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APPROXIMATION OF FOURIER INTEGRAL OPERATORS BY
GABOR MULTIPLIERS

ELENA CORDERO, KARLHEINZ GROCHENIG AND FABIO NICOLA

ABSTRACT. A general principle says that the matrix of a Fourier integral oper-
ator with respect to wave packets is concentrated near the curve of propagation.
We prove a precise version of this principle for Fourier integral operators with a
smooth phase and a symbol in the Sjostrand class and use Gabor frames as wave
packets. The almost diagonalization of such Fourier integral operators suggests
a specific approximation by (a sum of) elementary operators, namely modified
Gabor multipliers. We derive error estimates for such approximations. The
methods are taken from time-frequency analysis.

1. INTRODUCTION

A fundamental principle expressed by Cordoba and Fefferman [10] says that
Fourier integral operators map wave packets to wave packets. Furthermore each
wave packet is transported according to the canonical flow in phase space that is
associated to the operator.

Rigorous versions of this principle were proved for various types of Fourier inte-
gral operators and wave packets. Cordoba and Fefferman used generalized Gaus-
sians as wave packets and considered Fourier integral operators with constant sym-
bol. In the last decade the transport of wave packets by Fourier integral operators
was investigated for curvelet-like frames by Smith [29], for curvelets by Candes and
Demanet [3], for shearlets by Guo and Labate [I5], and more recently for Gabor
frames by Rodino and two us [§].

In this paper we investigate Fourier integral operators with a “tame” phase and
non-smooth symbols with respect to time-frequency shifts and Gabor frames. Fol-
lowing [1], we will assume that the phase function ® on R?? satisfies the conditions
(i) @ € C(R*), (i) 2P € L>*(R*) for v > 2, and (iii) inf, ;cpea | det 97, @(z,7)] >
0 > 0. For brevity, we call ® a tame phase function. Then the Fourier integral
operator T" with phase function ® and the symbol ¢ is formally defined to be

) T5(0) = [ ¥ eDota.m

Fourier integral operators with a tame phase were investigated by many authors,
both in hard analysis [2] and in time-frequency analysis [5] [, [9]. They arise the
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study of Schrodinger operators, for instance, for the description of the resolvent
of the Cauchy problem for the Schrodinger equation with a quadratic type Hamil-
tonian [II, 22, 23]. In our preceeding work [8, @, [7] we have adopted the point of
view that Fourier integral operators with a tame phase are best studied with those
time-frequency methods that correspond to a constant geometry of the wavepack-
ets. Precisely, let z = (z,7) € R* be a point in phase space and

7(2)f(t) = ™ f(t — x), teR?

be the corresponding phase space shift (or time-frequency shift). Roughly speaking,
these wave packets correspond to a uniform partition of the phase space.

In this paper we continue the investigation of the matrix of a Fourier integral
operator with respect to (frames of) phase space shifts. A first version of a time-
frequency analysis of Fourier integral operators was proved in [§]. The formulation
is in the spirit of Candes and Demanet and is intriguing in its simplicity.

Theorem 1.1. Assume that ® is a tame phase function and x is the corresponding
canonical transformation of R*?. If g € S(RY) and if o belongs to the Sobolev space
S (R?) | then there exists a constant Cy > 0 such that

(2) (Tr()g, m(N)g)] < Cn{x(w) =N, VAp e R*.

Our first goal is to sharpen Theorem [[.1] in several respects.

(a) We keep the assumptions on the phase function ¢ (tame phase), but allow
non-smooth symbols taken in a generalized Sjostrand class.

(b) We enlarge the class of “basis” functions or “windows” ¢ and extend Theo-
rem [[1] to hold for windows in certain modulation spaces M} (R?).

The appearance of modulation spaces is not longer a surprise. It is well estab-
lished that modulation spaces are the appropriate function spaces for phase space
analysis and time-frequency analysis with constant geometry. In particular the
Sjostrand class and its generalizations are a special case of the modulation spaces
and they arise as suitable symbol classes for pseudodifferential operators. The use
of the Sjostrand class for Fourier integral operators goes back to Boulkhemair [2]
and features prominently in recent work on pseudodifferential operators and Fourier
integral operators (see [19] for a survey). Furthermore, the theory of time-frequency
analysis and modulation spaces is now well developed and offers new tools for the
investigation of Fourier integral operators, in addition to the classical methods.

The arguments and proofs of the extension of Theorem [[.1] are in the spirit of
[8, 18], but require a substantial amount of technicalities. A main technical result
is a new characterization of the Sjostrand class in Proposition .10, This charac-
terization is perfectly adapted to the investigation of Fourier integral operators and
measures modulation space norms with a variable family of windows rather than a
fixed window.

Our second goal is to derive a discretized version of Theorem [[.II We will show
that a Fourier integral operator can be approximated by (sums of) elementary
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operators of the form

(3) Maf = MY 9N =" ax(f,7(Ng)m(X'(N)g,

A€A

where A is a lattice in R?¢, (ay) a symbol sequence on A, and ' : A — A is a discrete
version of the canonical transformation associated to a phase function ®. Such
operators are suggested by a recent approximation theory for pseudodifferential
operators through Gabor multipliers [20]. The modified Gabor multipliers in (3])
are adapted precisely to the canonical transformation. We will approximate a
Fourier integral operator with tame phase by modified Gabor multipliers and prove
an approximation theorem for Fourier integral operators (Theorem [5.4]).

The approximation theory also yields an alternative proof for the boundedness
of Fourier integral operators on modulation spaces. The boundedness and Schat-
ten class properties of Fourier integral operators were studied under various as-
sumptions on the phase and the symbol. We refer to the book [30] and the arti-
cles [2], 10, 5, [7, 27] for a sample of contributions.

Gabor multipliers have many applications in signal processing and acoustics [11]
31] and are especially useful for the numerical realization of pseudodifferential oper-
ators. For the study of Fourier integral operators we introduce a new type of Gabor
multipliers. We hope that the modified Gabor multipliers will also prove useful for
the numerical realization and approximation of Fourier integral operators.

Our paper is organized as follows: In Section 2 we collect some concepts and the
necessary facts from time-frequency analysis. Section 3 is devoted to the almost
diagonalization of Fourier integral operators with a tame phase. We will prove
a substantial generalization of Theorem [Tl In Section 4 we define and study
the modified Gabor multipliers mentioned in (B]) and prove their boundedness on
modulation spaces. In Section 5 we study the representation and approximation
of Fourier integral operators by sums of modified Gabor multipliers and derive a
quantitative approximation theorem. Further remarks are contained in Section 6.

2. NOTATION AND PRELIMINARY RESULTS

We recall some notation and tools from time-frequency analysis. For an exposi-
tion and details we refer to the book [17].
(i) First we define the translation and modulation operators
Tf(t) = f(t—=) and M,f(t) =" f(t),
for A = (x,1) € R¥*, f € S'(R?). Their composition is the time-frequency shift
m(A) = M,T,.
(ii) Now consider a distribution f € §'(R?) and a Schwartz function g € S(R%)\ {0}

(which will be called window). The short time Fourier transform of f with respect
to g is given by

Vof(z,n) = (f, MyTog) = (f,n(N)g) = | f(t)g(t —w)e™™"dt, for z,n € R7.

R4
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The last integral makes sense for dual pairs of function spaces, e.g., for f,g €
L*(RY). The bracket (-,-) makes sense for dual pairs of function or distribution
spaces, in particular for f € §'(R?) and g € S(R?).

(iii) In the sequel, we set v(z,n) = vy(x,n) = {(z,1))* = (1+|z|*+|n|?)*/? and we
denote by M, (R??) the space of v-moderate weights on R?*?; these are measurable
functions m > 0 satisfying m(z + ¢) < Cv(2)m(() for every z,¢ € R%.

(iv) Then, for 1 < p < co and m € M, (R*) we denote by MP (R?) the space of
distributions f € &'(R?) such that

[ lazg, ey = VoIl g, maey < 00
This definition is meaningful and does not depend on the choice of the window
g € S(RY), g # 0. If fact, different g € M!(R?) yield equivalent norms on MP? (R?)
whenever m € M, (R??).

(v) Modulation spaces possess a discrete description as well. Consider a lattice
of the form A = AZ* with A € GL(2d,R). The collection of time-frequency shifts
G(g,A) = {m(N\)g : X € A} for a non-zero g € L*(R?) is called a Gabor system.
The set G(g,A) is a Gabor frame, if there exist constants A, B > 0 such that

(4) AFI3 <D LN P < BIIfIE - Vf € LX(RY).
AEA

Gabor frames give the following characterization of the Schwartz space S(R?) and
of the modulation spaces M? (R?). Fix g € S(R?), g # 0, then

) feS(Rd)@§25<1+|A\>N<f,w<x>g> <o WNEN,
(© fe M@ o (S rmar) " < o

and the latter expression gives an equivalent norm for MP? (R%).
Finally we recall that, if A = B = 1 in (), then G(g,A) is called a Parseval
frame, and () implies the expansion

(7) F=Y _(FmNgr(Ng  Vf e L*(RY)
AEA
with unconditional convergence in L*(R9). If f € MP (RY) and g € M}(R?) (m €
M, (R??)), then this expansion converges unconditionally in M? (R?) for 1 < p <
0.
(vi) Amalgam spaces: Let m € M,(R??). The amalgam space W (L?)(R?) con-
sists of all essentially bounded functions such that the norm

Ifllwezy =Y sup |f(z+k)|m(k) < oo

k)EZd xe[ovl}d

is finite. If f € W(LE,) is also continuous and A is a lattice in R?, then the
sequence (f(A))aea is in the sequence space ¢ (A). We will use several times the
usual convolution relations for amalgam spaces

(8) Ly« W(L,) €S W(L},),
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which hold for 1 < p < oo and all m € M, (R*).

3. ALMOST DIAGONALIZATION OF FIOs

For a given function f on RY, the Fourier integral operator (FIO in short) with
symbol ¢ and phase ® can be formally defined by

) Tf) = [ Data ) fa)n

To avoid technicalities we take f € S(RY) or, more generally, f € M'(R?). If
o € L>*(R?*!) and if the phase ® is real, the integral converges absolutely and
defines a function in L>(R%).

We will consider a class of Fourier integral operators which arises in the study
of Schrodinger type equations. This class of operators was already studied in the
spirit of time-frequency analysis in [§].

Definition 3.1. A phase function ®(x,n) is called tame, if ® satisfies the following
properties:

(i) @ € C=(R);

(i) for z = (z,n),

(10) |02@(2)] < Ca, o] =25

(iii) there exists 0 > 0 such that

() det 82, D(a,)| > &
If we set

(12) { y:vné(zan)

§= vmq)(xa 77)7
we can solve with respect to (z, ) by the global inverse function theorem (see e.g.

[24]), obtaining a mapping y defined by (z,£) = x(y,n). As observed in [§], x is a
smooth bi-Lipschitz canonical transformation. This means that

— x is a smooth diffeomorphism on R??;
— both x and x~! are Lipschitz continuous;
— x preserves the symplectic form. That is, if (z,&) = x(y,n),

d d
j=1 j=1

Observe that condition (I3)) is equivalent to saying that the differential dx(y,n), at
every point (y,n) € R?? as a linear map R?? — R?? is represented by a symplectic
matrix, i.e. belonging to the group

Sp(d,R) := {A € GL(2d,R) : "AJA=J},
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0 I
J= {_ , O} |
In particular, when y is linear, this means that y itself is represented by a symplectic
matrix.

We now address to the problem of the almost diagonalization of Fourier integral
operators with a tame phase function. It turns out that, when the symbol is
regular enough, the matrix representation of such an operator is almost diagonal
with respect to a Gabor system.

Theorem [I.1] in the introduction was the first precise result about the almost
diagonalization of Fourier integral operators in time-frequency analysis: Assume
that ® is a tame phase function and g € S(R?). If o belongs to the Sobolev space

55 (R24) (consisting of all distributions with essentially bounded derivatives up to
order 2N ), then there exists a constant Cy > 0 such that

(14) (Tr(p)g, 7 (A)g)] < Cn(x(p) = NN, VA pu € R,

where x s the canonical transformation generated by ®.

This statement proved in [8, Theorem 1]. For the extension of Theorem [L1] we
next introduce the appropriate symbol class. If m € M,, (R??), with v, = vy(z,n),
(z,n) € R* s € R, we consider the symbol class M5! (R*) of 0 € S'(R??)
satisfying

lollazer @oay = Vol zon (gaay :/ sup |Vy(z, ¢)|m(¢) d¢ < oo.

R2d zeR2d

where

In time-frequency analysis this symbol class is just a special case of a modulation
space [12], in theory of pseudodifferential operators Mfé,; is often referred to as a
generalized Sjostrand class after [28].

For FIOs with symbols in M%’;(de) there is an almost diagonalization result
similar to Theorem [L.T]

The window ¢ will be chosen sufficiently regular, as follows. Given s > 0, let
(R),

V4N QUAN

(15) N eN, N>§—|—d, and g€ M,

here v,y is a weight function defined on R¢.

Theorem 3.2. Let m € M, (R*), s > 0, N, g satisfying (&) and such that
G(g,\) is a Parseval frame for L*(R?). If the phase ® satisfies conditions (i), (ii)
and o € M) (R?) then there exists H € W(LL)(R?) such that

(16) |<T7T(Zl§', n)ga W($,> 77/)9>| < H(n, - Vx®($,> 77)7 Tr— an)(l'/, 77))7
for every (x,m), (', ') € R*, with | H|lwz,) < oy

Observe that Theorem says we can control the coefficient matrix
[(Tn(xz,m)g,n(x',n")g)| by a function H of the difference (/ — V,®(z',n),z —

V,®(2',n)). It will be useful in the sequel to have a control of the matrix which
depends on the difference (7' — x2(x,n), 2" — x1(x,n)). This is achieved by adding
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the assumption (iii) of [1] on the phase and by choosing another, even larger mod-
ulation space as the symbol class.

Theorem 3.3. Let s > 0, N, g satisfying ([I3) and assume that G(g,A) is a
Parseval frame for L*(R?). If the phase ® is tame and o € Ms5, (R*?), then there
exists C' > 0 such that

lollargs,.
(x(1) =)’

Theorem B.3limproves Theorem [[.T]in several respects: If s = 2N, then W55 (R?*) C
M2, (R*) [12, Prop. 6.7] and S(RY) € M, o, (R?). Thus we obtain the same
quality of off-diagonal decay for significantly larger classes of symbols and windows.

The remainder of this section is devoted to set up the tools for the proof of these
theorems.

For z,w € R? let ®,, the remainder in the second order Taylor expansion of

the phase @, i.e.,

(17) (Tm(p)g, 7(N)g)| < C VA, e R¥.

«

Dy . (w) =2 Z /01(1 —1)0“P(z + tw)dt% .

|ar|=2
For a given window g, we set
(18) V. (w) = e+ g @ gluw).

The main technical work is to show that the set of windows W, possesses a joint
time-frequency envelope. This property will allow us to replace the z-dependent
family of windows W, by a single window in many estimates.

Before proving the existence of a time-frequency envelope in Lemma below,
we first look at the phase factor e2™¥2= occurring in (I8).

Lemma 3.4. For everys € R, NeN, N> 5+d, and ¥ € S(R?%), we have

(19) sup |V\1,62’”<I>2’Z| c Lt (R4d),

V_gNQus
2€R2d

with v_yn and vy being weight functions on R??,

Proof. We proceed as in [§]. Let ¥ € S(R?*®), then

Vo™ %2 (u, w)| =

/ 627riq>2’z(oTu\I](<)6_2m<.wd<' )
R2d

Using the identity
(1 - AC)N€—2m'Cw — <27Tw>2N6_2m<w,
we integrate by parts and obtain

1

2mids . _
[Vee ™2 (u, w)| = 2rw)eN

/ (1 . AC)N(ezﬂiq)Q’Z(C)Tu\I](C))6_2Wi<'wdc‘ )
R2d
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By means of Leibniz’s formula the factor (1 — A;)N (e2®2:(OT,¥(¢)) can be ex-
pressed further as

2220 N (99,,.(O))(TL000)(0),

o +]B|<2N

where p, (0P ,(()) is a polynomial of derivatives of @, , of degree at most |a.

As a consequence of ([0) we have |p, (0P, (C))| < Co(C)Hel for every z € R*
with a constant independent of 2. Moreover, the assumption ¥ € S(R?*?) yields
that

sup |Tu8?\i’| < Cns(C—u)™*
|B|<2N

for every ¢ > 0. Consequently,
- 1
2mi Py < 2lal o\
Voet™ ()] S e [ 30 (0w e
loo|+[B]<2N

1 AN p gyt
5W/RM<C> (C—u)~"dc

< 1
~ 2rw)N

whenever ¢ > 4N + 2d. Since —2N + s < —2d by assumption, we obtain

()™,

/ sup sup |Ve?™®2=|(u, w)(u) "N (w)* dw < oo,
R

2d yeR2d zeR2d

whence (19) follows. a

Remark 3.5. Notice that the two weights v_4n and vy compensate each other in
(@9). It is easy to see that some form of compensation is necessary. For example, if
D(¢) = [¢€]?/2, then @, ,(C) = |([*/2 independent of z. A direct computation shows
that the STFT of €2™*2=() with Gaussian window V() = e~™<1* has modulus, up to
constants, e~ ™ =22y uy € R, This function belongs to L) o, (R*) if and
only if —4N +s < —2d. This is in fact better than the condition —2N +s < —2d in
the assumptions, due to the fact that here the derivatives of order > 1 of ®s,(() are
bounded from above by (C), instead of by (C)?, as in the general case. This explains
the presence of 2N instead of 4N. In the general case the best upper bound for the
derivatives of @, (C) is (€)?, so that the condition —2N +s < —2d should be sharp.

Lemma 3.6. Let m € M,(RY), v, v,w be weight functions on RY, and {f. : 2 €
R} C S'(R?) be a set of distributions in S'. If

(20) sup |Vgon‘ S Lsci’llc@m(Rm)v
z€R4

for given p € S(R?), then for every h € M., (RY)

(21) sup Vo2 (foh)] € Liyg, (R*).

z€R4
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Proof. The proof of the multiplier property is similar to the convolution property

of modulation spaces in [6]. Since V, f(z,n) = (f/T?g)(n) [17, Lemma 3.1.1], we
obtain the identity

V¢2(fzh)($,ﬁ) = ((fzm)(thTx ))A(ﬁ) = (fzm)/\*n (hm)/\(n)a
and consequently

Ve (1) (@, m)| < [(fx - Ta@)] 4y (B - Top)(n)
where the convolution is in the second variable . Now set F'(x,7) = sup,cgaa |V, f2(2,1)| =
sup,egza |(fz - Tep) (n)| and H(z,n) = [Voh(x,n)|. Then
Sugd Vi (f2 h) (@, m)| < (F = H)(z,m).
z€R

Finally,
[F oy Hl|py = /Rd /Rd /Rd F(x,n— () H(x,¢)d¢w(x)m(n) dzdn
< /Rd /Rd /[Rd F(z,n—Qv(z) 'mn — OH(z, ) w(x)v(x)v(¢) dedndC

< Flges

rw@uv

In the last expression both norms are finite by assumption. 0

Corollary 3.7. Let s > 0, N € N, N > $+dand g € M, o, (RY) and
U € S(R*). Then the function V.(w) = **2:()g @ g(w) defined as in (IS)
satisfies

sup |V, U(un, up)| € Lig,, (R™).

z€R2d
Proof. The symmetry property of the weight (z)*" (n)*N implies that M, ., - (R%)
is invariant under the Fourier transform, and thus g € M, o, (R%). A tensor

product argument then shows that § ® § € M\, (R*) with W (zy,x9,m1,1m2) =
(w) ™ (o) N (1) (o). Since W (w1, 2, m1,m2) > ((21,22)) ™ ((m1,m2))*, we

also obtain that g ® g € M, o, (R*). | 1
By Lemma B4 we have sup,cgoa [Voe?™®=| € Ly o, (RY).

We now apply Lemma with f, = ¥™®2: and h = §® §, v = vay, m = Vs,
w = 1, and v = vy (observe that v, is vyy-moderate, since s < 4N). As a
conclusion we obtain that sup,cgea [Vo .| C Lig, (R*). a

We recall the following pointwise inequality of the short-time Fourier transform
[17, Lemma 11.3.3]. It is often useful when one needs to change window functions.

Lemma 3.8. If gy, g1,7 € S(R?) such that {y,g1) # 0 and f € S'(R?), then the
inequality
1
Vo f (z,m)] <
’ Tanl

holds pointwise for all (x,n) € R*,

(Var FLx [V D) (),
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Lemma 3.9. Let s >0, NeN, N> 35+dandge M} g, (RY). Then
(22) sup [V, V| € W(Lig,,)(RY).
z€R2d

Proof. Let ¢ € S(R*) such that ||¢|s = 1. Using Lemma B8]
Vo W(u1, ug) < Vo] [V ol (ur, us)
< [VeW] s (sup [V of)(us, up).

z€R2d
Since V,U € S(R*) C W(Liy,,) and | sup,cge |V, Iy, < oo by Corol-

lary BT, the convolution relation L, % W(Llg,.) € W(Lig,,) of [I7, Theorem
11.1.5] implies that

I sup Vo, ¥ oy, ) < Vel ol 50 Vgl sy, < oo,
z€eR

Z€R2d 1®vs 1®vs 1Qvs
1
and so sup,epea | Vo, V| € W(Lig,, ). 0

We next formulate an new characterization of the symbol classes Mﬁ;; and
Mg, that is perfectly adapted to the investigation of Fourier integral operators
with a tame phase ®.

Proposition 3.10. Let s > 0, m € M, (R*), N, g be as in (I3) and o € S'(R*).
(i) Then the symbol o is in M%’;(de), if and only if

(23) | sup |V\I'z0‘||L§i§}n(R4d) :/R sup sup |V, o(uy, us)|m(usz) duy < oo,

z€R2d 2d g €R4 z€R2d
with oz = D Vi, ol 2
In this case the function H(us) = Sup,,, cpa SUp,epea | Vi, 0 (w1, us)| is in W (L} ) (R??).
(i) Likewise, o € M:3, (R*) if and only if sup,cpea |V, o| € L5%,, (R*) with

lollasge,, = Nl sup.egea [Va.olll

o) .
1®m 1®m

Proof. We detail the proof of case (i). Case (ii) is obtained similarly. Let ¥ €
S(R*) with | ¥, = 1.
Assume first that o € Mg (R??). Then by Lemma 3.8 we have
Ve.o(ur, uz)| < [Vool x [Vo, ¥l (w1, up) < [Vool  sup [Ve, (u, uz).
2€R2

Set F'(u1,ug) = sup,egea |V, W(us, ug)|, so that
V.o (ug, uz)| < (\Vq;0| * F)(ul,u2).
Finally

I sp Vao gy = [ sup sup [Va.otur, o) dus
R

z€ER2d 2d 1 €R4 zeR2d
< |[[[Vao| * F[| oo

1®m

< Vol [Ny, S lollypms 1 Fzy,,. < oo,
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where in the last step we used the independence of the weighted A/°*'-norm of the

window [I7, Thm. 11.3.7] and Corollary 3.7

To obtain the sharper estimate, set H(uz) = sup,, cga SUp,epea |V, o(u1, uz)|,
Fi(us) fRQd (u1,us) duy, and Gl(UQ) = sup,, cgea | Voo (u, uz)|. Then the def-
inition of M%) (R??) implies that G; € LY (R*?), and Lemma implies that
Fy € W(LL)(R*"). With these definitions we obtain a pointwise estimate for H,

namely

H(w) = sup sup |Vy_ o(up,w)|

u1 ERY zeR2d

< / sup |Vyo(uy, ug)|F(z — uy, w — ug)dusdus
R

2d  uy

= (G x F1)(w) .

The convolution estimate (8) now yields that H < Gy x Fy € L}

W (L.,)(R*), as claimed.
Conversely, assume (23]). Using Lemma [3.8 again, we deduce that

1
Voo (ug,ug)| <

|V
S TR

* ‘V\p\I’ZKUl, U/Q),
and

(0., 0,) = / |e?™i%2:() (G @ §) (w)|? dw
R2d
- /de (T ®9)(w)|*dw = |[g]31191l5 = llgll>

is in fact a constant (depending on g). Using the involution f*(z) =
continue with

Vao|(ur, uz) S Ve, o * VeV, |(ur, uz)
= Vo o|* [(Va, W) [(uy, uz)
< (sup |V\1/ZO'|) * <sup |(V\1/z\11)*|) (w1, us).
ZE]RZd ZEde

Since by Corollary [3.7]
sup |(Vo, 0)*| = sup |Vy,¥| € Lig, (RY),

z€R2d z€R2d

we get

<
Vaollper S| sup, Vi.olll oo | sup Vo Ullley,, <oo,

and the proof is complete.

We now prove Theorems 3.2 and 3.3

W(L,,) <

f(=z), we
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Proof of Theorem[3.2. We know from [§, Equ. (39)] or [7, Equ. (3.3)] that
(Tn(z,m)g, m(@',7)g)| = Vu, o (@ n), (0 = V@', n), 2 =V <1>(I )]
(24) < sup |[Vy.o((a',n),(n" = Vo@(a',n),x — V, @(a",m))].

z€R2d
We claim that the function that controls the off-diagonal decay of
|(T'm(z,m)g,n(z',n")g)| is exactly the function H(w) := sup,,, cgza SUP,cpea |V, 0 (u1, w)|
introduced in Proposition3.10. There we have already proved that H isin W (L} )(R?),
and now (24]) implies that

|<T7T(ZL’, 77)9’ W(I/> 77/)9>| S H(n/ - Vx®($/> 77)7 r— an)(l'/, 77))
a

A decay estimate in terms of the canonical transformation x can be obtained by
imposing a stronger condition on the symbol class.

Proof of Theorem[3.3. We follow the pattern of the proof of Theorem Ifdisa
tame phase function, then the argument of Vy_o in (24) can be estimated further
as

(25) ' = V(@' n) + v = Vy (' )| = ' = xa(e, )] + 2" = xa(z, )|
by [8, Lemma 3.1].
Set H (u1, uz) := sup,epea |V o(u1, uz)|. By PropositionBI0 (i), H € LS, (R*)
and [|Hlrge < lollagg, - Now, using (24),
(Tm(z,n)g, m(«',n)g)| < sup H(ui,n = Va@(',n),z — V,2(, 1))

uleRZd

,S sup H(u1’ 77/ - vxé(l'/, n)a T — vné(I/> 77))

ui ER24
(' =V, @@, n),z — V, @', n))*
<77, - vxé(zla 77)’ T — an)(l'/, 77)>S
SUP,,, SUP,, cgd H (U1, u2)vs(uz)
~ <77, - vxé(zla 77)’ T — VUCD(I,7 77)>S

B 1H ||,
' = Vo &(a',m), x =V, ®(2',7))*
lorllags,,
~ = xa(zn), 2 = xa(z, )
where in the last inequality we have used (25]). a

4. GABOR MULTIPLIERS

We now introduce a type of Gabor multipliers that are tailored to the canonical
transformation x of a FIO. In the case of the identity map x = id we get the
standard Gabor multipliers studied, e.g., in [14] 20].

Since in general the map y does not preserve a given lattice A, we first replace
X by a mapping x’ that enjoys x'(A) C A.
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We define the integer part of a vector y = (y1, ..., Yaq) as

ly] = (lyal, s [y2al),

i.e., by taking the integer parts of its components.
Now consider a lattice of the form A = AZ*® with A € GL(2d,R). Given a map
y : R? — R?? we approximate x by a map x’' : A — A defined by

X'(A) = A[AT (V).
Observe that |y — |y]| < v/2d and therefore
X\ =X (V)] < vad|A]l.

The almost diagonalization of Theorem [B.3] can now be formulated in terms of y’
as follows: using the inequality (z) < v/2(z + y)(y) we have

(26)  [(Tw(p)g, m(Ng)| < Cn2*(V2A[IAIN® (X (1) = A7, VA,p €A
We collect here some properties which will be used in the sequel.

Lemma 4.1. Let v(z) = vy(2) = (2)%, z € R*, s >0, and m € M,(R?*?). Then

(27) voyx xw, voyx xw,
and
(28) moy € My(R*), mox € My(R*).

Proof. Since x is Lipschitz continuous, we have

X(2) < X0+ [x(2) = x(0)] < [x(0)| + Cll < C'(1+[2]) Yz eR™.

By applying the same argument to y~!, which is also Lipschitz continuous, we

obtain 1 + |x(z)| < 1+ |z|. Since we also have x'(z) = x(z) + O(1), both the
estimates in (27) follow.
Concerning (28), observe that

m(x(2+C)) = m(x(z+¢)—x(2)+x(2)) < v(x(2+¢)—x(2))m(x(2)) < v(()m(x(2)),

where in the last step we used the fact that |x(z + ¢) — x(2)| < |¢|. This proves
the first formula in ([28). The second formula is obtained similarly, because x/(z) =
x(2) + O(1), so that X'(z +¢) — X' (2) = x(z + ) — x(2) + O(1), and we still have
L+ X (z+¢) =X () S 1+I¢]. 0

Remark 4.2. Notice that the above proposition holds only for weights with polyno-
mial growth, but not for weights with super-polynomial growth, e.g., v(z) = e®I",
0 <b<1,a>0. This is related to the fact that the weights v, satisfy the doubling
condition vs(22) < vs(2), whereas weights with super-exponential growth do not.

Now, let G(g, A) be a Gabor system, and x, x’ be the canonical transformations

of an FIO. Given a sequence a = (a,), ., we define (formally) the Gabor multiplier

Muf = MY 92 =" ax (£, 7(Ng)m(X'(\)g.

A€A
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In order to give a precise meaning to this definition, we need to study the conver-
gence of the above series.

Lemma 4.3. Let g € M}(R?), m € M,(R*), and 1 < p < oo. If h = (hy)xesr €

o (), then
, 1/p
(29) I3 mar (gl < C( D Imalm ()))
AEA AEA

The series Yy cp ham(X'(N))g converges unconditionally in M2 (R?) for p < co and
weak”™ unconditionally for p = oo.

Proof. We assume p < oo and leave the modification for the case p = oo to the
reader.

Since the finite sequences are norm-dense in /2 (A) for p < co (and weak*-dense
for p = 00), it suffices to show (29)) for finite sequences. For a finite set F' C A we
set F' = y/(F). Since g € M} (R%), the synthesis operator {c,} — Y nen CaT(@)g is
bounded from 7, (A) to MP (R?) [I7, Thm. 12.2.4], so that

I a6 Dgllar, = 135 (X2 ha)w(ag]

ME,
AEF acF  rex' o)
1/p
(30) (] X mfmar)™
acl Aex' Y

Since ! is Lipschitz continuous, x’ is “uniformly almost injective”, in the sense
that sup,c, #x' ({a}) < co. Hence the last expression in (30) is bounded by

(XX malmar)” = (T pmecor)

acF Xex' " Ha) \eF
By density (29) holds for all (hy) € €;,.,,(A). The unconditional convergence
follows from the norm estimate. O

Proposition 4.4. Let g € M4 (R?), m,m € M,(R*), and 1 <p < co. Ifa =
(ax)aea is a sequence in (X (N), then the Gabor multiplier My = MY 9 is bounded
from M? _,(RY) to MF(R?). Its operator norm is bounded by ||Mal|lae | pm S

mox/
m oy

la

o0
Z’!?L

Proof. Since %X/ € Mp(R%) and g € ML(R?), the coefficient operator f —
(f,m(\)g) is bounded from M” _,(R%) to (¥ _,(A), see [I7, Thm. 12.2.3.]. Hence, if

77LOX 77LOX

a=(a))rea € LZ(A) and f € Mp , (R%), then the sequence (ax(f,m(\)g))rea be-

moX

longs to £, ,(A). Therefore, by Lemma I3 the series Y onen L, (N g) (X' (N))g
converges unconditionally in MP (R%). The estimate for the operator norm follows
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from
1/p
I ax (£, 7N r (X )gllag, S (D laalfs s Pmx (V)Y
AEA AEA
i N NARE
SHWWM(EQUWQMH(ja§—>>
S Nalle £l
a

Corollary 4.5. Ifa € ((A) for s € R and g € S(R?), then MY 9" maps S(R)
into S(RY).

Proof. Since vy o x' < vy by Lemma @I, My ., (RY) = M?__ (R%). By Propo-
sition L4l M, maps M2, (R?) to My (R?). Since S(R?) = My Moo (RY) by (@),
M, maps S(R?) = ﬂN>O M2 (R?) into S(R?).

5. APPROXIMATION OF FIOs By GABOR MULTIPLIERS

Our next aim is to approximate a FIO T with a tame phase by Gabor multipliers
associated to a Parseval frame G(g, A). First we will derive a representation

(31) T=Y 7m(v)Ma,

veA
with convergence in several operator norms. To find the candidate symbols a,,, we

argue as in [20].
Using the commutation relations M, T, = e*™*1T, M, we can write

(32) (X (1) + ¥) = Coum)r (X (1), for vy €A,
with |¢,,| = 1. We will show that the choice of

(33) a, (1) = ey {Tr(p)g, m(X' (1) +v)g)

leads to the formal representation (31]).
Since G(g,A) is a Parseval frame, f and T'f possess the Gabor expansions

fF=Y {fmmg)n(w)g, and  Tf=> (Tf,x(\)g)m(N)g.
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Setting v = XA — x/(¢) € A, we can write
AEDSILTIDD (Tr(10)g, 7(\)g )7 (\)g
= Zu: Zy}f, T(1)g) <T7T(u)g, m(x'(1) + V)g>7r(x’(u) +v)g
- Z 2 condfnlu)a) (Trlu)g. w3 () + ¥)g) m0)m( 1)
= iW(V) D ol m(m)g) (Tr(w)g, w(X' (1) + v)g)m (X (1))
(34) = Z w(y)J\;au f.

The following result gives a precise meaning to the above computation for test
functions in the Schwartz class S(R?).

Proposition 5.1. Let G(g,A) be a Parseval frame and g € S(R?) \ {0}.

(i) If |a,(p)| < C(1 + || + [v|)N for some N > 0, then the series Y, ., (V) M,
converges unconditionally in the strong topology of L(S(RY),S'(R%)) and defines
a continuous operator from S(R?) to S'(R?) (S'(RY) is always endowed with the
weak® topology).

(ii) Let A be a continuous operator from S(R?) to S'(RY), and choose a, (i), v, €
A as

a, (1) = cyu(Am(p)g, (X' (1) +v)g)
with the constant c,,, as in [B32). Then the grow estimates
(35) ()] < C(L+ |ul + )7,

are satisfied for some constants C; N > 0 depending on A and g.
Furthermore, A can be represented as the sum ) .\ 7(v)M,, of shifted Gabor
multipliers in the strong operator topology of L(S(RY),S'(R?)).

Proof. (i) By Corollary the Gabor multiplier

M, f =Y a,(u)(f, 7(1)g)m(x'(1))g € S(R?)

HEA

maps S(R?) to S(R?). We need to show that the series > _, 7(v)Ma,, f, f € S(R?),
converges unconditionally in S'(R?).
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Let h € S(RY) and choose s and [ large enough, precisely s > N + 2d and
[ > N+ s+ 2d. Then

(D m()Ma, f. )] = | ZW(V) Zau(uﬂf, m(w)g)m(X'(1))g, 1)
<ZZIau WIS m () (v + X (1))g, b
(36) S ZZ (L4 Ll + D™ (L D) T A+ X ) ) (L + )™ <

In the last step we used the assumption |a, (p)] < C(1+|p|+|v])Y and the fact that
1+ ()] < 1+ |p| from Lemma LIl Then the double series converges because of
our choice s > N +2d and | > N + s + 2d.

(ii) The proof is similar to that of Proposition 5 (ii) of [20]. Let K € S'(R*?)
be the Schwartz kernel of the operator A. Writing u = (1, po), v = (11, 1) € R4
and x'(1) = (X1 (1), xa(1)) € R™, we have

|, ()| = [{(Am () g, m(X' (1) + v)g)|
= [(K,m(X (1) + v)g @ m(1)g)|

= [VoagI (X1 (1) + 1, p1, Xo (1) + v2, —pi2)]

< CL+ X ()] + ul + )Y
for some C'; N > 0. In the last step we used the fact that the STFT of a tempered
distribution grows at most polynomially. Since 1+ |x/(p)| < 1+ |p| we see that the
sequence a, (j) satisfies the polynomial growth condition (B]). It follows then from
part (i) that the series Y, _, m(v) Ma, converges in L(S(R?), S'(R?)). Furthermore,
its sum must coincide with A, because the formal computation ([B4]) was justified
in part (i) and therefore

() w(v)Ma, f.h) = (Af.h),  Vf heSRY.

v

(One needs to interchange two summations, which is possible by (30)). a

Remark 5.2. Proposition 5.1 extends to more general windows provided that the
sequences a, satisfy stronger estimates.

For example, if sup, ., |a,(p)] = C < oo, then one may use windows g €
MY(R?). In fact, for f,h € M*(R?), [36) can be modified to yield
\<Z (v)Ma, f, h)| <ZZ\au (W7 (v + X (1)) g, 1)

SCZ| . IZ\ (v + X' (1)g, )|

< 'l Illans < oo

where in the last step we have used the characterization (B of M1(R?) (with m = 1
and p = 1).
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We now consider the convergence of series of Gabor multipliers on modulation
spaces. In what follows the space M2(RY) denotes the closure of the Schwartz
class with respect to the M >°-norm. Whereas Gabor expansions converge only
weak® on M°(R?), they are norm convergent of M (RY).

Proposition 5.3. Let G(g, \) be a Parseval frame and g € M} (R?). If the sequence
of symbols a,, satisfies

Sy flev(v) < 00,

veA
then the series ), m(v)Ma, converges in L(M),, ., MP) for every p € [1,00) and v-
moderate weight m. If p = oo, the series ) w(v)Ma,, converges in LM, M:X).

mox’?
Proof. By PropositionE4dleach operator M,, is bounded from M}, . (R?) to MP, (R?)
with the norm being dominated by ||a,||¢e. Furthermore, ||7(v)|ye pr S v(v).

Hence
S Mol osaig, < 370 laggon Mo llarz-onss
14 14

< Z lay || v (V) < o0.
1%

This gives the desired conclusion. a0

We return to the study of Fourier integral operators. The following approxima-
tion theorem is the main result of our work.

Theorem 5.4. Let G(g, A) be a Parseval frame and g € S(R?). Let T be a Fourier
integral operator with a tame phase and with the associated lattice transformation
X', and define the multiplier symbol as

a, (1) = cop{Tr(u)g, 7(X' (1) +v)g) -
(i) If o € Ws3(R*) for N > d and if 0 < r < 2N — 2d, then the series
> ven T(V) My, converges to T in LM, ,, ME) and in LM, ., M??), for every

moy

p € [1,00), and v.-moderate weight m (v.(z) = (2)", z € R*), and
I = 37 w()May gz -oaag, S L2
v|<L
) the symbol o 1s 1n with s > 2d, then 1" = m(v) My, wit
i) If th bol o s 1 Mﬁ%vstd ith 2d, then T veA M,, with

the error estimate
17 =D 7)Mo lagyonp, S L7
mox

lvI<L

Proof. (i) We first estimate the magnitude of the multiplier symbols a,: Theo-
rem [[T], written with y’ as in (26]), implies that

la, ()] = (T (p)g, m(X (1) + )g)| S (X' (1) = (X () +v)) 7Y = ()77,
for every p € A. Hence
lavlloo S (v) ™"

~J
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and

Y llalee <Y () < oo

veA veEA
By Proposition (.3 the series > m(v)M,, converges in the operator norm from
M? L (RY) — MP(R?) for every 1 < p < oo. Since the series converges to T  in

mox’
L(S(R?), 8’ (RY)) by Proposition (.1, the sum must be identical to 7T'.
For the error estimate we observe that

T — Z W(V)Mau||M7’:LOX,—>M& < Z |7 (W) aaz,— naz,

lv|<L |v|>L

S > W) lla e

|v|>L

S Z <V>r—2N 5 Lr+2d—2N‘

|v|>L

P P
Mazz || Mmox’_>M"”

(ii) is proved similarly by using the decay estimate of Theorem instead of
Theorem [L.11 a

As a byproduct of Theorem [5.4] we obtain an alternative proof of [8, Theorem
4.1]:

Corollary 5.5. Under the assumptions of Theorem[5.4), the Fourier integral oper-
ator T is a bounded operator from MP _,(R%) to MP (RY), simultaneously for every

moy’

1 <p< oo, and from M2, ,(R?) to M (R?).

mox’

Remark 5.6. So far we have used without loss of generality that G(g,A) is a
tight Gabor frame. If G(g, ) is an arbitrary frame with g € M(RY), then there
exists a dual window v € MR?) such that every f € MP(R?), for 1 < p < oo
and m € M,(R*), possesses the Gabor expansion f =3, (f, 7(A)g)m(X)y with
convergence in MP (RY). For the existence of a dual window in M!(RY) see [21],
for the result on Gabor expansions see [17). All results of Sections 2 — 5 carry over
to general Gabor frames by polarization.

6. FURTHER REMARKS

We conclude with an example and some remarks on how Gabor frames are trans-
formed under FIO.

We first compute explicitly the multiplier symbol (33]) for the dilation operator
in dimension d = 1

D.f(x) = f(sz) = / T dy s> 0.

R

This is a Fourier integral operator with symbol ¢ = 1 and phase ®(x,n) = szn.
Using (I2)), the canonical transformation y is calculated to be

x(y,m) = (y/s,sn).
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For the lattice A = aZ x fZ with a5 < 1 and p = (ak, Bl), k,{ € Z, we then have
X' (1) = (a|k/s], B|st]). Consequently, the symbols are

a, (1) = (Tr(p)g, 7(x' (1) +v)g)

. , . , k
— e27rzaﬁ\_%]é / e27rzﬁ(sé—|_séj—€ )tg(St . Oé]{?)g(t . O‘L_J - Oé]f,) dt.
R S

Now, we consider the case of the window function g(t) = e~™". A straightforward,
but lengthy computation (as in [10]) gives

miaB(| &0 +(s0—|s0]—0')(sk+| & |+k'
62 B(\_sJZ +( 74 \_ ZJ 4 )( k‘+|_SJ+k5 )) 6_7TB2(SZ—LSlJ—f/)ze—WOﬂSQ(%—L%J-ﬁ-k/)z

Ak’ B0 ak s () =
(ak' 50 (K, BL) T
The representation of the dilation operator D, by a (sum of) modified Gabor
multipliers might be of interest for the numerical approximation of D, within the
context of time-frequency analysis, when one is forced to use Gabor frames. Similar
formulas can be worked out for general metaplectic operators as well.

More on Gabor frames: Assume that G(g,A) is a frame for L*(R?) and that T
is a FIO with canonical transformation y satisfying the standard conditions. Then
the transformed system 7G(g, A) = {T'm(\)g : A € A} is a frame, if and only if T is
invertible. However, if we fix the window ¢ and only warp the time-frequency space
with y, then we obtain the set G(g, x(A)) = {m(x(\))g : A € A}. It is an interesting
problem to determine when the transformed Gabor system is still a frame.

If g(t) = e=™ in dimension d = 1, then G(g, x(A)) is a frame, if and only if
the lower Beurling density d~(x(A)) > 1. This follows from the characterization of
(non-uniform) Gabor frames by Lyubarskii and Seip [25] 26].

On the other hand, if T" = Dy is the dilation operator, A = aZ x Z, and g is
a window with compact support, suppg C [—A, A}, say, then x(A) = 2Z x spZ
is again a lattice. Choosing ¢ > 2A, then different translates g(t — s~'ak), k € Z
have disjoint support, and G(g, x(A)) cannot be a frame. Thus the frame property
of G(g, x(A)) is subtle.

Based on coorbit theory [13] one can formulate a qualitative result. Recall that a
(non-uniform) set A C R?? is relatively separated if maxcz2q card AN (k+[0, 1]2¢) <
00, and A is called d-dense for 6 > 0, if |, ., Bs(\) = R*.

The results in [13] assert that for every g € M*(R?) there exists a § > 0 depending
only on g, such that every relatively separated J-dense set A generates a frame
G(g,\). We fix g € MY (RY) and § = 6(g) > 0.

Now let T' be an FIO with canonical transformation y with Lipschitz constant
L. If A CR* js §/L-dense, then G(g,x(A)) is a frame.

To see this, observe that

inf |2 = x(A)] = inf [x(x™"(2)) = x()|

0
< Li - N<L==6.
<Linf [x7(2) —Al< Ly =9

Consequently x(A) is d-dense, and so G(g, x(A)) is a frame.
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