MODULATION SPACES AS SYMBOL CLASSES FOR
PSEUDODIFFERENTIAL OPERATORS
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ABSTRACT. We investigate the Weyl calculus of pseudodifferential operators
with the methods of time-frequency analysis. As symbol classes we use the
modulation spaces, which are the function spaces associated to the short-time
Fourier transform and the Wigner distribution. We investigate the boundedness
and Schatten-class properties of pseudodifferential operators, and furthermore
we study their mapping properties between modulation spaces.

1. INTRODUCTION

In the language of physics, the Weyl transform is a method of quantization, but
it also has a wide range of applications in mathematics and engineering. The goal
is to associate to each function or distribution o defined on the phase-space R?? a
corresponding operator L,, which is the so-called quantization. The mapping from
the symbol ¢ to its quantization L, should satisfy the requirements of the laws
of quantum mechanics. We will focus in this article on the quantization proposed
by Weyl. However, quantizations cannot be unique, and other quantizations play
important roles in other areas. For example, the Kohn—Nirenberg quantization
is especially important in partial differential equations. One useful feature of the
techniques that we will describe in this article is that most results can be easily
transferred among different quantizations.

The Weyl transform is usually analyzed using methods from hard analysis, and
there is a rich literature on this subject, which we will not attempt to survey. Since
the main ingredients in the Weyl transform are also the fundamental objects in the
area of mathematics known as time-frequency analysis, we have pursued a compli-
mentary study of the Weyl transform using time-frequency techniques in [HRT97],
[GH99], [Gro01], [Heil03]. This has led to new results, including some which im-
prove classical results of Hormander, Daubechies, or Calderén—Vaillancourt. In
this article we will present some of these results, especially those related to bound-
edness of the Weyl transform, with some new developments from [GH02] indicated
at the end of the article. An exposition focusing on some results related to spectral
properties of the operator L, is available in [Heil03].
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2. BACKGROUND AND DISCUSSION

The fundamental operations of time-frequency analysis are the translation oper-
ators

T.f(t) = f(t — ), t,x € RY,
and the modulation operators
M,f(t) =™ f(t),  t,weR?.

The compositions T, M, f(t) = 2™ =) f(t — x) or M,T, f(t) = ™™ f(t — z) are
called time-frequency shifts.
The Weyl transform of a symbol o on R?? is defined formally by

L,f = //Rd 6(& u) ™ MeT_, f dud€.

Thus, L, f is obtained as a superposition of time-frequency shifts of f, with (&, u)
controlling the weighting of the amount of each shift. It therefore seems natural
to study this operator using the tools associated with the mathematics of time-
frequency shifts (see [How80] for one of the first approaches in this direction).

The problems arising from the theory of partial differential equations suggest
using the classical symbol classes defined by

Sé\,[p = {0 € C*(R*) : |D*DPo(z,w)| < Cop(1+ |w|)N+5|a\—pl,@\
for all multi-indices o, 5 > 0}. (1)

On the other hand, the definition of the Weyl transform as a superposition of
time-frequency shifts suggests instead that we measure symbols in terms of their
time-frequency concentrations, and investigate the question how a pseudodifferen-
tial operator affects the time-frequency concentration of a function. Technically,
this is done by investigating the class of function spaces known as the modulation
spaces. Modulation space norms are quantitative measures of the time-frequency
concentration of a function or distribution, and have proven useful in the study of
many aspects of time-frequency analysis. In this article we will study the mapping
properties of the Weyl transform between modulation spaces, and in particular
the boundedness and Schatten-class properties on L?(R¢). This question is not
entirely new, for instance, Tachizawa used the classical symbol classes and found
conditions under which the corresponding pseudodifferential operators map mod-
ulation spaces into each other [Tac94]. We employ the modulation spaces in two
contexts: first, the modulation spaces on R?? serve as symbol classes to which the
symbol o belongs, and second, the modulation spaces on R¢ are the spaces on
which the quantization operator L, acts.

We will summarize in this article some results on time-frequency methods and
pseudodifferential operators obtained by the authors in the past few years. Some
new developments are indicated at the end. We will mostly focus on results due
to the authors and do not attempt to provide an exhaustive survey of pseudo-
differential operator theory. Recently we have become aware that some of the
results we will present are also accessible by means of hard analysis. In particular,
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similar conclusions might be derived by using the work of Sjostrand [Sj694] and
Toft [Toft02].

3. TIME-FREQUENCY REPRESENTATIONS

We discuss a few standard time-frequency representations and and their main
properties. For a detailed discussion of time-frequency analysis see [Fol89], [Gro01].
In our presentation we follow mostly [Gré01], and most statements without proof
are taken from that reference. R

The Fourier transform will be normalized as f(w) = [p. f(t) e *™" dt where 2 -¢

is the standard inner product on R¢.

Definition 3.1. Fix a non-zero window g € L?(R¢). Then the short-time Fourier
transform (STEFT) of f with respect to g is defined to be

Vof(z,w) = » f) gt —x)e ™t dt, r,w € R,
and the cross Wigner distribution of f and g € L2(R?) is
W(f,9)(z,w) = /Rd flx+Lygla—Lye ™t de, r,w € R?. (2)
The quadratic expression W f := W (f, f) is called the Wigner distribution of f.

We will employ STFTs both on R? and on R??, making the appropriate changes
in the definition in the latter case.
The STFT can be written in a number of equivalent ways, for example:

Vof(z,w) = (f, M,To9) = (f - T2g)(w) -
Clearly, in this formulation, the STFT can be extended to many dual pairs. In par-
ticular, if g € S(R?), then V, f is defined for any tempered distribution f € &'(R?).
In this way the STF'T becomes an instrument to measure the time-frequency con-
centration of distributions.
We will need to use the following operators:

Partial Fourier transform:  FF(z,w) = / F(t,w)e 2™t dqt
Rd

Partial Fourier transform:  FoF(z,w) = / F(x,t)e?™ " dt,

Rd
Coordinate change: T.F(x,t)=F(t,t —x),
Coordinate change: TF(z,t)=F(z+L,2-1),
Reflection: Zg(z) = g(—x).

We will use the following notation for the tensor product of functions:

(f®@g)(z,y) = f(x)g(y).
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The following lemma gives some relationships between and different representa-
tions of these time-frequency representations.

Lemma 3.2. Let f, g € L2(R%). Then the following statements hold.
(a) Relationship between the STFT and the Wigner distribution:

W(f,g)(z,w) = 2™ Vo f(22,2w0), (z,w) € R*.
(b) Factorization of the STFT:
Vof = FT1.(f ®39).
(c) Factorization of the Wigner distribution:
W(f,9)=FRT(f®g).
Proof. Statements (b) and (c) follow immediately from the definitions. To prove

part (a), we set u =z + § in (2) and obtain thereby

W(f,9)(z,w)= [ flz+i)gla—L)e 2™t dt

Rd

=2t [ ) g(w = 2m)) e imiee=) dy
R4
= 20T VL f (22, 2w) . O

These factorizations make the proof of the following fundamental properties of
the STF'T almost trivial.

Lemma 3.3 (Orthogonality Relations).
(&) If f1, fa, 1, g2 € L*(RY), then V,, f; € L*(R*) for j =1, 2, and we have

(Vorf1: Vi f2) 2(meay = (f1s fo) 12(ra) (91, 92) 12 (a) -

(b) In particular, if ||g|l2 = 1, then V, is an isometry from L*(RY) into L*(R?*?),
and we have

<f, h>L2(Rd) — <V;]f, %h)LQ(RQd) .

Proof. Statement (b) is an immediate consequence of (a). To prove (a), we use the
fact that the operators F, and 7, are unitary on L?*(R??) to calculate that

<V;71f17 ‘/;]2f2>L2(]R24) = <f27:1(f1 ®ﬁ)a f2,]:1(f2 ®%)>L2(R2d)
= <f1 ®qr, f2® %>L2(R2d)
= <f1: f2>L2(Rd) <91,92>L2(Rd) . O

In several places in this article we will prove a statement only for the case of test
functions in the Schwartz class S, and then appeal to routine density techniques to
extend the argument to the entire space. In this context the following (well-known)
observation is important, cf. [Fol89, Prop. 1.42].
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Lemma 3.4.
(a) If f, g € S(RY), then V, f € S(R*) and W(f, g) € S(R*).
(b) If f, g € S'(RY), then V,f € S'(R*) and W(f, g) € S'(R*?).

Proof. Note that each of the operators Fy, 7, and 7, are isomorphisms of S(R??)
onto itself and of &' (R??) onto itself. Thus, if f and g € S(R??), then f®g € S(R*?)
and so V, f = FT.(f ® g) € S(R*). The other statements follow similarly. O

It follows that the orthogonality relations extend from L? x L? to other pairs
of dual spaces. In particular, we have the following statement, where we use the
convention that (-,-) always extends the inner product on L? and thus is conjugate
linear in the second coordinate.

Lemma 3.5. Assume that g € S(RY) with ||g|la = 1. Then we have for all f €
S'(R?) and ¢ € S(RY) that

(fs0) = (Vo f, Vo) - (3)

Lemma 3.5 extends the isometry property of the STFT from L? x L? to 8’ x S.
Note that we have V,p € S(R*) and V, f € §'(R*) by Lemma 3.4, so the second
duality in (3) is well-defined.

In many applications it is important to calculate the STFT of a Wigner distribu-
tion or of a STFT. For appropriately chosen windows this calculation leads to the
following “magic formula” that is immensely useful. We refer to [Gré01], [Jam98|,
[Jan98], [CGO02] for applications.

Lemma 3.6. Let ¢ € S(R?) and set ® = Wy = W(p,p) € S(R*). Writing
2= (21,2), ¢ = ((1, () € R, we have

Vo (W(ga f))(za ()= e AT Vo f(z+ %2, 2y — %) Vog(z1 — %2, 2 + %) . 4)

Proof. In the calculation below we distinguish between Vg, which is the short-time
Fourier transform of functions on R?*? and V,,, which is the short-time Fourier
transform of functions on R?. To prove (4), we will use the covariance properties
of the STFT and the Wigner distribution, namely

W(Tlezzﬁpa Tlezzﬁp)(xa W) = W((Pa (,0)(.1' —Z,W — 22)

and
VTClMCQh(TCl MCQ.g) (ZL‘, w) = 627”(38(2_“)(1)‘/}19(1'7 CU) .

The first step is to write Va(W (g, f)) as an inner product of two STFTs on R*?
as follows, by using the definition of the STFT on R??, the covariance properties
given above, and Lemma 3.2(a):

V<1> (W(ga f)>(27 C)

N / W (g, f)(z,w) W(p, ) (x — 21,0 — 29) 27 F 4T @) qg duw
R2d
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= 2% // Vzrg(22,2w) Vir, o (Tey Meyp) (27, 2w) e~ 2t G) qp dw
R2d

[S]

g // d VIfg($, w) €2ﬂi(7x'77w'%) * VITzl MZQSO(TZI MZQ@) (3;', CL)) dx dw
R2

= //R?d VTQ Migilff(T%M_%lg)(wi) ) VITlezQQD(TZlMZz(p)(xuw) dz dw

2

~ (v,

52
2

Mﬁilzf(T%zM_%g), VIt Moo (T M2290)> -

After these easy (but ugly) reformulations, we can apply the orthogonality relations
(Lemma 3.3) to obtain

Va(W(g, £))(2,¢) = <T%2 M_gg, TZIMZ2¢> - <T%2M_%If, ITZIMZ2¢> . (5)

After commuting translations and modulations to the correct positions, the first
factor on the right side of (5) can be rewritten as

o (21— S2
<g, M%TZF%M@@ =D Y g(n — L, + ).

Since Z(T, M, f) = T_,M_,Z f and since 7 is unitary, the second factor on the right
side of (5) can be rewritten as

<IT,%2M%1f7 ITZ1M22(IO> = <f7 M,%TZ1+%MZQCP>

. [§
_ 6727r222'(21+72) V¢f(21 + %27 < = %) :

The formula for Ve (W (g, f)) then follows. O

4. MODULATION SPACES

The modulation space norms provide a quantitative measure of time-frequency
concentration. We use the STFT to define them, but we could just as well use the
Wigner distribution or some other time-frequency representation. For simplicity, in
this article we will only consider weights with polynomial growth, i.e., we assume
that m is a non-negative function satisfying the condition

m(z1 + 22) < C(1+ |21 m(z) , 21,7 € R,
for some constant C' > 0.

Definition 4.1. Fix a nonzero window function g € S(R?), and let 1 < p, ¢ < cc.
Then the modulation space MP:9(R?) is the subspace of the tempered distributions
consisting of all f € &'(R?) for which

[ lamge = [V fllzge

_ ( /R ( [ Wt @wPme.wp dx) " dw) Yl )
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with the usual adjustments if p or ¢ is co. If m = 1 then we omit writing it.

Modulation spaces can also be defined for weights that grow faster than polyno-
mially; for the necessary modifications see [Gré01, Ch. 11.4].

The modulation spaces were invented and extensively investigated by Hans Feich-
tinger over the period 1980-1995, with some of the main references being [Fei80],
[Fei81], [FG89a], [FG89b], [FGIT7]. However, the first official publication is due to
Triebel [Tri83]. While the original motivation was to investigate smoothness spaces
in analogy to the Besov spaces, the main purpose of modulation spaces is their ap-
plications to time-frequency analysis. The modulation spaces are the appropriate
function spaces for time-frequency analysis, and they occur in any mathematical
analysis of problems where the time-frequency shifts M,T, occur.

For a demonstration that the modulation spaces are well-defined see, for example,
[Gro01, Prop. 11.3.2]. In fact, if m is a weight function with polynomial growth,
then the definition of MP: is independent of the choice of the window g € S(R?),
and different windows ¢ yield equivalent norms on MP:9.

For a detailed development of the theory of modulation spaces we refer to the
original literature mentioned above and to [Gro01, Ch. 11-13]. The modulation
spaces possess an elegant structure theory and possess atomic decompositions sim-
ilar to the Besov spaces.

Among the classical function spaces the following spaces can be identified as
modulation spaces.

Proposition 4.2 (Identification of classical spaces as modulation spaces). We have
the following for s € R.

(a) M?? = L2,

(b) If m(x,w) = (1 + |2|)*, then L? := {f € S'(RY) : fm € L*(RY)} = M%%.

(c) If m(x,w) = (14 |w|?)*?, then H* := {f € S'(RY) : fm € L*(R%)} = M22.

(d) If vs(z,w) = (1 + |z]* + |w[*)*/?, then M>* = L2 N\ H*. Furthermore, M2?
coincides with the Shubin class Q° [Shu01].

(e) The space M = {f € L*(RY) : V,f € L'(R*))} coincides with Feich-
tinger’s algebra Sy.

(f) The Schwartz class of test functions can be identified as S = ()5, MEP.
(g) The space of tempered distribution is 8" =, .o M.

s<0 Vs
Among the many properties of the modulation spaces, we note the following; see
also Section 6.2 below for inclusion and interpolation properties.

Theorem 4.3 (Duality). If 1 < p,q < oo, then the dual space of MP? is iso-
metrically isomorphic to MF% where 11? + 1% =1 and é + % = 1. In short,

1/m>~
(MEa)" = M\
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5. REPRESENTATIONS OF PSEUDODIFFERENTIAL OPERATORS

5.1. The Weyl calculus. The Weyl transform associates an operator to each func-
tion or distribution on the time-frequency plane. The Weyl calculus is a particular
form for representing general pseudodifferential operators.

Definition 5.1. Given a symbol ¢ € S'(R??), the pseudodifferential operator L,
is defined to be

— A —mi€-u
L,f //de (& u)e T_ M fdudf. (7)

The operator L, is called the Weyl transform of the (Weyl) symbol o, and & is
called the spreading function.

We first explain how the integral (7) should be understood. If 6 € L'(R??), then
L, is of course well-defined as an absolutely convergent integral in operator norm,
and we have

[Lollop < ol

where the operator norm is measured on L*(R%). However, L, is well-defined even
for arbitrary symbols in &’(R??) if we interpret the integral in (7) in a weak sense.
That is, for f, g € S(R?), we interpret (7) as meaning that

(Latig) = [[ o6 ™ (T MeLg) duds, LgeS®). @)

Hence with f € S(RY) we have L, f defined as a functional on S(R?). In fact, this
functional is continuous on S(RY), and so L, f is a tempered distribution. The
following lemma makes this statement precise.

Lemma 5.2. Let 0 € S'(R*). If f € S(RY), then (8) defines a tempered distribu-
tion Ly f € S'(RY). Further, L, is a continuous mapping of S(RY) into S'(RY).

Proof. Since ¢ is a tempered distribution on R??, its Fourier transform & is also
a tempered distribution on R?. If we define Ay, (&, u) = e ™ (T_,Mcf,g) =
e ™V, f(u, —€) (this is the cross ambiguity function of f and g), then the weak
interpretation of the integral in (8) is simply the statement that

(Lof.g) = (6, Agg) - (9)

Now, since f, g € S(R?), we have by Lemma 3.4 that A;, € S(R?), so (9) is
well-defined and in fact defines L, f as a tempered distribution on R?. Thus we
have that f + L, maps S(R?) into &'(R?), and it can be shown that this mapping
is continuous. U

Our next goal is to express L, as an integral operator with a distributional kernel,
and then to derive a formula for L, directly in terms of the symbol ¢ rather than
in terms of 4.
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To derive these formulas, assume first that all integrals in the following calcu-
lation converge absolutely. For example, this is the case when 6 € L'(R??) and
f € S(R?). We compute that

Lof(z) = / /R . 6(&u) e ™ ST, M f () dudé

R2d

= - _ 2mig- Tty
y:qux/Rd (\/Rd U(f,y 33')6 dg)f(y) dy

= [ k) ) do.

This expresses L, as an integral operator. The integral kernel

o) = [ ote.y—a) e

is an inverse partial Fourier transform in the first variable of &, followed by a
coordinate transformation. Let us rewrite this in order to obtain a relationship
directly between k and o. First, note that

Fflﬁszlflfga:fga.

Second, observe that the inverse of the symmetric coordinate transformation 7, =
Flx+Ltax—1)is T 'F(z,y) = F(2Y,z — y). Hence,

2
= P 2)
= ]_-2—10(90_?’:[ - y)
— T Fy o(a,y). (10)

z+y

ng

Since 7, and F, are isomorphisms on &'(R??), we can use equation (10) as a
definition that allows us to interpret arbitrary pseudodifferential operators L, with
distributional symbols o € S8'(R??) as integral operators with distributional kernels.
The following proposition makes this statement precise, cf. [Fol89].

Proposition 5.3. Let 0 € §'(R?). Then the Weyl transform can be written as an
integral operator with the distributional kernel
k=T'"Flo € S(R™), (11)
in the sense that
(Lof.g)=(k.g® f)  for f.g€SR).

Furthermore,

(Lot g) = {0, W(g, [)) for f.g € S(RY). (12)
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Proof. Formula (11) is the distributional extension of (10) from the case & €
LY (R??) to the case 6 € §'(R??). Equation (12) follows from the calculation

(Lof,g)=(k.g® f) =(T." Fy'o,9® f) = (0. L9 ® f)) = (0. W(g, f)) ,

the last step following from Lemma 3.2. U

Proposition 5.3 underlines the importance of the Wigner distribution in the anal-
ysis of pseudodifferential operators. In particular, formula (12) can be used to study
how the time-frequency concentration of a function is transformed by a pseudodif-
ferential operator.

5.2. The Kohn—Nirenberg correspondence. The Kohn-Nirenberg correspon-
dence assigns to a symbol o € §'(R??) the operator K, defined by

K, f(x) = /Rd o(z,w) flw) ™ dw .

This is the classical version of pseudodifferential operators that is used in the
investigation of partial differential operators, cf. [H6r90]. As in the case of the
Weyl calculus, it can be shown that K, is a continuous mapping from S(R?) to
S'(RY). Furthermore, K, can be represented as a superposition of time-frequency
shifts as follows:

Ko, f(x) = //de a(n,y —x) ™ f(y) dndy
= [ ot @ o) duay
_ / /R () (M) (2) dudy. (13)

Comparing (13) with (7) reveals that K, and L, differ in their definitions only by
the “chirp” e™*¢. More precisely, define the operator I/ acting on symbols by

(Uo) (&u) =™ 5(¢,u).

Then U is a unitary operator on L?(R??) and is an isomorphism on S(R?*?) and on
S'(R??). The Kohn-Nirenberg and the Weyl correspondences are then related by
the formula

KL{U - Lo’ . (14)

This connection makes it easy to switch from the Kohn—Nirenberg calculus to the
Weyl calculus and vice versa. We will only treat the Weyl transform. Using (14), it
is not hard to show that the results of this paper also hold for the Kohn—Nirenberg
calculus (and in fact for a family of other pseudodifferential operators). See [GH99],
[Gro01], [Sjo94], [Toft01], [Toft02] for details.
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6. PSEUDODIFFERENTIAL OPERATORS ON L?(R?)

For pseudodifferential operators with respect to the traditional symbol classes,
the mapping properties between modulation spaces were studied by Tachizawa
and Rochberg [Tac94], [RT97] (see also [CR02]). Modulation spaces figure im-
plicitly in the work of Heil, Ramanathan, and Topiwala [HRT97], and implicitly
in Sjostrand [Sj694], Boulkhemair [Bou99], and Toft [Toft01]. Modulation spaces
enter explicitly in [GH99], where M°! in particular is used as a symbol class to
establish boundedness results of pseudodifferential operators on MPP. Further de-
velopments in this spirit were obtained by Labate [LabOla], [Lab01b], and recently
the boundedness of bilinear pseudodifferential operators on the modulation spaces
has been investigated by Bényi and Okoudjou [BO02].

To deal with boundedness of pseudodifferential operators, we will use the tech-
niques developed in [Gro01, Ch. 14.5].

6.1. Endpoint results. We first establish some natural endpoint results.

In the following, Z,, will denote for 1 < p < oo the p-Schatten class, which is
the Banach space of all compact operators on L?*(R?) whose singular values lie in
P [BS87], [DS88], [Sim79]. The singular values of a compact operator A: L*(R?) —
L*(R%) can be defined by spectral theory as the square-roots of the eigenvalues of
the positive, compact, self-adjoint operator A*A, i.e.,

si(A) = /N(A*A),  j=1,2,3,....

Alternatively, since L?(R?) is a Hilbert space, the singular values of A coincide with
its approximation numbers, which are defined in terms of best approximations of
A by finite-rank operators. Specifically,

sj(A) = inf{||A — Tlop : rank(T’) < j}, j=1,2,3,....

For a compact, self-adjoint operator on L*(R?), the singular values are simply the
absolute values of the eigenvalues. The Schatten class 7, is the Banach space of all
compact operators A for which the norm

s 1/p
1ALz, = {55 (A)} o = (Z sj<A>p)

J=1

is finite. The space Z, is called the space of Hilbert-Schmidt operators on L?(R?),
and Z; is the space of trace-class operators. Although not a standard notation, for
convenience we will denote the Banach space of all bounded operators on L*(R?)
by Zwo, with norm [|A|z. = || Alop-

We now establish several useful results for the cases p = 2, 1, and oo, respectively.

Hilbert—Schmidt operators. The Hilbert—Schmidt operators can be exactly
characterized in terms of the modulation space M?? = L2

Theorem 6.1 (Pool). The Weyl transform o — L, is a unitary map L?(R*?) —
L.
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Proof. Recall that an operator A is a Hilbert-Schmidt operator on L?*(R?) if and
only if A is an integral operator of the form Af(z) = [p.k(z,y) f(y)dy with
a kernel k& € L?*(R*). In this case, ||Allz, = [|k|lz2gee). By Theorem 5.3, A
can be written as a pseudodifferential operator L, with Weyl symbol o = Fy7,k.
Since both 7; and F, are unitary operators on L*(R?), we deduce that || Az, =

||O'||L2(R2d).

Trace Class Operators. The simplest trace class result using modulation
spaces is due to Feichtinger and Sjostrand, with the first proof published in [Gré96].
This result gives a sufficient but not necessary condition on the symbol ¢ which
ensures that the corresponding operator L, is trace-class. For simple proofs, see
[GH99, Prop. 4.1] or [Heil03, Prop. 6.1].

Theorem 6.2. If o € MY, then L, € ;.

Theorem 6.2 should be compared to the trace-class results that were obtained
independently by Daubechies [Dau80] and Hérmander [Hor79]. Using the identifi-
cation of Lemma 4.2(d), their results can be formulated as follows: If o € M2? for
s > 2d, then L, € Z;. That Theorem 6.2 is slightly sharper can be seen from the
elementary embedding

M2? — MY =  s>2d

So far the best result along these lines seems to be due to Heil, Ramanathan, and
Topiwala [HRTO7]: If o € M>? for s > d, then L,, K, € ;. See [Heil03] for an
exposition of the proof and some extensions, and [PS75] for a related result.

Boundedness. In order to analyze the boundedness of the pseudodifferential
operator Ly, we fix any window ¢ € S(R?) with ||¢|» = 1, and define a window on
R?? by & = W (¢, p). Then we use Proposition 5.3 and Lemma 3.5 to write

(Lo f.9) = (o, W(g, [)) = (Vao, VaW (g, f)) - (15)

Note that for f, g € S(R?) and o € &'(R??), the duality in (15) is well-defined,

since by Lemma 3.4 we have that W (g, f) € S(R?*?), and therefore Vpo € S'(R*)
and VoW (g, f) € S(R*).

The formulas above literally demand the use of modulation space norms. Since

we have already calculated the STFT of a Wigner distribution in Lemma 3.6,

the following boundedness result is almost immediate. This result generalizes and
simplifies [GH99, Thm 1.1].

Theorem 6.3. If 0 € MY (R??), then L, is a bounded operator from MP9(R?)
to MP4(R?) for each 1 < p,q < oo, with a uniform estimate
HLJHOp < H0'||Moo,1 .

In particular, L, is bounded on L*(RY).

Proof. If f, g € S(R%), then we have W (g, f) € S(R?*?) by Lemma 3.4, and hence
another application of Lemma 3.4 yields that Va(W (g, f)) € S(R*). On the other
hand, since o € M°1(R??) ¢ M°>>°(R??), we have by definition of M°>> that the
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short-time Fourier transform Vgo is a bounded function. Hence the duality in (15)
is given by the integral

(Lot 9) = Var VW (o, 1) = [ [ Voo, ) TalWig I 0. (16)

The integral converges absolutely, and in particular we can interchange the order
of integration as we like. We apply a special case of Holder’s inequality for mixed
norm spaces, namely,

(E G < N[l zoen |Gl 2o
to (16), to obtain that

(Lo f, 9)| < Voo | poor@aay [|[Va(W (g, f))I 1100 maa

ol s [ Wa(Wlg )OI ()

CeRQd
To estimate the integral over z = (21, 22) appearing in (17), we use Lemma 3.6.

Write ¢ = (—2,%) € R¥, so that V,f(21 + 2,20 — &) = TV, f(2). Then, using

Lemma 3.6 and Holder’s inequality, we have

LV n)0lds = [ ITVAGIT Vgl

< ||T§V<pf||LP»‘I(R2d) HTfEngHLP’»Q’(R?d)
= vaofHLP!q(RM) vaogHLp/,q/(R?d)

= [1Fatva ey 191 arar ey » (18)
independently of ¢ € R?*!. Combining (17) and (18), we have proved that

(Lo fs @) < llollareen ey ([ llarraey 191 o ay (19)

for f, g € S(RY). This extends by a standard density argument to all f € MP4
and g € MP"¢ = (MP?)*. Consequently, we have L,f € MP9, and taking the
supremum in (19) over all g with ||g|| ;. = 1 yields

| Lo fllapaay < ol aroon @zay | f || arva(may -

Hence L, is bounded on M™4, and its operator norm is at most ||o||pree.. O

Thus, the modulation space M (R??) arises naturally as a symbol class for the
study of pseudodifferential operators, and moreover is particularly well-suited for
the purposes of time-frequency analysis. To compare Theorem 6.3 with analogous
results using standard function spaces, we quote the following embedding theorem.
Here C{*!(RY) denotes the space of all functions which are differentiable up to
order d + 1 with bounded derivatives.
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Theorem 6.4. O/ (R?) ¢ M (RY) and there exists C > 0 such that
1 laren S Clfllcars=C Y 1D flloe

|| <d+1

Remarks 6.5. a. In particular, it follows from this embedding that if o €
C’gdH(RQd), then Ly is bounded on MP? for every 1 < p,q < oo. The state-
ment that L, is bounded on L? = M?? when o € C7*™(R??) is in the spirit of the
celebrated Calderdn—Vaillancourt Theorem [CVT2], cf. [Fol89, Thm. 2.73].

b. A more elaborate argument of Heil, Ramanathan, and Topiwala shows the
stronger embedding result C*(R??) C M1 (R?*?) for s > 2d, where C* is the
Holder—Lipschitz space of order s [HRT97, Prop. 6.3]. A more direct proof of
this embedding has recently been found by Okoudjou, as a special case of a class
of embeddings of Besov and Triebel-Lizorkin spaces into the modulation spaces
[Oko02]. A different set of embeddings of Besov spaces into modulation spaces
has also been found by Toft [Toft02] and by Grébner in his earlier, unpublished
thesis [Grob91].

c. In contrast to the standard theory of pseudodifferential operators, which works
with C'*°-symbols, the hypotheses of Theorem 6.3 do not require smoothness of ¢ in
order to obtain the boundedness of L, on L? or on M?4. See [GH99] for examples.

d. A special case of Theorem 6.3 was proved by Sjostrand [Sjo94], who was
apparently unaware of the extended theory of modulation spaces that was available.
Among hard analysts, the space M°! is sometimes known as Sjostrand’s class.

Using relation (14) between the Kohn-Nirenberg correspondence and the Weyl
calculus, it is easy to transfer Theorem 6.3 to the Kohn—Nirenberg symbol, giving
the following result [Gré01, Cor. 14.5.5].

Corollary 6.6. If o € M°>1(R?*), then K, is a bounded operator on MP4 for each
1 <p,q<oo.

A boundedness result similar to Theorem 6.3 holds for weighted modulation
spaces as well. The proof is a modification of the proof of Theorem 6.3 and will be
omitted, see [Gro01, Ch. 14.5].

Theorem 6.7. Let v be a submultiplicative weight on R?*? and set w(z, ) = v(¢)? =
v(—2,4)% on R, If o € MY (R?), then L, is bounded on MEI(R??) for all
1 <p,q < o0 and all v-moderate weights m.
6.2. Refinements. To refine the endpoint results of the previous section, we use
further properties of the modulation spaces, namely their basic inclusion and in-
terpolation properties.

The following inclusion result is trivial using the atomic decompositions as-
sociated to the modulation spaces (Gabor frames or Wilson bases), see [Gro01,
Thm. 12.2.2].

Theorem 6.8 (Inclusion Theorem). MPL9 C MP>%® < p; < ps, ¢1 < ¢o.
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In addition, the modulation spaces interpolate similarly to the mixed-norm L*9-
spaces. For the case of complex interpolation, we have the following result [Fei81].

Theorem 6.9 (Complex Interpolation).
(a) [MM, M?2)g = MPP for 1 <p<2.

(b) [M?2, M1y = MPP for 2 < p < oo.

Since the p-Schatten classes also interpolate like LP-spaces, namely, [Z;,Z..]s =
7, for 1 < p < oo, we can now prove the following statement, see also [GH99,
Cor. 3.5].

Theorem 6.10.
(a) If 1 <p,q <2 and o € MP9, then L, € Tnax{p,q}-

(b) If p>2 and ¢ <P, and if o € MP?, then L, € Z,.

(c) In particular, if ¢ < 2 and either 1 <p <2 orp <(, then L, is a bounded
operator on L*(RY).

Proof. (a) We first use interpolation. Fix 1 < p < 2. Then by combining
Theorem 6.9 with the interpolation of the Schatten classes, we obtain that if
o € [MY M?*?]g = MPP, then L, € [I1,Z2)o = Z,.

Next, we use the inclusion relations. Fix 1 < p,q < 2, and set u = max{p, ¢}.
Then by Theorem 6.8, we have MP? C M#*#* and therefore L, € 7, so part (a) is
proved.

(b) Again we use interpolation and then inclusions. If 2 < p < oo and o €
[M?2, M1y = MP¥ | then L, € [Ty, Zoo)o = Z,- When p > 2 and ¢ < p/, we have
MP4a C MPP | and consequently L, € Z,.

(c) The hypotheses on p, ¢ here are just a reformulation of the conditions in
parts (a) and (b), so this part is immediate. O

It is shown in [GH02] that Theorem 6.10 is sharp in the following sense.

Theorem 6.11.
(a) If ¢ > 2, then there exist o € MP9 such that L, is unbounded on L*(RY).

(b) If p > 2 and p > ¢, then there exist o € MP? such that L, is unbounded
on L?(RY).

For statement (a) it is possible to find simple counter-examples in the form of
“rank one” operators. However, statement (b) is more subtle and requires the full
machinery of the modulation spaces, see [GH02].
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7. MAPPING PROPERTIES BETWEEN MODULATION SPACES

Using the techniques of Theorem 6.3, it is easy to investigate the mapping prop-
erties of the Weyl transform between modulation spaces. The following result is

obtained by technical modifications to the proof of Theorem 6.3.
Theorem 7.1. Assume that 1 < ¢ < p < 0o and that o € MP4(R*). If p; > p/,
(20)

1 1 1 1
T T j:1727

v; <p, and
i vi ¢ p
then L, is a bounded operator from M"#2 to MYV,

Proof. As in (15), we represent L, as
<L0'f7 g> = <07 W(ga f)> = <V<I’Ua V@W(ga f)) )

where as usual we fix ¢ € S(R?) with ||p|lz = 1 and set ® = W(p, ). Now we
apply Holder’s inequality for the mixed-norm spaces LP? to obtain that
(Lo 9) < IVoollnagesty VoW (g5t s @
Note that ||Vao | pp.araay = [|o||ara is the exactly the appropriate modulation-space
norm of o. To estimate the norm of the STFT of the Wigner distribution appearing
in (21) we use Lemma 3.6. Set ¢ = (—(s,(1) € R*, and define F' = |V, f| and
G = |V,g|. Then by Lemma 3.6,
Vo (W (g, )z Ol = Ve f(z = 5)| [Vog(z + 5)| = Fz = §) Gz +5).

/ / 1/q/
dC)

Hence,
- , . , q'/p
Wawio. Dl = ([ ([ Fle =20 60+ 207 a2)

(/R?d (/Rd F(2)" IG(=z = ()" dz)q/p dC) 1/d

- 1/q
([ wze-0m ac)

’ 'l /v
= || = ZG7|| /7,
Set t = ¢'/p/, and note that ¢ > 1 since ¢ < p. Let r;, s; be numbers, defined
precisely in a moment, which satisfy
1 1 1
— =14, forj=12. (22)

ri, 85 > 1 and
Tj Sj

Then Young’s convolution theorem in its version for mixed-norm spaces [BP61,

1/p’
[,51,52 -

Rl e

Thm. 10.1] yields
|F? 267|177 < || F|
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Now,

L ) p'ra/(p'r1) 1/(p'r2)
T2 !\Lr?m:( / ( / rv¢f<x,w>\pfldx) dw) .
Rd Rd

and likewise,

ral/p'
HGp ‘ L/SIZ»SQ = HgHMp/s1,p/32 )
so by combining all these estimates we conclude that for all f € MP7?"2 and

/ /
g € MP P32 we have

(Lo f; 9 < Nlollarpa | f | agstriom g1 agorrores - (23)

Taking the supremum over g with unit norm leads to the conclusion that L,
maps MP"0P72 into M®'s1)('s2)",

The result now follows by choosing the proper values for r;, s; and attending
to some bookkeeping. Define r; = p;/p" and s; = v}/p’. By hypothesis, u; > p/
and v; < p, so we have r;, s; > 1, and it follows from (20) and a little calculation
that (22) holds, and hence the result follows. U

Remarks 7.2. a. Theorem 7.1 was announced by the authors at several confer-
ences, including FSDONA (Teistungen, July 2001) and the International Confer-
ence on Wavelets and their Applications (Chennai, January 2002). Recently, it was
proved independently by J. Toft [Toft02].

b. Analogous results can be proved for symbols in the spaces FMP4. The proofs
are similar, the only modification required is a change in the order of integration.

c. By combining the proof of Theorem 6.7 with the proof of Theorem 7.1, one
can derive mapping properties of pseudodifferential operators between weighted
modulation spaces. These theorems quantify precisely how the time-frequency
distribution of a function changes under the action of a pseudodifferential operator
with a symbol in MP:9. These results will be elaborated upon in later work.
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