a ‘fractional integration operator on the dual’. The
formulas below allow us to give a more explicit description of such operators d,, in terms of w.

LEMMA 2.9. Let w be a radial function on G, so that w(z,u) = wo(|z|?,u). Then, in the
sense of distributions, we can write 0, as a generalized integral operator,

/ Z Hw,)K,(v,l;p, k) <l Jrn;i 1) lv|™ dv, (2.39)
R™

leNp

with Schwartz kernel

C(m o
Kw(yv lv Hs k) = k‘+m1§ (llml) /(; -FQWO(tv V= ,LL)
l

(%

x LM (wlwlt) L (r|plt) e

m(vltiu)t
2

tm L dt. (2.40)

Here C(m) = 7™ /(m — 1)! is half the measure of the unit sphere in C™, and Fowy is the partial
Euclidean Fourier transform of wg in the second variable, that is,

Fowolt, 1) = / wolt,u) e 27 dy, (2.41)

Proof. Let f € “(G) by a radial function. Then, by (2.24),

-~ k+m-—1 ! Tipeu T m— —
0ufle) = (TN TN [P fe e L )

mlplz)2
2

dz du.

(2.42)



18 ADAM D. HORWICH AND ALESSIO MARTINI

By (2.26) and our identification of G as C™ x R™, we then obtain that

afun = (")) e

D D B e e
R\(0} 5
X e L el ) €5 dz .
By (2.41) and using polar coordinates in z, this gives that
~ C(m R
awf(l%k) - k-+m 1 ]:2("]0 t v —= ) (V7Z)
( R leN
X Ly () L (wlplt) e =5 e de | d,
as required. 0

If we assume that w(z,u) is a function of only |z| or u, then simplifications occur in the
formula for the Schwartz kernel K.

LEMMA 2.10. With the notation of Lemma 2.9, if wo(t,u) = w(t), then

C(m)d(v — H > m— m— —m|v|t ym—
Kw(y,l;,u,k)_(,H(m)l)((Hm1)/0 w(t) L (wlv|t) L (xv|t) e ™I em =1 dt,  (2.43)
k l

where ¢ is the Dirac delta on R"™.

Proof. Observe that, in this case, Fowg(t,v) = w(t) 6(v). The result is then immediate from
(2.40). O

LEMMA 2.11. With the notation of Lemma 2.9, if wo(t,u) = w(u), then
Ko, 15 1, k)

l+m—1\ "1 Fww—p) (|v|-|y] Rl (k=t;m—1) _ (m—p\)Q .
() e () A (1 \zEr ifk>1,
B (2.44)
kbm—1) "1 Fuw—p) (|ul-|v| (—km=1) (1 _ o lul=Iv ,
%) ([v[+uD™ (w+|u\> Py <1 Q(W‘Jr‘l,l) ) ifk <1,

where the Pr(la’b) are Jacobi polynomials, and Fw is the Euclidean Fourier transform of w.

Proof. Since Fow(t,v — p) = Fw(v — p), in this case (2.40) becomes

Ralvnlign k) = ?‘ﬂ”ﬁfﬁfi;’f)) /000 Ly (wlwlt) L~ (| uft) e

k l

m(vl+luDt
2

b dg.

If we set u = wt(Jv| + |p|), then

" C(m) Fw(v — p) / 1 |yl —1, |l /2, m1
Kol k) = - L N (tw) Ly () e /2 u™ du,
(k+k 1) (l—i— 1)(\V|+\M|) ! [+l k [WI+ul

The result is then immediate using Lemma 8.1(ii) below. g
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3. The basic estimates

In this section, we prove the estimates (1.15) for an arbitrary stratified group G and sub-
Laplacian £, which immediately imply Theorem 1.2.
Recall (1.8) and (1.10). Let K; be the convolution kernel of ms(L£). Note that, by Lemma 2.3,

ms(rL)f = f * (D, Ks). (3.1)

Moreover, for each § € Dy, the operator M} is bounded on L for all p € (1, 00] by Lemmas 2.1
and 2.5, so it suffices to consider 6 € D =Dy \ {1}.
Now, from the conditions (1.9) and interpolation, it immediately follows that

]| 2 ey S 627
for all s € RT and 6 € D. Combined with (2.9), this gives
1D K511 = [[Ks|la g 61/ )
for all » € R", whence

sup [lms (rL) flloe £ 627 fll oo,
reR+

which implies the first estimate in (1.15).
Let us now recall a simple consequence of the Fundamental Theorem of Calculus (cf. [30,
Section 3]).

LEMMA 3.1. Forall f € #(G), all § €D, and all x € G,

M@ <27 [ D)1 @) 007w (32)
0
and
1
MEF@P <2070 [ e (@) s (1) 1)) (33
0
where
m;(¢) := 6¢mj5(¢) for all ¢ € RT. (3.4)

It is worth noting that the functions my defined in (3.4) satisfy the same conditions (1.9) as
the mg. The second estimate in (1.15) is then contained in the following result.

PropPOSITION 3.2. For all § € D,

M5l z2sre < [[M5lomsre S 1.

Proof. The first inequality is obvious. As for the second one, from the spectral decomposition
(2.6), it is easily seen that, for all f € .(G),

e dt o dt
[ st | =8 [ bR

(see, for example, [1, p. 101]), and moreover from (1.9), it follows that [ |ms(t)|? a4 <.
Clearly analogous estimates hold if my is replaced by ms defined in (3.4), so we conclude that

\ | mstorse
0 t

[ mstensp
0 t

< OIfI3,
1

Sl (35)

L L
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The desired estimate || M| 22 S 1 then follows by integrating (3.2) over G, applying the
Cauchy—Schwarz inequality to the right-hand side and majorizing each factor with one of the
estimates (3.5). O

4. The ‘maximal-to-non-maximal’ reduction

For the rest of the paper, we restrict to the case of an H-type group G and the distinguished
sub-Laplacian £ thereon. Our aim is proving the estimates (1.17) for the maximal function
My, that is, the estimate

M3 L2 (1 jw)y—L2(1/w) S 1 (4.1)

for the weights w = (1+|-])* and w = (1 + p)® and suitable values of a,b > 0. Clearly a
necessary condition for this to hold is the uniform estimate

sup [[ms(sL)|| 221 /w)—sL2(1/w) S 1 (4.2)
0<s<1
for the norm of the non-maximal operators, which by (2.7) actually reduces to
Ims (L) 221 jw)—r2(1/w) S 1 (4.3)

for ‘quasi-homogeneous’ weights w such as (14 |- )% and (1 + p)°.

In this section, we will show that, for certain polynomial weights w, the implication can be
essentially reversed and that, roughly speaking, it is enough to prove (4.2) to obtain (4.1).
This ‘maximal-to-non-maximal’ reduction result unfortunately does not directly apply to the
weights (1 + | -[)® and (1 + p)®, unless a € 4Ny and b € 2Ny. Nevertheless, the result will play
an important role in the following sections in treating the case of ‘fractional’ a and b, leading
to the proof of (1.17).

Similarly to [9, 30], one of the main techniques in the proof is the reduction of the desired
estimate to a square function estimate. Namely, from (3.3) and the Cauchy—Schwarz inequality,
we immediately deduce that

M3 11721 ) < 267 M 1T5 £l L2 (0,1) /902210 | To f | 22((0,1).ds /) L2 (1) (4.4)

where J ¢ f = (ms(tL) f)ie(o0,1) and J is the analogous operator with 1 in place of ms. Note
now that

1511 L2 1wy L2 ((0,1),ds /)@ L2 (1 fw) = N T3 | 12((0,1) s /)@ L2 () L2 ) (4.5)
where ﬁ; denotes the adjoint operator to J5, which is given, for (measurable) families of

functions (©s)se(0,1), by

e = [ msl0)e. 5 (4.6)

We are then reduced to the study of norm estimates for operators of the form (4.6), featuring
a decay as 6 — 0 that is sufficient to compensate the power 6! in (4.4).
Let us first define the class of weights that we will be considering.

DEFINITION 4.1. A polynomial on G is called sum-of-squares if it can be written as a sum
of squares of real-valued polynomials.

For a sum-of-squares polynomial weight w, norm estimates for operators of the form (4.6)
can be deduced from the following result.
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PROPOSITION 4.2. Let w be a sum-of-squares polynomial on G. Let I C R be an interval.
Let F' € C*(RY), and let Ir be defined by

ds
Tr(ps)s == /IF(sﬁ)aps ~ (4.7)
for families (¢s)ses of functions on G. Then
9 9 ds
77 (0s)sllz2(0) < (1 +degw) s ; 1E (L5l ()

where K is the %—measure of the support of F', and degw is the degree of the polynomial w.

The key ingredient of the proof of Proposition 4.2 is the following lemma, which is based on
the group Fourier transform discussed in Section 2.3.1.

LEMMA 4.3. Let F € C2°(RT). Let P be a polynomial on G.
(i) For all a, 8 € N, and all f € /(G),

supp ((PF(L)f) (o, 8)) € U supp (F(] - [c(k))),

keNg : |[k—|a||<deg P

where the supports in both left- and right-hand sides are meant to be of functions with domain

R™\ {0}.
(ii) For all p € R™\ {0}, o, B € NI, and all f € S (G),

supp ((PF(-L) f) (p, o, B)) € U supp (F(-|ulc(k))),

k€Ng : |k—|a||<deg P

where the supports in both left- and right-hand sides are meant to be of functions with domain
R*.

Proof. Let K; denote the convolution kernel of F'(¢t£) for all ¢ € R*. Then, by iteratively
applying the Leibniz rules from Section 2.3.3,

PF(tL)f = P(f * K1) = Y (Q;f) * (R; K1)

J

for suitable polynomials Q;, R; (depending only on P) with deg@;,degR; < deg P, and
therefore, by (2.20),

Jj yeNg
Taking any of the R; in place of P, we are then reduced to proving that
swp (PEi (o)) € | supp (F(] - [e(h))),

kEN: |k—|o||<deg P
(4.8)

swpp (t = Pi(wa ) € |J  supp (F(lple(h))),
keN: |k—|a||<deg P

By linearity, we may assume that P factorises as P(z,u) = Q(z)R(u).
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Let Hi(z,u) = R(u)K(z,u). By iteratively applying Lemma 2.8 and the identities (2.31)
and (2.32), we can write

PKt(/’(‘7a7ﬁ) = Z cu,a,ﬂ,a’,ﬁ’Ht(:u’7al7B/)
Q’,ﬁ’GNS]
la'—al+]8"—Bl<deg Q
= Z Cu,(y.,[)’,kHt(/J7 k)a

keNy
|k—|of|+|k—|Bl|<deg Q

for suitable coefficients ¢, o,8,07,8’ 5 Cu,0,8.k € C; the second identity is due to the fact that H;
is radial. Similarly, by iteratively applying (2.34) and (2.22),

— 0\~
Ht(,u,k) = Z Cu kK (a‘u) Kt(:uakl)

k' €Ng, yENY
|k’ —k|+|~|<deg R

= Z ot 0 P F O (t|pl (k).
k' €N,
[k —k|-+f<deg R

Since supp F*) C supp F for all £ € Ny, the containments (4.8) are easily deduced by combining
the previous identities. O

Proof of Proposition 4.2. Let w=>_ j Pj2 for some real-valued polynomials P; on G, so
deg w = 2max; deg P;. Note that

17000l = 5| [ BF601R

L2 (@)

> ¥/

j «,BeEND m\{0}

[P e ) ™

by (2.15). By Lemma 4.3(ii), for each p € R"\ {0} and o, 8 € NJ', the %-measure of the
support of s — (P;F(sL)ps) (1, o, ) is controlled by (1 + 2deg P;)x. Hence, by the Cauchy—
Schwarz inequality,

2

" ds . ds
JEFaLe e d | < (2P [ (PFGL)R o HET
Therefore, again by (2.15),
ds
10l < 0 +dea2P) w [ IPFL)e e S
J
<(1+d F(sL) o220y 22
< (I+degw)k 1” (sL)eslz2(w) s
and we are done. U

If we apply Proposition 4.2 with F' = ms and I = (0, 1), we immediately deduce that

15 £2((0,1).ds /5y @12 () 5 L2 ) S 82 S lms (SL) || 22 (w)— L2 (w) - (4.9)
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In view of (4.4) and (4.5), this implies the estimate
M3 1720 )22y S 8UD ms(SL)[| 22 () 22() sUD 05(SL) || L2 ()5 L2y (4:10)
0<s<1 0<s<1

which provides the desired ‘maximal-to-non-maximal’ reduction (note that the norm of ms(s£)
on L?(w) is the same as that on L?(1/w) by self-adjointness).

It would be interesting to know if estimates of the form (4.9) and (4.10) hold for wider classes
of weights. The methods used in the proof seem to strongly depend on the polynomial nature
of w. In the next section, however, we will see that a sort of interpolation technique can be
used to work around this obstruction in the case of certain fractional powers of polynomials.

5. The ‘maximal-to-non-maximal’ reduction, take two

As discussed in the previous section, a necessary condition for the maximal estimate (4.1) to
hold is the validity of non-maximal estimates such as (4.2) and (4.3). In this section, instead
of trying to revert the implication, we will show that certain two-weight estimates, from which
(4.3) readily follows by interpolation, are also enough to obtain (4.2) under suitable assumptions
on the weight w. These two-weight estimates involve powers of the weight w, thus allowing us to
apply the results of the previous section even when the weight w is not a polynomial, provided
that some power of w is. As we will see in the next section, in turn, these two-weight estimates
may be reduced to a ‘trace lemma’, the proof of which will eventually be our main objective.

The aforementioned two-weight estimates are expressed in terms of a decomposition of the
operators ms(L). For all 6 € D, we define J5 € N so that

27571 <2051 < 2% (5.1)

and define operators Rs;, j = 1,...,Js, on L*(G) by

— L oiny(c(lal)) flp,a, B)  for j=1,...,J5 -1,
Rs i f(pu,a,B) == . . (5.2)
1[2J6,oo)(c(|a|))f(lu‘7avﬂ) for j = Js,
where c(k) is defined as in (2.21). In order to motivate the subsequent developments, let us
first present the simple interpolation argument yielding the ‘non-maximal’ estimate (4.3).

PRrROPOSITION 5.1. Let w be a weight on G and N > 1. Suppose that, for all 6 € D and for
all 1 < j < Js, the estimates

1R, jms (L) F113 £ CO NN Z2 ) (5:3)

and
1Rs,jm5 (L) fll7 vy S OGN NIF IR 20wy + 117200 (5-4)
hold, where C(6,7) > 0. Then, for all § € D,
Hm5(£)||L2(1/111)—>L2(1/w) é 1. (55)
Proof. Define S := {(z,u) € G : C(9,j)w(z,u) < 1}. Note that, if f is supported in either

S or its complement, then one of the two summands in the right-hand side of (5.4) dominates
the other one. Consequently from (5.4), we deduce

1R, s (L) (As 2wy £ CONT 1 Fl172 )

1Rs.jms (L) (Lans) fll720n) S 11ans FlIT2 ()
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If we interpolate the first estimate with (5.3), and the second estimate with the trivial L?
estimate || Ry, ms(L)||12 2 < 1, then we obtain

||R6,jm6(£)(18f)||%2(w) N H15f||%2(w)7

1R, 5m5(L) (Lens 72wy S 11ans FIl72 ()
and consequently,
[R5 515 (L) f 117200y S 11172 00)-
Since Js ~ |log(d)| < 1, this estimate holds if Rs ;ms is replaced by just ms, and the desired
result follows by self-adjointness of ms(L). O

In this section, we show that, for a certain class of weights w, the assumptions (5.3) and
(5.4) are essentially enough to deduce the maximal estimate (4.1) too.

DEFINITION 5.2. A weight w on G will be called:

e quasi-homogeneous, if w ~ 1+ w§ for some a > 0 and some nonnegative function wy on
G, which is 1-homogeneous with respect to the group dilations;
e temperate, if there exists o > 0 such that, for all z,y € G,

w(z) S w(y) (1+d(z,y))%;
e admissible, if w € A3(G), w is quasi-homogeneous and temperate.

We denote by Adm(G) the collection of admissible weights on G.

As discussed in the previous section, estimates for the maximal function M} can be reduced

to estimates for the operator 9(;[ defined in (4.6). These are contained in the following
statement.

PRrROPOSITION 5.3. Let w be a weight on G and N > 1 such that:

e w e Adm(G);
o w! is a sum-of-squares polynomial on G;

e the estimates (5.3) and (5.4) hold for all § e D and j =1,...,Js.

Then, for all § € D,
1 Z5 | 22((0,1).ds /)@ 12 () 12 (w) S 82 (5.6)

As an immediate consequence, in view of (4.4) and (4.5), we obtain the following estimate
for My.

COROLLARY 5.4. Let w be a weight on G and N > 1 such that:

e we Adm(G);

o w! is a sum-of-squares polynomial on G;

e the estimates (5.3) and (5.4) hold for all § €D and j=1,...,J5, as well as the
corresponding estimates where my is replaced by ms defined as in (3.4).

Then, for all 6 € D,

M3 2 (1jw) L2 (1jw) S 1-
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The proof of Proposition 5.3 will be given at the end of the section, after a number of
preliminary lemmas.

First of all,, we show that, in place of ,7;, it is enough to consider a ‘portion’ of it, where
the integral in (4.6) is restricted to (1/8,1).

LEMMA 5.5. Let w € A3(G) be a quasi-homogeneous weight. Then, for all § € D,

1 F5 1 22((0,1).as/8)0L2(w) > 22(w) S 02 + 1Ws]l2((1/8,1) s /)0 L2 (w)— L2 (1)
where the implicit constant may depend on w, and

1
ds
Us(ps)s i= s ms(sL)ps 5

Proof. We first choose ¥ € C2°(R) with supp(¥) C (1,4) and

1= 9@2F*s), s>0.

kEZ

Note that supp(ms) C [1/2,1] (here we use that § < %), so, for all k € Z,
ms(tL) 9(27FL) =0 for t ¢ I}, := (27773 27F),

and moreover, I, N [0,1] = @ for k¥ < —4. Hence, from Lemma 2.6 (note that 1/w € A1(QG)), we
readily deduce

175 (ps)sllZ ey = D 1927 L) T3 (00 E2 )

kEZ

= Z H\il&k’(@s)selk ||%2(w)7
k=-3

where

- X ds
‘115716(98)8 = : m5(5£)19(2_k[’)gs 5
k

and in particular

1511 L2 (0,1),ds /)@ 12 () L2 (w) S Sup W5kl 2210 ds/s)@ L2 (w)— L2 (w)-
Since w is quasi-homogeneous, w ~ 1+ w§ for some nonnegative 1-homogeneous function

wop on G and some a > 0. In order to conclude, it will be sufficient to prove that, for all
k> -3,

H‘i’é,k||L2(Ik,ds/s)®L2(1+w8)ﬁL2(1+w8) S bgg’é} ||‘I/5||L2(Iu,ds/s)®L2(1+wg)_>L2(1+w3), (5.7)

where the implicit constant is independent of k; indeed, the term with b = 0 in the right-hand
side is controlled by a multiple of §'/2, by Proposition 4.2.
To prove (5.7), note that, by Lemma 2.3,

@5,k(95)561k = DZ*kq}é,O(DQkQQ*ks>s€Iov
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whence
1Ws,k(9s)sllL2(14ws) = e, 1W5,5(9s) sl L2 (i)
_ (@-b)k/4)|
= bg;gf;}? [W5,0(Darga-rs)sll L2 (i) (5.8)

(Q=b)K/4|§
< bgfgﬁ}Q ||\D§,O(D2kg2*’“s)5||L2(1+w8).

On the other hand,

— 2@k (g,)

[ (Darga—rs)sllL2(10,ds/s) L2 (wd) sllz2(r.ds/ )02 (wh)

whence also

2—(Q—b)k/4||(

H(D2k92_""’s)8”LQ(IO,ds/s)®L2(1+wg) S gé')s||L2(Ik,ds/s)®L2(1+w8) (5.9)

(here we are using that 2°%/4 > 1, since b € {0,a}, a > 0, k > —3). A comparison of (5.8) and
(5.9) immediately yields

19kl L2(1h,ds/5)0 L2 (1+wg) > L2(14wg) S o, 195,01l L2 (10,ds/5)@ L2 (14wk)— L2 (14wd) -

On the other hand, since ¥ € C°(R*) and w € A2(G), ¥(L) is bounded on L*(1 + w}) for
b€ {0,a} (see Lemmas 2.1 and 2.5), whence

||\115,0||L2(Io,ds/s)®L2(1+w8)~>L2(1+w8) 5 ||\I]5||L2(Io7ds/s)®L2(1+w8)—>L2(1+w8)
and (5.7) follows. O

Let x € C*°(R) be even, real-valued and such that
supp(x) C (—2,2), x(A) =1for A e (-1,1).
Define, for A € R, ns(\) = ms(A?). We now decompose ns; = n} + nj', where
Fns(N) = x(623) Fns (), Fng'(A) = (1= x(0°A)) Fns(N)

and F denotes the Euclidean Fourier transform. Then ms(t£) = nk(vtL) + nll(vtL), and
correspondingly, Us = \I/fs + \I/?, where

1 1

ds ds

\I/}S(SDS)S = / HES(V sL)ps —, \IJ?(@S)S = / n?(\/i)Sas .
1/8 s 1/8 S

We now show that WLl is effectively negligible in our analysis.

LEMMA 5.6. For all w € A3(G) and k € N,

SlIlRRr ||H};I( v S’C)fHLZ(w) Sk 6k||f||L2(w) (510)
EIS
and

I 2 ((1/8,1),ds /)0 L2 (w) > L2 () Sk 0%, (5.11)

where the implicit constants may depend on w.
Proof. Since ns is even and vanishes at the origin (§ < 1/2), we can write ns(A) = nf () +
nj{(—)\), where Supp(nj) C (0, 00). Correspondingly

STEFnS (67N = 2071 (1 — x(6M)) Re Fnf (571N
. (5.12)
= 2(1 - x(5\)) Re (6—2’”“ .FNg(A)),

where Ns()) := n (6A + 1) and we have used that n} is real-valued.
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From (1.9) it easily follows that supp(Ns) C [-1/2,0] and HNéj)Hoo S 1 for all j € Ny
(uniformly in §). Hence each Schwartz seminorm of FNj is bounded uniformly in J. Since
1 —x(6)\) vanishes unless |A| > 467!, it is readily seen that each Schwartz seminorm of
A (1= x(6X) e2729 " FN5(A) is majorized by 6* uniformly in & for arbitrarily large k.
By (5.12), this implies that each Schwartz seminorm of nl(4-) is majorized by 6* uniformly in

¢ for arbitrarily large k.

Since n}! is even, from Lemmas 2.5 and 2.1, we deduce, for all s > 0 and for all k¥ € N, the

estimate
' (VL) f(2)| S 6" Mf(z) ae. (5.13)

where M denotes the Littlewood—Hardy maximal operator on G and the implicit constant in
< does not depend on s or §. Since w € Ay(G), M is bounded on L?(w) and (5.10) follows
immediately from (5.13). Moreover, by the Cauchy—Schwarz inequality,

1
ds
@l S [ I8 DIl

and (5.11) follows by applying (5.10) to the inner norm. O

The analysis of Uy is then essentially reduced to that of the ‘main term’ W%, for which we
can exploit the support condition on F nf; and finite propagation speed for £. This leads to the
following result.

LEMMA 5.7. Let w € Adm(G), and assume that infw=1. Let Aj={r e G : 21 <
w(x) < 2'} for all | € N. Then

195(0)s 172y S 6 1(08)slF2((1/8.1)./9)0020) + D 1T (La,00)sll72 )
leN

Proof. Note that G = UleN Ay, since w > 1. In view of the decomposition ¥y = \I/(IS + \I/(ISI
and Lemma 5.6, it is enough to prove that

15 (@s)slzo gy £ D IN5(La0s)slZe ) (5.14)
leN

Let Ks; be the convolution kernel of n(vtL£). Since supp Fn} C [-25-1,2671], by finite
propagation speed (Lemma 2.4), we deduce that, for |¢| < 1,

supp(Ks,;) C B(0,4762). (5.15)
Since w is temperate, there exists a > 0 such that, for all z,z € G,
w(z)
<(l1+d «. 5.16
TS (i de) (5.16)

From this, it immediately follows that, for a suitable constant x > 0 and all [ € N,
B(A;,81672) C{z e G : 2!7r1os@I=1 <9 4 gy (ar) < 2!FrllosO)y

which implies that B(A;,4mw0~?) N B(Ay,4n6%) # 0 only if [I' — I| < k|log(d)].
Observe now that, by (5.15), supp U5(14,p5)s C B(A;,4m52). This means that, in the
decomposition

\IJ}S(‘PS)S = Z \I’}S(lAL‘PS)&
leN

the number of non-vanishing summands at each point of G is $ 1, and (5.14) immediately
follows. O
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Proof of Proposition 5.3. Observe first that (5.3) and (5.4) hold in a slightly enhanced form:

1Rs jms(s£) 113 £ C6, D72 ) (5.17)
and
1Rs jms(sL) flI 22 (ony £ OGN NI 1Ty + 11220 (5.18)
uniformly in s € (1/8,1). This is an immediate consequence of the observation that
Rs jms(sL) = DsRs jms(L)Dy-1,

(cf. Lemma 2.3) and that moreover, by quasi-homogeneity, w o §5 ~ w uniformly in s € (1/8,8).
Without loss of generality, we may assume that inf w = 1. Then, by Lemmas 5.5 and 5.7, we
are reduced to proving that

D oW (Laps)slTauy £ 6 10Po)slTaa/sny.as ooz w): (5.19)
leN
Note now that, for j =1,...,Js,

—1)/N 1/N
1 Rs.i @s(La20)s 12y < I1Rs 3 s (Lar )l P 1Ry s (L, 0)s | o -

Moreover, by Proposition 4.2 and (5.18),
! d
2 2 S
“R5ajqj5(1Alw5)S||L2(wN) 5 6/1/8 ||R5¢jm5(‘9£)1141(pSHL2(wN)?
< 6 max{2V 1! O, ) NI A 09)s 1721 /8,1),ds /)0 12 ()
(

similarly, by Proposition 4.2, (5.17) and the trivial L? estimate for Rs ms(sL),

1
ds
s 8s(Lap ey S0 [ I1Rams(oL)Lapalloe

< 6 min{27, C(6, ) HI(La,08)s 1721 /8.1).ds /)0 L2 () -

Hence,
1Rs5595(La,05)s 172wy S 0 N(Larps)sllTe(1/s,1).ds)5) @2 ()
and
D IRsjUs(1a,0)sl172 ) S 0 1(08) sl T2 (18,1 ds /81012 w)-
leN
Since Js < 1, summing in j =1,...,Js5 gives (5.19). O

6. Reduction to dual trace lemmas

The aim of this section is to reduce proving the estimates we need, that is (5.3) and (5.4), in the
case of the weights w = (1 +|-|)* and w = (1 + p)?, to proving suitable ‘trace lemmas’. It is
easily checked (see Lemma 2.2) that such weights w are admissible. Moreover, (1 + |(z,u)])* ~
1+ |z|* + |u|?; hence, in the case w = (1+|-])?, if we set N = 4/a, then w is equivalent
to a sum-of-squares polynomial, so Proposition 5.3 and Corollary 5.4 apply to w. Since (1 +
p(z,u))* ~ 14 |z|*, a similar remark applies in the case w = (1 + p)°.

Recall the definition of ¢(k) in (2.21). We set

¢y (k) :==¢e(k+~) for v € {-1,0,1}, (6.1)
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and define operators ng, forye {-1,0,1},j=1,...,Js and f € Z(G), b

_ 1, 195 0i+1 f , O if 7 < Js,
M F 0 B) n-s1y(cy(fal)|ul) L o )(Cv(|04|))A (1o, B) i j < Js 6.2)
L —say(ey(la))|ul) Liprs ooy (ey (l) f (1o 0, B)  if j = Js.

Note that My ; = Rs jm;(L).

PROPOSITION 6.1. Let a € (0,2]. Suppose that the estimate
1M55 515 = CO N2 ) (6.3)
holds for all 6 € D, 1 < j < Js, v € {—1,0,1}, in one of the following cases:

(i) w=(1+]-))* and C(d,5) = (2776)"/*;
(ii) w= (1+p)* and C(0,j) =2~%.

Then the estimates (5.3) and (5.4) hold with N = 4/a.

The proof will be given at the end of the section, after a number of auxiliary results.
Let K5 ; to be the convolution kernel of Rs jms(L). Recall that, by (2.22),

— 1[2.1’,2.7‘-*—1)(0(/{)) m5(|u|c(k)) for j=1..., Js — 1,
Ksj(p, k) = { . (6.4)
L5 ooy (c(k)) ms(|ple(k))  for j = Js.
LEMMA 6.2. Let
1i9s 2541y (e(k)) s (c(B)|pl) ifk>0,5<Js,
Hs (1, k) := q Lposs ooy (e(k) sy (c(k)|p])  ifk>0,5=Js,
0 ifk <0.
Then, for all 6 € D, 1 < j < Js, and for all p € R™\ {0}, k € Ny,
Ko (11, )| S Ho (11, ), (6.5)
Ko (k) S 27 Y Hsj(pk+7), (6.6)
ve{-1,0,1}
K (I S 6712 " Hyy(uk+), (6.7)
ye{-1,0,1}
and, if P is any homogeneous first-layer polynomial of degree 1, then
S 2 [H; j(p, |el) + Hs (1, 1B))] i | = Bl = 1,
|PKsj(p, o, B)| Sp ! ! . (6.8)
0 otherwise.

Proof. The estimate (6.5) is an immediate consequence of (6.4) and (1.9).
As for (6.6), note that, by (2.33) and (6.5),

1+k

PTI?' s k 5
| 0]( )| |/1"

> Hsj(mk+7).
~e{-1,0,1}

In the case j < Js, the latter sum vanishes unless 1+ k ~ c(k) ~ |u|~! ~ 27, and (6.6) follows.
In the case j = Js, a similar argument works provided c(k — 1) < 27¢: indeed, the sum vanishes
unless c(k + 1) > 275 so again we deduce 1+ k ~ c(k) ~ |u| ! ~ 275,



30 ADAM D. HORWICH AND ALESSIO MARTINI

Suppose now that j = Js and c(k — 1) > 275. Then, by (6.4) and (2.33),

P55 (1 k) = [(% +m)ms(|ple(k)) = kms(|ule(k — 1)) = (k + m)ms(|ulc(k + 1))]. (6.9)

On the other hand, by Taylor’s theorem, there exist 6.,6_ € (0,4m) such that

ms (|ple(k £ 1)) = ms(|ple(k)) & dr|ufmi(|ple(k) + (4r|ul)?mf (ul(c(k) £0+)).  (6.10)

Substituting into (6.9) and exploiting cancellations, one easily obtains that

102K 75 (1, k)| S s (pale())] + (1 + k) me (Il (c(k) + 02)].

By (1.9), the right-hand side vanishes unless 1+ k =~ ¢(k) =~ ||, and moreover, the first
summand is clearly controlled by a multiple of ' Hj, s, (1, k). Moreover, |m¥ (|u|(c(k) £ 01))]
vanishes unless |u|(c(k) £6+) € [1 — 4,1], which implies

4ol < Am(e(k) £01) 7' <dn(e(k—1))7F <4m277 <6 (6.11)
by (5.1), and

lule(ks) <1, ule(ke +1) 21 =9, |ple(ks +1) = |ple(ks) <0

(where ky =k and k_ =k — 1), whence |u|c(k) € [1 —§,1] or |u|e(k £1) € [1 —4,1]. This,
together with (1.9), shows that (1 + k)|u||mj (|u|(c(k) £64+))| is controlled by a multiple of
8 %[Hs, 5 (s k) + Hs y; (1, k £ 1)]. Putting all together, and recalling that §=1 ~ 275 yields
(6.6) in this case too.

Let us finally consider (6.7). From (2.34), (6.4) and (1.9), we immediately deduce that

— 0 — 1+k .
] $ | B + 1 EE S Rkt )
i H ve{-1,0,1}
1+k
|1l

So, arguing as in the proof of (6.6), we easily deduce (6.7) in the case j < Js, and also in the
case j = Js and c(k — 1) < 275.
Suppose now that j = Js and

S (L+k)6 Hyj(p, k) + > Hsj(mk+7).

~ve{-1,0,1}

c(k —1) > 275, Then, by (2.34),
DK (s k) = 4m(2k 4+ m) Loy (ple(k))

iz
+ ﬁ?[mma(luldk)) + ks (|ule(k = 1)) = (k 4+ m)ms(|ule(k + 1))].

By substituting the Taylor expansions (6.10) and exploiting cancellations, we obtain

05 (1 k)| S +k|u|Z\m (Juel(e(k) £ 62))],

which, analogously as before, leads to the desired estimate (6.7).
It remains to consider (6.8). Firstly, note that, by (2.31) and the radiality of Kj;, we

immediately deduce that Qmj(u, «, 3) vanishes unless o + e; = 3, in which case a; + 1 = 3;
and

1+ |af

/2, .
_ ) | Ko (,181) = K )|

K (1, B) < (
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—

Similarly, by (2.32), (.., Ks (i, v, 3) vanishes unless o = 3+ e;, in which case an analogous

estimate holds. Hence, by Lemma 2.8, we deduce that FTKTJ(M, a, ) vanishes unless |a — 8| =
1, in which case

14 o]
|

Noting that | 5| = |o| £ 1 when |a — 8| = 1, the right-hand side can be estimated analogously as
in the proof of (6.6), by exploiting, in the case where j = Js and ¢(|a| — 1) > 275 a first-order
Taylor expansion in place of (6.10). 0

_— vz _
PR ) S () RS 1)~ R e

LEMMA 6.3. For all § € D and 1 < j < Js, the estimate

[Rs.jms (L) fllr2 sy S I f ez + D6,3)7 > 1M fll2 + D6, ) fllr2 w2y (6.12)
ve{-1,0,1}

holds in the following cases:

(i) w=1+]-|and D(4,j) = (276-")"/%;
(i) w =1+ p and D(§,5) = 27.

Proof. Note that
[R5 jms (L) fllzzcarpry S Nfll2 + [[Rsjms (L) fll L2 (o1,

[R5 jms (L) fllzzar)poy S Ifll2 + [ Rs ms (L) fllp2(pn) + Z [ Rsjms(L) [ 2 y2)
1
where we used the L? boundedness of Rs jms(L).

Clearly, the term || f||2 is bounded by || f||z2(.4) in any case.
Now,

| Rs.jms (L) fllL2(p0) = I1p°(f % Ks5) |-
By (2.37),

PP (f # Ksj) = f+ (0°Ksj) + (0°f) * Ko j+ > _(Pof) * (QsKs )

for some homogeneous first-layer polynomials P;, Qs of degree 1. Note that we trivially have

1(0%F) * Ks 3115 S NFNIZ2 00

since Rs;ms(L) is bounded on L?. Next, by (2.20) and (6.6),
|(F * (0* K 5) s, B = 192K (s @) | F (s v, B)°

<29 3T Hy (o] +9) [F (0, B)

vE{—1,0,1}
— o4 Z |ngf(/j’7a75)‘27
~e{~1,0,1}

which implies, by (2.15), that

If % (PP Ksg)lla S 27 Y M7 fllo-
ve{-1,0,1}
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Further, by (2.20) and (6.8),
(Pof) * QKo )V (e P S 27> [Honps[of) + Hsn(p, |0/ )] [Pef (s 0, B,
o |la—a’|=1

whence

SRS+ (QuKo ) s B2 S22 S0 S Hynluslal + )| P (s, B)

ve{-1,0,1} «
and again, by (2.15), we deduce that
(P f) * QK5 j)ll2 S 27 D> 1M (Pof)
v€{~1,0,1}
Combining the above estimates yields
1R ms(O)f |2ty S IFIZoipny +27 D IMI 420 Y0 DM (P2,
ye{-1,0,1} ve{-1,0,1} s

whence the estimate (6.12) in the case w =1+ p follows, since the M ; are uniformly L2
bounded. ‘
Similarly,

[ Rs,jms (L) fll L2 g2y = (] * Ks5)ll2
and, by (2.38),

bi(f * Ksj) = (uf) * Koj+ fo (0B )+ (Pof) = (QuaKs )

for some homogeneous first-layer polynomials P 5, Q; s of degree 1. Arguing as above, and using
(6.7) in place of (6.6), one deduces

IRs jms (L) fll 2y S Wfllzacery #2767 >0 IMIflla+2" > > IIMY(Posh)la-
ve{-1,0,1} ve{-1,0,1} s

Combining all the above estimates, and observing that 2/ < 5!, we obtain that

1R, jms (L) fll L2 caenn) S T2y
+27571 Z ||1\4§,ij|2+(2j5_1)1/2 Z ZHMQJ-(PSJC)Hz

ve{-1,0,1} ve{-1,0,1} s

for some homogeneous first-layer polynomials P, of degree 1. The estimate (6.12) in the case
w =1+ again follows since the M ; are uniformly L*-bounded. O

Proof of Proposition 6.1. Clearly, (6.3) with v = 0 implies (5.3).
As for (5.4), noting that w? ~ w* (where wis 1+ |- | or 1 + p as appropriate), if we combine
Lemma 6.3 and the estimate (6.3), then we deduce

1Rs,jms (L) fll72 0y S IFIZ2(ony + D@D I F 122wy + D6 D F 72 072y

where D(6,7) is (27671)'/2 or 27 as appropriate, so that C(4,4) = D(4,5)*. To complete the
proof of (5.4), it is enough to show that the last summand in the right-hand side is controlled
by the other two. However, this is clear in the case a = 2, since N/2 =1 and 4 — a = 2 in that
case. Otherwise, let

S:={(z,u) € G :w(zu)N'? < D6, )}
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since N/2 =2/a > 1, it is then easy to check that
D(8,5) 115 f 122 onrzy < DO T N NZ2 ()

while

D6, )2 1165 12 sy < 11220,

and we are done. O

7. The dual trace lemmas

Recall from (6.2) the definition of the operators My ;- The main results of this section are the
following ‘dual trace lemmas’.

THEOREM 7.1. Forall§ €D, 1< j < Js, v€{-1,0,1} and a € [0, 2],

M55 113 £ @778 21 FlZ2 (1t oy (7.1)
THEOREM 7.2. Foralld €D, 1<j < Js,v€{0,1,—1} and a € [0,1],
||M3,jf||2 < @) F IR (1400 (7.2)

It should be observed that, in the case j = Js, the constants (2776)%/2 and (277)% in the
right-hand sides of (7.1) and (7.2) are comparable (since 2775 ~ §), so Theorem 7.2 gives a
stronger estimate in this case. In the case j < Js, instead, the two results are not comparable,
and Theorem 7.1 requires an independent proof. In both cases, the proof strategy will be based
on the following conditional result.

Here and henceforth, K 7 - denotes the convolution kernel of the operator M,/ 5 Moreover, a
function on G is said to be G homogeneous if it is homogeneous with respect to the automorphic
dilations (2.3).

PROPOSITION 7.3. Let a € (0,00). Let w be a G-homogeneous weight of degree 1, which
is a fractional power of a nonnegative polynomial. Suppose that, for all 0 € R, all 6 € D, all
integers 1 < j < Js, all v € {—1,0,1} and all compact I C R*,

sup ‘G*GQaw,a/HieK;j(p,kﬂ =1 C(6,7), (7.3)
ok
c(k)|pler

where the implicit constant does not depend on 0, and C(d,7) 2 6" for some k > 0. Then, for
all 6 € D, all integers 1 < j < Js, and all v € {—1,0,1},

1M, 713 S O 1125y (7.4)
moreover, if w is first layer (that is, depends only on z), then
1M, I3 S O I e (7.5)

In light of this result, the proof of our ‘trace lemmas’ boils down to establishing the estimate
(7.3) for an appropriate choice of the weight w. More precisely, for Theorem 7.2 we take w = p,
while in the case of Theorem 7.1 (and j < J;), we take w = /2. In the proof of the various
instances of (7.3), a crucial role is played by the explicit formulas for ‘dual fractional integral
operators’ obtained in Section 2.3.4, as well as the estimates for Jacobi polynomials discussed
in Section 8.
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It should be noticed that, starting from the kernel estimate (7.3) with 6 = 0, the ‘trace
estimates’ (7.4) and (7.5) could be directly derived using duality and Schur’s Test (cf. [9, proof
of Lemma 3]), provided one restricted to the class of radial functions f. Indeed, from the
estimate in Lemma 7.10 one could derive the following sharpened version of Theorem 7.1, that
only involves second-layer weights, but applies to radial functions only.

PROPOSITION 7.4. Assume that f is radial. For all § € D, 1 < j < Js, v € {—1,0,1} and
a €0, 2],

1M, 718 5 @701 1 gy (7.6)

For general functions f, however, the direct approach through Schur’s test appears not to
be enough; similarly to [30, proof of Lemma 7], the proof of Proposition 7.3 exploits a more
delicate complex interpolation argument (requiring the estimate (7.3) for arbitrary 6 € R),
combined with the Leibniz rules of Section 2.3.3. The fact that the Leibniz rule (2.38) for
second-layer polynomials produces first-layer polynomials as well explains why the final trace
estimate (7.4) contains the ‘full weight’ |- |, despite being derived from a kernel estimate
(Lemma 7.10) involving a second-layer weight only.

Before discussing the proofs of the ‘trace lemmas’, Theorems 7.1 and 7.2, and the conditional
result Proposition 7.3, we shall prove a small lemma that will be of use in what follows.

LEMMA 7.5. Let k € Z and = € Ny. If ¢(k) > 0, then <12 ¢ [1,1 4 22]. If additionally

c(k)
c(k — ) > 0, then C(f(;)m) € (1355 11-

Proof. Recall the definition of ¢(k) in (2.21). For the first inclusion, since c¢(k) > 0, then
c(k) = 27, so
clk +x) drx drx
1<{———=14—==14 —< 1+ 22. 7.7
() T T T ST (7.7)
If ¢(k — ) > 0, then let [ := k — z. Then ¢(I) > 0, so applying the first result of this lemma
gives
c(k)  c(l+)
clk—xz) ()

which gives the second result. O

€ 1,1+ 2], (7.8)

7.1. The conditional result

In this section, we prove Proposition 7.3.
Let ¢, 99 € C°(R) be such that supp(¢) C (1,3) and

1= Z @2 (t) for t > 0, where @y (t) := p(27%t) for k > 1. (7.9)
keNy

For all € Ny, define the cut-off operators A, and A, by
Arf(zu) == or(|(z0)]) f(z,0),  Anf(z,u) = on(|2]) f(2,0) (7.10)

for all functions f : G — C. We first prove an auxiliary estimate.

LEMMA 7.6. Under the assumptions of Proposition 7.3, for all ¥ € C°(RT), all R,0 € R
with R > 0, all § € D, all integers 1 < j < Js, all v € {—1,0,1}, and all r € Ny,

e (Wm0 kY W(L)[(AF) + (A F)D] Swm O3, 5) 127 £113, (7.11)
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where the implicit constant does not depend on 6. In addition, if w is first layer, then the
estimate (7.11) also holds with A, replaced by A,.

In the proof, for a G-homogeneous polynomial P, we denote by hdeg P its homogeneity
degree with respect to the dilations (2.3).

Proof. Let d € N be such that w? is a polynomial. By complex interpolation (that is,
Hadamard’s three-line theorem), it is enough to consider the case where R = dN for some

N € Ny. Let K denote the convolution kernel of ¥(L£). Now, by (2.28),

(N2 R WL * (A D)

|| X 0o K ) BN (A PTG ™ i

aeNT

By Lemma 4.3(i), [w™NW(L)[(A.f)* * (A )] (1, o, ) # 0 only if |ule(k) € supp ¥ for some
k € Ny such that |k —|a|| < 2N, which implies by Lemma 7.5 that |ulc(|a]) € T:=[(1+
4N)~! minsupp ¥, (1 + 4N) max supp ¥]. We can then apply (7.3) to deduce that

e (WIN T 2HOR Y W(L)[(Af) * (Af)))]
7.12
v C(6,5) /R O LA (A )]s 0 0)] ™ dis (712

aeNG

Let Ky be the convolution kernel of U(L). Then, by iteratively applying the Leibniz rules from
Section 2.3.3,

WNUL)(Arf) * (A )] = w™ [(Ar )" % (A f) * K]

= [(PLaAf)" * (PiaAcf) = (PsKu)],
l

where P, 1, P2, P 3 are G-homogeneous polynomials on G with Zle hdeg P, s = dN. From
(7.12), (2.29) and Young’s convolution inequality, we then deduce that

e wIN T 2EOR Y W(L) (A f) (A f)))]

SN C(5,5) Y 1P, fllal| Pa Ay fllal| Prs Ko 1
l

Sy C(6,4) Y 2rhdee frathdes P p)|2
l

Sn CO, N2 1113,

where we used that Ky € .(G) [36], that |P | < |- [hdeeFie < orhdee P o the support of
A, f and that hdeg P, ; + hdeg P » < dN.

If w is first layer, then essentially, the same proof works with A, replaced by A,. In this
case, the polynomials P, s given by the Leibniz rules are first-layer as well, whence |P; 5| <
phdeg Pre < grhdeg P on the support of A, f. O
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Proof of Proposition 7.3. Choose ¥ € C2°(R™) such that ¥(z) = 1 for x € [},3]. From (6.2)
and Lemma 7.5, it is clear that M ; is an orthogonal projection and W(£)M ; = M ;. Hence,
by (7.9), '

1M flla <M A2 Fll
r=0

o0

=D (W(L)My ATF, ATS)

r=0

o0

=Y (K] W(L)[(ALf)" « AZF)2.

r=0

We now apply (7.11) with R = a/2 and § = 0 and the Cauchy—Schwarz inequality to obtain
that

oo

13 f 112 £ C6,5)2 ) 272 A fll2
r=0
o /2 ;o 1/2
< O((S,j)l/Q <Z 2(a+e)r/2||ATf||§> <Z 2—er>
r=0 r=0

~e C(6, )2 N fllLa(as) etey

for all € > 0. Since C(d,5) = 6" for some k > 0, interpolation with the trivial L?-estimate for
My ; completes the proof.

In the case w is first-layer, a similar argument works with A, in place of A,. In this case,

one exploits the fact that 200 2(aT97/2||A, f||3 ~ ||f||2L2((1+p)a+g). 0

7.2. The first-layer trace lemma

In this section, we prove Theorem 7.2, which also implies the case j = Js of Theorem 7.1.
Recall that ng denotes the convolution kernel of ng. From (6.2) it is clear that, if j < Js,
then ' '

—

K (k) = 1psay(cy (k) |p]) s 2o1) (cy (R)). (7.13)

Firstly, the following estimate will be useful.

LEMMA 7.7. Let m € N and let a € [1,2m]. Then, for all x € Ny,

- {(1 + g)mta/2=2 ifa#1,2m,

14— a=2(1 + m—a/2—1 <ma
pz:;)( P Ep) ~TE) (14 ) te/2 2 1og(2 4 ) otherwise.

Proof. The case of x = 0 is trivial, so in what follows we assume that x > 0, and consequently,
x4+ 1>~z
Set f(p) = (1 4z — p)*~2(1 4 p)™~*/2~1. Then

F0/fp)=2-a)l+z—p) " +(m—-a/2-1)(1+p)",
whence

' (p)/f(P)] Sam 1
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for p € [0, z], uniformly in z. Hence, by [13, Lemma 4.1],

x

d (4z—p) (1 +pm e

p=0

Sa.m / (L+z—p)* 2 (L +p)" > dp
0

1/2 1/2
Sam a2 [/ (1/z+s)" 2 ds + / (1/a+s)m—e/>71 ds]
0 0

3/2 3/2
< xm+a/272 / Sa72 ds +/ S7n7a/271 ds ,
1/z 1/x

since 0 < 1/2 < 1. In the case a € (1,2m), both a —2 > —1 and m —a/2 — 1 > —1, so both
integrals in the last line are bounded uniformly in z, and we are done. In the case a =1 or
a = 2m, one of the two exponents is equal to —1, so the corresponding integral is bounded by
a multiple of 1 4 log(z), and again, we are done. O

As before, let K 5. denote the convolution kernel of Mg , given by (7.13). We now establish
the estimate (7.3) in the case w = p.

LEMMA 7.8. Let I CR" be compact. Let a € C with 1 < Re(a) < 2m. Then, for all § € D
and 1 <75 < Js,

2 — .
Skup |ea ap_"'Kg,j(;u'vk)‘ SI,Re(a) 277,
T
c(k)|ulel

The estimate also holds for Re(a) =1 and j < Js if we replace < with <.
Proof. From Lemmas 2.10 and 8.1(i), we easily deduce that

Ca,m 6(7/ B :u) |V‘a/27m

K*“(Val;.uak): — —
4 (F(a/?))2 (k-‘,—?]:l 1) (l+1’rll 1)
Y P a2+ k—p)T(a/2 +1—p) T(p+m — a/2)
oy e Pa2ti=pIptm=a/2)
= (k—p)! (—p) p!
where Cy ,,, = (7207/;),
Note that |Cy m| Sgre(a) 1. Moreover, by [65, eq. 5.11.9],

e’

< —(Im(a))2 7 Im(a) <1. 715

(F(G/Z))Q ~Re(a) € € ~ ( )

In particular, in view of (2.39) and (7.13),

a? — a,
|€ 807“K3j</’6ak)| SRe(a) A(S,j"y(:u/vk)7
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where, for j < Js,

a/2
a, K
A5 (k) = (k|+1|n—1) Z 1151y (e (D)|pl)
k 1eNg
ey (1)e[27,27F1)
min{k,l}
y Z T(a/24+k—p)T(a/2+1—p)T(p+m—a/2) (7.16)

= (k—p)! (I —p)! p! ’

while, if j = Js, then the sum in [ is to be restricted to ¢, (l) € [275,00) instead. In any case,
the condition ¢, (I) > 27 is required. _
Note that the conditions c(k)|u| € I, ey (D)|p| € [1 —6,1] and ¢ (1) > 27 imply that

Tk |pl te1412 2,
Hence, if 1,1 € Ny satisfy ¢ (1)|p], ey (I')|p] € [1 — 9,1], then
Am|l =1 = ey () = ey ()] < 0/ |ul;

in other words, for every fixed p, the number of the [ € Ny satisfying ¢, (1)|p] € [1 —6,1] and
ey(1) = 2748 S 1+0/|u| $277/|p| (here we use that 6, || < 277). In addition,

||/
"

o L4 R 2 D

Furthermore, by [65, egs. 5.6.6 and 5.11.12], for all h,p € Ny with p < h,

F(a/? + h — p) R _
a/2+h—p)| o L4 — pyRe(a/2)-1
ORI S (e,
F(p+m7a/2) m—Re(a/2)—
‘p! SRe(a) (1+p) Re(a/2)-1,
Hence,
sup AT (1, k)
c(k)|lplel
min{k,l}
SI,Re(a) 9—J ‘Iul|Re(a/2)+m72 ksllé% Z (1 _’_p)mfRe(a/Q)fl
’ 0 p=0

1+k21\u\’121+l
% (1 4+ k- p)Re(a/2)71(1 +1 7p)Re(a/2)71

h

SI,Re(a) 97 ‘M|Re(u/2)+m—2 sup Z(l +h _p)Re(a)—Z(l +p)wrz—Re(u/2)—1’
heN —
Ve [ =1 PO

since max{l, k} ~; min{l, k}, and the desired estimate follows from Lemma 7.7 (in the case
Re(a) = 1 and j < J; one also uses that |p| ~ 277, which follows from the conditions ¢, (I)|u| €
[1—46,1] and ¢, (1) € [27,2771) in (7.16)). O
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Proof of Theorem 7.2. By Lemma 7.8, the assumptions of Proposition 7.3 are satisfied with
w=p, C(6,j) =277 (note that 27 <6 1) and a = 1 + € for any € > 0, so we get the estimate

MG F1I5 Se 2771 F 721 pyrveys

and interpolation with the trivial L? bound for M} ; gives the result. O

7.3. The second-layer trace lemma

In this section, we complete the proof of Theorem 7.1, by treating the missing case j < Js.

As already mentioned, our proof will be based on establishing the estimate (7.3) in the case
where w = 1. We first obtain a preliminary estimate, which should be compared with those
obtained in the proof of [9, Lemma 3].

LEMMA 7.9. Define, for all 3 € R and s € R,

1
F = d 717
6= [ oo (7.17)
where integration is with respect to the surface measure on S™~'. Then
(14 s)7 7|1 — 5|51 for B < 1,
Fz(s) ~< (1+(n—1)log, ﬁ)(l—f—s)l*" for g =1, (7.18)
(14 s)P—" for B > 1.

Proof. If n =1, then Fs(s) = |1 +s/#~1 + |1 — s/’~! and the estimate is clear.
Assume now that n > 2. By using polar coordinates, it is easily seen that

- R ) 1 n—2
0 t
Fﬁ(s)z/ Sl o d&z/ o dt
o ||l —s| +min{l, s} o ||1 —s| 4+ min{l, s}t|
Firstly, suppose s € RT \ (1, 2). In this case, |1 — s| 2 1 2 min{1, s}t, so
1
Fp(s) ~ |1—s|ﬁ*”/ t"2dt ~ |1 — 5|77 (7.19)
0

Since |1 — s| ~ 1 + s, this proves (7.18) in this case.
Now, we assume 3 < s < 3. In this case, |1 — s| <

1 tn—2
F, (s):/ ——dt
’ o |[1—s|+¢""

[1—s] 1
11— s|f’—”/ t”‘2dt+/ tP=2dt
0 [1—s| (7.20)

|1 —sf~t for B <1,
~ 1ogﬁ for g =1,
1 for 5 > 1.

% and min{1, s} ~ 1, whence

1R

Since 1 + s ~ 1, this again matches (7.18). O

In the next result, we assume that m > 1, due to a technical constraint on one of the estimates
for Jacobi polynomials, we will use (Corollary 8.3). However, if m = 1, then G is isomorphic
to the first Heisenberg group Hj, so this case is effectively already covered by [30].
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LEMMA 7.10. Assume that m > 1. Let I C (0,00) be compact. For all a € C with Re(a) €
(0,min{2,n}) \ {2}, all 6 € D and all j < J;,

{(2—1‘5)Rc<a>/2 if j

;< Ms=Re(a))
(27j)Re(a)/272/36 HL’J

375 (2-Re(a)) (7.21)
815 (2-Re(a)),

A\VAV/AN

SUII: |aw*“/2Kz’SY,j</’L7 k)| Sl,Re(a)

1
c(k)|pnlel
The estimate (7.21) also holds for Re(a) = % if we replace < with <.
Proof. For w(|z|,u) =w(u) = |u|~%?, where 0 < Re(a) <n, recall that @(u)=
Ch.al |77, where
Cra = 7 “"/20(n/2 - a/4)/T(a/4)
[68, § V.1, Lemma 2]. Hence, by (2.44),
| K y—ar2 (v, 1, k)|

|I/ — ,LLlRC(a)/Q_n ‘k)*”

|l —lv|
(mm{l:;]lli—i—m—l)(|y|+|‘u‘)m [p]+[v]

= |Cn,a|

2
(Ik=tlym=1) (1 o |ul—|v|
Pmin{k',l} (1 2(|M|+‘V|) )

where
[Cral = 7 BO2I0(a/4 = n/2) T (a/4)] Sre(a) 1
[65, eq. (5.11.12)]. Thus, in view of (7.13), we are required to estimate
_ ,,|Re(a)/2—n
S = sup / Z v =gl

Y P w—"
C(kﬁ“f‘el 1N, (mmriin{}k,g )|+ )™

(k=llm=1) (1 _ of lul=lv\>
P gk} (1 2(w+|u\> )'
I+m—1 m
X 1—s1)(cy (DIV]) Lji 2541y (e5 (1)) ; lv[™ dv.

Since the above quantity only depends on a through its real part, in what follows we may
assume that a is real, that is, a = Re(a).

By changing to spherical coordinates (letting v = rp and p = so for r,s € (0,00) and g,0 €
Sn=1), rotating, rescaling and then applying Lemma 7.9, we obtain that

el v ¥
mEP

X

r

1/ey(1)
S < sup Z / (1+ §)1—n—m|7, _ S|a/2—1
(

(e (e 1) A=) e D)
[k~ I+m—1
r—s (Ik=1].m—1) sy 1)
s Py (12050 NWW
min{k,l}
For brevity, we define
1/c (1)
H = (k,l,s) :/ (1 + g)l—n—m‘r _ S|a/2—1
(1=8)/c4 (1)
[k—I| I+m—1
r—s (Ik=1].m—1) sy O )
X r+s IPrnin{k,l} (1 - 2(m) )| (min{k,l}—i-m—l) dr. (723)
min{k,l}
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Fix k € Ny. Firstly, note that, if [ = k, then the conditions ¢(k)s € I and ¢, ()r € [1 — 4, 1]
imply that s ~ r (recall that § < 1/2), whence

I+m—1\ (min{k, I} +m—1\ "
1+2~1 =1
b ( l )( min{Fk, [} ) ’

and moreover,

1 s—r\2
5(1 +(1 -2
Then, by Theorem 8.2(i),

1/ey (1)

a/2— 0,m—1 sS—r
H = [r = s|*/27H PO (1 - 2(252)2) dr
(1-6) /ey (1)
1/ex (1) 7.24
5/ Ir — s|*/2 L dr (7.24)
(1=8)/c ()

S (8/cy(1)*? = (2778)/2

whenever ¢, (1) ~ 2/, In estimating the last integral, we used that ¢ > 0 and that the value of

the integral for s ¢ [1=2 (l>, 1( )] is smaller than the one for s € [Cl:(fw Cwl(l)].

Now, assume that 1 < [k = 1| < cr(min{k, I} + %), where ¢; > 1 is a constant to be specified
later. Then the conditions c(k)s € I, ¢, ()r € [ — 6,1] and ¢, (1) € [27,27F) imply that

l+kl1+4102, ros~277,

and therefore

I+m—1\ (min{k, I} + m—1) "
148 ~1 ~ 1.
se=n () (M)

Moreover, note that

2
s—r 8rs
1-2 =1 > -1 , 7.25

(r+s) T e (7:25)

for some € € (0,2) which is independent of r, s since r ~ s. Thus,

1/c (1) _ |-
K~ / — 3 a/2—1|" S P(|.k*l|~,m*1) 1-9 r—3)2 dr
oo frrs| s 0= 2GE0 (7.26)
=N + 5+ s,

4‘ ‘ |'r—s 1| k—1
k+l+m r+s! X 4l k+l4+m

|. Due to (7.25), we may apply Theorem 8.4 to estimate the Jacobi

where the above splitting corresponds to whether \;_T_S

|, or

|k+l+m| = |T+9 4|k+l+
polynomlal in (7. 26)

Consider first the part where [72] > 4| =l k+l+m

|, so that

|r —s| = 2_2j|k —1.
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Then, by the first estimate in (8.8),

|k—1]

k—1ll,m—1 r—s
pUE (1 - 2(22)?)]

r—=s
r+s

Sl =8Pk U m)* (52)H) 7!

| S|a/2 1

~ 2_j|7‘ _ S|a/2—3/2

< 2—j(a—2)‘k _ l|a/2—3/27

~

whence

% < 2—]’((1,—1)|kj _ lla/2_3/2(5.

Next, consider the part where |~ +S| < }l|k 7 +m| In this region, we can apply the second
estimate in (8.8), which gives that
1/ey (D) 4
Ao < 2—|k-—l|/ |’I“ _ S|a/2—1 dr < 2—\k—l\(2—]6)a/2.
(1=8) /ey (1)

k—l1
k+l+m| = |7‘+s| = 4|k+l+m

|r—s| ~ 272k —1|.

Finally, consider the part where l| |, so that

Here we can again apply the first estimate in (8.8) and obtain that

[k—1]

k—ll,m—1 r
|Pr§1|in{k‘,’l} )(1 - 2(r

r—3§
r+s

| |a/2 1

=)

<|r— S‘a/271|k _ 1‘71/3
~ 2_j(“_2)\k — |23,
whence
Ay <2 jla—1) |k |a/274/35.
In conclusion, for 1 < |k — 1] < ¢ (min{k, I} + &),
A < 27| — 1|0/274/3 g~ k=l (9mi5)a/2, (7.27)

Now, we assume that |k —I| > ci(min{k, I} + ). We consider two cases. Firstly, let [ < k,
so that k > ¢, (I + F) +[. Then,

m m
AL 1 (z 7)’
+5 > (e +1)(1+ 5
so by Lemma 7.5, since ¢4 (1) > 0,

c(k) > (1 + 1)e(l) = z(er + ey ().

Hence, from the conditions ¢(k)s € I, ¢ ({)r € [1 —6,1] and 6 < 1/2, we deduce that

max [ 3max [ 3max I 6 max [
§S ) < @rDe® S G0 S o+l

w\»—*

since 6 < 1/2. For ¢; sufficiently large, this means that,

S
S N R S T RN
( lfllicr;l{}l:fl } 1) "

s<|r—s|l~r~ (141" ~27,
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Hence, recalling (7.23),

k—I1

k—l,m— r—s
[P (1~ 2(222)2) b

/ey (1)
K~ ro/2=1
(1=8)/cq (1)

r—s
r+s

We apply Corollary 8.3 (here we need m > 1) and the fact that

2
— 4
|r—s|~|r+s| ~r 1—<T S) = :f, (I+Dr~0+ks~1
r

r+s (r+s)?
to get
1/c(1 —1/2
< / /ex®) Ta/2—1(1 _ (@)2)—771/2-&-1/4 r—=s
(1-6) /e (1) e T+ s
I+1 (m—1)/2+1/4
l 171/3 o d
x(I+1) F i r
1/c4 (1) 1 m/2—1/4
~ (I + 1)2/3—‘1/2/ (l+ ) (T‘/S)m/2_1/4 dr
(1-8)/ey 1) \F+1

~ 9-i(l/34a/2) 5
Now, let I > k, so that I > ¢;(k + %) + k, and thus,

l+%>(01+1)(k+%).

Then, again using Lemma 7.5,
3ey (D) = e(l) > (e1 + 1)e(k),

whence, from the conditions ¢(k)s € I and ¢, (I)r € [1 — 4, 1], we deduce that

1

3 3
TS oo < G e® S GiDmmIs

Thus, for ¢; sufficiently large,

r<r—s|l~s~|r+s| = (1+k)7 1—|—;:§
and
I+m—1 m—1,.m—
(+l ) (1+j)1—’m,~(l+l) 'r 1N1
min{k,l}+m—1 T - m—1lgm—1 = 7'
( n{rlin{}k,l} ) (k + 1) 5
So, by (7.23),
1/ey (1) n NTEY
N o e e B (R TP
(1-6)/ey (1) N5 r+s

Note also that

2

r—Ss 4rs r .

1-— = ~— —k~14+]lx~2 1+)r~((1+k)s~1.
(r+s) (r+s)2 " s’ + o (D= (1+k)s

43

(7.28)
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As before, we apply Corollary 8.3 to get

& m/2—1/4
H < (k+1)1/3sa/21/1/ (0 (lﬁ—l) /2-1/ (f>m/271/47ndr
h (1-8) /ey () NI+ 1 r
~ —1/3 a/2—1-n ea ) n
S n (7.29)
(1=6)/c~ (1) .

~ (k + 1)n+2/37a/227j(n+1)5
< 9-ia/2+1/3)5

where we used that n +2/3 —a/2 >0and 1 +k <141~ 27,
From (7.24), (7.27), (7.28) and (7.29), we obtain that

(2775)e/? if | =k,
H S Q27| — 1]a/2=4/8 o= lk=l(2795)4/2if 1 < |k — 1| < e (min{k, 1} + 2),
2-1(a/241/3) 5 if [k — 1| > ¢ (min{k, [} + 2).

Hence,

Z H < (2798)%2 4 279@/2=2/3) 5 4 g-ila=1)§ Z (14 N)o/2=4/3

ey (1)€[27,25+1) N<2J
(2798)2/? if 0 < a<2/3,
< j(2796)e/? if a =2/3,

(2776)2/2 4 279(a/2=2/3)5 if 2/3 < a < min{2,n},

where we used that 277(¢=1§ < (277§)%/2 for a < 2 (this follows from the fact that 2/ < §1).
Finally, since § ~ 2775, note that

9—i(a/2-2/3) 5 < (2—]‘5)(1/2 — 92 < 23J<s(2—a)/47

completing the proof. O
These results lead to the following ‘trace lemma’.

COROLLARY 7.11. Forall§ €D, all1 < j < Js and all v € {-1,0,1},
103, 713 5 778 PUAIN 2 (1 py2rsy -

Proof. Asnoted earlier, we must defer to [30, Lemma 7] if m = 1. Otherwise, by Lemma 7.10,
the assumptions of Proposition 7.3 are satisfied with w = 9, a = 2/3 and C(6, j) = (2776)'/3 for
j < Js (note that 2/ < 67!, and that we can trivially set C(d, Js) = 1), so the desired estimate
is given by Proposition 7.3. (I

REMARK 7.12. If we instead consider the result of Lemma 7.10 with a = 1, then the results
of this section combine to prove the ‘stronger’ estimate

1313 = @770 21 F 112 14

but on a reduced range of j, specifically 1 < 7 < %J(;. Note that the same estimate also holds
at the ‘endpoint’ j = Js by Theorem 7.2. This leaves a ‘middle region’ %Jg < j < Js where
pure first- or second-layer weights do not appear to be sufficient to prove this estimate.
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Proof of Theorem 7.1. By interpolation, it suffices to prove Theorem 7.1 for a = % For
j = Js, this follows from from Theorem 7.2, while Corollary 7.11 gives the required estimate
for j < Js. O

8. Jacobi polynomials

As observed in Section 2.3.4, when calculating integral kernels for fractional integration
operators on the dual of an H-type group, we encounter integrals over the positive half-line of
a pair of Laguerre polynomials against an exponential and a polynomial weight. The following
lemma contains a few identities that allow us to rewrite these integrals in a more manageable
form; in particular, the identity (8.1) shows that some of these integrals can be expressed in
terms of Jacobi polynomials.

LEMMA 8.1. The following hold.
(i) Let k,l € Ng, m € N, a € C with Re(a) € (0,m). Then

/ LZL—l(t) L;n—l(t) €7t tmflfa dt

0

min{k,l} I‘(a +k _p) F((l ) _p) ]_—‘(p—|—m — a)
j— a 72 ’
= (T(a)) ; (k—p)!  (—p) P!

(ii) Let a,b,c >0,y > —1 and I,k € Ny with | < k. Then

/ L] (at) L] (bt) e " t7 dt
0

1k .
. T Fatb=e g
= k—1 l .
F(kn;!ﬂrl) (C*b)cw(waj]b*‘:) pl(k_l’”) (1 — 2%) otherwise.

Proof. (i) The identity [65, eq. 18.18.18] allows us to turn a Laguerre polynomial of type
m — 1 into a linear combination of Laguerre polynomials of type m — 1 — a; the desired identity
then follows from the orthogonality relations [74, Lemma 1.1.4].

(ii) Assume that ¢ # a and ¢ # b (the cases ¢ = a and ¢ = b can be recovered a posteriori by
continuity). By [22, page 175, entry (35)],

k+14+v+1) (c—a)(c—b)"
k! ck+l+y+1

>~ r
/ L] (at)L](bt) e~ " t7 dt = (
0

c(c—a—"b)

X2 F —17—k§—l—k—%m )

(8.2)
where 5 F} is the hypergeometric function [65, Chapter 15].

If a + b = ¢, then (8.1) immediately follows, because 2 Fy[—1, —k; =] — k — 7;0] = 1. Suppose
instead that a + b # ¢. By applying the transformation formula [65, eq. 15.8.6], we easily obtain
that

o0 . (c—=b)FT(k+~+1) .
A L@t e i = S S b -
o) —l,k+7+1;1+k—l;w (8.3)

cle—a—>) |’
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and (8.1) follows by applying the formula expressing Jacobi polynomials in terms of the
hypergeometric function [65, eq. 18.5.7]. O

The remaining of this section is devoted to the discussion of estimates for the Jacobi
polynomials that appear in our formulae.
We first note some uniform, weighted bounds that are available in the literature.

THEOREM 8.2. The following estimates hold.
(i) For all x € [-1,1], for all $ > 0 and a > 8 — | 3] and for all n € Ny,

(1;I) |P“m<n<(”2“) (5.9

In particular, this estimate holds whenever o, 8 € Ny.
(ii) For all x € [-1,1], for all &, 8 > 0 and for all n € Ny,

a/2+1/4 B/2+1/4
2 2 n T

F(n+a+1)F(n+ﬂ+l)>1/2
'n+1)I'(n+a+B8+1)

5(2n+a+6+1)1/4<
(ii) For all z € [-1,1], foralla > 8 > HT\E and for all n € Ny withn > 6

1 — g\ @/2H1/4 14z B/2+1/4 o)
- - P (@)

1/6 (x””( D(n+a+D0(n+8+1) )”2
S (1+n) Cn+a+B+1)I'(n+1)I(n+a+8+1) ’ (86)

Proof. (i) This is Theorem 5.1 of [40].
(ii) This may be found as equation (2) in [33].
(iii) This is Theorem 2 of [41]. O

Here is an immediate consequence of the previous estimates.

COROLLARY 8.3. Let 8 €N and ¢ > 0. Then, for all x € [-1,1] and all a,n € Ny with
azc(l+n),

a/2+1/4 B/2+1/4 B/2+1/4
1—2 142 o _imafn+1
<2 > <2> 1P (@)] Spe (n+1)7? (OH_1> : (8.7)

Proof. First, if @ > 8 and n > 6, then this is an easy corollary of Theorem 8.2(iii). If &« >
and 0 <n <5, then n+1~1 and (8.7) follows from Theorem 8.2(ii). The remaining case
(a < ) involves only finitely many pairs («a,n) (note that g is fixed and « 2. 1+ n), so the
desired estimate is trivial in this case. (]

Next, we prove some more specialized estimates, which give sharper bounds than the above,
but only on a restricted range of indices «, 5,n. The above estimates are essentially weighted
L estimates for Jacobi polynomials, where the weight is independent of the degree n. The
estimates below, instead, involve a ‘transition point’ depending on n, away from which much
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better estimates may be obtained. We proceed similarly to Proposition 3.5 of [13] in order to
prove such estimates.

THEOREM 8.4. Let € Ny, € € (0,2) and ¢ > 0. Then, for all x € [-1+¢€,1] and all a,n €
No with 1 < a < ¢(1 +n),

1— 2\ (.5) < (u?|z — z4r| + a*/3)~Y*  in any case,
P7N(@)| Spiee § ooa . 1 . (88
2 2 if1— 2 < 35(1 = 24);
here
1
u=u(a, 3,n) ::n—i—%, (8.9)
o2
T = 2ir(a, fin) = 1= oo (8.10)
Proof. By means of the well-known relation
P (a) = (<1 PP () (1)
and the change of variables y = —x, we may equivalently restate the above estimate as follows:
(1 + CU)(I/QP(ﬁ,a) (y) < (U2|y - ytT| + 014/3)71/4 in any case, (8 12)
2 " B T flty<g(l+ye)
here y € [-1,1 — €] and
2
Yir = ytr(aa Ban) : - L (813)

T 22

We will derive the estimate (8.12) from the asymptotic approximation for Jacobi polynomials
given in [21, Section 3], which, in turn, makes use of the theory of [6]. Namely, under our
assumptions on n,a, §8,y, from [21, eq. (3.49)] (applied with N = 0) and the error bound in
[6, eq. below (3.11)], we deduce that

1—y B/2+1/4 .y a2 o)
9 9 Py (y)

C — &2 1/4

: (8.14)

= Xa.fn

where & = a/u,

(T +a+ 1)+ B+1)\"? _
mwm—21M<Nn+a+ﬂ+DFm+l) (14 0(u™)), (5.15)
[21, egs. (3.22) and (3.34)], J, is the Bessel function of the first kind and index a,
e (71)77I T\ 2mta
_ z 1
Ja(@) Z m!F(m+a+1)<2) ’ (8.16)

m=0

E; 1M, is the pointwise ratio of the auxiliary functions E, and M,, defined in [6, Section 3],
and the relation between y and ( is implicitly given by
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Ca—a@ [ ()
M2 = S S L, r<y<1), 8.17
AQ S ar LJ%ﬁWﬂH> (yir <y <1) (8.17)
~2
& (dQ_T)l/Q /Z/tr (ytr_t)1/2
XY g = e dt (-1 < Yir)- 1
A = | T pmaay® C1<v<mw) (8.18)

[21, egs. (3.7) and (3.10)]. We remark that the asymptotic approximation of [21, Section 3] is
obtained by invoking [6, Theorem 3], which is a generalisation of [6, Theorem 1] that allows one
to consider complex values of the argument; since we are only interested in real values of y, the
approximation given by [6, Theorem 1] is enough, which justifies the simpler form of the error
bound that we are using. Furthermore, according to [6, Section 3], the error bound is uniform,
provided that ¢ remains in a bounded interval; now, by definition, &?> < 4 and y;,. > —1, hence,
by (8.17), if ¢ > 4, then

C (o AV1/2 C (o A2Y\1/2 y _ 1/2
[E D [
. or = or o (=1 2(11 1)

[e3

1 ¢t A\1/2
1 (r—4)
</ _721/2‘175:”:/ —o—dr
1 (1 t) 4 2T

for some (; € (4,0) independent of all parameters, so that ¢ € [0, (1].
From our assumptions on «, 8,n,y and (8.15), it is easily derived that

Ra,B,n =8,c 1, 1—y=~1;

hence (8.14) immediately gives that

a/2
14y o
|<2 ) PP (y)

Note that, by [64, Section 12.1.3], the pointwise estimate

1/4

<7d2 1/2 -1 1/2
(170 (' 2)| + By M (u¢2)] (8.19)

Y= Yr

<

SBicie

ol < B Mo < M, (8.20)
holds, and furthermore, by [6, Appendix B, Lemma 2], the quantity
Ul/Q‘C _ d2|1/4Ma(UC1/2)

is uniformly bounded. Thus, from (8.19), we immediately deduce that
a/2
1+y o
| (2 > PP (y)

Hence, in order to conclude the proof of the first estimate of (8.8), it is enough to prove the

uniform bound
/2
1+y o
’ (2 > P (y)

Now, define I to be the interval of the y € [—1, 1] satisfying

Spoee (WY —yor) MM (8.21)

e 13 (8.22)

2 3
3(1 +y) <14+y< 5(1 + Yr)- (8.23)
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We firstly observe that, for all y ¢ I,
@ly = yer )7V = @1+ y) = L+ ye) )
S (W31 4y )" = (02/2) Vi~ a2 < amlB (8.24)

This shows that, if y ¢ I, then (8.21) implies (8.22); so we only need to prove (8.22) for y € I.
We now claim that, for y € IN[—1,1 — ¢,

(-a

Y= Yr

e . (8.25)

If we assume this claim, then from (8.19) and (8.20), we deduce that, for y € IN[-1,1 — €],

a/2
14y o
(2 ) P (y)

On the other hand, for each « € N, M,, is a bounded continuous function on R [64, egs.
(1.23) and (1.24), p. 437], whence the bound (8.22) trivially holds for each fixed o € N, and it
is enough to prove (8.22) for o > « for some large o € N.

Note that E'M,(x) = V2J,(z) for all z € [0,X,], where X, is defined in [64, Sec-
tion 12.1.3] and satisfies

Shice |Ja(ucl/2)| + EglMa(uclm) S Ma(uclm)’ (8.26)

Xo = a+2ca'? 4+ 0(a”1/?)

for some ¢ € (0,1) as & — oo [64, Chapter 12, Ex. 1.1, p. 438] is a fixed constant which may
be inferred from [64]. Thus, there exists oy € N such that, for all & > «y,

Xo = a(l +ca™?/3).

In particular, if o > o and u¢'/? < a1 + ca~?/3), then from (8.26) we deduce that

/2
1+y
(2 > P (y)

where we used the uniform bound for Bessel functions,

St |Ja(u¢?) S a2, (8.27)

[Ja(@)] S a7, (8.28)

for all a,x > 0, discussed in [43]; this proves (8.22) in this case. If instead u¢'/? > a(1 +
ca—?/3), then

¢ > a*(1+2ca™??),
and therefore, by (8.25),
u?(y — yir) ~ (¢ — &°) > 2ca/?,

which again implies (u?|y — yi|)~"/* < a3, so in this case, (8.22) follows from (8.21). This
concludes the proof of the first estimate in (8.12), conditional to the validity of the claim (8.25).

We now prove the second estimate in (8.12). Due to the uniform bound given by the first
estimate in (8.12), it is clearly enough to prove the second estimate in (8.12) for o > . Note
now that

1+ y = a2/2.
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Hence, by (8.18), if y < y, then

/&2 (6{2 _ 7_)1/2 gr = /1—&-3/” (1 + Yir — t)1/2 ﬂ
¢ 27 iy 2-t12 ¢

_ / (62 —7)'2dr / @-n"2
sty A=T2 T 7 oy 27 .

Since the integrand is non-negative, this is only possible if
¢<2(1+y).

Under the assumption 1+ y < %6(1 + Yir) = 3%&2, this implies that
uC? < % (8.29)

and therefore, the bound (8.27) applies. From [65, eq. 10.14.4] we deduce that, for all o > —%

and all x € R,

|z/2|*
Ja < —.
ol S Ty

Thus, by (8.27), (8.29) and Stirling’s formula,

a/2
1+ o
’(y) PP (y)

1/2 9| o
2 S alug?)] < M 071/2(2) 22

ol

which proves the second estimate in (8.12).
Finally, we prove the claim (8.25). Firstly, assume that

3
IT+y, <1+y< 5(1 + Yir) (8.30)

so (8.17) is applicable. Now, recalling that 1+ y;, = G?/2 and that e <1 —y <1 -y <2,
from (8.30) we deduce that

! (t— )1/2 1 Y 1 (y =y )3/2
T U | ) Pl T S (- we) P, (831
/y” (1—t)1/2(1+1) 1+ytr/y (8= tr) = SW—ye)S (831

where we used the fact that, by (8.30),

tr

y—yir=0+y) - (1+y,) <(1+yn)/2=a"/4 (8.32)
We now claim that, under the assumption (8.30),
¢~ @’ (8.33)

This is certainly true if ¢ < 2a2%, since we already know that ¢ > &>. Suppose instead that
> 2&2; then

¢ (7. _ 6[2)1/2 1 ¢ 1 (C _ 6[2)3/2
RS VA S _ Aa2\1/2 - ") 2
/& dr > 5 /542(7 &%) e dr 3 R ¢

2 2T

Combining this with (8.17), (8.31) and (8.32) proves that
CS;E Y= Ytr < 642/47

whence (8.33) follows.
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Now, from (8.33) we deduce that

¢ _ ~2\1/2 ¢ _ x2\3/2
/ 7(7— ; ) dr ~ S (r— d2)1/2 dr ~ 7@ a’)
52 T

e =
a a” Jaz2

which, combined with (8.17) and (8.31), gives that

(C—a)2  (y—yu)*?
a2 @

)

that is, (8.25).
Assume now that

2
g(l + ) <1+y <1+ yu),

which makes (8.18) applicable. Note that, under our assumptions on n, «, 3,

11—y 2u—a 2u+a> n+B+1 2n+B8+1
2 2u 2u T 2ntat+f+17 2+entetft1

which implies that 1 — y; ~3 .1 —y ~3 . 1, and moreover,

1 -
Yr —y=1+y)— (14y) < §(1+ytr) =a’/6.

From (8.18) we then deduce that

2

Q

~ ~9 &2 /2 ~2 _ \1/2 6% (=2 \1/2
a10g+(a></ M(hg/ @ -7,
2\/§ 2C min{¢,&2/2} 27 ¢ 27

:/ytr (ytr_t)1/2 dt ~ (ytr_y)g/z <
, Q-0 R+ T Tae

which again implies that

C gﬁ,c d2

~2 . .
X . ’
(note that we already know that ¢ < & in this case). Consequently.

/&2 (d2 i 7)1/2 p (d2 _ C)3/2
— AT =B ———=—5
¢ 27 B o

7

and again (8.18) and (8.35) give that

(=02 (g —y)*?
a2 —B,c a2 ’

that is, (8.25).
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