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CALDERON-ZYGMUND OPERATORS IN THE BESSEL SETTING
J.J. BETANCOR, A.J. CASTRO, AND A. NOWAK

ABSTRACT. We study several fundamental operators in harmonic analysis related to Bessel
operators, including maximal operators related to heat and Poisson semigroups, Littlewood-
Paley-Stein square functions, multipliers of Laplace transform type and Riesz transforms. We
show that these are (vector-valued) Calderén-Zygmund operators in the sense of the associated
space of homogeneous type, and hence their mapping properties follow from the general theory.

1. INTRODUCTION

In their seminal article [I4] Muckenhoupt and Stein investigated in a systematic way har-
monic analysis associated with ultraspherical expansions and their continuous counterparts,
Hankel transforms. That paper is considered as a starting point of an important development
connecting harmonic analysis and discrete and continuous orthogonal expansions. Later many
authors contributed to the subject by studying various questions in different settings, includ-
ing in particular expansions into classical orthogonal polynomials; see [3, Section 1] for sample
references. In the recent years one can observe an increasing interest in harmonic analysis of
orthogonal expansions, as confirmed by the attention of many mathematicians and numerous
papers.

In this article we study several fundamental harmonic analysis operators in the n-dimensional
setting related to Hankel transforms. This framework is connected with the Bessel operator

2\; 0
A=A Z z; Oz

where A € [0,00)" is a multi-index. The operator Ay will play in our considerations a similar

role to that of the Euclidean Laplacian in the classical setting. It is formally self-adjoint and
nonnegative in L2(R"?, du,), where R? = (0,00)" and

dp(z) = 22 . xP e de, r € RY.

The spectral decomposition of Ay, or rather its suitable self-adjoint extension, is given via the
Hankel transform, see Section [ for details. Moreover, Ay admits the decomposition Ay =
> DiD;, where D; = 0/0x; are the usual partial derivatives, and D} are their formal adjoints
in L?( ",dpy). Thus D;, ¢ = 1,...,n, are naturally associated derivatives with the Bessel

operator.
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The main objects of our study are the following operators related to Ay (see Section 2] for
strict definitions):

e maximal operators

W2 f o [ exp(—tA0f || ooy P2s F o |lexp (= VAN | ooy
e Littlewood-Paley-Stein type square functions
Goir: | (D7 OF xp(=tANF || L sont 0001ty
97)7\17,112,7": fe HDm(?f exp (—t\/Ay )f‘

e multipliers of Laplace transform type

T/)\\4W3 = A)\/O exp(—tAy)f(t)dt,

T, : f s \/A_)\/Oooexp(—t\/A_)\)fqb(t)dt,

e Riesz transforms

Lr(t(\m\+k)r—1dt) 9

Ry, f e D™ (AN,

We treat all these operators in a unified way, by means of the Calderén-Zygmund theory. Our
main result, Theorem 2], says that these are either scalar-valued, or can be viewed as vector-
valued, Calderén-Zygmund operators in the sense of the triple (R}, duy,| - |), where | - | stands
for the ordinary distance. According to the terminology of Coifman and Weiss [I1], this triple
forms a space of homogeneous type (this means, in particular, that the measure p) possesses
the doubling property). Consequences are then delivered by the general theory. In particular,
we conclude mapping properties in weighted LP spaces.

Typically the main difficulty related to the Calderén-Zygmund approach is to show suitable
kernel estimates. Inspired by earlier ideas used in certain Laguerre settings [17, 21, 24], we
present a convenient and transparent technique based on an integral representation of the Bessel
heat kernel that emerges from Schlafli’s Poisson type formula for the modified Bessel function of
the first kind, see Section [l It is remarkable that a similar method has been developed recently
by Nowak and Sjogren [16] in the more complex setting of classical Jacobi expansions.

Our present results constitute a continuation and extension of many earlier investigations in
the Bessel setting. This concerns the fundamental paper [14] as well as more recent articles, see
for instance [1, 2 6}, [7, [8], 9, 10}, 23]. In all the mentioned cases, the one dimensional situation was
considered. The study of the multi-dimensional Bessel setting has been undertaken only recently
by Betancor, Castro and Curbelo [3, 4], and by methods not involving the Calderén-Zygmund
theory. The results of this paper are also related to those of [3] 4].

The paper is organized as follows. Section [2 contains the setup, strict definitions of the
investigated operators and statements of the main results. In Section Bl we gather various
preparatory facts and results needed to furnish the proof of the main theorem, which is then
done in Section @l

Throughout the paper we use a standard notation with essentially all symbols referring to
the space of homogeneous type (R', dpuy, | -[). Thus CZ°(R’}) denotes the space of smooth and

compactly supported functions in R?. By (f,g)du, we mean [p, f(z)g(x)dux(x) whenever the
+

integral makes sense. Further, LP(wduy ) stands for the weighted LP space, w being a nonnegative
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weight on R’. Given 1 < p < oo, p’ is its adjoint exponent, 1/p+1/p’ = 1. For 1 < p < oo,
we denote by AI),‘ = A;);\(Ria dpy) the Muckenhoupt class of A, weights related to the measure
dpy. While writing estimates, we will use the notation X < Y to indicate that X < CY
with a positive constant C' independent of significant quantities. We shall write X ~ Y when
simultaneously X <Y and YV < X.

2. PRELIMINARIES AND MAIN RESULTS

Let A € [0,00)". For z € R, consider the functions

n

P2 (@) = [[(wiz) M H200 Ly p(iz), @ €RY,
=1

where J,, denotes the Bessel function of the first kind and order v, cf. [25]. It is well known that
for each z € R, the function ©? is an eigenfunction of the n-dimensional Bessel operator Ay,
and the corresponding eigenvalue is |2|? = 22 + ... + 22,

Mgl = 2703, z € RY.

The n-dimensional Hankel transform h) defined by
mie) = [ i@ du),  zeRy,
+

plays in the Bessel context a similar role as the Fourier transform in the Euclidean setting. It is
well known that Ay is an isometry in L?(duy) and it coincides there with its inverse, h;l = h).
Moreover, for sufficiently regular functions f, say f € CZ°(R"), we have

ha(Axf)(2) = |2PhA(F)(2), 2z € R

Note that in dimension one and for A = 0 one recovers here the setting of the cosine transform
on the positive half-line.

We consider the nonnegative self-adjoint extension of Ay (still denoted by the same symbol)
defined by

(1) Axf = ha(]z*haf), f € Dom(A,),
on the domain
Dom(Ay) = {f € L*(duy) : |z|°haf € L*(duy)}.

Then the spectral decomposition of Ay is given via the Hankel transform.

The semigroup {W} = {exp(—tA))} generated by —Ay is usually referred to as the heat
semigroup associated with the Bessel operator, or simply the Bessel heat semigroup. It has the
integral representation
(2) W f(z) = . W, ) f(v)dualy),  feL(dw), weR}, >0,

+

where the associated heat kernel is given by (see [25] p.395])

W) = [ ) dint2)

+

3

1 , -
= —(Zt)n exp ( ’x‘z + ‘y’ ) H )\z+1/21>\i_1/2< ;tl)7 T,y € R™, t>0;
i=1



4 J.J. BETANCOR, A.J. CASTRO, AND A. NOWAK

here I, denotes the modified Bessel function of the first kind and order v (cf. [25]). It may be
deduced that the integral in (2)) actually converges for more general functions from weighted LP
spaces with Muckenhoupt weights, producing always smooth functions of (z,t) € R} x Ry, and
thus providing a good definition of W;* on these spaces, see Lemma below. Moreover, (2)
defines a symmetric diffusion semigroup in LP(duy), 1 < p < oo, in the sense of Stein [22] p. 65],
which is Markovian; see for instance [I8, Section 6]. The semigroup {P;*} = {exp(—tv/A))}
generated by the square root of the Bessel operator is called the Poisson-Bessel semigroup. By
the subordination principle, it is related to {W/} by

e “du

A
P f(x / th/(4u)f() T reRY, t>0.
The maximal operators of these semigroups are defined by
WAf =sup|WPfl,  PMf =sup|P)f].
>0 >0

As is well known, mapping properties of W and P are connected with the boundary behavior
of the semigroups. Notice that P} f < W2 f, by subordination.
Littlewood-Paley-Stein square functions based on {W*} and {P} have the general form

Gorik (D) (@) = |07 W ()
Gortr (@) = [|070F P f ()]

where 2 < r < o0, k € N, m € N” is a multi-index, |m| = my + ... + m,, is its length, and

reRY,

Lr(t(k-Hm\/Q)r—ldt) )
reRY,

Lr t(k-Hm\)r ldt)’

Ot = Ot ... 0. Square functions of this form are important tools in harmonic analysis.
Given a bounded measurable function M on R"', the associated Hankel multiplier TX‘A is

defined by

T = ha(Mhaf),  f € L(duy).
Clearly, TX‘A is well defined in L?(duy). We say that M is of Laplace transform type when it
can be represented as

M(2) = My (2) = VP/ e y(s)ds,  zERY,

M(z) = \r/' “Flsy(s)ds,  z€RY,

for some bounded function ¢» on R, . An important special case here is the choice 1(s) = s~/
I'(1 — i7), v real, producing the multiplier My (2) = |2|> that corresponds to the imaginary
power A? of the Bessel operator.

Riesz transforms in the Bessel setting are formally given, according to a general concept, by

R), = omA ™2,
where m € N™ and |m| is the order of the transform. To give this definition a strict meaning,
we introduce the space
= {f € CP[RY) - hyf € CSO(R?F)}
This space is a dense linear subspace of L%(duy). We have, see (1),
S R VA R A el
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If f € C, then A)_\lml/Qf € C°°(R7) and therefore R}, is well defined on C*. Then R}, can
be extended uniquely to a bounded linear operator on L?(duy). All these properties will be
justified in detail in Section 4]

We shall treat all the operators

A A AW AP A A
W*’ P*, gm7]<;7ra g TMa Rm’

m,k,r’

in a unified way, by means of the general Calderén-Zygmund theory. Clearly, the maximal
operators and the g-functions are not linear. They are, however, associated with vector-valued
linear operators taking values in some Banach spaces B, where B = Lr(t(ka'/z)r_ldt) in case of
gﬁ;}/;r and B = L7 (t++mDr=14t) in case of gf‘rzi,r. For W) and P, we shall, for technical reasons,
choose B not as L*°(dt) but as the closed and separable subspace Cy C L*(dt) consisting of
all continuous functions f on Ry which have finite limits as ¢ — 0" and vanish as t — co. In
all the cases we shall say that the operator is associated with the corresponding Banach space
B. Similarly, the linear operators Tf\‘,l and R), will be said to be associated with the Banach
space B = C. To obtain mapping properties of our operators, we shall prove that they are
Calderdon-Zygmund operators in the sense that we now explain.

Let B be a Banach space and let K(z,y) be a kernel defined on R} x R} \{(z,y) : v = y}
and taking values in B. We say that K(x,y) is a standard kernel in the sense of the space of
homogeneous type (R’ ,dpuy, | -|) if it satisfies the growth estimate

1
pA(B(z, [z —yl))

3) 1K (z,9)llz S

and the smoothness estimates

|x—x/| 1 /
|z —y| pA(B(z, |z —yl))
/
y—y 1
() K(ey) - K@yl S 2= eyl > 2y — o)

~ e =yl (B, |z —yl)’
here B(x, R) denotes the ball in R’} centered at x and of radius R. When K(z,y) is scalar-
valued, i.e. B = C, the difference conditions (@) and (@) are implied by the more convenient
gradient condition

S : .
[z — ylpA(B(z, [z — y]))
Suppose that, for some 1 < r < oo, T is a linear operator assigning to each f € L"(du))

(6) Vi K (2, y)

a measurable B-valued function T'f on R’,. Then T is said to be a (vector-valued) Calderén-
Zygmund operator in the sense of the space (R’ ,duy, |- |) associated with B if

(a) T is bounded from L"(dpy) to Ly(duy),

(b) there exists a standard B-valued kernel K (z,y) such that

Ti@) = [ K@yfl)dny),  aewgsuwpf,
+
for every f € L°(R" ), where L°(R" ) is the subspace of L>°(R’ ) of bounded measurable
functions with compact supports.

Here integration of B-valued functions is understood in Bochner’s sense. For the theory of
Bochner integrals we refer to [27]. The Bochner-Lebesgue spaces LE(duy), 1 < p < oo, are
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defined to consist of all strongly measurable functions f: R} — B such that || f[|1z(q,,) < oo,
where

1/p
(fer 1@ diir(@)) " 1<p <o

1N 22 dn) =
esssup,egn ||/ ()]s, p =00

According to [12] and [I4], we define the atomic Hardy space Hé’;‘t of B-valued functions on
R" to consist of these f € L}(dpy) which admit the atomic decomposition

o
f=2_aja
Jj=1

the series being convergent in L} (dpu,), where a; € C are scalars such that > 21 |l < oo, and
a; are atoms in the sense we now describe. A strongly measurable B-valued function a is an
atom in the context of (R, duy, |- |) if

(A1) there exist x9 € R’ and ry > 0 such that suppa C B(zo, o),

(A2) Ha||Loo ®?) < 1/pA(B(wo,10)),

(A3) fR" a(x) dpx(z) = 0.

The norm in HB ot is defined by

o
HfHHI;;; = infz |,
7=1

where the infimum is taken over all atomic decompositions f = Z;i1 ajaj of f. Note that the
condition (A2) above may be replaced by

(A2') |lallz; ®7) < (px(B(zo,70))) /" for some fixed 1 < r < oo.

In the one-dimensional case and for B = C the atomic Hardy space in the Bessel setting was
investigated in [0l [13] 26].

The space BMOg(dpuy) is defined to consist of all locally duy-integrable B-valued functions f
on R% such that

— fBllB dux(z) < oo,

I f1lBMOs (dpy) =

where the supremum is taken over all balls B in (R}, dpuy,| - |), and fp is the mean value of f
over B, fp = f 5 J(y)dux(y). When B satisfies certain mild conditions, the dual of Hé”;‘t
is BMOg- (d,u)\) Wlth IB%* belng the dual of B.

It is well known that a large part of the classical theory of Calderén-Zygmund operators
remains valid, with appropriate adjustments, when the underlying space is of homogeneous type
and the associated kernels are vector-valued, see for instance [19, 20]. In particular, if 7" is a
Calderén-Zygmund operator in the sense of (R}, duy, | - |) associated with a Banach space B,
then (see [8, Theorem 1.1] and references given there)

(M1) T extends to a bounded operator from LP(wduy) to LE(wdpy), for every 1 < p < oo and
every w € A;‘,

(M2) T extends to a bounded operator from L!(wdpuy) to weak L} (wdpy), for every w € A7,

(M3) T extends to a bounded operator from H(é’gt to Li (duy),

(M4) T extends to a bounded operator from LZ° to BMOg(dpy).
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In (M1)-(M4) it is implicitly assumed that 7" is given initially on dense subspaces being inter-
sections of the relevant spaces with L"(duy).
The main result of the paper reads as follows.

Theorem 2.1. Let A € [0,00)", m e N" k>0, k+|m| >0,2<7r <oo, M= Mw or
M = Mp. Then each of the operators

A A AW AP A A
W*’ P*, gm7]<;7ra g TMa Rm’

m,k,r’
can be interpreted as a Calderén-Zygmund operator in the sense of the space of homogeneous
type (R, dpuy,| - |) associated with a Banach space B, where B is Cy, Co, L (tEFIml/2r=1g4),
L (tktmhr=1at), C, C, respectively.

Consequently, each of the operators listed above satisfies (M1)-(M4), with appropriately cho-
sen B in each case. When B # C, these mapping properties can be translated to the following.

Corollary 2.2. Let A € [0,00)", m € N*", k > 0, k+|m| > 0 and 2 < r < oco. Then

pA AW AP
* ) m,k,r’gm,k,r’

B = C. Moreover, the resulting extensions are given by the formulas defining initially these

the operators W2, viewed as scalar-valued operators, satisfy (M1)-(MJ}) with
operators in L"(duy) (with r = 2 in case of the mazximal operators), where the relevant integrals
converge.

Proof. The first statement is straightforward. The second one is justified by standard arguments,
with the aid of Remark below; see for instance the proofs of [17, Theorem 2.1] and [24]
Corollary 2.5]. O

The proof of Theorem 2.T] will be given in Section @l Treatments of each of the operators are
naturally divided into the following three steps.
Step 1. The operator is bounded from L"(dpuy) to Lg(dpuy) for some 1 < r < oo.
Step 2. The operator is associated with an integral kernel in the sense of (b) above.
Step 3. The kernel satisfies the standard estimates (@), (@) and (&)).

In the next section we gather various facts and lemmas that will be needed in the proof of
Theorem 211

3. PREPARATORY FACTS AND RESULTS

The modified Bessel function I,, has the following Poisson-type integral representation ob-
tained by Schléfli, see [25, Chapter VI, Section 6-15]. For v > —1/2,

1
(7) L(z) = 2 / e Ay 41 p(s), 2> 0,
-1
where ), is the measure on [—1,1] given by the density
1—s?)171d
dS, (s) = A= ds oy,

VR
In the limit case n = 0 we put Qy = (6—1 + 61)/v 27, where §_; and §; are the point masses
at —1 and 1, respectively, so that (7] holds also for v = —1/2. Then, for any A\ € [0,00)", the
Bessel heat kernel can be written as

1 1 .
(8) Wz, y) = ORE /eXp < - ItQ(%Z/ﬁ)) dQx(s), z,ye Ry, t>0,
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where [A\| = A\ + ... + Ay, the function ¢ is given by

n
2 2
Q(mayas) = ‘.%" +’y‘ +22x]y]8j7 1’,y€Rn, RS [_1’1]n7
j=1
and Q) denotes the product measure ;" ; 2, on the cube [—1,1]".
The following result is a crucial point in our method of estimating kernels. It relates expres-
sions involving certain integrals with respect to df2) with the standard estimates for the space

(R, dpx, | - )-

Lemma 3.1 ([I7, Proposition 5.9]). Assume that A € [0,00)". Then

2.y, s)) /W S 1
[t s €

oo g)) T2 AL 1 .
|/ tatev.9) MO R T mBE ) Y

At this point it is perhaps interesting to observe that, see [I7, Proposition 3.2],

T #y,

n
pA(B(x,R)) ~ R [[(x; + R)*, xeR}, R>0.
j=1
The result below will come into play when proving the smoothness estimates (@) and (5l) in
cases when B # C. It will enable us to reduce the difference conditions to certain gradient
estimates, which are easier to verify.

Lemma 3.2 ([24, Lemma 4.5]). If z,2',y € R} are such that |z —y| > 2|z — 2’| and 0 =
azx + (1 —a)x’ for some a € [0,1], then

1
Zq(x7 y7 8) S q(97 y? S) S 4q(x7 y7 8)7 S e [_17 1]”'

The same holds after exchanging the roles of x and y.

The following technical result will be used repeatedly while showing the relevant kernel esti-
mates. To prove it, and also for future use, we introduce some additional notation. Given two
multi-indices m, M € N", the relation M < m means that M; < m; for all : = 1,...,n. We
write (0,q)™ to denote the quantity (0z,¢)"™ - ... (0, q)™"

Lemma 3.3. Let A >0, m,r € N* and k € N be fized. Then

_ 1
oty (1 exp (- Frate0.))

uniformly in x,y € R, t >0 and s € [-1,1]".

,S t—A—k—(ImIHT\)/Q exp < — éq(% Y, S)) ’

Proof. Taking into account the inequality
la + bs| < (a® + b + 2abs)'/?, a,b>0, sel[-1,1],

we see that it is sufficient to show that

1
kamar [ ,— . —A—k—j—(|Im|+|r|+|M[+|R])/2
A 8<t exp< 4tqmy, >> g Cimr(s)t

% (9oq(z,y, )" (8ya(z,y,9)) *(a(z,y, 5))” exp < - 4%61(90 Y, s ))
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where the (finite) summation runs over 0 < j <k, M <m, R <r, and Cj y,r are polynomials.
Proceeding inductively, we arrive at the formula

© o (e (- aa9) ) = 3wt I o) oo (- falens)

0<j<k
where a;;, € R. On the other hand, given 4,5 = 1,...,n, another inductive reasoning leads to
o 1 (it Mo+ Ro
(10) 8’;‘?652 €xp ( - EQ(%% 5)) = Z B r; (5i85)t (matry+ Mt Rj)/2
0<M;<m;
0<R;<r;

1

X (amiQ(xaya 5))Mz (aij(x’y’ S))Rj €Xp < - ZtQ(x,y, S)),

where By, g, (si,5j) are polynomials of two variables (some of them being null polynomials).
The conclusion follows by combining (9) with (I0]). O

The next result provides a useful decomposition of 8;”30;‘. This will be necessary to prove L?2-
boundedness of operators involving higher order ‘horizontal’ derivatives, that is the g-functions
and the Riesz transforms.

Lemma 3.4. Let )\ € |0, oo)" Given m € N", there exist numbers c; € R, j < m, such that

(11) OFeN(z) =2 ¢ilezy (), @,z €RY,
i<m
with the notation 2™ = 2" - ... -z and (zz)7 = (x120)70 ... (T 2n )"

Proof. By the tensor product structure of goi‘ it is enough to prove the result in the one-
dimensional case. Then we proceed by induction on m. Using the identity (cf. [25] Chapter III,
Section 3-2])

d , _ _

E(z VI (2)) = =2yt (2),
we get 0,00 (2) = —z(x2)p)t1(2). Suppose that (II) holds for certain m € N. Then, with the
aid of the recurrence relation (cf. [25, Chapter III, Section 3-2])

J(@) = o (a2 + on(2), v >0,

it follows that

oA :) = 27 ( S jeslazy ()~ 3 qz(mz)ﬂ%@iﬂ‘“(z))

j=1 =0
j A j A7 A
- z’”“(Z o =T (@2P TN+ @ R) = Y e azp e >).
j=1 7=0
Thus we conclude that (II]) is satisfied with m replaced by m + 1. O
To prove the remaining two lemmas we will need the estimate

(12) |<p;\(z)‘ <1, z,z € RY.

This is easily obtained from the following basic asymptotics for the Bessel function J, (cf. [25

Chapter III, Section 3-1 (8), Chapter VII, Section 7-21]): for v > —1 we have

1
J(2)~2", z—0t, Ju(2) :(’)<— z — 0.

)
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Lemma 3.5. Let A € [0,00)" and assume that f € LP(wduy), w € Ay, 1 <p < oo. Then the
heat integral of f,
Wif@) = | Wi nf@dmb),  zeRL >0,
+
is a well-defined C*° function of (x,t) € R x R. Moreover, given m € N" and k € N, we have
AW (a) = [ AWM)W dial), s eRL t>0
+

Furthermore, if f € L?(duy), then we also have

O OFW) f () = / oot () (=) dua(z), @ ERYL, >0,
R

n
Proof. Let E C E C R} and FF C F C Ry be bounded subsets of R and R, respectively.
Observe first that by (8) and the fact that g(z,y,s) > |z — y|?, s € [~1,1]", we have

1 1
”r)\ 2 n
t(33,?/)5tn/2+‘)\|exp(—4t|$—?/|), %yGR , >0,
This implies the estimate
Wiz, y) Se M’ yeR?, zeE, teF,

where ¢ > 0 is a constant depending, in particular, on E and F. Moreover, combining (&) with
Lemma [3.3] we see that, given m € N™ and k € N,

(13) ‘(%”athA(x,y)‘ S el yeRY, xeFE, teF.

Next we observe that the function y — e~clyl® belongs to all LP(wdpuy), w € AI))‘, 1<p<o.
This can be easily verified by splitting R’} into dyadic ‘rings’,

oo
R} ={zeR}:|zf <1}U | J{weR): 2 <[z <2T}
=0
and using the estimate
w(B(0, R)) :/ w(@) dus(z) < ROF2P R,
B(0,R)
see for instance [I5, Section 4]. Similarly one can show that the function y — e’ /w(y) is
essentially bounded if w € A{‘, and to do that one uses the dyadic decomposition above and the
estimate
HXB(O,R)w_l”oo < R R>1,
following from the A7 condition, see [15, Section 4].
Now let f € LP(wduy), w € A;?\’ 1 < p < co. By the above observations and Holder’s
inequality we can write

WA )| ()] dina(y) < / e~ | £ ()| dpr(y)

R}

R}
— . 2
< HfHLp(WdMA)He ! HLP/(w_P//PdﬂA)’ rekl, tel,
and the last expression is finite since w PP e AI’}, (for p =1 the L? norm here must be replaced

by [le=?"*w™||o). Thus W is well defined for functions from the weighted LP spaces. The
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fact that W f(x) is a smooth function of (z,t) € R x Ry and the possibility of passing with
the derivatives 99} under the integral sign are proved inductively, by considering one partial
derivative at a time and then using (I3]) and the dominated convergence theorem. Here, and
also elsewhere, the possibility of applying this theorem for differentiating under integral signs is
justified with the aid of the Mean Value Theorem.

Finally, we verify the last statement of the lemma. For f € L?(duy) we have

W (@) = ha (e haf) (@) = / e @ f () dua(2), @ R

n

+

Further, by Lemma [3:4] and (12))

2
< e Al zeRY, ze€E, teF,

~

|07 af (e 12 (2)) |

for some constant ¢ > 0, and the function z — e*c‘Z‘QhAf(z) is integrable against du, as can be
easily seen by means of Holder’s inequality and the L?-boundedness of hy. In this position we
can proceed inductively as before. O

Remark 3.6. From the proof of Lemma we can conclude immediately the following con-
vergence result. Assume that A € [0,00)" and fy — f in LP(wdpy) for some w € AIA) and
1<p<oo. Let m e N" and k € N be given. Then, with t > 0 fized,

IMFW fy — OTOFWAf,  as N — oo,
pointwise, and even uniformly on bounded subsets E C E C R%.

Lemma 3.7. Let A € [0,00)? and assume that f € CZ(R%Y). Then hyf € C®(R™) and, given
m e N",
O hnf(2) = [ O (o) (o)
+
Proof. The arguments are based on Lemma[3.4] the estimate (I2)) and the dominated convergence
theorem. We leave elementary details to the reader. O

4. PROOF OF THEOREM [2.1]

In this section we prove our main result, Theorem 2.l In the following subsections we treat
separately the cases of the maximal operators, the g-functions, the Laplace transform type
multipliers and finally the Riesz transforms.

In the sequel we will often omit the arguments and write shortly q instead of ¢(z,y,s). We
will also make a frequent use, without further mentioning, of the fact that for A > 0 and
B > 0, sup;~g tAe= Bt = Ca,B < co. We shall sometimes tacitly assume that passing with the
differentiation in x, or y or ¢, under the integral against d{)y or against dt is legitimate; similarly
for changing orders of integrals. This is indeed the case in all the relevant cases, which may be
verified in a straightforward manner by means of the estimates obtained in the proof of Theorem
2.1 and the dominated convergence theorem. On the other hand, in more subtle cases we will
always comment in detail operations of this kind.
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4.1. Maximal operators W, and P}.
First, recall that {W} is a symmetric diffusion semigroup in the sense of Stein’s monograph
[22]. Then the maximal theorem [22, p. 73] applies showing the boundedness of W2 on LP(duy),
1 < p < co. The same is true for P, by subordination. Theorem 2.1 complements these results
by admitting weights and providing some further mapping properties of the maximal operators,
see Corollary

We treat in detail only the heat semigroup maximal operator and then only indicate how to
make the arguments go through in case of P.
Step 1. We want to view W7 as a vector-valued operator W?, assigning to any f € L?(duy)
the function

RY > 2 +— W)\f(x) = {Wf‘f(x)}bo,

and bounded from L?(dpuy) to L%O(d,uA). We first ensure that W» indeed takes its values in
L%O(d,u)\). Here the arguments are analogous to those from the proof of [17, Theorem 2.1]. To
make them work one needs two ingredients. The first one is the fact that, given f € L?(duy) and
z € R", the function W f(z) is continuous in ¢ € (0,00), which we already know (see Lemma
B.5). To get the remaining ingredient, it is enough to check that for f € L?(duy)

(14) lim W f(z) = f(x), tlim W f(x) =0, a.e. x € R,

—00

t—0t

This, however, is rather straightforward. We have
WA = ha(e 1 hy ), f € L*(dpy), t>0.

Then () for f € C* follows by the dominated convergence theorem. Since C* is dense in
L%(duy) (see Section @4l below) and the maximal operator W is bounded on L2(dy, ), standard
arguments show that (I4)) holds for f € L?(duy).

Thus W? is a linear mapping from L?(duy) to LZ, (duy), and as such is bounded, by the
corresponding property of the scalar-valued operator W),
Step 2. The fact that W is associated with the vector-valued kernel {W(x,y)}i=0 is justified
exactly in the same way as the corresponding fact in the proof of [I7, Theorem 2.1].
Step 3. We prove the standard estimates for the kernel {W)(x,y)}¢~0. By (8) we have

1 q
A — _ 1
W )y =0p oy [ e (= 5) (o)

1 q\ n/2+IAl q 1
< [ —— a -3 < [ —
= / /2 i§§<t) eXp( 4t>dQ)‘(S) ~ / /2D S0 (s)

and the growth estimate (Bl with B = Cj follows from Lemma [3.1]
To show the smoothness estimates [l and () it is enough, by symmetry reasons, to consider
). Then using the Mean Value Theorem we get

(W (2,y) = WA, y)| < |o— 2|

NALEIERN )

where 0 is a convex combination of x and 2’ that depends also on t. Thus it suffices to show the
estimates

1
x*GHLOO(dt) S ’
= [z = ylpA(B(z, [z — yl))

H@Cth)‘(m,yﬂ 1=1,...,n,
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for all x, 2,y satisfying |x — y| > 2|z — 2/|. Using (8) and applying Lemma [3.3] we get

1 q
A - 4
|0z, Wi (x,y)| < @ / Oy, €Xp ( 4t) ‘ dQx(s)

1 q 1
N ]2+ N +1/2 /eXp < - g) d(s) S / PR NESYR dQ(s).

Now the desired bound follows by Lemma and Lemma Bl This finishes Step 3.

Treatment of P} goes along the same lines. One has to combine the arguments given above
with the subordination principle. In Step 1 the relevant identity is P)f = hy(e !*lhyf), f €
L?(dpuy). We leave further details to interested readers.

4.2. Square functions g;‘l";vr and g;’lzr.

We analyse in detail only the square function g?‘r;}/lzr based on the heat semigroup. The Poisson
semigroup based g-function is treated in a similar way, by means of the subordination principle
(see for instance [24] Section 4.3]), hence the details are omitted

AW

Step 1. We interpret g’ ko 85 the vector-valued operator G assigning to any f € L"(duy)

m, k ’
the function

R 52 G f(x) = {00 of W ()},
We will show that gﬁ;f,f is bounded from L"(dpy) to Li(dpy), 2 < r < oo, where B =
L (t(kﬂm‘/ 2)Tfldt). Actually, this task amounts to showing that the g-function gﬁ;}gr is bounded
on L"(duy), 2 <r < 0.
We first deal with the case r = 2. Let f € L?(duy). By Lemma and Lemma [3.4] we see
that

O OFW f(x) = ¢ / Pt (2) 2™ (= 1)F |2 hy £ (2) dpaa(2)-

j<m
Then

Hgm k, 2 )HiQ (dpn)

/ / Zcﬂ/ (@) i ()2 (<)M £ (2) dpaa (2)

i<m

Z L

i<m

— Z/ / |h)\+ P j|Z|2k —t|z |2h>\f | d,“)x-i- t2k+\m\ Lt

i<m

2
$2k+Im|—1 g4 dpiy(z)

2
dpa(z) £2k+Im|—1 gy

[ @ @ R ) i

Since hy; is an isometry on L%(dpy ), this implies

o0
2 k — 2 92k —
Hgmk2 )HLQ(du,\) S /Rn 2" || * /0 e 2 2RHIMI=L gt |y f ()] dpn ().

+

The integral in ¢ here is equal T'(2k + |m/|)/(2|z|?)?**I™ and we conclude that
2 < 2" | 2 2 2
Hgm“ )HLQ(dm) ~ Jre |x|tht2m] [haf ()" dpa(z) < Hh’\fHL2(duA) - HfHL2(dMA)'
+

Notice that when there is no horizontal component, i.e. m = (0,...,0), then \|g7>7‘1’V,L/2(f)HL2(dM)
is equal to | f|lz2(4u,), up to a factor independent of f.
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Considering the boundedness for 2 < r < oo, it is enough to show that it follows from the
L"-boundedness of gﬁ;‘;g and the maximal operator W}. To begin with, observe that by (8]
and Lemma [3.3]

m L q
|8 WM,y | S SN /exp < — g) dQ(s),

so th+ml21gm ok WA (2, y)| < Wy (z,y). Consequently, for suitable f,
TR oW f(a)] S Walfl(2),  xeRY, t>0.

Using this observation and Hoélder’s inequality we obtain, for f € L"(du)),
Hgm k,r f)| L7 (dpy)
o ml /2 cm r dt
= / e Earabw | dusa)

/n/ tk+\m\/28makw)\f( )‘ <Suptk+|m|/2|amakw)\f( )‘)T—Qdu)\(x)

t>0

5 dt r/2 2/r
s( / < / |20 R £ () 7) dmx))
n 0
+

" (/ (sup 2 oo pa )‘)rd/m(x)>12/ T

t>0
o VAN

Thus if 922‘2/2 and W are bounded on L"(duy), then so is gf‘rzvlgr.
Step 2. We verify the fact that 92‘1’12/ is associated with the kernel {9mOF W (x,y)}i~0. Note

that the integral connecting QT);LI;V with the kernel must be understood in Bochner’s sense, and

~ Hgka f){ Lr(dﬂA

the underlying Banach space is B = Lr(t(k+|m|/2)7"_1dt). By density arguments it suffices to
show that

(15) ({orotwd ) getr) = [ (0o Wae.)oof ) din(u). 1)

for every f € CX(R%) and H(x,t) = Hy(x)Ha(t), where Hy € C°(RY), Hy € C°(Ry4) and
supp f Nsupp H; = (). Here (-,-) means the standard Banach space pairing between L%(d,uA)
and its dual L2, (dpuy), with B* = L7 (t*+Hml/2r=1g4),

We start by considering the left-hand side of (IHl),

({omofwr} oy H)

= / Bl /2r=1 g, (1) / OMOFW f (x)Hy () dpy (x) dt
0 1

_ / (etlml/2r=1 b ) / O OFW (2, 9) f () dyux(y) Hi () dyan (x) dt.
0 n JR"

The second identity above follows from Lemma The change of the order of integration in
the first identity is justified by Fubini’s theorem. Its application is indeed legitimate since by
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Hoélder’s inequality
/ / |0 OE W £ ()| | H () Ha(8) |4 11/27= i iy ()

| kHml /2= =1/2

= Hgka )HL2(dM)HH1HL2(dm)| HLQ(dt)’

and this quantity is finite in view of the L?-boundedness of gggvg?
Now we focus on the right-hand side of (IH]). Interchanging the order of integrals we get

< /Rn (OO W 2, 1) Yemo f () dpi (1), H>

= [Tty [ orokwA e o)) dunls) He) duao)

0

which confirms that both sides of (IH) coincide. Here application of Fubini’s theorem is possible
since

/n /n /oot(ker/?)T1|8;“85Wt)‘(x7y)f(y)Hl(m')HQ(t)‘dtd,u,)\(y)du)\(x)

< flloo 1 H 1 [l | H2 || / |07 OF W (2, y) || g dea () dpa ()
suppH1 supp f
dpx(y) dpx () < oo,
/suppH1 luppf :U'A ’1’ - y‘))

where we made use of the growth estimate for the kernel {07 0F W (x,)}i>0 proved in Step 3
below and the fact that the supports of f and H; are disjoint and bounded.

Step 3. We verify the standard estimates for the kernel {97OF W (x,y)}i>0 taking values in
B = L7 (t*+m/2r=14t) where 1 < 7 < co. By (8) and Lemma B3] we have

m 1 q
07 AW @] S e /eXp<_ 57) 40(6)

This combined with Minkowski’s integral inequality gives

. 1
Jorstwdw ol [ e oo (-5, o)

The change of variable ¢ — gt shows that the norm under the last integral is equal to q~™/2~ 1},

up to a multiplicative constant. Thus now the growth estimate () follows from Lemma B11
To show the smoothness estimates, we focus ourselves only on (fl); the reasoning proving ()
is essentially the same. By the Mean Value Theorem,

|00 WN (,y) = OF WA,y )| < |y — || VO OF W, y)] g

where 6 is a convex combination of ¥ and 3’ depending also on ¢t. Thus is suffices to show the
estimates

loazatwienl, < smpmEEy

for all x,y,y satisfying |z — y| > 2]y — ¢/|. Using ([8) and Lemma B3] we see that

m 1 q
10,000 W (2,)| S tn/2+|>\+k+|m|/2+1/2/exp(—§> d0u(s).
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This together with Lemma produces (under assumption |z —y| > 2|y — ¢/|)
1 q
m akyrsA
‘ayzax at Wt (QT, y)‘y:,g‘ S tn/2+|)\\+k+|m|/2+1/2 /eXp ( — @) dQ)\(S)

From here we proceed as in the proof of the growth estimate above. This leads to

1
Hayiagrgnafwt)‘(l'ay)‘y:g“]}g S/Wdﬁ)\(s),

and the desired bound follows by Lemma Bl Step 3 is complete.

4.3. Multipliers of Laplace transform type Tf\‘,l.
We will consider multipliers M of the form

M(z) = My (2) = |22 /Om eFoy(s)ds,  zeRY,

where 1 is a bounded function on R;. The arguments given below and the subordination
principle allow to treat in a similar way the multipliers M = Mp obtained from the formula
above by replacing |z|? by |z| (this change corresponds to replacing the heat kernel by the Poisson
kernel in the expression defining the associated integral kernel).

Step 1. The fact that the operator T, f = hy(Mh, f) is bounded on L?*(dpu,) is clear, in view
of the boundedness of M and Plancherel’s theorem for the Hankel transform.

Step 2. We will show that T’ f\‘,l is associated with the kernel

K (a,y) = /w ) W, y) dt, r,y e Ry, x#y.

By density arguments, it suffices to verify that
(16) (Tl )y = [ [ K@) ) dir ) dia(2)
+ /Rt

for all f,g € C2° with disjoint supports. We focus on the left-hand side of ({I6]). By the definition
of Tf\‘/l and Plancherel’s theorem for the Hankel transform we get

(Tl ), = [ 7ML T i)
= | M(2)hxf(2)h\g(2) dpr(2)

RY

a7 = [Tt [P g ) i)

RY

To write the last equality we used Fubini’s theorem. Its application is justified since
L [ R ) i) d < ol [ a0 di )

< llooll 122 (@puny 191l 22 (apn) < 00

We next analyse the inner integral in (7). Plugging in the integrals defining h)f and h)g and
then using Fubini’s theorem we arrive at

[ e g =) din(2)

R%
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_ /n /n /n 12217 oA (@) (y) dpn(2) £(y)g(@) dpa(y) dpx(z)

- /n /n _8tWt)\(9C7y)f(y)Mdu,\(y)dM(gg)_

The application of Fubini in the first identity above is legitimate since, taking into account (I2])
and that ¢ > 0,

Jo o e

< 1 Lo 192t sy /R 22617 duy () < .

+

2212 o2 ()02 (1) f (1) 9(@) | dpia(2) dpan (y) dpaa ()

The second identity above is a consequence of the equality
T 12
—8,5/” e 12 (@)@ (y) dua(2) = /n |27e~ 1 02 (@) 02 (y) dpa(z), >0,
+ +

Here passing with 0; under the integral can be easily justified by (I2]) and the fact that for
t>¢e> 0 we have |z[2e t12* < |z|2e~¢l7% 2 € R
Summing up, we proved that

(T == [ 00 [ [ 0 )5 dis (o)

To see that this expression coincides with the right-hand side in (I6]) it is now enough to inter-
change the order of integrals. An application of Fubini’s theorem is again possible because

/n /n/ ()0 W N, y) f(y)g(x)| dt dux(y) dpa(x)

1
SWllclol [ [ dpa(y) dinr (@) < o0,
H supp f Jsuppg ,U’A |£C—y|))

where we used the assumptions on f and ¢ and the estimate
oo
1
YW . y)| dt <
A S ey
obtained implicitly in Step 3 below. The verification of (I6)) is finished.

Step 3. We show the standard estimates for the (scalar-valued) kernel K4,(z,y). By (§) and
Lemma [3.3] we have

9”7)\ <

Using the boundedness of ¥ and changing the variable of integration ¢ — qt we get

A
K (z,9)| 5//0 pryCEYpVEEY exp(—g) dtdm(s)g/q T 4 (s).

Now the growth estimate (B]) with B = C follows by Lemma [3.1]
To prove the gradient estimate (@), by symmetry reasons we may consider only the derivatives
Oz, t =1,...,n. Then Lemma [3.3] gives

1 q
A
|a'riatWt (x,y)| 5 #n/2+\+3/2 /eXp < - g) dQA(S)
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and hence, proceeding as above,

o 1 q 1
b
|0, K (2, )| S //0 a2 P < - g) dt dx(s) S / PRIE =Y d\(s).

The conclusion follows by Lemma B.11

4.4. Riesz transforms RZ‘I.
Recall that, see Section 2], we defined

(18) Ry f=0m A2 f = 0mhy (127 Mha ), fech

First of all, we ensure that this definition is correct and that C* is dense in L?(duy). Indeed,
given f € C*, hyf, and thus also |z|~I™ hy f, belong to Cg°(RY), by the definition of C*. Then
by Lemma B7 the function hy(|z| 71" hyf) is smooth, so the formula defining R}, makes sense.
For the density of C*, observe that hy(C(R%)) C C*; this follows from the definition of C?,
Lemma B.7] and the fact that h) coincides with its inverse in L?(du,). Since C2°(R7) is dense
in L?(duy) and hy is an isometry there, the conclusion follows.
Step 1. We verify that R}, is bounded from C* C L?(duy) to L?(duy). In consequence, it
extends uniquely to a bounded linear operator on L?(duy).

Let f € C*. Using Lemma 3.7 and Lemma 34 we can write

RS @) = [ Ol s () din (2
o

+

(19) = ¢! /]R" ea I (2) |21 hy £ (2) dpn(2)

j<m

=3 e (27 ha ) @)

Jj<m
Then, taking into account that the Hankel transform is an L2-isometry, we see that
A 2 — i 2
HRmem(dM) N Z [P (121 L Jhkf)”m(dwﬂ-)
j<m

Iml m 2
=Y el ey S A F 2y = 113 20dp0)-
(dpx) (dpx) (dpx)

j<m

Step 2. We show that R, is associated with the kernel

1 &
m(xay) F(]m\/?) /0 8$ t (.%',y)t dt, z,y € ) x 7é Y.

By density arguments, it is enough to justify the identity
(20) (RS0 = [ [ B S dial) dia ()
+ IRt

for all f,g € Ce°(R") such that supp f Nsuppg = 0.

First we focus on the left-hand side of (20). Notice that here we cannot apply (I8]) directly
to R), f because f is not necessarily in C*. To overcome this obstacle, we shall use a limiting
argument to express (Rp, f, g)du, by a sum of certain integrals. Let {fn} C C* be a sequence
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approximating f in L?(du,). Clearly, in view of the L?>-boundedness of Ry, (R N, G)du, —
(R} f9)du, as N — oo. On the other hand, for each N we can write (see (1))

(Bifost)an, = e [ [ @GP (2) a2 96 doe)
i<m n n
Then interchanging the order of integrals we get
(21) (R0 = 3 ¢ / 2y (2D (2779) (2) dian (2).
i<m
Here the application of Fubini’s theorem is legitimate since

L s (2 (a79) ()| dia ()

+

< H ‘zli‘m‘zmhAfNHL%duk) HhAJrj(xijg)H[ﬂ(duM_j) < HfN”LQ(duA) ”gHL2(duA) < 0.
This chain of estimates shows also that one can pass to the limit with N in (2I]). Thus we get
(R\fo0)g = 3¢ / ] £ (2o (2775) (2) i (2)
i<m

We next analyse the right-hand side of (20]). Taking into account the assumptions imposed
on f and ¢ and the estimate

1
ux(B(z, |z —yl))
proved in Step 3 below, we may apply Fubini’s theorem to get

/n /n R (z,y) f(y)g(x) dux(y) dpa(x)

W/ e / . / Lo / . ) (2) dun(2) £ (9)9(@) dun(y) dpn () dr.

We now focus on the three inner integrals entering the last expression. Observe that we may

| oWl a g
0

exchange 07" with the integral against duy(z); this can be justified by means of Lemma [34] (I2])

and the dominated convergence theorem. Then an application of Lemma [3.4] leads to

/n /n 8;”/n e-ﬂzl%oi‘(z)goé‘(z) dpx(2) £ (y)g(z) dux(y) dpa(z)
/n /n /n —tl2]? ,m Z xz)’ >\+J (2) ;\(Z) du,\(z)f(y)mduA(y) dp(z)

= ¢ /n U=l 4 by £ (2) b (2775) (2) dpa(2).
j<m

The last identity is a consequence of Fubini’s theorem, and its application is possible because,
in view of the assumptions imposed on f and g, (I2]) and the fact that ¢t > 0,

/n /n /n e~ UE 2 0 | X (2)0) (2) £ () 9(@) | dpaa(2) dpan () dpa(z) < oo
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Summing up, we proved that the right-hand side of (20]) is equal to
o0
_ - 2 . .
Z ]P ‘m’/z / t|m|/2 l/n e t|z| Zm+]h)\f(2)h)\+j(.%' Jg)(z) dﬂ)\(Z) dt.
+

To finish the proof of (20) it suffices now to justify the possibility of exchanging the order of
integrals in the last expression. This, however, follows readily by means of the estimate enabling
the application of Fubini’s theorem leading to (2I).

Step 3. We prove the standard estimates for the kernel R) (z,y). By (8) and Lemma [3.3] we
have

m 1 q
o W@ < s [ o (g 40

{R;\n(ﬂz,y){ S //0 AL &P < - g) dt dS)(s),

and the right-hand side here was already estimated in the required way in Step 3 of Section 3]

This implies

above.
To show the gradient bound, we observe that again by () and Lemma B3]

1 q
|Vay W, y)| < /2 H I\ Fml/2+1/2 /eXp ( - g) dSa(s)

and consequently

Y > 1 q
1Vm,yRm(w,y)\§//0 Wexp<—§) dt dQ(s).

Now the conclusion follows as in Step 3 of Section 3]
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