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SCHRODINGER TYPE PROPAGATORS,
PSEUDODIFFERENTIAL OPERATORS AND
MODULATION SPACES

ELENA CORDERO, ANITA TABACCO, AND PATRIK WAHLBERG

ABSTRACT. We prove continuity results for Fourier integral oper-
ators with symbols in modulation spaces, acting between modula-
tion spaces. The phase functions belong to a class of nondegenerate
generalized quadratic forms that includes Schrodinger propagators
and pseudodifferential operators. As a byproduct we obtain a char-
acterization of all exponents p,q,r1,72,t1,t2 € [1,00] of modula-
tion spaces such that a symbol in MP+4(R2%) gives a pseudodifferen-
tial operator that is continuous from M™72(R?) into M?t2(R%).

1. INTRODUCTION

Fourier integral operators (FIOs) represent a mathematical tool to
study the behavior of the solutions to partial differential equations.
Our type of FIOs has its origins in Quantum Mechanics: they arise
naturally in the study of the Cauchy problem for Schrodinger-type
operators. We refer the reader to the pioneering works of Asada and
Fujiwara [1], Cordoba and Fefferman [16], and Helffer and Robert [31].
This paper is concerned with the study of FIOs formally defined by

(1) T5() = [ ¥ eDota,m iy

The functions ¢ and & are called symbol (or amplitude) and phase
function, respectively. Our phase functions ®, sometimes called “tame”
[9, 10], are real-valued, smooth functions on R?*?, satisfying 9%® €
L>®(R%*) for o > 2, and the non-degeneracy condition

det 0*®
¢ dx;0m;

Basic examples are provided by quadratic forms in the variables z,n €
R? and the corresponding FIOs are the so called generalized meta-
plectic operators [10, 25]. Another well-known example is the phase

(1.2)

(z,m)

)' >8>0 V(x,n)ecR*
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2 E. CORDERO, A. TABACCO, AND P. WAHLBERG

®(x,n) = x -n which gives pseudodifferential operators in the Kohn-
Nirenberg form. Note that these phase functions differ from those of
FIOs arising in the solutions of hyperbolic equations, that are positively
homogeneous of degree one in 7 (see e.g.[15, 32, 37, 38]).

The aim of this paper is to provide optimal boundedness results for
FIOs of the type above having rough symbols. The symbol classes that
are suitable for this study reveal to be the so-called modulation spaces,
introduced by Feichtinger in 1983 [20] and recalled in Subsection 2.1
below. Modulation spaces will be employed both for symbol spaces and
spaces on which operators act.

Sharpness results in this framework were already pursued in the pa-
pers [13, 14, 39], where symbols in the particular modulation space
M1 (R?*®) were considered. Other results in this connection are con-
tained in [6, 7, 42, 46].

The special case of pseudodifferential operators has been studied
in the context of modulation spaces by several authors, including the
earlier works by Grochenig and Heil [28, 29], Labate [34, 35], Sjostrand
[39], Tachizawa [41]. Recent contributions are provided by [2, 3, 12, 17,
40, 44, 45]. For simplicity, let us first present our results in terms of
pseudodifferential operators. The following sufficient conditions enlarge
Toft’s conditions [44, Theorem 4.3], whereas the necessary conditions
contain those in [12, Proposition 5.3].

Theorem 1.1. Assume that 1 < p,q,r;,t; < oo, i = 1,2. Then the
pseudodifferential operator T, from S(R?) to S'(RY), having symbol
o € MP4(R*) extends uniquely to a bounded operator from M"™72(R9)
to M2 (R%), with the estimate

(1.3) 1T fllageree S o llaavall fllaerars

if and only if

(1.4) Uri=1/t; >1—=1/p—1/q, i=1,2,
and

(1.5) q < min(ty, ta, 77, 75).

This result can be seen as a characterization of pseudodifferential
operators acting on modulation spaces, which completes the previous
studies on this topic.

The sufficient conditions are obtained as a corollary of more general
results for FIOs, contained in Theorem 3.9 below. Let us give an
overview of our results in this framework.

Our main theme is to derive interpolation-theoretic consequences
of the boundedness results for FIOs in [13, 14] and their possible
sharpness. These prior results treat symbols in the modulation space
M>1(R??)| possibly with a spatial weight or additional constraints
on the phase function, and the continuity of the corresponding FIOs
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acting either on M™"2(R?) or from M""2(R%) to M (R%). We con-
sider more general modulation spaces MP(R??) as symbol classes and
studying the action from M™"2(R%) to M2(RY), 1 < 7ty < oo,
i=1,2.

First we show that a symbol in M*(R??) gives rise to a FIO that
maps M!(R?) into M>(R?) continuously, and a symbol in M?!(R??)
gives rise to a FIO that maps M>(R?) into M!'(R?) continuously.
These results are similar to results by Concetti, Garello and Toft [6, 7,
46].

Using complex interpolation and the results of [13] we then deduce
continuity of FIOs with symbols in MP4(R??) acting from M"™"2(R9)
to M2 (R%), and search for the weakest possible conditions on the
family of exponents p, ¢, 71,79, t1,t2 € [1,00] that admit continuity. If
we make the additional assumption on the phase function
(1.6) sup |V, ®(z,n) — V,P(2',n)| < oo,

z,x’ nER4
then the corresponding FIO T is continuous and satisfies (1.3) if and
only if (1.4) and (1.5) hold, see Theorem 3.9 and Remark 3.10. Note
that (1.6) is satisfied in the special case of ®(z,n) =z -n, i.e. T is a
pseudodifferential operator.

If we omit the assumption (1.6) and study the action on spaces
M2 with vy # ry, then the behavior of a FIO T'is more troublesome.
For instance, let us study the boundedness of T on M"™ "2 with r; # rs.
Consider the pointwise multiplication operator Tf(z) = e f(x),
which can be seen as a FIO with phase function ®(z,n) = z-n+|z|?/2
(that does not satisfy (1.6)), and symbol o = 1 € M*(R*?). Tak-
ing t; = r;, i« = 1,2, the conditions (1.4) and (1.5) are satisfied but
the operator T' is bounded on M™ "2 if and only if r; = ry, cf. [14,
Proposition 7.1].

Nevertheless, if we do not assume (1.6) we can still obtain continuity
on M™7" for all ry,ry € [1,00], provided we introduce weights on the
symbol spaces such that the symbols decay faster at infinity. Our main
result in this direction is provided by Theorem 3.12 below.

Finally, motivated by the search for fixed-time estimates for one-
parameter Schrodinger-type propagators (see [11, Section 4] and [13,
Section 5]), we study in detail the action of a Fourier integral operator
T from the spaces M"™7" into M"™"™ ry < r; (and analogously for
Wiener amalgam spaces). We end by discussing the sharpness of the
results. This topic is detailed in Section 3.2.

Notation. The Schwartz space is denoted by S(R?) and the tempered
distributions by &'(R¢). The Fourier transform of f € S(R?) is nor-

malized as Ff(n) = f(n) = [ga f(x)e *™*dz. For s € R and z € R?
we set vy(7) = (x)* = (1 + |z]?)*/?, and x - 7 denotes the inner prod-
uct on R?. The notation f < ¢ means that there exists a positive
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constant C' > 0 such that f < Cg (uniformly over all arguments of
f and g where appropriate), while f < g means f < g and g < f.
Translations are denoted by T,f(y) = f(y — x) and modulations by
M, f(z) = ™1 f(x), z,y,n € RY, f € S(RY). The inner product on
L?*(RY) is conjugate linear in the second argument and is denoted by
(-,-), which also denotes the conjugate linear action of &’ on S.

2. PRELIMINARIES

In order to emphasize that T defined by (1.1) depends on o we
sometimes write T' = T,.

Definition 2.1. A real-valued phase functions ® is called tame (]9, 13,
14]) provided the following three conditions are satisfied:

(i) @ € C=(R*);

(1) there exist constants C, > 0 such that

(2.1) 10°®(z,n)| < Co Va e N |a| > 2;
(11i) ® satisfies the non-degeneracy condition (1.2).

2.1. Modulation spaces. [20, 21, 22, 23, 24, 27, 47]

In order to define modulation spaces we use the short-time Fourier
transform (STFT) V,f of a tempered distribution f € S'(RY) with
respect to a nonzero window g € S(R?). It is defined as V, f(z,n) =
F(fT,g)(n) for x,n € RL For f € S(R?) we have
(2.2)

V() = (M T0) = [ ) gl dy, e e R

R
The inversion formula for the STFT (see e.g. ([27, Corollary 3.2.3])
reads: If ||g||z2 = 1 and f € S(R?) then

(2.3) f= [ Vaf(w.m) MyTogdudn,
R
The following property of the STFT [27, Lemma 11.3.3] is useful
when one needs to change window function.

Lemma 2.2. If f € S'(R%), go, 91,7 € S(R?) and (v, q,) # 0, then

Voo (2,10 £ e (Vo L ¢ WD), 0 € R,
| <77 gl) |

In order to define the weighted modulation spaces of the symbols,
we first introduce the class M, (R??), s > 0, consisting of weights m
that are positive measurable functions on R?¢ and satisfy m(z + y) <
vs(z)m(y), T,y € R?*L. Tt follows that v; is vs-moderate for all t € R
such that |t| < s. In particular, we shall consider the class of weight
functions on R?? given by vy, 4, (7, 1) = (2)*(n)*2, 51,5, € R, 2, € RY,
and m = v,, 5, ® 1 on R
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Given a window function g € S(R%)\ {0}, m € M, (R??) for some
s >0, and 1 < p,q < oo, the modulation space MP:9(R?) consists of all
tempered distributions f € S&'(R?) such that V, f € LP(R?*?) (weighted
mixed-norm Lebesgue space). The norm on MP1 is

a/p 1/a
1 e = WVl = ( ([ wsmpnteay ) dn)

(with natural modifications when p = 0o or ¢ = 00). If p = ¢, we write
MP instead of MP? and if m =1 on R*, then we write M?? and MP
for MP4 and MP?, respectively. The space MP:4(R?) is a Banach space
whose definition is independent of the choice of the window g, in the
sense that different nonzero window functions yield equivalent norms.
The modulation space M1 is also called Sjostrand’s class [39].

The closure of S(R?) in the MP9-norm is denoted MP:4(R). Then
MPARY) C MPA(RY), and MPA(R?) = MP4(RY) provided p < oo
and ¢ < oo. For any p,q € [1,00] and any m € M, (R*), s > 0, we
have: The inner product (-, -) on S(R?) x S(R?) extends to a continuous
sesquilinear map MP:4(RY) x Mf}’g:(Rd) — C. Here and elsewhere the

conjugate exponent p’ of p € [1,00] is defined by 1/p+1/p' = 1. If

If1] = sup [{f, 9)],

with supremum taken over all g € S(R?) such that ||g||, .o < 1, then

My
| - || and || - ||pzz,e are equivalent norms (cf. [45, Proposition 1.4 (3)]).
This result will be invoked using the phrase “by duality”.

Suppose my,my € M, (R?*?) for some s > 0. Then we have the

embeddings

S(R?) € My (RT) © Mpz®(RT) C S'(RY),
(2.4) ! 2
p1<p2, @ <q, mySmy.

Modulation spaces are closed under complex interpolation as follows
(cf. [19]). If pj,q; € [1,00], m; € M, (R*), j = 1,2, for some s > 0,
0<h<1,

1 1-6 6 1 1—-60 0 o o
- = +—, —-= +—, m=m; My,
p y4 P2 q q1 q2

then

(25) (Moo (B, MEz2(RY)) ) = MESRY),

We need the following result concerning the modulation space norm
of distributions of compact support in time or in frequency (cf., e.g.,
6, 21, 36, 43]).

Lemma 2.3. Let 1 < p,q < oc.
(i) For every u € 8'(R?), supported in a compact set K C R?, we have
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ue M s ue FLY, and
(2.6) Cx'llullarra < llullzre < Crelluflarra,

where C'x > 0 depends only on K.
(ii) For every u € S'(R?), whose Fourier transform is supported in a
compact set K C R?, we have u € MP9 < u € LP, and

(2.7) Cx'lullama < llullze < Crellullazes,

where Cx > 0 depends only on K.

We refer to Grochenig’s book [27] for further properties of the mod-
ulation spaces.

Parseval’s formula gives |V, f(z,n)| = [V, f(n, —z)| = |F(f T,5)(—z)]
for f € S'(RY) and g € S(R?). Hence

1/q .
||f||Mpq—(/ I 7, g||mdn) T

Here W (FLP, L7)(R?) are particular cases of Wiener amalgam spaces
with local component FLP(R?) and global component L4(RY). It fol-
lows that we have F(MP9) = W(FLP, L7). The closure of S(R?) in
the W(FLP, L9)-norm is denoted W(FLP, L?). For more information
on Wiener amalgam spaces we refer to [18, 19, 26, 30).

We will need the modulation space norm of a complex Gaussian.

Lemma 2.4. Fora > 0, b € R, set hyp(z) = et Then e
have for all 1 < p,q < 00

(2.8) 1haipllrrea =

(a+1)2 402706
asi (a(a+1)+b2)2G0)

Proof. For Gayip(7) = (a + ib)~%?e” el we have by [13, Lemma 2.9]

((a+1)%+12)2(2)
asi (a(a+1) +2)2ma)
for all 1 < p,q < co. Thus we obtain from F(M??) = W (FLP, L9)

||Ga+ib||W(]-'LP,Lq) =

—_—
|\ havivllaipa = ||ha+ib||W(pr,Lq) = ||Ga+inW(]—'LP,Lq)-

O

In particular we recover Toft’s result [44, Lemma 1.8]. If p(z) =
e ™ and ¢, (x) = p(\x) then

(2.9) lallarpa =< A"YP(1 4 \)dd/PHa=l) x5 0,
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2.2. Continuity of Fourier integral operators on modulation
spaces. Here we recollect and add comments on the results on Fourier
integral operators and modulation spaces upon which the results in this
paper build.

Assume that the phase function ® is tame and satisfies the condition
(1.6). Then a symbol that belongs to Sjostrand’s class M°!(R>?)
gives rise to an operator that is continuous on M™"2(R%), for every
1 < ry,ry < oo. More precisely, the following [13, Theorem 1.1] holds.

Theorem 2.5. Consider a tame phase function ® satisfying (1.6), and
a symbol o € M°>1(R?*?). Then the corresponding FIO T extends to
a bounded operator on M""2(R%), for every 1 < ry,ry < 0o, with the
estimate

[T fllaarirs S Nlolagsen || fl agrira

Note that the pseudodifferential operator phase function ®(z,n) =
x-n satisfies the assumptions of Theorem 2.5. If we omit the assumption
(1.6) we can still get continuity on M"™ " for all 1, ry € [1, 00|, provided
we introduce weights on the symbols according to the following result
[13, Theorem 1.2].

Theorem 2.6. Consider a tame phase function ®, a symbol o €
5:1’}82®1(R2d), s1,80 € R and 1 < ry,ry < 0o. Assume one of the

following conditions:
(7,) rn =Ty and S1, S92 > O,
(i1) ro <1y, 51> d(é — L) and sy > 0,

T1

(11i) 1 < 1o, sleand52>d<%— 1).

o
Then the corresponding FIO T extends to a bounded operator on
Mrr2(RY) | and

[T flprvrz S llollypeer LF laersrs.
Vsq,s9 ®1

The next quoted result [13, Theorem 1.3] shows, in particular, that
a further condition on the phase function (2.10) gives a FIO that is
continuous from M™72(R9) into M">" (R?).

Theorem 2.7. Consider a tame phase function ®, and let 1 < ry <
r1 < oo. Assume one of the following conditions:

(i) s1,85 > 0, the symbol o € M (R??) and for some § > 0,

0*®
2.10 det >V e R*,
210 et (5op )| 20 e
(ii) the symbol o € szl’;@l(de), with s1 > d <% — %) and s > 0.

Then the corresponding FIO T extends to a bounded operator from
M2 (R dnto M™27(R?), and

1T flprzrn S lollypoer LF laersrs.
Vsq,s9 ®1
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A typical tame phase function that satisfies (2.10) is ®(x,n) = z-n+
|z|2/2. When the symbol is 0 = 1 € M, the FIO is the pointwise
multiplication operator

(2.11) Tf(x) =™ f(z), zeR%
By Theorem 2.7 and [13, Proposition 6.6], continuity from M"™"2(R9)
into M"71(R?) holds for this operator if and only if r, < r;. Continuity

of the operator (2.11) from M™"2(R?) into M2 (R?) is equivalent to
continuity of the Schrédinger multiplier operator

(212)  Tf(x)= Ldez"im'"e"i'"2f<n>dn, /€ SR,

from W(FL™, L") into W(FL", L'2).

For 1 < ry < ry < 00, one could conjecture that a FIO T, is bounded
from M"™72 to M™" provided o € M°!(R??), and the phase function
® is tame and satisfies

det < oo
on; O,

for some 0 > 0, instead of (2.10). But the conjecture is false as shown
by the following result. It treats the Schrodinger multiplier (2.12),
which is a FIO with phase ®(z,n) = z -1+ |n|?>/2 and symbol 0 = 1 €
ML

(2.13)

)‘ >4 V(z,n) € R,

(z,m)

Proposition 2.8. The Schridinger multiplier (2.12) is bounded from
M2 (RE) to MU2(RY) if and only if r; < t;, i=1,2.

Proof. The sufficiency of the condition follows immediately by combin-
ing the boundedness result on M™"2(R?) provided by [2, Theorem 1],
and the inclusion relations for modulation spaces (2.4). Vice versa,
assume that
IT fll pgerte @y S N laerare@ay,  f € SRY).
Taking f = @(t) = e-™I11° (2.9) gives
d
A= 0
(2.14) HQOAHM”"N?(Rd) = _d
A 20 A — Ho0.

Straightforward computations give
2
Ty = (1—iX?) /2w
and an application of Lemma 2.4 yields

d
A, A—0
T ol pgtrte =< _a
A2 A — 4o0.
Combining with (2.14) we obtain r; < ¢; for A — 0, and ry < ¢, for
A — +00. O
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2.3. Fourier integral operators and Wiener amalgam spaces.
From Theorems 2.5, 2.6 and 2.7 we may infer results on continuity
of FIOs acting on Wiener amalgam spaces. Indeed, since FM"™"™2 =
W(FL™, L), it follows that

(2.15) 1T fllweren ooy S Nolluze b e

Vsq,s9®1

if and only if
IT fll gz S lollagma L Fllagrira,
1,52

where T = F o T o F~!. By duality and an explicit computation this
is equivalent to veryfing that the adjoint operator

(2.16) T f(x) = / e 205 ) f () diy

extends to a bounded operator from M- (R%) to M™2(R?). Since
o€ M) o (R*) if and only if 6(z,n) = o(-n,2) € MP? o, (R*)
(cf. [13, Lemma 2.10]), the continuity statement for Wiener amalgam
spaces in (2.15) follows from the continuity estimate

(2.17) N5 Iyt S NG NIz

rt ol gt

These considerations immediately transfer continuity results for F1Os
acting on modulation spaces to FIOs acting on Wiener amalgam spaces,
possibly with modified assumptions on the phase function, cf. [13,
Corollary 3.9 and Corollary 5.2]. We shall state continuity results for
FIOs acting on Wiener amalgam spaces as corollaries of the correspond-

ing continuity results for modulation spaces.

2.4. A characterization of modulation spaces. We recall the for-
mula, obtained in [14, Section 6] (see also [13, Proposition 3.2] and [10,
Section 4]), which expresses the Gabor matrix of the FIO T in terms of
the STEFT of its symbol o. Suppose the phase function ® satisfy (i) and
(ii) of Definition 2.1. Choose a non-zero window function g € S(R?),
and define for z,( € R?

(2.18) U.(¢) === (5@ §)(¢),
where
1 Ca
(2.19) @y (C) = 2|QZ:2/0 (1= 000 +1Q) dr>y, 2,C € R

Let o € §'(R*) and denote g,, = M,T,g for z,n € R%. Then the so
called Gabor matrix of T, given by (1'g;., gz .y), can be expressed via
the STFT as

(2.20)

‘<Tgm,777 gw’,n’>‘ = |V\I/(x/,n)o-(x/7 7, 7]/ - qu)(x/v 7])7 €T — an)(xlv 77))|7

for z,n, 2,7 € R%
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We present a characterization of the spaces M7y (R*) when m €
M, (R??) for s > 0. This is a generalization of [9, Proposition 3.10],
that treats the cases (p,q) = (00,1) and p = ¢ = o0, to general p,q €
[1,00]. This characterization shows that the the time-frequency con-
centration of the symbol ¢ does not depend on the parameter z € R
of the window V., defined in (2.18).

First, we need the following simplified version of [9, Lemma 3.9].

Lemma 2.9. If s >0, g € S(RY) and U € S(R*) then
(2.21) sup [V, V| € Lig,, (R*).

2€R2d

The characterization for modulation spaces in terms of ¥, is as fol-
lows.

Proposition 2.10. Let s > 0, m € M, (R*), p,q € [1,00], and
o € S'(R*). Then

o€ M (R*) <« sup Voo
z€R2d

€ L7g,(RY),

and
(2.22)

lollamg geay < | sup Vo.olllrra @

= </ (/ sup |Vq,za(u1,uQ)|pm(u2)pdu1)p du2>
R2d R2d zER2d

(with obvious modifications when p = 0o or ¢ = 00).

Proof. We first prove | sup.cgea Vool ||zre < [lolapa . Taking ¥ €

S(R?*) such that ||¥||z2 = 1 and using Lemma 2.2, we have

Vo, o|(ur,ug)| < |Vgo| * [Va, W|(ur,uz) < |Vao|* sup |V, ¥|(ug, us).
z€R2d

Young’s inequality and the assumption m € M, (R??) yield

| Zfie%gd\vmzal lpea < [[Veollpea

thanks to Lemma 2.9.

On the other hand, assume ||sup,cpea |V, o
[9:llz2 = llgllz2 and [Ve W (u)| = Vo, ¥(—u)
Lemma 2.2 gives

Vwo (ur, ug)| S V.ol [Va W] (ur, us)

= Voo Ve 0| (s, up)

< (sup |V\1/ZO'|) * (sup |17\1,:/\If|) (w1, us).

z€ER2d 2z€R2d

I 3up, Vo ¥l S ol

HL’l’g (Rady < 00. Since
m

, denoting f(z) = f(—x),
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Applying Young’s inequality and Lemma 2.9, we finally obtain

lollame, = Voollpa < | sup Va.oll[res |l sup Vo VI,

.
L1®m

S| osup [Vy,o
2z€R2d

3. CONTINUITY RESULTS FOR FIOs

First we will prove two results concerning continuity of FIOs with
symbols in M>(R?*?) and M!(R??), respectively. Then we will make
complex interpolation between them and the results in Section 2.

We need the following Schur-type test, whose proof is obvious.

Lemma 3.1. Consider an integral operator A on R??, given by
AN = [[ K@asten) dedn
R

(i) If K € L>®(R*) then A is continuous from L'(R?*?) into L>(R??).
(ii) If K € L*(R*) then A is continuous from L®(R??) into L'(R?*).

Proposition 3.2. Consider a tame phase function ® and suppose o €
M>(R?Y). Then T, extends to a bounded operator from M(R?Y) to
M>(R?), and

(3.1) | To fll pmooay S ol azee @eay |l f | pr may-

Proof. Let g € S(R?) with ||g||z2 = 1. For ¢ € S(R?), the map f —
(Tf, ), denoted u,, belongs to S'(RY). Since u,, is linear (rather than
antilinear) we obtain from the inversion formula (2.3) and [33, Theorem
5.1.1]

(T1.0) = (g ) = g | VoF G Wi dacl)
= [ 0 TT5) Vo) d

_ / (T M,Tyg,0) Vyf () da dn.
R2d

It follows that, for f € S(R?),

V(T ) ) = / (T Goroy) Vi f (1) it .

R2d

The desired estimate (3.1) thus follows if we can prove that the map
K defined by

KrG(al o) = / (T Gaums Goray) Gy ) d dy

R2d
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is continuous from L'(R?*®) into L>°(R??). By Lemma 3.1 () it suffices
to prove that its integral kernel
KT(xlv 7]/7 z, 7]) = <Tg$,?77 gw’,n’>
satisfies K7 € L®(R*). By (2.20) we have
‘KT(xlv 7]/7 x, 77)‘ = |V\I/(x/yn)o-(x/7 7, 77/ - VE(I)(':U/7 77)7 T — vnq)(x/? 77))‘
sup ‘V\I;ZO'(LU/, 7, 7]/ - qu)(xlv 7])7 €r — Vn7 q)(xlv 77))|

2€R2d

IA

and hence

sup |KT(37/a77/§37>77)|
(x,n,x’,r]’)ER‘ld

< sup  sup |Vg,o(a',n,n — V,®(', n),z — V,0(z,n))|
(z,m,2' ,n')ERL zeR2d

= sup  sup |Vo.o(2,n, 7, 2)| < [|o||lare
(z,n,2' ) ERAL zeR2d

by the characterization (2.22). O

Proceeding similarly as in the proof of Proposition 3.2, using Lemma
3.1 (4i) instead of (i), gives the following dual result.

Proposition 3.3. Consider a tame phase function ® and suppose o €
MY(R*). Then T, extends to a bounded operator from M>(R?) to
MYRY), and

(3.2) 175 fllamray S ol @eayll f | aoe may-

Remark 3.4. We notice that Proposition 3.2 and Proposition 3.3 hold
with weaker assumptions on the real-valued phase function. In fact,
conditions (i), (ii) and (iii) of Definition 2.1 may evidently be relazed
to ® € C®(R*) and sup,—, |0°®| S vy for some N > 0. A similar
result, with assumptions on ® that are weaker than (i), (ii) and (iii)
but stronger than ® € C*(R*?) and sup,,—, |0“®| < vy, is shown in [T,
Theorem 2.7]. More precisely, [7, Theorem 2.7] treats a more general
type of FIO whose phase function depends on three variables as

Tie) = [[ e ola.6) 1) dy e

Specializing to our situation, we have ¢(x,y,&) = ®(x,&) —y - &, and
the sufficient condition on ® in [7, Theorem 2.7] is 9°® € M for
all o € N¢ such that |a| = 2.

There is also a version of this result for weighted modulation spaces
in [46, Proposition 3.1 (3)]. The symbol space, as well as the spaces
between which the operator acts, are then weighted modulation spaces,
with polynomially bounded weights that are related as described in [46,
Proposition 3.1 (3)].
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3.1. Results based on Theorems 2.5 and 2.6. Propositions 3.2 and
3.3 admit us to prove the following interpolation-theoretic consequences
of Theorems 2.5 and 2.6. First we discuss the case when both the
domain and the range are equal-index modulation spaces.

Theorem 3.5. Consider a tame phase function ®, and let1 < p,q,r,t <
oco. If

(3.3) g <min(t,7") and 1/r—1/t>1-1/p—1/q,
and o € MP9(R?*®) then T extends to a bounded operator from M"(R?)
to MY(RY), with
(3.4) T fllaeeeay S Nlollarmagea £l atra)-
Proof. If 0 € M°1(R??) then T extends, according to Theorem 2.6 (4),
to a bounded operator on M?*(R?%) for all 1 < s < oo and
(3.5) 1T fllavsay S llollareer e[ £l aere):
Regarding 7" as the bilinear map (o, f) — T'f, (3.5) and (3.1) of Propo-
sition 3.2 says that 7" is continuous

M>HRY™) x M*(RY) —  ME(RY) for 1<s<oo, and

MOO(R2d) X ./\/ll(]Rd) N MOO(Rd)

Using multi-linear complex interpolation (cf. [4, Theorem 4.4.1]) and
(2.5), it follows that the bilinear map 7" is continuous

(3.6) T : MR x M"(RY) — MH(RY),

for q,r,t € [1,00] such that 1/r — 1/t =1 —1/q, ¢ < min(¢,7’) and
r < t. Likewise, interpolation between (3.6) and (3.2) of Proposition
3.3 gives (3.4) for p,q,r,t € [1, 00| such that

q <min(p,t,7) and 1/r—1/t=1-1/p—1/q.

Due to the embeddings (2.4), we may relax these assumptions on r and
t (possibly decreasing r and increasing t), keeping p, ¢ fixed, into

(3.7) q <min(p,t,7’) and 1/r—1/t>1-1/p—1/q,

and (3.4) still holds true. Finally, again using the embeddings (2.4) in
order to relax the conditions on p and ¢, possibly decreasing p and q
while keeping r,t fixed, it can be verified that the result extends to all
p,q,r,t € [1,00] such that

q <min(t,7"), 1/r—1/t>1-1/p—1/q.
U

Remark 3.6. For p = oo and 1 < q¢ < 00, the sufficient condition
on the symbol in Theorem 3.5 should be o € M>9(R??) rather than
o € M°9(R??). This small modification is understood in all results of
this paper, but not spelled out in order not to burden the presentation.
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Remark 3.7. The sufficient conditions in Theorem 3.9 are also nec-
essary. Indeed, choose ®(x,n) = x - n which is tame. Then the corre-
sponding FIO T reduces to a pseudodifferential operator and the nec-
essary conditions are provided by Theorem 1.1, written for the case
" =To =T, tlthIt.

Remark 3.8. We notice that a related result for weighted modulation
spaces follows from a combination of [46, Proposition 1.10] and [46,
Theorem 2.10]. In particular, it follows that a version of the inequality
(3.5) holds for weighted spaces and symbols, for certain combinations of
weights, and 1 < s < 0o, when the phase function ® is tame. Howewver,
we inform the reader that the condition on the phase function

2

‘det < Oy

Dy; 0

for some 6 > 0, specified as sufficient for the conclusions in [46, Propo-

sition 3.1], is correct for parts (1), (2) and (3) of that proposition, but
not for part (4).

Next we treat FIOs acting on modulation spaces from M"™ " to
Mt with possibly r; # 1 or t; # to. In this case the assumptions of
Theorem 3.5 are not enough to provide boundedness (see the counterex-
ample in the Introduction). Instead we obtain results by strenghtening
either the phase (Theorem 3.9) or the symbol (Theorem 3.12) hypothe-
ses.

Since the arguments of the proof of the result below follow closely
the proof of Theorem 3.5, starting from Theorem 2.5 and using Propo-
sitions 3.2 and 3.3, we omit its proof.

)\ > 6 V(o y€) € RY
(z,y,€)

Theorem 3.9. Let 1 < p,q,r1,7ra,t1,ty < 00, let the phase function
O be tame and satisfy (1.6), and suppose (1.4) and (1.5) hold true. If
o € MP9(R?) then the corresponding operator T extends to a bounded
operator from M™2(R%) to M™-2(RY), with

(3.8) 1T fllageree S Nollawall fllaarara.

Remark 3.10. The sufficient conditions in Theorem 3.9 are also nec-
essary. Indeed, choose ®(x,n) = x-n which is tame and satisfies (1.6).
Then the corresponding FIO T reduces to a pseudodifferential operator
and the necessary conditions are provided by Theorem 1.1.

As a consequence of Theorem 3.9 we obtain the following result for
Wiener amalgam spaces.

Corollary 3.11. Under the assumptions of Theorem 3.9, with (1.6)
replaced by

(3.9) sup |V, ®(z,n) — V,®(z,n)| < oo,

x,n,n €RY
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the corresponding operator T extends to a bounded operator from the
space W(FL™, L™)(R?) to W(FL", L'2)(RY), with
(3.10) 1T fllwerea pey S llolvwall fllweEen ).

If we do not assume the condition (1.6) on the phase, then similar
FIO boundedness results can still be obtained by asking for more decay
at infinity of the corresponding symbol. This means that we replace
the unweighted modulation spaces MP¢ by weighted spaces.

Theorem 3.12. Let 1 < p,q,r1,72,t1,ts < 00 and suppose (1.4) holds.

Consider a tame phase function ®, and a symbol o € ij&z@l(de),

s1,82 € R. Suppose furthermore that either of the following two re-
quirements are satisfied.

(1) s >0, and either
q <min(ty, ta,r7), 12 <71, and s >d(1/ro—1/r1),
or
q <min(ty,r],15), ta<ty, and s >d(1/ty —1/ty).
(1) s1>0, and either
q < min(ty, to, 1), 11 <712, and sy >d(1/r—1/ry),
or
g <min(ty, ), t1 <ta, and sy >d(1/t; —1/t2).

Then T extends to a bounded operator from M™"2(R%) to Mit2(R?),
and

1T fllageree S Nlollape

Vsq,s9®1

[ fllaerirz.

Proof. The boundedness follows by complex interpolation, using The-
orem 2.6, Propositions 3.2 and 3.3, as detailed below. By Theorem 2.6
(7) and (ii) we have

1T fllvrire S Nlollpyeen N Fllarr
v3170®1
for 1 < ry <r < ooand s > d(l/ry —1/r;). Proposition 3.2 and
interpolation give continuity of
(3.11) T : M2 (RY) x M2 (RY) — M2 (RY),

for q,ry,ma,t1,t9 € [1,00] and s € R such that 1/r;, —1/t; = 1—1/q
for i = 1,2, ro < ry, ¢ < min(ty,7]) and s > d(1/ry — 1/r1). Next
interpolation between (3.11) and Proposition 3.3 gives

(3.12) 1T fllgeez S llollaema o lLF g

for p,q,r1,m2,t1,t9 € [1,00] and s € R that satisfy
q <min(p,ts, 1), 1/ri—1/t;=1-1/p—1/q for i=1,2,
ro <ry, and s>d(1/ro—1/r).
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Invoking (2.4), we may relax the conditions on ¢;, r; for ¢ = 1,2. Thus
we may possibly increase ¢; and decrease r; for i = 1,2 while keeping
p, q fixed, such that (1.4) holds, and either

g <min(p,ti,t2,71), 1o <7, and s>d(l/ro—1/m),
or
q§min(p,t2,7‘i,ré), to <ty, and s >d(1/t2—1/t1),

while preserving (3.12). Again using (2.4), these conditions may be
further relaxed, in the sense of possibly decreasing p and g while keeping
ri,ti, i = 1,2, fixed, such that (1.4) holds, and either

qgmin(tl,t2,r'1), T9 Srl, and 8>d(1/7"2—1/7"1),

or
qgmin(tg,rll,ré), to <ty, and s >d(1/t2—1/t1),
while maintaining (3.12). Finally, another appeal to (2.4) shows that

MP? o (R*) C MDY o) (R*) which proves the Theorem under as-

sumption (7).

If we instead use the assumption (ii), the theorem is proved with a
similar argument, replacing Theorem 2.6 (i) by Theorem 2.6 (iii) at
the beginning. 0

Corollary 3.13. Consider a phase ® and a symbol o satisfying the as-
sumptions of Theorem 3.12. Then the corresponding operatorl extends
to a bounded operator from W(FL™, L™)(R?) to W(FL", L2)(R%),
with

1T fllweenpey S llollame o Flween o).

3.2. Action from M™"2(R?) to M™"(R?). In this subsection we
prove results for tame phase functions that satisfy (2.10). This setup is
particularly useful to derive fixed-time estimates for a family of time-
dependent FIOs {7;};cr. These arise as solutions to Cauchy problems
for partial differential equations. For instance, consider the propagators
T, = " where H is the Weyl quantization of a quadratic form on
the phase space R?!. We refer e.g. to [11] and [13].

As a byproduct, we obtain continuity results for FIOs acting between
Wiener amalgam spaces (see Corollary 3.15).

Theorem 3.14. Consider a tame phase function ® that satisfies (2.10),
and 1 < p,q,r,r9 < 00 such that

q

If the symbol o € MP4(R?*?), then the corresponding FIO T extends to
a bounded operator M2 (R%) — M"2"(RY), with

(3.14) 1T fllmrzrs S Nlollaavall fllagrsirs-

1
(313) T2 S’f’l, qgmin(m,ri), ]—)—i—— > 1.
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Proof. First we observe that if o € M?(R??) = L?(R??) then T = T, is
bounded on L*(R%) with

(3.15) 175 fll 2@y < lloll2@ea)ll fllz@ey, Y f € LA(RY).
Indeed, using the Cauchy—Schwarz inequality and the Plancherel the-
orem, for every f,g € L?(R%),

(Tt 9)l = [(€7%0, f @ g)| < llollrzmaa | /1|2 g 2y

and (3.15) follows. Next, multilinear complex interpolation between
Theorem 2.7 (i) and (3.15) yields the estimate (3.14), for ro < ry,
g < min(ry,7}), p > 2 and 1/p + 1/q = 1. Finally, the inclusion
relations for modulation spaces (2.4) extend the result to 1 < p < c©
and 1/p+1/g > 1 (note that ¢ < 2). O

Corollary 3.15. Under the assumptions of Theorem 3.1/, with (2.10)
replaced by (2.13), the operator T' extends to a bounded operator from
W(FL™, L™)(RY) to W(FL™, L") (R?), with

1T flwELraery S llolamall fllweEen o).

The sharpness of the preceeding results can be derived as a special
case of the following.

Proposition 3.16. Let 1 < p,q,r1,79,t1,t2 < 00. Consider the phase
function ®(z,n) = |z|?/2 + = - n which is tame and satisfies (2.10).
Suppose the following estimates for the corresponding FIO T':
(3.16)

IT fll e S Nlollawall fllagrir, Vo € S(R*),  Vf e S(RY).

Then

1 1 1 1 1 1 1 1
L NN R S L L P
re to P q T2 i P q
and
(3.18) q < min(ty, ta, 7], 7).

Proof. For A > 0, consider the family of FIOs T}, having phase function

® and symbols o) = ¢,/ 5 ® @15, With p(z) = e~™* and oy (z) =
¢(Az). By assumption we have
(3.19) ITxpallmeree S lloallmeallallaerra.

A straightforward computation shows that Ty (z) = 2-%2e= "\ =Dlz*,
so that, using(2.8) with a = A? and b = —1, we obtain

a1

3

(24 1)2 4+ 1)F(E3)
(22 + 1) + 18 (%)

A
v{ A— 0

)\_t
A

HT)\QOAHMtMQ(Rd) =

2’
_d(l_%>, A — 400.
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From (2.9) we obtain

oAl pmpa(reay =< ||90)\/\/§||MP"1(R‘1)H()Ol/)\HMM(]Rd)

{ AP )\d/d = \d(1=1/p=1/q) )\ _, ()

(3.20) N €\Ap = \—dA-1/p=1/a) N 4o,

whereas [|@z]|amrm2 depends on A according to (2.14). Combining this
with (3.19) we obtain for A — 0 the inequality

1 1 1 1

R

ry o 1o P q
whereas letting A — 400 gives

1ot 11

re 1o P q

This proves (3.17).
In order to prove (3.18), define hy(z) = h(z)e ™ for X > 1 where
h € C>*(R%)\ {0}, h > 0, h even, and the parameter-dependent symbol

ox = h ® hy. Since o, has support in a compact set independent of
A > 1, Lemma 2.3 (i) and [12, Lemma 4.2] give

(3.21) loa e = AG72) 0 A > 1
If we set fy = F~(hy), then the operator with phase function ® and
symbol oy acting on f) is

Tfr(x) = e h(z) FR2 ().
Hence T'f, does not depend on A, and we may choose h such that
1 ST fal|amtrte for A > 1. By Lemma 2.3 (ii) and [12, Lemma 4.2] we
have
(322) Il = X2,

Combining (3.21), (3.22) with the assumption (3.16) and the observa-
tion above we obtain

LG, s

which gives ¢ < r].

Next we define the symbol oy = xne_“|'|2 ® hy, where y,(z) =
x(x/n), n > 0is an integer, x € FC>(R?), x real-valued and x(0) = 1.
If f = F~'h we obtain

Tf(z) = Xa(z) F (™R (2).
Again [12, Lemma 4.2] gives
(3.23) IF e R = A8 7)) a1

By means of dominated convergence we know that

— —miA|- 1 - —miA|-
10 =) FH ™ R [ < 5 1F (e MR 1
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for n > N where N is sufficiently large. Let n > N be fixed. We have
NOw

ME=E) < |71 e )
<2 (IF R s — 11— ) F ) 1)
<2 xn FHe ™A R |y = 20| T f || g0, A > 1

Because F, is supported in a fixed compact set for all n, F(T'f) is
supported in a fixed compact set for all n and for all A > 1. Thus
Lemma 2.3 (ii) gives [|Tf||zt =< ||Tf|| pmt1.t2- Since || f||prire < 1, and

~Y

(3.21) holds because n is fixed, when combined with the assumption
(3.16), this gives

A(E3) < yil3-3)

This implies ¢ < ¢;.
Next we note that (3.16) and (2.15) gives

(324) ||T*-f||W(_7:LT/1’L7“é) S ||O-||MP’¢1||f||W(]_-Lt’1’Lt’2)

where T* is specified by (2.16). Let oy = hy ® h, fx = F~(hy). Then
T* falw) = h(z) F (e En?) (@)

which implies 1 < [|T* fx| ) for all A > 1.
As before we obtain

W (FL™,L"

1)
||f)\||W(]_-Lt’1’Lt’2) = th}\HMt’l,t’z =A\%2 ) A>1.

Combination with (3.24) and (3.21) now gives ¢ < t,.

Finally, in order to prove (3.18), it remains to verify ¢ < r. Let
0x = h_x® Xn, f = F th. Then

T*f(2) = Xu(2) FH e VTR @),

The same argument as above and Lemma 2.3 (i) give, for n sufficiently
large (and fixed) and A > 1,

d i,—l> )
A (7“2 2) = ||‘¢-—1(6—7rz(1-|—)\)\-\2h2)||LTé
< ||Xn f—l(e—ni(1+)\)\‘\2h2)HLTIQ
_ ||>/<; % e—7rz'(1-l—)\)\-\2h2H]:LTé
= (I % e IR

= ||T*f||W(]:LT£7LT/2)

The estimate (3.21) holds since n is fixed and by Lemma 2.3 (i) and
[12, Lemma 4.2]

Ihoallges = 1Fh-slle = | FED) oo = [1Fhalle = XG72) A > 1,
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These considerations combined with (3.24) finally prove ¢ < r. O

We apply the previous result to discuss the sharpness of Theorem
3.14. Indeed, if we choose t; = r9 and ty = 71, then (3.17) becomes

1 1 1 1 1 1
St 21 ———21-- -

p g 2 N p g
and (3.18) is ¢ < min(ry,re, 7y, 75). If we assume 7o < 7, this can
be rephrased as ¢ < min(re,r]), and thus the conditions (3.13) are
necessary under the assumption ro < ry.

4. CONSEQUENCES FOR PSEUDODIFFERENTIAL OPERATORS

If we choose the phase function ®(z,n) = z - n, the FIO reduces to
a pseudodifferential operator in the Kohn—Nirenberg form. Bounded-
ness results for pseudodifferential operators acting between modulation
spaces are contained in many recent papers, see e.g. [5, 8, 12, 28, 29,
44, 45]. In particular, the action of a pseudodifferential operator be-
tween different modulation spaces was studied by Toft, and his result
can be rephrased in our context as follows [44, Theorem 4.3].

Theorem 4.1. Assume that 1 < p,q,r1,t1,79,ts < 00 satisfy
(41) 1/m—=1/ti=1/ro=1/to=1-1/p—1/q, q<ti,t2 <p.
Then the pseudodifferential operator T, from S(R?) to S'(R?), having

symbol o € MP4(R??), extends uniquely to a bounded operator from
Mrr2(RY) to MU (RY) ) with the estimate

(4.2) 1T fllmeree S llollazeal fllagrirz.

We can now prove our main result concerning psedodifferential op-
erators, stated in the introduction.

Proof of Theorem 1.1. (i) Sufficient conditions. We observe that the
assumptions of Theorem 3.9 are satisfied when ®(z,7) = x - n and the
result follows immediately.

(ii) Necessary conditions. We now assume (1.3) and want to show that
(1.4) and (1.5) hold.

For A > 0, consider the families of pseudodifferential operators of
Kohn—Nirenberg form T}, having phase function ® and symbol o, =
Pava ® @ia, With p(z) = e ™" and oy (z) = ¢(\x). Observe that
the behavior of these symbols is expressed by (3.20) in the proof of
Proposition 3.16. By assumption we have

(4.3) ITxpallmeree S lloallmeallallaerra.
Since Thox(z) = 2742~ ™11 we obtain by (2.9)
AT, A= 0,

(4.4) T3l mertzrey < _d
A2, A— 4o0.
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Combining (4.3), (4.4) with (3.20) and (2.9), we obtain for A — 0

1 1 1 1

R

r ot P q
whereas letting A — 400 gives

1ot 11

re 1o P q

This proves (1.4).

In order to prove (1.5) we set hy(z) = h(z)e ™ for A > 1, where
h € C>*(R%)\ {0}, h > 0, h even, and the parameter-dependent symbol
oy = h®@hy. If weset fy = F~1(h,), the operator with symbol oy acting
on fyis T fr(z) = h(z) F'h%*(z). The same argument as in the proof
of Proposition 3.16 gives g < 7.

If we switch quantization from the Kohn—Nirenberg o(z, D) to the
Weyl quantization ¥ (z, D), according to o(x, D) = a*(z, D), then we
have ||o||pra < ||a||pea (cf. [44, Remark 1.5]). This fact, in combina-
tion with the Weyl quantization formula

<O-w(x7 D)fvg>L2 = <f75w(x7D>g>L27 fag S S(Rd)u

allows us to conclude that the assumption (1.3) implies the dual result
ITF i, S Nlolarmall FIy e es -

Reasoning as above we now obtain g < t;, which proves ¢ < min(ty, 7).

It remains to show ¢ < min(ts, 7). We use the same arguments as in
[12, Theorem 5.2]. Let us write down the details for the benefit of the
reader. We consider the Weyl quantization % (z, D) and conjugate the
operator ¥ (z, D) with the Fourier transform. Then F~1o¥(x, D)F =
(0 ox)¥(x,D), where x(z,n) = (n,—x). Moreover, the map o +— g oy
is an isomorphism of MP? so that (1.3) is equivalent to

HTfHW(FLtl,Ltz) 5 ||‘7HMMHf||W(fLT17LT2) Vo € S(RQd) VfE S(Rd)a

where we switch back to the Kohn—Nirenberg form of the operator.
Now we test the last estimate on the same families of symbols o), = h®
hy and functions f, = F~!(hy) as specified above. Observe that, since
the functions fy have Fourier transtorms supported in a fixed compact
set, we have by Lemma 2.3 (i) || A\llwrrr o2y = ([ Allaeire < || fallzre-
Hence we get ¢ < ). By duality we finally obtain g < t,.

Observe that, for r; = ro and t; = t5, Theorem 1.1 gives the sharp-
ness of Theorem 3.5.

Let us conclude by a comparison between our results and those of
Theorem 4.1 ([44, Theorem 4.3]).

The index set corresponding to (1.4) and (1.5) is larger than the
index set corresponding to (4.1). For simplicity, let us draw a pic-
ture for the particular case t; = r;, @ = 1,2. In this case (4.1) re-
duces to ¢ < ty1,t < ¢ = p, whereas (1.4) and (1.5) become ¢ <
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min(p', t1, ta, ], t5). Projections of the set of points (1/p, 1/q,1/t1,1/ts)
that satisfy ¢ < t1,t2 < ¢ =pand ¢ < min(p/, t1, t9, ], t,), respectively,
onto the (1/p,1/q)-plane and onto the (1/¢,1/t;)-plane, i = 1,2, are
shown in Figures 1 and 2, respectively. We see that the range of ex-
ponents specified by (1.4) and (1.5) widens the exponents specified by
(4.1) in the (1/p,1/q)-plane, whereas the range of exponents in the
(1/q, 1/t;)-plane remains the same.

1/QA 1/‘]11
1 1
1/2 1/2
0 1/2 1 0 1/2 1
(a) (b)

Figure 1. The range of exponents (1/p,1/q) when t; =r;, i =1,2:
(a) The range in (4.1), (b) The new range in (1.4) and (1.5).
1/tin

1

>

0 1/2 1 1/q

Figure 2. The range of exponents (1/q,1/r;) when t; =r;, i = 1,2:
(4.1), and (1.4), (1.5), coincide.
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