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RIESZ TRANSFORMS, ¢-FUNCTIONS, AND MULTIPLIERS
FOR THE LAGUERRE SEMIGROUP

CRISTIAN E. GUTIERREZ, ANDREW INCOGNITO, AND JOSE LUIS TORREA

Communicated by Gilles Pisier

ABSTRACT. We introduce the notions of Riesz transforms, g-functions and
multipliers associated with the Laguerre differential operator in d dimensions
d

9?2 1o}
Lo = i—s + (i +1—y;)—,
« zzzl Yi ay’? ( i yz) ayi
where o« = (a1, ,q), y; > 0, and prove that they are bounded in LP-
spaces for 1 < p < oo and weak type 1-1 when 2(a; +1) € N, i =1,--- ,d.

1. INTRODUCTION AND PRELIMINARIES

The purpose of this paper is to study the boundedness properties of some
classical operators in Harmonic Analysis in the context of the multidimensional
Laguerre semigroup. The one-dimensional case was studied by Muckenhoupt,
see [M1] and [M2] and recently, Dinger [D] proved in higher dimensions that the
maximal operator for the Laguerre semigroup is weak-type 1-1. The operators
we introduce and study in this paper are: the Riesz transforms, Littlewood-Paley
g-functions, and multipliers; see definitions in section (3). We prove that these
operators are strong type p — p for p > 1 and weak-type 1-1. We also obtain
bounds independent of the dimension, see Theorem (3.4). To this end, we use
quadratic transformations that relate the Hermite and Laguerre polynomials, see
lemma (1.1), proposition (3.1), and lemma (2.1).

The paper is organized as follows. The rest of this section contains some
definitions and background for Laguerre and Hermite polynomials that will be
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used later. Section (2) contains some technical lemmas. The main results are
proved in section (3). Finally in (4), we study the behavior of the operators
introduced when the measure is changed, see Theorem (4.3).

Given o > —1, the one-dimensional Laguerre polynomials of type a are

O S
R () = 5¢"y dyk(e Y.

Each Lj} is a polynomial of degree k£ and appropriately normalized they form a
complete orthonormal system in L? ((0,400), ta(y) dy) where uq(y) = ye=Y.

The Laguerre differential operator of type « is

2 d
Lo=y—=+(a+1-y)—,

dy? dy
and we have
(1.1) LoLi(y) = —kLg(y).
Given a multi-index a = (a1, ...,aq) with @; > —1, the multidimensional La-

guerre polynomials of type a are tensor product of one-dimensional Laguerre
polynomials. Indeed, if y € (0,+0c0)? and k = (ky,...,kq), where k; is a non-
negative integer, then the multidimensional Laguerre polynomials of type a and
degree k are given by

Lii(y) = Ly (y1) L (y2) - - - Lyt (ya),

where Lg() is a one-dimensional Laguerre polynomial of type «;.
The Laguerre differential operator of type « in d dimensions is

o 0
(1.2) ﬁa:;yiaiy?-l-(oéri-l—yi)afy.a

and the differential equation (1.1) generalizes to
LaLi(y) = —[kILg (y),

where |k| = ki + -+ + kg. The measure p,(y)dy, where pu,(y) =
Yyt ---ygde_(yl"’“""y'i), makes the differential operator L, self-adjoint in
L7 ((0,+00), p1a(y) dy).

Since we shall use results for the Hermite semigroup, we recall the definition
of one-dimensional Hermite polynomials. They are defined by

k
odd

Ho(l'):l,Hk(J?):e Weim ,k21
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Given a multi-index k = (k1,---,kq) with k; a non-negative integer, and x =
(w1, ,24) € R the multi-dimensional Hermite polynomial of degree k is de-
fined by

Hy(x) = Hy, (v1) -+ - Hiy(2a),

where Hy, (-) is the one-dimensional Hermite polynomial of degree k;. The Her-
mite polynomials are orthogonal on L?(R¢ ~4(z)dx) where v4(z) = ﬂdl/ze_“"?.

By L we denote the Ornstein-Uhlenbeck differential operator in R¢ defined by

1
(1.3) L= §A—x-grad.

The eigenvalues of L are of the form A\ = —|k|, where k = (k1, ..., kq), k; are non-

negative integers and the corresponding eigenfunctions are the multi-dimensional

Hermite polynomials Hy(z). The operator L is self-adjoint in L2(R?, v4(z) dx).
In order to define the operators considered in this paper, see section (3), we in-

troduce the following notion of gradient associated with L. Let y = (y1,- -+ ,y4) €
(0,00)%, and F(y) = (Fi(y), -, Fa(y)). Given f = f(y) we let
0 0
(14) o ) = (VI g0+ Ve 0))
8y1 ayd
and

dive F(y) = Z N @i(y) + <O‘+1/2 -~ 1) Fi(y)> :

=1 Yi
It is easy to check that
divegrad, = L,,

and
/ diva F(y) f(y) dua(y) = — / F(y) - grad,, f(y) dpa(y),
(0,00)¢ (0,00)

for sufficiently smooth functions f and F on (0, 00)9.
If f>0and L,f =0 then
La(f7) = plp — 1) 7~ |grad, f|%,
for 1 < p < oo; see [St, page 49]. This leads us to define the following notion of

In case that u = u(y,t) we define

derivative:

(1.5) grad u = (ug, 01u, - -+, Oqu),
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and notice that if v > 0 satisfies the equation

ﬁau = Uyt + Eau = 0,

then
La(uP) = p(p — 1)u"~?|grad,ul*,
We also observe that for the Ornstein-Uhlenbeck operator we have

L = div,grad,,

1 of 1 of
grad, f(z) = (ﬁ @ s am@)) ,

with

and
d
. 1 F,
le'YF = 7:21 (ﬁ aml - \/5sz1> )

where F(z) = (Fi(x), -, Fa(x)).

We finish this section showing the connection between Laguerre and Hermite
polynomials. Indeed, the following lemma shows that if a has a special form
then the Laguerre polynomials of type a can be expressed by means of Hermite
polynomials.

Lemma 1.1. Let L be a one-dimensional Laguerre polynomial of type o with

o= g —1 and x € R™. Then we have the expansion:

Ly(aP) = Y ap Hop(x), 7= (r1,....m).
|r|=k

Remark 1.2. In one dimension,
s (C1)
L2 (%) = WH%(@,
see [S], formula (5.6.1).

PRrROOF. Note that the expression on the left is a polynomial of degree 2k in n
variables. The significance of this formula is that the summand on the right does
not involve lower order terms of the Hermite polynomials. The proof uses the
orthogonality of the Hermite and Laguerre polynomials and integration in polar
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coordinates. Let p(x) be a monomial of degree less than 2k. We will show that
L (Jz|?) is orthogonal to p(x) in “Hermite” space, i.e.,

/n L (|2?)p(x)e """ dz = 0.

First, note that the integral equals zero if p(x) has any odd power factors because
of the evenness of the rest of the integrand and Fubini’s theorem which would
allow us to isolate the variable with the odd exponent. Hence, we can assume p(z)
is of degree 2d with d < k. Now we evaluate the integral in polar coordinates.

[ i aPp@re " ds = / [ e e doaydn
= Cp/ L‘,j(rQ)e_T2r2dr"_1 dr

:C/ LYt/ *tet dt

=C, Z/ b Ly () L (4> dt,

i1<d

by expanding t¢ = Zj<d b;jL$(t). When o = g — 1, the integrals are zero by the
orthogonality of the Laguerre polynomials. O

2. TECHNICAL LEMMAS

Lemma (1.1) can be used to obtain boundedness of operators associated with
Laguerre polynomials from the boundedness of the corresponding operators as-
sociated with the Hermite polynomials. This is the method used in [D] for the
maximal operator of the Laguerre semigroup. To clarify and systematize this fact,
we recall the notion of quadratic transformation.

Let (ni,---,nq) be a multi-index with n; positive integers. We define the
variables

3

x:(x?h"'amz,-)) izla"'ada

and the quadratic transformation
(2.6) ¢lat, - a2y = (212, [2).

We have the following formula of change of variables.
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Lemma 2.1. Let o = (aq, -+, aq) with o;; = %71 andn; € N. Let f(y1,...,Yd)
be a function defined for y = (y1,...,ya) € (0,+00)%. The following formula holds

d
(2.71) = / f((ﬁ(ajl,...,gcd))e_(‘ml|2""""'|9”d|2)dglc1 ...dx?, [n| = an
Ri~l =1
PROOF. By Fubini’s theorem, the right hand side of (2.7) equals
/ 67(\11\2+.4.+|zd*1|2)( f(‘$1|2’.”"md71|2’|xd|2)67|zd|2dxd)dx1“.dxdﬂ.
RInl—7ng R™d
By integration in polar coordinates with respect to ¢, the inner integral equals

o0
/ tnd—l/ FU P |12, 2)e " do (o) dt
0 |zd|=1

o0
= area(S,,—1) / t”47167t2f(\m1|2, oy 22 ) dt
0

1 [ =»
:area(Snd_l)i/ SHTems f(1 2, 21, 8) ds
0
1 o0
= area(Snd,l)ﬁf s"‘de_sf(|ﬂcl|27 . \xd_1|2, s)ds, since % —1=aqy.
0

Hence, by integration in polar coordinates with respect to the remaining variables,
(2.7) follows with

d
C(d,n) =271 H area(Sp,_1).
i=1

O

The following lemma connects operators defined for Laguerre polynomials with
operators defined for Hermite polynomials.

Lemma 2.2. Let o = (a1, ,aq) with a; = % — 1 and n; € N. Suppose that

T and T' are linear operators defined on polynomials and such that

(TF)(p(x)) =T (fog)(x), xR
Let By and By be Banach spaces. Then we have
(1) If 1 <p< oo and

T/ : LB, (RIM; e=(' Phectla®)) , [p (ol o= Ptls? )
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is bounded then
T : L ((0,400)%; pa) — L, ((0,+00)%; pa).

18 bounded.

(2) If
T . L}Bl (Rln\;e—(|x1|2+--~+\zd|2)) - LESO(R‘M;6_(‘z1‘2+”'+|rd|2))
then
T : L, ((0,400)% pta) = L2 ((0,+00)% o).

PROOF. We begin with the proof of 1. Let | - |; denote the norm in B;, i = 1,2.
By (2.7), we can write

/ T f(y)l5 paly) dy
(0,400)?

=C(d,n)" /R‘ ‘|Tf(¢(x1,...,md))\ge*ﬂz””wﬂf”"‘)dxl...dzd

‘% dx' ... dz?

=C(d,n)™! /RW IT'(f 0 ¢)(z)[5 e~ (1" PP+ He

<CC(d,n)"! /‘ ‘ |f op(x)|} e~ (e Petla®®) gol | gpd
]Rn

=ccn o [ 1k

To prove 2, we let
Ex = {y € (0,+00)*: [Tf(y)l2 > A},

and estimate the p-measure of this set. From (2.7) it follows that
/ Xes (Y)ia(y) dy
(0,+00)¢
=C(d,n)"! / XE, (o(2!, ... ,xd))e*(lgﬂll%'”ﬂwdlz) dat ... da?
Rin|
=C(d,n)"! / Xrs (2t .. ,xd)e*(l‘”1|2+"'+‘$d‘2) dat ... da?,
Rinl

where

Fy={(z', ...,z e R T (fo ) (a?, ..., 2D > A}
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Since T is of weak-type (1-1), it follows that

b (E3) = Cldm) ™ 3y () < O m) ™ S 0
= O(dn) ™ Cld,m) S 15 e
= 17l
and the proof is complete. O

3. MAIN RESULTS

We introduce the Hermite and Laguerre semigroups. If Hg(z) is a multidi-
mensional Hermite polynomial of degree 3, and 0 < t < oo, then the Hermite
semigroup is given by

NiHp(z) = e PItHy ().

Analogously, if L¢(x) is a Laguerre polynomial of degree k and type «, and
0 <t < oo, then the Laguerre semigroup is given by

ML (y) = e ML (y).

The connection between these semigroups is given by the following proposition,
see [D].

Proposition 3.1. Let « = (ay, - ,aq) with a; = % —1 and n; € N; and

fy1,-..,yq) be a polynomial defined for y = (y1,...,ya) € (0,+00)%. Then
(M f)(@(x)) = Nijo(f 0 0)(2)
forz e RI™M:n = (ny, - ,ng).

PROOF. Let LY be a Laguerre polynomial of type o = (a1, -+ ,aq), with k =
(K1, ka). Given the one-dimensional Laguerre polynomial Ly’ (z), let us con-
sider Ly (|2*[*), and note that this is a polynomial in n; variables of degree 2k;.
Let Hg(z') be a multidimensional Hermite polynomial of degree 3 in the variables
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zf, ...z} . By lemma (1.1), we can write

d
_ e—\k\tLa(¢(xl 7.%‘d)) — He—klth( xz|2)
i=1
d
e Y a o) = IS @b e Hay(a))
=1 |r|=k; i=1 |r|=k;
d
=TICY" af (NipHor) (@) = [T Nija( D af Hop) (@)
i=1 |r|=k; i=1 I |=k;
d . d
=TI Meja(L3 0 00)(@') = Nypo([ [ Lt 0 0) ()
i=1 i=1
= Nija (L 0 ¢)(x)
Here, ¢;(2") = |2*[? O

Using the principle of subordination we define the Poisson semigroups

Qif Ni2 g fdu

vl

and

Prf= fdu.

\/* / f t2/4u
An immediate consequence of Proposition (3.1) is the following lemma con-

necting these subordinated semigroups.

Lemma 3.2. Leta = (a1, ,aq) witha; = %71 andn; € N; and f(y1,...,Y4)

be a polynomial defined for y = (y1,...,ya4) € (0,+00)?. Then

(1) We have (PP £)(6(2)) = Qu3(f 0 8)(@) for o € R n = (my, -+, ma).
(2) For eachl €N

OLPEF(GN it = 517z 04 @ulf © 6y

forz e R n = (ng, -+ ng).
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We are now ready to give the notions of Riesz transforms, g-functions, and
multipliers for the Laguerre case. Using the formula

—a 1 /OO —ts t@ dt
S = e —,
L(a) Jo t

where a > 0 and s > 0, we define the powers of a second order differential operator
L > 0 (on an appropriate class of functions) by the formula

L f(x) = % / Ty 2

e
where T} is the infinitesimal generator of L. We shall use this formula with the
operators —L and —L,,, as in (1.2) and (1.3). In these cases the class of functions
f’s considered are polynomials.

The remarks and the definition of gradient made in section (1) lead us to define
the Riesz-Laguerre transform by

Ro = grada(fﬁa)*l/z,

where grad,, is given by (1.4). Writing the Riesz-Laguerre transform in coordi-
nates yields
Rai=6i(=La) > i=1,---d

The Littlewood-Paley function g, is defined by

00 d 1/2
anf) = ([ tema sl )

where grad,, is given by (1.5). Also, the multipliers of Laplace transform type for
the Laguerre semigroup are given by

m(La) fy) = —La / M) als) ds,

for some function a(s) uniformly bounded on (0, c0). Notice that these definitions
are consistent with the Hermite case, see [GC-M-Sj-T], [G], and [St].
We shall denote by
RH7 gH and mH(L),

the Riesz-Hermite transforms, the g-function and the multipliers in the Hermite
case, respectively. The connection between these transformations for the corre-
sponding semigroups is given by the following lemma.

n
Lemma 3.3. Leta = (a1, ,aq) with a; = ?'—1 andn; € N; and f(y1,.-.,Y4)
be a polynomial defined for y = (y1,...,y4) € (0,4+00)?. Then
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(1) If a >0 then (—=La) ™" f(¢(x)) = 2 (=L)7*(f o ¢)(x);

(2) IRaf(6(@)leg =27 |Ru(f 0 ¢)(x)

(3) gaf(o(x)) =272 gu(f o ¢)(2);

(4) If m(L.) is a Laplace transform type Laguerre multiplier for the function
a(-) then

[n|y
Ly

m(La)f((x)) =mpu(L)(f o ¢)(x),
where my (L) is a Laplace transform type Hermite multiplier for the func-
tion a(2-);

forz e RI"in = (ny, -+, ng).

We now state the main result in the paper.

Theorem 3.4. Let a = (a1, -+ ,aq) with a; = M _ 1 and n; € N. The

Riesz-Laguerre transform R, the Littlewood-Paley function g, and the Laplace
transform type Laguerre multipliers are all bounded in LP ((O, +00)?, fi () dx),
1 < p < o0, and weak-type (1-1). Moreover, if 1 < p < oo then the type con-
stants for the Riesz-Laguerre transform and the Littlewood-Paley function g, are
independent of the dimension d.

PRrOOF. For the Hermite case, the Riesz transform and the Littlewood-Paley
function are bounded in LP(v) with constants independent of the dimension, see
[Gn], [G] and [P]. The weak type 1-1 of the Riesz-Hermite transforms is proved
in [F-G-Sc]. For the Littlewood-Paley g-function in the Hermite case a similar
result was proved by Scotto, [Sc]. The boundedness in L? for the multipliers in
the Hermite and Laguerre is contained in [St]. The weak-type 1-1 for the Hermite
multipliers was proved in [GC-M-Sj-T|. The proof of the theorem then follows by
combining these results with lemmas (2.2) and (3.3).

O

4. SOME REMARKS ABOUT WEIGHTED INEQUALITIES

We study the behavior of the operators previously defined in other measure
spaces. We shall use the following theorem due to Rubio de Francia, see [GC-R,
page 554].

Theorem 4.1. Let (X, u) be a measure space, G a Banach space, and T a sub-
linear operator from G into L*(X), which satisfies for some s < p, the following
inequality

IO IT LY Pl x) < Cos O 151187
i i
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where Cp s is a constant depending on p and s. Then there exists a positive func-
tion u such that u=' € Lv—= (X) and

/ T (@) Pu(@)du(z) < | fle.
X

A simple consequence this theorem is the following.

Corollary 4.2. Let T be a sublinear operator such that

() nl: (T s S (S0 diot),

0,00)4

Then for any v such that f(o,oo)d v_plj(y)dua(y) < 00, and s < p, there exists a
positive function u such that u=" € L7 (X) and

/ T Puy)dpa(y) < / FPo(y)dpa(y).
(0,00)¢ (0,00)¢

PROOF. Since pi4((0,00)4) is finite and s < p, it follows from Tchebyshev’s in-
equality that

I,

< Cosup A pa{y - OITfw)P) P > A}

J

< o S0 i

1/p

1/p'
/(Om)d;uj(y)m(y) Aay) ( @t >>

1/p

IN

IN

[, S50 dw
= Cs(z Hfj||[£p(vdua))l/p~
J

Therefore, the hypotheses of Theorem (4.1) are satisfied with G = LP(vdpu, ), and
the corollary follows. O

Finally, Corollary (4.2) yields the following result.
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Theorem 4.3. Let o = (a1, ,aq) with a; = % — 1 and n; € N. Then the

mazimal operator for the Laguerre semigroup, the Riesz-Laguerre transforms and
the Littlewood-Paley function g, have a bounded extension from L, (dus) into
weak-L}, (dps), 1 < p < oo. Moreover, if v~/ =Y € LY(u,) then there exists
a function u such that the Riesz-Laguerre transform and the Littlewood-Paley
function g, are bounded from LP(vpe) into LP(ups), 1 < p < 0o.

PROOF. The inequality (4.1) holds when T is either the Riesz-Hermite transform
or the function g in the Hermite case, and pu, replaced by the Gaussian, see
[H-T-V]. Therefore from (2.7) and Lemma (3.3) we have that (4.1) holds for the
Riesz-Laguerre transform and the Littlewood-Paley function g,. Therefore the
hypothesis in Corollary (4.2) holds and hence the theorem follows. O
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