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Abstract. We study multipliers associated to the Hermite operator
H = —A+|z|* on modulation spaces M?*?(R?). We prove that the oper-
ator m(H) is bounded on M?9(R%) under standard conditions on m, for
suitable choice of p and ¢. As an application, we point out that the solu-
tions to the free wave and Schrédinger equations associated to H with
initial data in a modulation space will remain in the same modulation
space for all times. We also point out that Riesz transforms associated
to H are bounded on some modulation spaces.
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1 Introduction

The main aim of this article is to study the boundedness properties of Hermite
multipliers on modulation spaces. We quickly recall the setup in order to state
our results and we refer to Sect.2 for details. The spectral decomposition of
the Hermite operator H = —A + |z|? on R? is given by H = Y2 ,(2k + d) P
where Pj stands for the orthogonal projectionof L?(R?) onto the eigenspace
corresponding to the eigenvalue (2k + d). Given a bounded function m defined
on the set of all natural numbers, we define the operator m(H) simply by setting
m(H) = >3~ m(2k + d)P,. We say that m is an L? multiplier for the Hermite
expansions if m(H) extends to LP as a bounded operator. Sufficient conditions
on m are known so that m is an LP multiplier, see e.g. [6,7,10,11]. In this
article we are interested in multipliers m which define bounded operators on the
modulation spaces MP(R%).

Recall that a tempered distribution f on R? belongs to the modulation
space M%P(R?) if the Fourier-Wigner transform of f and the Gaussian & (&) =
7=4/2¢=31€1" defined by

(w(x + iy) f, Bo) = /R T EFETY) f(€ 4 )P (€)de
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belongs to the mixed norm space LP(R?, L4(R%)) consisting of functions F(x, )

for which the norms
1/p
Ve = ( / F(x,~>|f;dx)
Rd

are finite (See Sect. 2.5 below). These spaces have several interesting properties
not shared by the LP spaces. For example, MPP(RY) are invariant under the
Fourier transform and M%!(R?) are algebras under pointwise multiplication.

For the multiplier operators m(D), the problem of establishing sufficient con-
ditions on m that make the operator m(D) bounded on LP has a long history. As
it appears often in various applications, like solving linear dispersive PDE, e.g.,
wave/Schrodinger equations, for more detail, we refer to [1,11,12,20] and the ref-
erence therein. It is well known that the operator (See Definition 4 below) with
Fourier multiplier /¢ (a > 2) is bounded on LP(R?) if and only if p = 2.

The study of Fourier multiplier operators, which are of the form m(—A) in the
context of modulation space M%!(R?) was initiated in the works of Wang-Zhao-
Guo [19]. In fact, in the consequent year Bényi-Grichenig-Okoudjou-Rogers [1]
have shown that the Fourier multiplier operator with multiplier e*¢!” (o € [0, 2])
is bounded on MP4(R%) for all 1 < p,q < co. The cases @ = 1 and o = 2
are particularly interesting and have been studied intensively in PDE, because
they occur in the time evolution of the wave equation (a = 1) and the free
Schrédinger operator (« = 2). Thus, the Schodinger and wave propagators are
not LP(p # 2)-bounded but MP-?- bounded for all 1 < p,q < oo. In fact, this
leads to fixed-time estimates for Schodinger and wave propagators and some
of their applications to well-posedness results on modulation spaces MP?4(R%).
Modulation spaces have turned out to be very fruitful in numerous applications
in various problems in analysis and PDE. And yet there has been a lot of ongoing
interest in these spaces from the harmonic analysis and PDE points of view. We
refer to the recent survey [12] and the references therein.

Coming back to the Hermite operator, we note that Thangavelu [18] (See
also [15, Theorem 4.2.1]) has proved an analogue of the Hormander-Mikhlin
type multiplier theorem for Hermite expansions on LP(R9). Specifically, he
showed that under certain conditions on m, the operator m(H) is bounded on
LP(RY)(1 < p < 00). It is well known that the harmonic oscillator H = — A+ |x|?
appears in various applications. We refer to the recent article [5] and the refer-
ence therein for details.

Taking all these considerations into account, we are motivated to study
Hermite multipliers m(H) on modulation spaces M?4(R?). The conditions we
impose on the multiplier m is the standard one in terms of local Sobolev spaces.
We assume that m is defined on the whole of R. Let 0 # ¢ € C§°(R™) be a fixed
cut-off function with support contained in the interval [%, 1], and define the scale
invariant localized Sobolev norm of order 8 of m € L>(R™) by

[lml| Lz

e = SUP [[m ()l 2

We then have the following theorem.
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Theorem 1. Let 1 <p<qg<2o0r2<gq<p<oo. Suppose that ||mHL§ l
o for some 3 > (2d + 1)/2. Then the operator m(H) is bounded on M%P(R?).

We remark that this theorem is not sharp. For m to be an L? multiplier it
is sufficient to assume the condition on m with 8 > d/2. We believe the same is
true in the case of multipliers on modulation spaces though our method of proof
requires a stronger assumption on m. However, it is worth noting that M (R9)
for p > 2 is a much wider class than LP(R?) (See Lemma 1(3) below). Thus,
Theorem 1 shows that the Hérmander-Mikhlin multiplier type theorem is true
for a much wider class than LP(R9).

We deduce Theorem 1 from a corresponding result on the polarised Heisen-
berg group Hzol = R?% x R? x R which is of Euclidean dimension (2d + 1). Let £
stand for the sublaplacian on Hgol and define m(L) using spectral theorem (See
Subsect. 2.2 below for precise definitions). We then have the following transfer-
ence result.

Theorem 2. Let 1 <p<qg<2o0r2<q<p<oo. Then m(H) is bounded on
M®P(RY) whenever m(L) is bounded on LP(HgOl).

The above theorem allows us to deduce some interesting corollaries for Her-
mite multipliers. For example, let R; = (_aig,- +&)HY2 j =1,2,...,d be the
Riesz transforms associated to H. It is well known that these Riesz transforms
are bounded on LP(R?),1 < p < oo but their behavior on modulation spaces
have not been studied. By considering Riesz transforms on G we obtain

Corollary 1. Let 1 <p<qg<2o0r2<q<p<oo. Then the Riesz transforms
R; are bounded on MP(R?).

Another interesting corollary is the following result about solutions of the
wave equation associated to H. Consider the following Cauchy problem:

O?u(x,t) = —Hu(z,t), u(z,0)=0, dwu(z,0)= f(z)
whose solution is given by u(x,t) = H='/?sin(tH'/?) f(x).
Corollary 2. Letu be the solution of the above Cauchy problem for H. Then for

1<p<qg<2o0r2<qg<p< oo wehave the estimate ||u(-, )| aprar < Cell flarar
provided |% i<

When p = g Theorem 2 as well as Corollary 2 can be improved. This will be
achieved using transference as before, but now the transference is from multiplier
theorems for multiple Fourier series. Given a function m on R we define a Fourier
multiplier T, on LP(T?) where T is the d—dimensional torus by

Tof(@) =Y m(ul)f(n)e* .
HEZ
Here f(u) are the Fourier coefficients of f and |u| = Z;l:l |te;|. Using the con-

nection (See Proposition 1 below) between Fourier multipliers 7}, on LP(T¢) and
m(H) on MPP we prove
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Theorem 3. Let 1 < p < co. Suppose that Hm||Lé . < 00 for some 3> d/2.
Then the operator m(H) is bounded on MPP(R?).

We also have the following improvement of Corollary 2. More generally, we
consider multipliers of the form

i (2k+d)Y

m(2k +d) = TP

(8>0,7>0). (1)

Theorem 4. Let 1 < p < oo, and |% —1i< %, and let m be given by (1). Then

m(H) is bounded on MPP(R%). In particular, Corollary 2 is valid on the bigger
1

range |5 — 3| <% when p=gq.

We now turn our attention to a multiplier which occurs in the time evolution
of the free Schrodinger equation associated to H. Specifically, we consider the
Cauchy problem for the Schrédinger equation associated to H :

10pu(z,t) — Hu(z,t) =0, u(z,0) = f(x)
whose solution is given by u(z,t) = e f(z).

Theorem 5. The Schridinger propagator m(H) = e is bounded on MP-P(R?)
foralll <p < oo.

Recently Cordero-Nicola [2, Sect.5.1] have studied the operator m(H) =
e on Wiener amalgam spaces (closely related to modulation spaces). Later
Kato-Kobayashi-Tto [8] have given a refinement of Cordero-Nicola’s results in the
context of Wiener amalgam spaces. We have studied (Theorem 5) the boundeness
of m(H) = e in the context of modulation spaces. Here we would like to point
out that our method of proof is completely different from the method used in
the context of Wiener amalgam spaces. We also believe that our method of
proof is much simpler than the proofs available in the literature. Our proof
relies on properties of Hermite and special Hermite functions and illustrates the
importance of these functions in the study of such problems.

Finally, we note that modulation spaces have been used as regularity classes
for initial data associated to Cauchy problems for nonlinear dispersive equations
(eg., NLS, NLW, etc..) but so far mainly for the nonlinear dispersive equations
associated to the Laplacian without potential (D = A) [12,19,20]. There is also
an ongoing interest to use harmonic analysis tools (specifically, multiplier results)
to solve modern nonlinear PDE problems (See e.g., [5]). Thus, we strongly believe
that our results will be useful in the future for studying nonlinear dispersive
equations associated to H in the realm of modulation spaces.

The paper is organized as follows. In Sect.2, we introduce notations and
preliminaries which will be used in the sequel. Specifically, in Subsect. 2.2, we
introduce the Heisenberg and polarised Heisenberg groups, the sublaplacians
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corresponding to these groups, and spectral multipliers associated to these sub-
laplacians. In Subsect. 2.4, we prove the transference result which connects spec-
tral multiplier on polarised Heisenberg groups and reduced polarised Heisenberg
groups. In Subsect. 2.5, we introduce modulation spaces and recall some of their
basic properties. In Sect. 3, we prove Theorems 1 and 2. In Sect.4, we prove
Theorems 3 and 4. In Sect. 5, we prove Theorem 5.

2 Notation and Preliminaries

2.1 Notations

The notation A < B means A < ¢B for some constant ¢ > 0. The symbol 4; —
A, denotes the continuous embedding of the topological linear space A; into As,.
If @ = (a1,...,q) € N? is a multi-index, we set |a| = Z;l:l aj,al = H?Il ajl.
If 2= (21,...,2q) € C% we put 2 = H;l:l z;lj We denote the d—dimensional
torus by T¢ = [0,27)4, and the LP(T¢)—norm by

1/p
I £l e (ray = </[0 e |f(t)|pdt> )

The class of trigonometric polynomials on T¢ is denoted by P(T¢). The mixed
LP(R?, L9(R%)) norm is denoted by

p/q 1/p
||f||Lp=q=</Rd ([ st oieay ) dx) (1<p.g <o)

the L>(RY) norm is ||f||L=~ = ess.sup,cga|f(z)|. The Schwartz class is denoted
by S(R?) (with its usual topology), and the space of tempered distributions
is denoted by S’'(R%). For = (21, --,24),y = (Y1, ,ya) € R? we put
Ty = Zle z;y;. Let F : S(RY) — S(RY) be the Fourier transform defined by

~

FF&) = f(&) = (2m)~%? (z)e”™Cda, € € RY

Rd
Then F is a bijection and the inverse Fourier transform is given by

F (@)= fY(z) = @2m)" 2 [ f(©e8de, xeR
]Rd

It is well known that the Fourier transform can be uniquely extended to F :
S'(RY) — S'(RY).
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2.2 Heisenberg Group and Fourier Multipliers

We consider the Heisenberg group H? = C? x R with the group law
1
(z,)(w,5) = (z + w,t + 5 + JIm(z - w)).

Sometimes we use real coordinates (z,y, t) instead of (z,t) if z = x+iy, z,y € R%.
In order to define the (group) Fourier transform on the Heisenberg group we
briefly recall the following family of irreducible unitary representations. For each
non-zero real \, we have a representation 7 realised on L2(R?) as follows:

(2, )p(€) = eMelTETETV (e 4 y)

where € L2(R9). For f € L'(H%), one defines the operator

fO) = - f(z, t)ma(z, t)dzdt.

The operator valued function f — f (M) is called the group Fourier transform of
f on HY. We refer to [16] for more about the group Fourier transform.

The Fourier transform initially defined on L*(H?) N L?(H¢) can be extended
to the whole of L?(H?) and we have a version of Plancherel theorem. Specifically,
when f € L' N L2(HY), it can be shown that f(\) is a Hilbert-Schmidt operator
and the Plancherel theorem holds:

2 _ 241 e 2 d
|f(z, ) dzdt = —= 1f (Ml 7rs|Al“dA
e u 0

where || - || s is the Hilbert-Schmidt norm given by ||T||%,4 = tr(T*T), for T
a bounded operator, 7™ being the adjoint operator of 7. Under the assumption
that f()\) is of trace class we have the inversion formula

Fet) = @m0 FOD A
Let f* stand for the inverse Fourier transform of f in the central variable t
) = / 7 fe e, ()
By taking the Euclidean Fourier transform of f(z) in the variable \, we obtain
Flet) = 5 /_ o; e A () dA. 3)

Recalling the definition of m) we see that we can write the group Fourier trans-
form as

FO) =m()
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where 7y (f*) = fcd fA (2)ma(z,0)dz. The operator which takes a function g on
C? into the operator

/ g(2)mx(z,0)dz
cd

is called the Weyl transform of g and is denoted by Wy (g). Thus f()\) = Wi(f).
With these notations we can rewrite the inversion formula as

fz,t) = (2m)~971 /_C>o €_i>\tt’l“(ﬂ')\(2’,O)*7T>\(f)\))|/\‘dd/\.

On the Heisenberg group, we have the vector fields

0 o 1 0 o 1 0

=2 x,=2 45,9 vy 9 1.9 i_1.
= ar, T2%ar T oy, 2%ar TTh

d
at7 ) )

and they form a basis for the Lie algebra of left invariant vector fields on the
Heisenberg group. The second-order operator

d
Z (X?+Y7)
j=1

is called the sublaplacian which is self-adjoint and nonnegative and hence admits
a spectral decomposition
o0
L= / AdE).
0

Given a bounded function m defined on (0, c0) one can define the operator m(L)
formally by setting

£)f = /0 " () dE .

It can be shown that m(£)f(A) = F(\)m(H(N)) where H(\) = —A + [AP2|z?
are the scaled Hermite operators. Hence, the operators m(L)f are examples of
Fourier multipliers on the Heisenberg group. More generally, (right) Fourier mul-

tipliers on the Heisenberg group are operators defined by Ths f(A) = f()\)M(A)
where M (), called the multiplier is a family of bounded linear operators on
L2(RY).

The boundedness properties of these operators have been studied by several
authors, see e.g. [6,7,11]. We make use of the following result. Let 0 # ¢ €
C§°(RT) be a fixed cut-off function with support contained in the interval [1, 1],
and define the scale invariant localized Sobolev norm of order G of m by

Il

= sup [lém() |23
t>0

Theorem 6 (Miiller-Stein, Hebisch [7,11]). If ||m||L% . < 00 for some

B > (2d +1)/2, then m(L) is bounded on LP(H?) for 1 < p < 0o, and of weak
type (1,1).
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We make use of this theorem in proving our main result. Actually we need an
analogue of the above result in the context of polarised Heisenberg group Hgol

which is just R? x R? x R with the group law
(@,y, )@y )= (@+2"y+y ,t+t +2" )
A basis for the algebra of left invariant vectors fields on this group are given by

o - 0 o - 9
T==, X;=— ——
J J ayj

9 1.4
o’ oz, Vg J=

The sublaplacian is then defined as the second-order operator

d
L==(X7+Y}).

j=1

The group Hgol is isomorphic to H¢ and the isomorphism is given by the map
¢ :H — Hgol, &(x,y,t) = (x,y,t + %37 -y). Note that @ is measure preserving

and it is easy to check that
L(fod H=Lfod

for reasonable functions f on Hgol. In view of this, an analogue of Theorem 6 is

true for m(L). This also follows from the fact that the above theorem is valid in
a more general context of H-type groups, see [6,7,10].

Using the isomorphism @ we can define the following family of representa-
tions for H¢ ;. For each non zero real A, the representations py = my o ¢~ ' are
irreducible and unitary. We can use them to define Fourier transform on the

d
group H .

2.3 Hermite and Special Hermite Functions

The spectral decomposition of H = —A+|x|? is given by the Hermite expansion.
Let @, (z), a € N¢ be the normalized Hermite functions which are products of
one dimensional Hermite functions. More precisely, @, (x) = H?zlhaj (x;) where

k
%x2d 2

—T

hi () = (Va2 R) T2 (—1)Fe™ e

The Hermite functions @, are eigenfunctions of H with eigenvalues (2|a| + d)
where |a| = a; + ... + ag. Moreover, they form an orthonormal basis for L?(R?).
The spectral decomposition of H is then written as

H = i(zk—’_d)Plﬁ Pkf(x) = Z <fa¢a>¢a

0 || =k
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where (-,-) is the inner product in L?(R9). Given a function m defined and
bounded on the set of all natural numbers we can use the spectral theorem to
define m(H). The action of m(H) on a function f is given by

m(H)f =Y m(2lo| +d)(f,® => m(2k + d)P;f.
k=0

a€eNd

This operator m(H) is bounded on L?(R?). This follows immediately from the
Plancherel theorem for the Hermite expansions as m is bounded.

On the other hand, the mere boundedness of m is not sufficient to imply the
L? boundedness of m(H) for p # 2. So, we need to impose some conditions m
to ensure that m(H) is bounded on LP(R?). The boundedness results of m(H)
on LP(R%) have been studied by several authors, see e.g. [15,18]. Our aim in this
paper is to study the boundedness of m(H) on modulation spaces.

In the sequel, we make use of some properties of special Hermite functions
&, g which are defined as follows. Let w(z) = m1(z,¢) and define

Da,6(2) = (21) V21 (2)@a, ). (4)

Then it is well known that these so called special Hermite functions form an
orthonormal basis for L2(C%). Moreover, they are eigenfunctions of the special
Hermite operator L which is defined by the equation

L(f(2)e") = €"Lf(2).
Indeed, we can show ([15, Theorem 1.3.3]) that
L@a,g = (2|Oé| + d)q)a 38

For a function f € L?(C%) we have the eigenfunction expansion

=D D, Pap)Pas(2)

aeNd BeNd

which is called the special Hermite expansion.
Let f and ¢ be two measurable functions on C?. We recall that the A—twisted
convolution (0 # A € R) of f and g is the function f *) g defined by

F*ag(z / f(z —w)g(w)e i3Im0 gy,

for all z such that the integral exits. When A\ = 1, we simply call them twisted
convolution and denote them by f x g. It is well known that the twisted convo-
lution of special Hermite functions satisfies [15, Proposition 1.3.2] the following
relation

Do X By = (20)Y205 P (5)
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where dg,, = 1if 8 = p, otherwise it is 0. Using the identity (5), we can show that
the special Hermite expansions can be written ([15, Sect.2.1]) in the compact
form as follows:

f(z)=@m) "2 Y [ x Baalz)

aeNd
= (2m) /2 i Fx| D Paal2)
k=0 la|=k

= 2m) 'S F x u(2)

k=0
where ¢y, are the Laguerre functions of type (d — 1):

1
pi(z) = (2m)** lZ_jk Paa(2) = Lj (51231

We note that f x @, o is an eigenfunction of the operator L with the eigenvalue
(2|a| + d). Hence (2m)~%f x ¢4, is the projection of f onto the eigenspace corre-
sponding to the eigenvalue (2k + d). The spectral decomposition of the operator
L is given by the special Hermite functions and we can write the same in a
compact form as

Lf(z) = (2m) ") 2k +d)f x oi(z).

k=0

As in the case of the Hermite operators, one can define and study special Hermite
multipliers m(L), see [15]. The functions @, 3 can be expressed in terms of
Laguerre functions. In particular, we have ([15, Theorem 1.3.5])

1 |o¢\ 1 2
Paol2) = ()32 () st (6)

We also have to deal with the family of operators H(\) = —A + \%|z|?
whose eigenfunctions are given by scaled Hermite functions. For A € R* and
each o € N¢, we define the family of scaled Hermite functions

BA(x) = (\TPa(V/A2), = eR%

They form an orthonormal basis for L?(R?). The spectral decomposition of the
scaled Hermite operator H(\) = —A + |\|?|z|? is then written as

oo

H(\) = (2k + d)[A|Pe(N), (7)

k=0
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for A\ € R*, where P()\) are the (finite-dimensional) orthogonal projections
defined on L2(R%) by

BN = D (f,82)8),

|| =k
where f € L?(R?). We can now define scaled special Hermite functions

D) 5(2) = (2m) 2N Y2 (ma (2) 85, D). (8)

They form a complete orthonormal system in L?(C?). For every f € L?(C%), we
have the special Hermite expansion

F=30 D (182585 (9)

aeNd BeNd

We now define the (scaled) special Hermite operator (twisted Laplacian) by the
relation

L(e™f(2)) = eMLxf(2). (10)
We note that the operators Ly and H(\) are related via the Weyl transform:
TA(Laf) = ma(f)H(A).
In fact, the scaled Hermite functions are eigenfunctions of the operator Ly :
L@, 5(2) = (2|al + d)AIP) 4(2). (11)

Note that the eigenvalues of Ly are of the form (2k+d)|A|,k = 0,1,2, ..., and the
kth eigenspace corresponding to the eigenvalue (2k+d)|)| is infinite-dimensional
being the span of {#), 5 : |a| =k, € N?}. It is well known that the special
Hermite expansion can be written in the compact form as follows:

Fz)= @) N faaei(2) (12)

k=0

where 7 is the scaled Laguerre functions of type (d — 1)

n— 1 —1 z|?
() = Lyt (Gl ) e H =P, (13)

The spectral decomposition of Ly is then written as

Laf(z) = 2m) A" D2k + d)AIf #x o4 (2),
k=0
In particular, recalling f* (see(2)), we have

Laf(z) = (2m) A" Y- 2k + AL #a 0 (2)- (14)
k=0



Hermite Multipliers on Modulation Spaces 53

Taking the Fourier transform in A variable in equation (14), and using (10) and
(3), we obtain the spectral decomposition of the sublaplacian £ on H¢ as follows:

Lf(z,t) = (27r)*d*1/jo (Z(2k+d)|A|fA i gpg(z))e*iwwdx (15)

k=0

For more on spectral theory of sublaplacian on Heisenberg group, we refer to
[17, Chap. 2].

2.4 A Transference Theorem for m(L)

Let Iy be the subgroup of H? consisting of elements of the form (0,0, 27k)
where k € Z. Then I} is a central subgroup and the quotient H?/Ij, whose
underlying manifold is R? x R% x T is called the Heisenberg group with compact
center.(See [17, Chap. 4]) Let Lo be the sublaplacian on H¢/I. Note that Lo f =
Lf, considering f as a function on H¢.

Note that on functions g which are independent of ¢, Log(z) = —Ag(z)
where A is the Euclidean Laplacian on C?. The spectral decomposition of the
sublaplacian Lg on this group is given by

o0

Lof(2,6) = (=2) () + P (e M@ DR o () K

kez\{o} Jj=0
where @f(z) = ¢,(\/|k|z) and f* is defined by the equation f * eé?(z,t) =
e KR g o8 (2), €F(z,t) = €Mk (2). More generally,

m(Lo)f(z,t) = m(~A)f°(2) Y (Z (2] + RS w4 (2) ) 6]

kez\{0} j=0

There is a transference theorem which connects m (L) on H? with m(Ly) on
H9 /I, which is the analogue of the classical de Leeuw’s theorem (See Theorem
10) on the real line.

Theorem 7. Let 1 < p < oo. Suppose m(L) is a bounded operator on LP(H?).
Then the transferred operator m(Ly) is bounded on LP(H?/I}).

This theorem has been proved and used in [13]. The idea is to realise m(L) (
m(Ly) ) as an operator valued Fourier multiplier for R (resp. T.). Indeed, writing
the Fourier inversion as

flz,t) = (27r)_1 /_OO e_i)‘tf’\(z)d)\

and recalling that Ly is defined by the equation L£(f(2)e*) = e Ly f(z) we
have

mD)f(0) = @07 [ ML) )i
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where m(Ly) is the multiplier transform associated to the elliptic operator
Ly which has an explicit spectral decomposition. By identifying LP(H?) with
LP(R, LP(C4)) we see that, in view of the above equation, m(£) can be consid-
ered as an operator valued Fourier multiplier for the Euclidean Fourier transform
on R. Similarly, m(Lg) can be thought about as an operator valued multiplier
for the Fourier series on T. Now, it is an easy matter to imitate the proof of de
Leeuw’s theorem to prove the above result.

We need the following analogue of Theorem 7 for the reduced polarised
Heisenberg group. Let Lo be the sublaplacian on G¢ = ]ngol/Fo. We note that

Lof = Lf considering f as a function on Hgol.

Theorem 8. Let 1 < p < co. Suppose m(L) is a bounded operator on LP(HgOl).
Then the transferred operator m(Lo) is bounded on LP (HZ,,/To)-

2.5 Modulation Spaces

In 1983, Feichtinger [3] introduced a class of Banach spaces, the so called modu-
lation spaces, which allow a measurement of space variable and Fourier transform
variable of a function or distribution on R? simultaneously using the short-time
Fourier transform(STFT). The STFT of a function f with respect to a window
function g € S(R?) is defined by

Vo f(a,y) = (2m) 4 » ft)g(t —x)e ¥t dt, (z,y) € R*

whenever the integral exists. For x,y € R? the translation operator T} and
the modulation operator M, are defined by T, f(t) = f(t — z) and M, f(t) =
et f(t). In terms of these operators the STFT may be expressed as

ng($7y) = <f’ MyTw!])

where (f,g) denotes the inner product for L? functions, or the action of the
tempered distribution f on the Schwartz class function g. Thus V : (f,g9) —
Vy(f) extends to a bilinear form on &’ (R?) x S(R?) and V;(f) defines a uniformly
continuous function on R? x R? whenever f € S'(R?) and g € S(R?).

Definition 1 (modulation spaces). Let 1 < p,q < oo, and 0 # g € S(R?).
The modulation space MP9(R%) is defined to be the space of all tempered dis-
tributions f for which the following norm is finite:

a/p 1/a
||f|Mp,q(Ad(4d|vgf<x,y>|pdr> dy) ,

for 1 < p,q < oco. If p or ¢ is infinite, ||f|/are.« is defined by replacing the
corresponding integral by the essential supremum.
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Remark 1. The definition of the modulation space given above, is independent
of the choice of the particular window function. See [4, Proposition 11.3.2(c),
p.233).

Next, we shall see how the Fourier-Wigner transform and the STFT are
related. Let 7m be the Schrédinger representation of the Heisenberg group with
the parameter A = 1 which is realized on L?(R?) and explicitly given by

(2, y, 1) B(€) = el TEFTTV (¢ 4 y)

where z,y € R4t € R, ¢ € L?(R?). The Fourier-Wigner transform of two func-
tions f,g € L?(RY) is defined by

W, f(z,y) = 2r)"Y*(x(z,y,0)f, 9).

For z = x + iy, we put 7(z,y,0) = 7(2,0) = 7(z). We may rewrite the Fourier-
Wigner transform as

W f(z,y) = (f;7"(2)9),

where (f,g) denotes the inner product for L? functions, or the action of the
tempered distribution f on the Schwartz class function g. We recall the rep-
resentation py (See Sect.2.2) of HY,, p1 = p = mo &', p(z,y,e™) acting on
L?(R?) is given by

pz,y,e")p(€) = e"e T p(E +y), ¢ € LXRY).

We now write the Fourier-Wigner transform in terms of the STFT: Specifically,
we put p(z, y)$(€) = =p(¢ + y), and have

(m(x,9)f,9) = e (p(a,y) f, 9) = =35V, f(y, —x). (16)

This useful identity (16) reveals that the definition of modulation spaces we have
introduced in the introduction and in the present section is essentially the same.

The following basic properties of modulation spaces are well-known and for
the proof we refer the reader to [3,4].

Lemma 1. 1. The space MP4(R%)(1 < p < 0) is a Banach space.

2. MPP(R?) — LP(R?) for 1 < p <2, and LP(R?) — MPP(RY) for 2 < p < oo.
8. If 1 < q2 and py < py, then MPL3 (RT) s MP2:22(R9),

4. S(R?) is dense in MP4(R%)(1 < p,q < 00).

We also refer to Grochenig’s book [4] for the basic definitions and further
properties of modulation spaces. Finally, we note that there is also an equiv-
alent definition of modulation spaces using frequency-uniform decomposition
techniques (which is quite similar in the spirit of Besov spaces), independently
studied by Wang et al. in [19], which has turned out to be very fruitful in PDE,
see [20].
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3 Hermite Multipliers via Transference Theorems

As mentioned in the introduction we prove our main results via transference tech-
niques. We first investigate the connection between m(H) acting on M%P(R9)
and m(Ly) acting on LP(G?) where G¢ = Hgol/f’o. Recall that f € M7P(R?)
if and only if (p(x,y)f, o) € LP(R?, LI(R?)). Moreover, for any left invariant
vector filed X on G we have

X{p(z,y,t) f, Po) = (p(x,y,t)p" (X) f, Do)

where p*(X)p = &|,—op(exp(tX))e. A simple calculation shows that p*(X;) =
i&; and p*(Y;) = % for j =1,2,...,d. Consequently, we get L{p(x,y,t)f, Po) =
(p(z,y,t)H f, o) which leads to the identity

m(£0)<p()f7 @0> = (p(x, Y, t)m(H)fv @0>

via spectral theorem (See [16, Sect. 2.3] for details). Thus we see that
Im(Lo)(p(-) f+ @)l o (wa, Laraxry) = |M(H) fl| aran (ray- (17)

Consequently, the boundedness of m(H) on M®? (R9) is implied by the bound-
edness of m(Ly) on LP(R?, L4(R¢ x T)). We can now prove Theorem 2.

Proof of Theorem 2. We do this in two steps. Assuming that m(L) is bounded
on L”(Hgol) it follows from Theorem 8 that m(Lp) is bounded on LP(HgOl/F).

As the underlying manifold of Hzol /T is R% x R? x T we have the boundedness of

m(Lo) on the space LP(R%, LP(R? x T)). If we can show that under the assump-
tions on p and ¢ stipulated in Theorem 2, the operator m(/jo) is bounded on
the mixed norm space LP(RY, L4(R? x T)) then we are done simply by applying
m(Lo) to (m(z,t)f,Po) (see (17)). To this end, we make use of the following
result of Herz and Riviére [9].

Theorem 9 (Herz-Riviére [9]). Let G = I'H be the semi-direct product of an
amenable group H by a locally compact group I'. Assume that a bounded linear
operator T : LP(G) — LP(G) commutes with left-translations. Take q such that
1<p<g<2o0r2<gq<p<oo. Then for any compler-valued continuous
function f of compact support on G, we have

\T fllecracmyy S N fllLecrLacmy)-

Consequently, T has a bounded extension to the mizxed mnorm spaces
LP(I, L9(H)).

In view of the above theorem all we have to do is to realise G? as a semidirect
product of R? with R? x T. As m(Lp) is invariant under left translations, we can
then apply the above theorem to arrive at the required conclusion.

Let us briefly recall the definition of a semidirect product for the convenience
of the readers. Let H be a topological group whose operation is written as +
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and I' another topological group, written as multiplicatively, such that there
is a continuous map I' x H — H: (0,z) — ox with o(x + y) = oz + oy and
7(ox) = (70)x. In this situation, we say that I" acts on H. The semi-direct
product I'H is then the topological space I' x H with the group operation

(0,2) - (1,y) = (o1, T2 + ¥y).

Let I' = (R% +) be the additive group and H = (R? x T,-) be the group with
following group law:

(ya 6“) ! (yla eit/) = (y + ylv ei(t+t/))'

We define a map I' x H — H as (z, (y,e)) — (y,e+79). We note that via
this map, I" acts on H. If there is no confusion, we write (z, (y,e%)) = (z,y, ')
for (z,(y,e)) € I' x H. Forming the semi-direct product G = I'H we see that
the group law is given by

(z,y, €M) (@', €)= (x4 2’y +y, TV,

This is precisely the group G¢ = Hgol /I". Hence, by Theorem 9 we get the bound-

edness of m(Ly) on the mixed norm space LP(R?, L4(R? x T)). This completes
the proof of Theorem 2.

Proof of Theorem 1. Using Theorems 6 and 8, we conclude that m(fo) is bounded

on LP (H;‘fol). We now apply Theorem 2, to complete the proof.

4 Hermite Multipliers via Fourier Multipliers on Torus

In the last section, we have proved the boundedness of Hermite multiplier on
modulation spaces via transference results. Specifically, we have proved that the
boundedness of multiplier operators on Heisenberg groups ensures the bounde-
ness of corresponding Hermite multiplier operators on modulation spaces.

In this section, we first we prove the transference result which connects Her-
mite multipliers on modulation spaces and Fourier multipliers on LP(T%). Specifi-
cally, our result (Proposition 1) states that boundedness of Fourier multipliers on
torus guarantees the boundedness of Hermite multipliers on modulation spaces.
In order to find a fruitful application of our result, we need to know the bound-
edness of Fourier multiplier on LP(T?). To this end, we prove(Proposition 2)
boundedness of Fourier multiplier on LP(R%)—and then use the celebrated the-
orem of de Leeuw to come back to the Fourier multiplier on L?(T¢). Combining
these results, finally in this section we prove Theorem 4. For the sake of conve-
nience of the reader, we recall definitions:

Definition 2 (Hermite multipliers on M?7(R%)). Let m be a bounded func-
tion on N%. We say that m is a Hermite multiplier on the space M?:7(R?) if the
linear operator defined by

Tf = 3 m(a)(f,8)@a, (f € SERY)

a€eN?
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extends to a bounded linear operator from MP(R9) into itself, that is,
[T fllazea S A1 f llagpoa-

Definition 3 (Fourier multiplier on LP(T%)). Let m be a bounded measur-
able function defined on Z9¢. We say that m is a Fourier multiplier on LP(T4) if
the linear operator T, defined by

(T f)(@) = m(a)f(a), (f € P(T%),a € Z%)

where f(a) = [ f(0)e~"*d are the Fourier coefficients of f, extends to
a bounded linear operator from LP(T?) into itself, that is, || f|lrora)y <
1f 1l o (rey.-

Now we prove a transference result for Fourier multiplier on torus and Her-

mite multiplier on modulation spaces—which is of interest in itself. Specifically,
we have the following proposition.

Proposition 1. Let 1 < p < oo. If m : Z* — C is a Fourier multiplier
on LP(T?), then mlya, the restriction of m to N¢, is a Hermite multiplier on
MPP(R?),

Proof. Since S(R?) is dense (Lemma 1(4)) in MP?(R?), it would be sufficient to

prove

[T fllagee S 11f | ager (18)

for f € S(RY). In fact, by density argument, it follows that T}, has a bounded
extension to MP?(R9), that is, inequality (18) holds true for f € MPP?(R9).

Let f € S(R?). Then using special Hermite functions (4) and their property
(6), we compute the modulation space norm (See Sect. 2.5 ) of Hermite multiplier
operator (See Definition 2), and we obtain

T g = (2) 72 [ ((x(a,)Ton . o) Py do

= (2m)—dr/2 /R agdm(a)<f7d5a><7r(x7y)d5a,¢o> dy da
:/ > m(a)(f, Pa)Pao(z)| dz
¢! a€eNd

jlol Zo 10,2
:(277)_‘1”/2/@ 3 m(a)<f,¢a>me—zlzl dz. (19)
aeNd :

By using polar coordinates z; = r;e%, r; := |z;| € [0,00),2; € C and 6; €
[0,27), we get

« a ia-0

z% =1r% and dz = riry---rqdfdr (20)
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where r = (11, ,rq), 0 = (61, ,04), dr = dry---drq, dd = dby---dbg,|r| =
d
21y

By writing the integral over C¢ = R?¢ in polar coordinates in each time-frequency
pair and using (20), we have

P

ol sa
/Cd de(axf,dsa)ﬁe—l\zﬂ dz (21)
a€EN
d ol e L1r2 —ia-0 !
7]11/R+ /[0,27r] agdm(a) ((f, a>\ﬁ2‘ a7z )6 rj df; drj.

a

SRR

We put aq = (f,8a) Zigize i Since |(f,80)] < [If]2lBallze <

| fll2, the series }_ cna |aa| converges. Thus there exists a continuous function
g € LP(T?) with Fourier coefficients §(a) = a, for @ € N? and §(a) = 0 for
a € Z4\ N9, In fact, the Fourier series of this g is absolutely convergent, and

therefore we may write
) = Z age . (22)
a€eZd

Since m is a Fourier multiplier on LP(T9), (22) gives

/[O,27T]d

Now taking (19), (21), and (23) into account, we obtain

1
dolpa —11p2Y *
Zoend (<f’%>\ﬁ;12\§\/2€ WY oo a0 any )7

p p

m(a)aqae’? d9§/ Z age | dg. (23)

a
aeNd [0,27] aeNd

T Il vapp S (2) 742 (H?=1 Jat Ji0,2m)

1
a 12| >
= (27")7(1/2 (f@d ‘ZaeNaﬂf"p >% 7l dz) P

= (Jed [oend (£, 8a)Ba,0()|" dz)%
= @m) Y2 (fy20 [ S e (F B (m(w ) Pa, #0) |7 dy da) 7
=1/l arp.p- (24)

Thus, we conclude that || Ty, fl|aee < || f]|aree for f € S(R?). This completes
the proof of Proposition 1.

Next we recall the celebrated theorem of de Leeuw, which gives the relation
between Fourier multipliers on Euclidean spaces and tori. To do this, we start
with
Definition 4 (Fourier multiplier on L?(R9)). Let m be a bounded measur-
able function defined on RY. We say that m is a Fourier multiplier on LP(R?) if
the linear operator T,, defined by

T f)(€) = m(E)F(©), (f € S(RY), ¢ € RY)

where f is the Fourier transform, extends to a bounded linear operator from
LP(RY) into itself, that is, | T fllre S| fllze-
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Theorem 10 (de Leeuw). If m : R — C is continuous and Fourier multiplier
on LP(RY)(1 < p < o0), then m|za, the restriction of m to Z¢, is a Fourier
multiplier on LP(T4).

In order prove Theorem 4, we also need the boundedness of a following Fourier
multiplier
ei(2lEh+d)”

m(f)zw (8>0,7>0,¢ €RY) (25)

where |£]; := Z‘;:l &1, on LP(R?). This we shall prove in the next proposition.
We note that in [14, Theorem 1], it is proved that the function m(§) which is

0 near the origin and [¢|=%elé™ (j¢| = /20 e 152 ) outside a compact set is

a Fourier multiplier on LP(R9) for a suitable choice of a, 3,p,d. Our proof of
Proposition 2 is motivated by this result.

Proposition 2. Let m be given by (25). Then m is a Fourier multiplier on
LP(R?) for |7 — f| < dv

To prove this proposition we need the following technical lemma. We will
prove this lemma at the end.

Lemma 2. Let o0 > 0,7 > 0 and

1 . ,
- i(2Eh+d)” =0 (2l¢h+d) giz-€ d
ko () o) /Rd e e e d¢ (x e RY). (26)

Then )
||ka||L1 5 O_—d/Ze—iodW.

Proof of Proposition 2 Performing a simple change of variables in the gamma
function, we write

< s
21€l1 +d / o7 Lexp(—o(2|¢)y + d)?) do. 27
(2[¢h +d)° (ﬂ/v) p(—0o(2[¢)1 +d)7) (27)
In view of Definition 4, (25) and (27), we write
T, f(z) = (27) d/z/ m(€)f(€)e'™Sde

__ 1 oB/— %
e [ e (e do (25)

where k, is as defined in Lemma 2. Using (28), we have

1 o _
I flin < 5y |, o ke = Flus o (29)

The boundedness of the multiplier operator T, f on LP will follow if we could
show that the operator f — k, * f is bounded on LP. We shall achieve this by
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using Riesz-Thorin interpolation theorem and the standard duality argument.
To this end, we use Lemma 2 and Young’s inequality, to obtain

_d/2 1,
ko * fllze S o= 2e 27 | fl| . (30)
Since |k, (€)] < e=2°¢", Plancherel theorem gives

ko * fllze < €727 | £l 2. (31)

Taking (30), and (31) into account, Riesz-Thorin interpolation theorem gives
L N T (32)

where A = d (1% - %), for 1 < p < 2. Finally using (32) and (29), we see that
T, is bounded from LP(R?) — LP(RY) if

o0
—1— 1l q7
/ B =172e7390 5 < 0,
0

which happens if and only if % — 5 < 4=- This proves the theorem for the case
when 1 < p < 2 and the case p > 2 follows from the duality.

Now we shall prove our Lemma 2.

Proof of Lemma 2. Since k, (see (26)) is the inverse Fourier transform of the
function exp ((i — 0)(2|¢]1 + d)7), we have

ko (&) = eli—o)(2lEh+d)” (33)
Let o = (a1, ,aq) € N? be a multi-index of length I, that is, Z;l:l a; =1,
aq «
and put Dg = (%) (B%d) ’ , &€= (&1,...,&1) € RY. Then in view of (33),
we have .
DR ()] S (el +d) 1A e hot@lehrd) o, (34)

To obtain inequality (34) we have used these ideas: After taking partial deriva-

tives of higher order for ko, we have estimated all the powers of (2£]1 +d) by the
highest appearing power—which is (2|£[; 4+ d)~'*=7), this we could do because
(2¢]1 +d) > 1. We have also dominated e~ 2720+ 1y e=30d” which is obvi-
ous.

Next, by Plancherel’s theorem and (34), we get

H|13|lka||L2 < </d(2|£|1 +d)72l(17'v) —o(2(¢]1+d)” df) 67§g‘d7.
R

Performing a change of variable, we get

. . 1/2
litiolss S8 enie ([ ot +orapde)
R4
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where g(t) = t72(0=e~" (¢t > 0). Noting that [ g(2|¢|; + ¢'/7d)d¢ < oo for
all v and [, we conclude

1(1—~)
o kollpe S o=t 7 e 30,

Next we use the fact that for h € L2(R?) N LY (R9), I > d/2 and R > 0, we have
hlcx S RY2(IR) g2 + Rl Al 22)
for all R > 0. Taking h = k, and R = al%, we obtain
kollzr < Co™ 22797

This completes the proof.

We now use Proposition 2 and Theorem 10 to obtain the following corollary.

Corollary 3. Let Zl) %‘ < %, 8 >0,y >0, |[a = Z?Zl\aﬂ. Then the
sequence {(2|al; +d) P exp(i(2]ali + d)Y)}aeza defines a multiplier on LP(T4).

Proof of Theorem 4 Using Corollary 3 and Proposition 2, we may deduce that
m(H) is bounded on MP??(R%). This completes the proof.

5 Hermite Multiplier for Schrodinger Propagator

In this section, we prove the boundedness of Schrédinger propagator m(H) =
e using the properties of Hermite and special Hermite functions. Our approach
of proof illustrates how these functions nicely fit into modulation spaces—and
prove useful estimate.

Proof of Theorem 5. Let f € S(R?). Then we have the Hermite expansion of f
as follows:
f= {f %)% (35)
a€eNd
Now using (35) and (4), we obtain
(m(2)f, Do) = Z (f, @a)(m(2)Pa, Do)

aeNd

D ([ Ba)Pao(2)- (36)

aeNd

Since {®,} forms an orthonormal basis for L2(R?), (36) gives

(m(z)m(H)f, @) = Y (m(H)f, Pa)Pa(2)

a€eNd

= > m2le] +d){f,Pa)Pao(2).

a€eNd
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Therefore, for m(H) = e we have

<7T(Z)8qu7 450) — eitd Z 627‘,t\(x|<f7 ¢a>¢a’0(z)

aeNd

_ itd gy —d/2 2itlal Y KB
= et (am) U2 3 Rl (1 5 ) (o) (f

aeNd

) e det ()

™)

In view of (16) and (37), we have

p

i it|a - i\l o 1122
|le tHfH;?/]p,p = m fcd ZaeNd e2itl ‘(f,@.ﬁ(a!) 1/2 (ﬁ) zoe— 712l dz. (38)
Using polar coordinates as above (see (20)), we have
Jei | Soena M1 Bad (@) /7 ()™ e 4157 g (39)
_ o\ el isd —0.)a; —11,.2]P
:H?:1 Rt f[0,21r] Paend (S, Pa)(al) 1z (ﬁ) ree! Zi=1 20 =51 rjdrjdo;.

By a simple change of variable (6; — 2t) — 6, we obtain

d
jl;[l/ma-f- /[0,21\—]
: |l
Z (fy o) (a) /2 <%> poem 0 gl
Nd

d
111 /1R+ ‘/[0.27@ oe

Combining (38), (39), (40), and Lemma 1(4), we have ||e®? f| rrp0 = || f|| 0.0
for f € MPP?(R%). This completes the proof of Theorem 5.

P

; |l . d
Z (f,qf-@(a!)flﬂ (L) Tae'LZJ'ZI(Zt—Bj)ajef%\r\Q vydr;do, (40)

aeNd \/i

p

ridr;df;.
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