Ultradistributions and
Time—Frequency Analysis

Nenad Teofanov

Abstract. The aim of the paper is to show the connection between the theory
of ultradistributions and time-frequency analysis. This is done through time-
frequency representations and modulation spaces. Furthermore, some classes
of pseudodifferential operators are observed.

1. Introduction

The aim of the paper is to illustrate the natural connection between time-frequency
analysis and the theory of (tempered) ultradistributions. This is done by the use
of the so called time-frequency representations, Theorems 3.8 and 3.9. Another
result is the definition of certain Gelfand-Shilov type spaces within the framework
of modulation spaces, Proposition 4.3.

Pseudodifferential operators serve as yet another example which demon-
strates how the combination of the techniques may lead to new results, Theorem
5.5. They are a traditional tool in micro-local analysis, [6], [35], [41], [53]. However,
the use of the techniques of time-frequency analysis in the study of pseudodiffer-
ential operators lead to a new insight into their properties. Not only some classical
results are generalized, e.g. the Calderon - Vaillancourt theorem, but also the scope
of the theory has been enlarged. More concretely, operators whose symbols are non
smooth, or the ones whose symbols may grow faster than polynomials are studied
by the use of time-frequency analysis techniques, [21],[23], [24], [48], [49].

The paper is organized as follows. In Section 2 we introduce the notation. A
survey of test function spaces is given in Section 3. Subsection 3.3 contains main
results of the first part of the paper. Modulation spaces and their connection to
certain test function spaces is given in Section 4. In the last Section we study the
action of pseudodifferential operators on modulation spaces.
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2. Basic Notation

By N, Z, R and C, we denote sets of positive integers, integers, real numbers and
complex numbers respectively, and Ng = NU{0}. By R? (N¢), d € N, we denote
set of d—dimensional real numbers (nonnegative integers). Euclidean norm of z €
R? is given by |z| = (2 + - + Jci)l/2 , and (z) = (1 + |z|?)*/2. For multiindices
o, € N¢, we have |a| = a1+ +ag, al =gl agl, 2% =2 - 29, © € RY,
and, for 8 < a, ie. B < aj,j€{1,2,...,d}, (5) = (3) - (52)- The letter C
denotes a positive constant, not necessarily the same at every appearance. Dual
pairing between a test function space A and its dual A’ is denoted by (-, ) =
(-, a. By f we denote the reflection f(z) = f(—z). The operator of partial
differentiation D is given by

1 9\ 1 o\™
DY¥=DY=DY...D% — [ — _—_ R .
v ! d <2m' Oxl ) (2m' 8xd>

for all multiindices a € N¢ and all # = (z1,...,24) € R% If f and g are smooth
enough, then the Leibnitz formula holds

D*(fa)) = X ()0 @) DDyl

BLa

By Q we denote an open subset of R%. The space of infinitely differentiable func-
tions on  is denoted by C*°(Q2). Throughout the paper, the integrals are taken
over R%, or R, unless otherwise indicated. L?(R%) is the Hilbert space of square
integrable functions with the inner product (f,g) = [ f(x)g(x)dz = (f,3). By ||f]|
we denote norm of f € L%(R?). The Fourier transform of an integrable function

f is defined by

Fi(©) = f©) = [ e (wyis, € R
Translation and modulation operators, T and M are defined by
T,f()=f(-—x) and M,f()=e*""f(), zeR"
The following relations hold
M,T, = VT My, (Tof) = M—of, (Mof)=Tof, @.y€R" [ge L} R

3. Test Function Spaces

We suppose that a reader is familiar with the ”classical” Schwartz test function
spaces D(Q2), £(Q), S(R?) and their duals, D'(Q2), £'(2) and &' (R?), [43].
We have D(Q) — £(Q) — &'(Q) — D'(N), and
D(R!) — S(R?) — ER?) — &'(R?) — S'(R) — D'(R),
where ” A <— B” means that A is dense subset of B and that the inclusion mapping
is continuous.
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S(R%) and S'(RY) play a particularly important role in various applications
since the Fourier transform is a topological isomorphism between S(R¢) and S(R?)
and extends to a continuous linear transform from S’(R¢) onto itself.

In order to deal with particular problems in applications various generaliza-
tions of the Schwartz type spaces were proposed. We give here only a very brief
and incomplete list in order to make our aim more transparent. More precisely, we
restrict our exposition to Gevrey classes and certain Gelfand-Shilov type spaces.
Their duals are spaces of ultradistributions.

Starting with the work of Beurling [2] and Roumieu [42] several theories of
ultradistributions are developed, e.g. Denjoy-Carleman-Komatsu [32], Beurling-
Bjorck [3], Braun-Meise-Taylor [4], Cioranescu-Zsid6 [11]. The notion of equiva-
lence of ultradistribution theories allows to transfer results from one theory to an-
other. This includes, for example, topological properties, repesentation and struc-
ture theorems, behavior under various integral transforms, hypoellipticity, see [10],
(7], [19];, [29], (32}, [36], [41].

3.1. Gevrey Classes

Gevrey type spaces fill the gap between the space of analytic functions .A(12)
and the space of infinitely differentiable functions C'*°(€2). This turns out to be
particularly important in the study of operators whose behavior differs in C'*° and
analytic framework (local and microlocal analysis). Recall, the space of analytic
functions is defined by

AQ) ={feC®Q) | (VK € Q)(3IC>0)(3h>0) sup|0°f(z)| < Chl*|a|l}.
zeK

K & ) means that K is a compact subset of €). For 1 < s < oo we define a Gevrey

class by

G Q) ={feC®Q) | (VK € Q)(3C > 0)(3h>0) sup|d°f(zx)] < Chll|al*}.
zeK

we denote by G§(£2) a subspace of G*(§2) which consists of compactly supported

functions. We have A(2) — Ny51G°(Q) and Us>1 G (Q) — C°(Q).

For 1 < s < oo the Gevrey class £81(Q) (resp. £)(Q)) consists of all

f € C*=(Q) such that for any compact set K in  there are constants h and C
(resp. for any h > 0 there is a constant C') such that

sup |8% f(z)| < ChlI™|alt®.

zeK
DIHQ) (resp. DIH(Q)) is the space of all f € £3(Q) (resp. f € £)(Q)) with
compact support under a natural locally convex topology. The corresponding dual
spaces (£(4)(Q))" and (D®)(Q))" are spaces of Beurling ultradistributions, while
(E15H(Q)) and (D1*}(Q))" are spaces of Roumieu type ultradistributions, see[33].
Common notation for both projective and inductive limit is * in the upper index
(instead of (s) or {s}). The ultradistributions spaces are a generalization of the
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corresponding Schwartz distribution spaces since
E*(Q) = E(Q) and D*(Q) — D)
imply D'(2) — (D*(2))" and &'(Q) — (£*(Q))’. Also, (E*(Q)) — (D*(Q))".

Remark 3.1. e Global definition, with @ = R?, is obtained by taking the
supremum over R?.
e One may use |a|**! or T'(s|a| + 1) instead of |a|!*, [41, Proposition 1.4.2].
e Weighted ultradistribution spaces (D, (R%))’, s > 1, are studied in [7].
e Likewise D(R?) and £(R?), spaces D*(R?) and £*(R?) are not invariant
under the Fourier transform. Their behavior under the Fourier transform
is given by Paley-Wiener type theorems, see e.g. [41, Paragraph 1.6].

The last remark is a motivation for the study of other generalizations. The
idea is to obtain Beurling and Roumieu type spaces invariant under the Fourier
transform, i.e. to define a natural counterpart of the space of tempered distribu-
tions in the framework of ultradistributions.

3.2. Gelfand-Shilov Type Spaces

For the sake of simplicity we skip the definition of Gelfand-Shilov type spaces S,
S8 and WM™ and refer the reader to [18], [25], [27].

Definition 3.2. Let there be given «, 0 > 0, and A, B > 0. Gelfand-Shilov type
space S’gﬁ’f = Sg:f (R) is defined by
Sg:f ={feC>®RY | (3C >0) suflé)d |2PO?f (x)| < CAPpP*B1q%° | Vp,q € N},
re
We introduce the following notation for projective and inductive limits:
a _ qo,0 . . a,B, a . - . a,B
Y5 = Sﬁ,o = proj A>lé%>0 Sﬁ’A, S5 = ind A>lé%>0 S,@,A'
S§ is nontrivial if and only if a+3 > 1, or a+ 8 = 1 and a3 > 0, [18]. Spaces
a > 1/2; were introduced and studied in [36]. Note that Z%;, if defined as
above, is trivial. An alternative definition of E}g based on the Hermite expansions

xe,
is given in [36]. We have

35— 85 = S.
For the proof of the following theorem we refer to [18]. See also [10], [29] and [36].

Theorem 3.3. Let there be given a, 3 > 0. The Fourier transform is a topological
isomorphism between S2 and S§ (F(SB) = S§) and extends to a continuous lin-
ear transform from (S5)' onto (S§)'. In particular, if o =  and o > 1/2 then
F(s8) = 5.

Similar assertions hold for X5.
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Therefore we obtain a family of Fourier transform invariant spaces which
are contained in S. Corresponding dual spaces are, due to this, called tempered
ultradistributions (of Beurling or Roumieu type).

Further on we will use the notation S(® = 34, Sled = S&, and S*, * means
(a) or {a}.

The relation between Gevrey type spaces and Gelfand-Shilov type spaces is
given by the inclusions

D*(R?) — S*(RY) — £*(RY).
In particular, G§(R%) — S2(R%) — G*(RY), a > 1.

Apart from being invariant under the Fourier transform, spaces $* have an-
other important property. Namely, S¢(R%) (respectively X% (R?)) are subspaces
of the space of entire functions in C? restricted to R? provided 1/2 < a < 1
(respectively 1/2 < a < 1) while S}(R?) is a subspace of the set of real analytic
functions in R (hence the spaces do not contain compactly supported functions
except f = 0). However, the spaces are ”sufficiently rich” in the sense of [18]. On
contrary, Gevrey classes can not jump in the quasi-analytic case.

Remark 3.4. e Quasi-analytic Gelfand-Shilov type spaces are essential for
the ultradistributional approach to hyperfunctions, [9]. For example, Si is
known as the Sato test function space for a space of Fourier hyperfunctions.

e For an abstract harmonic analysis approach to Gelfand-Shilov type spaces
we refer to [28].

e For a relation between the spaces of type WM™ (studied in [27]) and
Gelfand-Shilov type spaces, see [29)].

3.3. Time-Frequency Representations

In this subsection we give a characterization of S* by means of time-frequency
representations. Although Theorems 3.8 and 3.9 are not completely new results
we present them not only to make the exposition self contained, but also in or-
der to emphasize the role of time-frequency analysis techniques in the study of
ultradistributions.

The following theorem gives a beautiful symmetric characterization of S*. It
has been reinvented several times, [10], [25], [29], [39].

Theorem 3.5. Let there be given s > 1/2. The following conditions are equivalent:

a) feStt (resp. feS®), s>1/2)

b) sup |z%f(x)] < Chl¥at® and sup |€9F(€)] < CkIPIBIE for some (resp.
zeR4 £eRd
every) h,k > 0;

¢) sup |[z%f(x)| < Chlela!® and sup |07 f(x)|
zeR4 zeR4
every) h,k > 0;

d) sup |f(x)|eh‘””|l/s < oo and sup |f(£)|ek|5|l/s < oo, for some (resp.
zeR4 ¢€R4
every) h,k > 0.

CEPI31° for some (resp.

IN
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Proof. For the proof of the inductive limit case see [10]. Projective limit case is
observed in [29)]. O

The following definition collects some of the most important time-frequency
representations.

Definition 3.6. Let g € L?(R%)\ {0}. The short-time Fourier transform of a signal
f € L%(R?), known also as the Gabor transform, is given by

(3.1) Vof(z, &) = /e_%itgg(t —x)f(t)dt, z,€€R™L

The cross ambiguity function (the Fourier—Wigner transform) of f and g is

(3:2) Alf9)(@€) = [ e+ Dalt = )ty a6 <R

and the cross Wigner distribution of f and g is

63 W@ = [P @t oo J)dt, wg R

The quadratic expressions Af := A(f, f) and W f := W (f, f) are called the (radar)
ambiguity function and the Wigner distribution of f.

For various applications of the time-frequency representations in signal anal-
ysis and in harmonic analysis see [17], [21], [22], [24], [26], [27], [29], [51] and the
references given there.

For f,g € L*(R%), following relations hold:

A(f,9)(w, &) = €™V, f (2, €),
W(fv g)(x7£) = 2de47riz§ng(2l,7 25)5
W(f.9)(z.€) = (FA(f.9))(x,6), =.¢eR"

Thus, for our purpose, it will be enough to choose one of the representations. We
consider the cross Wigner distribution. The choice is made due to the role which
it plays in the theory of pseudodifferential and localization operators, see the next
section.

Proposition 3.7. We list here some of the properties of the cross Wigner distribu-
tion.
a) W(f,g) maps S(R?) x S(R?) into S(R? x R?) and extends to a map from
S'(R?) x §'(RY) into S'(R? x R%).
b) For fi, f2, 91,92 € L*(RY), the Moyal identity holds:

W (f1,91), W(f2,92)) = (f1, f2){91, 92)-
) IW(f.9)llee <2? fllllgll-
d) W(f,g)(x,&) =W(f g) (&)
e) W(f,9)(x, ) =W(g, f)(z,§).

)
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For the proofs we refer to [17], [21], [51].
The space Zig = S1/2) is not included in the following theorem.

Theorem 3.8. Let f,g € S*(RY). Then W(f,g)(x,&) € S*(R? x R?). The same is
true for the Fourier—Wigner transform and the short-time Fourier transform.

Proof. The proof for the case f = g, i.e. for the Wigner distribution W(f, f) is
given in [8] for ST} and in [29] for S*. We follow the proof of Proposition 3.7 a)
given in [51] and give the proof in two steps.

Step 1. Obviously, f,g € S*(RY) implies that f(x)g(t) € S*(R? x RY), that
is
(3.4) sup |z°t?9789 f(x)g(t)| < Ch\a|+\ﬁ\+lvl+\6\|a|8\al - gelel. |py|8|vl - 5510l

z,teR4
for some (resp. all) h > 0. Here we use | - |*I'l instead of | - |!* for the convenience,
see Remark 3.1. Recall, S* denotes S®) or Sts}, s > 1/2. Let us show that, under
the same assumptions ¢(z,t) := f(z + 3)g(z — %) € S*(R? x R%). By Theorem
3.5 ¢) we need to show
sup |z°tPp(x,t)| < Chla\+\ﬁl|a|8|a\ . g8l
z,teR4

and
sup 0007 p(x, )| < CEIFIBl g slal . gslf]
z,teR?

for some (resp. every) h, k > 0. The first inequality easily follows from assumptions
on f and g and a change of variables:

sup 2P f(z+ D)glz — L) = sup |(y - £/2)*P f(w)g(y — 1)]

z,teRd 2 2 y,teRA
<271 sup [(y — (t =) (DN — ) =)  FW)aly — 1)
y,teER4
=271 sup |(y = 2)*(z =) fW)9(2)] < Capp 5w |(z =9)* P f(y)g(2)].
y,2€R4 y,2ER?
Now, (3.4) implies sup |z°t°p(z,t)] < ChIMFIBl|gslel . 3318l for some (resp.
z,teR?
every) h > 0.

In order to prove the second inequality recall that in the definition of §* we
may take |a|*/*! instead of a!*. The Leibniz formula gives

1 _
ec0lote. 0 =1 3 (5)(7) gt b0 o + /200720 ato - 1/2)
d<ay<p

< Cap sup. 10307 £ (x +/2)05 %0 " g(x — t/2).
z,teR
Now, m*™n*" < (m + n)*"™*™ and (3.4) imply

sup 928} p(x,t)| < CklolH1Plgslel . golfl
z,teR?
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for some (resp. all) k& > 0.
Therefore, p(z,t) € S*(R? x RY).

Step 2. Now, we show that ®(x,¢&) = /672”t5<p(x,t)dt e S*(R? x RY) if

¢ € S*(R? x RY).
Again, we use Theorem 3.5 ¢) and show that

sup |26 D(x,€)| < ChI*HPlatopls and  sup (9207 ®(x,€)| < CKIPlatepr®
z,£ER z,£€ER

for some (resp. every) h,k > 0. Integration by parts gives

Iwaﬁﬂ/fz”“%(w,t)dtl = \/(—1)5Dfe_2”t5wa<ﬂ(w7t)dt\

- |/e_2”“5x"Df<p(x,t)dt| < C/(l+t2)_d(1+t2)d:v“(‘)fap(x,t)dt|.

Since ¢ € S*(R? x R?) we have |(1 + 12)4220 p(z,t)| < Ch2+atB(2d)sals 515,
for some (any) h > 0. Then, an easy case studies examination shows that for some
(resp. for all) b >0, sup |z¥EP®(x, )| < CRlMFBlQ815,
z,{€R?
For the second equality, we have

0207 [ et yar] = | [ (<2in) e 0z (a0

= | / (2mi)Ble=2mt 4B 90 o (x, ) dt| < |27i] P / e 72T (1 4 #2) " WP oY (x, t)dt|,
where ¢ = (14 t2)%p. Now ¢ € S* implies that ¢ € S* hence

[P0 (x, )| < ChleFPlalsgrs = sup 1020, ®(x,€)| < CKPlat .
z,£€ER!

Theorem 3.8 is therefore proved in a general case for transforms of the type
fe*%“§go(x,t)dt with ¢ € §*. In particular, the assertion holds for the cross
Wigner ditribution as claimed. Proofs for the Fourier Wigner transform and the
short- ime Fourier transform are analogous.

Note that Theorem 3.8 for the inductive limit case and the short-time Fourier
transform is proved in [25], see also [21, Section 11.2]. The main difference is that
we use Theorem 3.5 c¢) which allows to estimate actions of multiplication and
differentiation separately. O

Theorem 3.9. Let g € S*(RY) and let f € S*(RY). If the cross Wigner distri-
bution W (f,g)(x,&) (resp. the cross ambiguity function or the short-time Fourier
transform) belongs to S*(RY x RY) then f € S*(RY).



Ultradistributions and Time-Frequency Analysis 9

Proof. We combine the ideas of the proof of similar assertions given in [25] and [8].
Firstly, we show the inversion formula for the cross Wigner distribuiton in the spirit
of [21, Section 3.2]. First, note that, for given g1, g2 € L?(R?) and (g1, g2) # 0,

1 .

I(h) = 9 / / T (£, 1) (2,€) (h, Mg Toogo)dade, h € LA(RY),
(91, 92)

is a bounded functional on L?(R%) and therefore it defines a unique function
f e L*RY),

(35) fy =21 [ [ W (s g) (o, MacTasg(t)is

such that I(h) = (f, h), for all h € L2(RY).
Let us show that for all f € L2(R?) the following inversion formula holds

1 ,
<gl,g2>2d//64””5W(fa91)($,§)M2§T2mg2dxd€.

Actually, (3.5), the Moyal formula and
W(fa g) (CC, g) = <f7 2d64ﬂ—ix£M2§T2wg>

f=

imply
. 1
() = s / / W(f. 91) (s )W (b go)dede = (f, h).

Thus f = f in L?(R%). Moreover, it can be shown that f € S(R%), [21, Proposition
11.2.4].

We are now in a position to show that f € S*(R%). We will again use Theorem
3.5. Now it is convenient to use part d) of the Theorem. Therefore, we need to

hlz|'/® k|w|t/

show that sup |f(x)le < oo and sup |f(w)le " < oo, for some (resp. for
z€R weR

every) h,k > 0.

Note that eh‘”l/sMgngmg(t) = Mgngxeh“Hx'l/sg(t). The inversion formula
implies

/s 1 Tix -
sup YL / / TIEVY (1, g1) (. €) Mg Tho Godade|
teR? <91»92>

= ‘Qd/ / TN (£, g1) (1, €)1 Mg Tyt g(t)dud
teR4

_7 1/s _q. 1/s 1/s
SC’//@ hlz] 7% g —k|2x| /" gh|2z] dxdf < oo,

since W(f,g1) € S*(R? x R%) and g € S*. In order to prove

sup |f(w)[e"I < o0

weR

we use (MoeT,§(t)J(w) = TogM_9,;§(w) and the same arguments as above. [
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Remark 3.10. Theorems 3.8 and 3.9 are proved in [25] for the inductive limit
case and the short-time Fourier transform. The proof for the Wigner distribution
W (f, f) is given in [8].

3.4. Tempered Ultradistributions

This subsection is given for the sake of completeness, having in mind that Gevrey
and (non-quasianalytic) Gelfand-Shilov type spaces might be considered as special
cases of the following construction [32].

Let (M,) = (M,)pen, be a sequence of positive numbers which satisfies some
of the following conditions:
(M.1) (logarithmic convexity) M? < M, _1M,11, peN;
(M.2)" (stability under the action of differential operators) There exist positive
constants A, H such that M, < AHPM,;
(M.2) (stability under the action of ultradifferential operators) There exist positive
constants A, H such that

Mp+1 < AHP? min quSpMp—qua p,q € No;

(M.3)" (non-quasi-analicity) >° MJ\Z—: < 00;

(M.3) (strong non-quasi-analicity) There exists A > 0, such that

M,
M,

p=q+1 P
We assume My = 1. Obviously (M.2) = (M.2)', (M.3) = (M.3)".
The so-called associated function for a sequence (M),) is defined by

o0

Mgia
< A¢g—T= geN.
M,

P M,
M(p):suplnp 0 0<p< .
PENo M,

Properties (M.1) — (M.3) can be expressed via the associated function. It plays an
important role in the proofs of properties of ultradistributions, see [32, page 29].
We give the definition in one dimension for the sake of simplicity only.

Definition 3.11. Let there be given h > 0, and a sequence (M),) such that (M.1) —

(M.3)" holds. The space S,(LM”) = S,SLM")(R) is the space of smooth functions f on

R such that
GO
sup sup ————————— < 0.
ze€R a,EN, MonB

It is a Banach space with the norm
a+p

Tmoo(f) = sup |2 O (@)oo, f € S

a,B€Ng MQMB
Let SM») and S{Mr} be a projective (when h — o0) and an inductive (when
h — 0) limit of S,SMP), and SéM”}, respectively. Dual spaces of S(Mr) and StMr},

denoted by 8’ M) and S'tM»} are then spaces of tempered ultradistributions
of Beurling and Roumieu type respectively. They are studied in [27], [10], [29],
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[32], [33], [36], where one can find expansion of the elements of S(M») S1Mp} and
their duals via Hermite functions, as well as their characterization through the
Fourier transform, the Wigner distribution and the Bargman transform. Structural
theorems, continuity of ultradifferential operators, the Hilbert transform and the
convolution are studied there as well.

The following inclusions hold

DM)(R) — SM)(R) — S(R) — L*(R) — &' (R) — & M»)(R) — D M) (R).

Remark 3.12. o If s > 1 examples of (M),) sequences which satisfy some of
the above conditions are M, = p!*, M, = p*?, M, = I'(sp + 1), where
I' denotes the Gamma function. Therefore spaces §* of the preceding
paragraph are examples of spaces obtained by the above construction.

e Spaces D* and £* and corresponding weighted versions are introduced and
studied within the above approach in [7], [32], [33], [37], [38].

4. Modulation Spaces

Modulation spaces consist of functions or distributions whose short-time Fourier
transform satisfies some prescribed decay at infinity as well as some integrability
conditions. They are recognized as the most important spaces in time-frequency
analysis, [21], [14], [1]. The decay of the short-time Fourier transform is controlled
by a weight function, i.e. a non negative locally integrable function on R2?. It is
often sufficient to suppose that weights have (at most) polynomial growth. How-
ever, in order to deal with ultradistribution, almost exponential growth should be
allowed.

Definition 4.1. Let v € [0,1). A strictly positive and continuous function w, on
R? x R? is called an exp-type weight if there exist A > 0 and C' > 0 such that

wy(x 4y, & +n) < CMHDw (y,n), 2y, 6, e R
and w.(z, €1 - &1,y .oy €0 Ea) = wy(2,6), € = (e1,...,€eq) € {—1,1}.
A typical example of an exp—type weight is
(4.1) w.(z,€) = eMlel"Thalel” =0 e e RY by by > 0.

More generally, (14 |z|+ |§|)“eb|xm+c‘£‘w is an exp-type weight for any a,b,c > 0
and Y1,72 € [07 ]-)

Definition 4.2. Let there be given v € [0,1), an exp-type weight w,, t € R, and
1<p,g<oo Let 0#geSU/ (if y =0, then 0 # g € S). Then

(4.2) Myt ={f €S |||y < 00},

a/p 1/q
||f||Mm,t = [/ (/ \V, f(z, )" w,’;(a:,g)et(lmvﬂgmdx) df]

is called the modulation space.
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M2 is a Banach space [21, Theorem 11.3.5.]. If ¢ = 0, we write M’y =
Mgy 0 for short. The above definition is independent of the choice of g, 0 # g €
SU/7 in the sense that different functions define the same modulation space and
equivalent norms [14].

Modulation spaces M’ , where 1 < p,q < oo and w(z +y,§{ +1n) < C(1 +
|z|+ &) w(y, n), for some C > 0 and all z,y,£,n € RY, are studied in [1], [16], [21]
and [45]. Obviously, every weight defined in such a way is an exp-type weight. In
particular, for ws(z,€) = (1 + |z| + |€])®, z,& € R?, s > 0 properties of pseudodif-
ferential operators whose symbols belong to the corresponding modulation spaces
are given in [24], see also [16], [21], [31], [48], [49] for some gencralizations.

Inclusion relations between modulation spaces and other spaces of functions
or distributions (LP, Besov and Sobolev spaces) are given in [14], [21], [30], [48].
Note that for ws(x,y) = (1 + |z| + |y|)*, =,y € RY,

S =proj lim Mys, 1<p,q< oo,
§— 00 ’

[15], [49]. Definition 4.2 and Theorems 3.8 and 3.9 imply that an analogous state-
ment should hold for Gelfand-Shilov type spaces if polynomial weights are replaced
by weights of almost exponential growth. Indeed,

Proposition 4.3. Let 1 < p < oo and fir v € (0,1). Put w, s(z,§) = es(zl"+IE),
s € R. We have

S/ = proj lim Myye, S/ =ind lim MYy,
o , soo PP

For the proof of projective limit case we refer to [39]. The inductive limit case
is proved in [25].

5. Pseudodifferential Operators

Pseudodifferential operators in Gevrey classes are studied in [6], [19], [35], [41],
[53]. For operators which map G§(92) to G*(2), s > 1, almost exponential (sub-
exponential) growth of corresponding symbols is allowed. This gives rise to op-
erators of ”infinite order” in contrast to "finite order” symbols which are slowly
increasing at infinity. Depending on the problem at hand various classes of symbols
are introduced. Just to give an example, a class of symbols S;oé’g(RQd) consists of
all functions o € C°°(R?4) for which there exist constants C' > 0 and B > 0 such
that for every € > 0 there is a constant ¢. > 0 such that

(5.1)  sup [DIDo(2,&)| < c.ClH e pi(L 4 [¢)olel—elfleleleht?
zeR4
for every a, 3 € N¢ and every |¢| > B|3|?, [53].
In order to deal with Gelfand-Shilov type spaces, we use their definition via

modulation spaces. In the context of modulation spaces with polynomial weights
smooth symbols with at most polynomial growth are studied in [13], [45], [46]. The
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following class, which includes functions of almost exponential growth, is studied
in [40].

Definition 5.1. Let v € (0,1). Let there be given Li,Ls > 0, and A\,7 € R. We
define the symbol class 521722 (R%) = 521722 as the set of 0 € C°°(R??) satisfying

al 718
| et Ll
a!l/’)’ ﬁ!l/’)’

D2Dlo(x,&)| < CMNTHET o 5 e N 2, € RY

for some positive constant C = C,, depending on L1, Ly, A, 7 and . The infimum

of such constants C, will be denoted by ||0||2’1T’22.

S]:\’IT}:’Z contains polynomial symbols as well as some ultrapolynomial symbols.
For example, if |a, | < C’nﬁ%,

then

for some positive constants C' and k, and all n € Ny

o0
n/2 )T
o(x,§) := Zan (1 + |z + |€|2) € 521,32

n=0
for all Ly, Ly > 0 and
N7 > (K7272(1 4+ d(L? + L2))/?) /.

For a relation between 5’217;2 and classes of symbol introduced in [6], [45] and [53],

as well as for the continuity properties of the corresponding operators we refer to
[40]. As an illustration we give the following result from [40]. The notion of Weyl
symbol is given in Definition 5.3.

Proposition 5.2. Let v € (0,1). Let there be given L1,Ly > 0, and \,7 € R, and
Ly > 5515 if T <0.

Observe a pseudodifferential equation o(x,D)u = f, where the Weyl symbol
of o(z, D) belongs to the class S;\"’E“’, with

4

1—792
Ifue S then f € SM as well. Moreover, the mapping o(x,D) : S1/7) —
SV s continuous.

A>25Ly, B> 2yLy, where 7= 2,

Another consequence is the boundedness of the operator Z\a| <n an D%, on
S/ Tt follows from the fact that its Weyl symbol belongs to the class Sﬁ’)gﬂy for
any choice of A, B > 0.

Definition 5.3. Let A be a class of symbols. We say that o € A is the Weyl symbol
of the operator o(z, D) if and only if

(5:2) o(z,D)f(z) = / / o (‘”;ys> 2TV f(y)dyde, | € STV (R,

We also say that o(z, D) is the Weyl transforms of the symbol o(x, &) and refer to
(5.2) as the Weyl correspondence between an operator and a symbol.
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The Weyl correspondence can be defined by the means of the cross Wigner
distribution [51]. Namely, for f,g € L?(R?) and o € L?(R?9)

(o(2, D)f.9) = (0.W(g. ) = (0. W (g, f)) = / / o (. )W (£ g) (. ) drde.

Remark 5.4. e The cross Wigner distribution and the short-time Fourier
transform play important role in the study of localization operators, [1],
[12], [52]. For given "windows” 1, w2 € L?(R?) and a suitable symbol a,
the time-frequency localization operator A% is defined by

azeeef = [ [ ale, Ve fle MLy paduds.

For various choices of windows and symbols we refer to [12]. We are inter-
ested here in a representation of localization operator through the cross
Wigner distribution. It can be shown that A£1:¥2 is operator whose Weyl
symbol o is given by o = a * W(p1, @2).

e The so called anti-Wick operators arise as a special case of localization
operators, [1, Chapters 8,9]. Recall, an anti-Wick symbol o determines
Weyl symbol o x (224~ "), Let o(z,£) € 8'®). Then there exists s > 0
such that o (22‘1@*'"2) € 52’:’[72 forany A\, 7 > s, and 0 < Ly, Ly < 271/2,
[40].

e Another time-frequency representation, Rihaczek distribution is closely
related to the Kohn-Nirenberg correspondence between symbols and op-
erators, see [21], [23].

Let us now consider a class of symbols o € C*°(R? x RY) satisfying:
(S1) o(2) > 1, z = (z,¢) € RY x R%
(S2) (3C > 0) (In > 0) such that

o(z4w) < Ce"g(w), zweR¥M
(S3) (Vh > 0) (3C > 0) (35 > 0) such that

hlel N
oz!l/"YD o(z)

<0 ) R

su =,
b BN TENP)E

a€N2 [a]>1
(S4) o(z,&) < o(x, &) for all £,¢" € RY such that [£] < |¢'].
Note, by (S2), (S3) and |z| < [z[” + [¢|7, we have o(x,§) € S}, for every
Ly,Ly > 0. Also, condition (S2) implies that o is an exp-type weight and o(z) >
@e‘”'zw for all z € R%.

Ezample. The following functions satisfy conditions (S1)-(S4).
a) o(z) =Y p_oar(z)?*, z = (z,£) € R? x R?, where ag > 1, ai > 0;
b) o(x,&) = (1 + |z + [£]2)*/2, s > 0, z,£ € RY. In particular,

o(€) = L+ [¢*)*?, >0, £ RY
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€12 + V(2), z,& € RY, where
1, V(z) — oo when |z] — oo.

(V2) (3C > 0) (31 > 0) such that V(z +y) < Ce"*"V(y), z,y € RY.

(V3) (Vh > 0) (3C > 0) such that

hlel

d.

sup
a€NG |al>1

DYV (z)

d) o(x,&) = Ot +E* ™ 4 ¢ ¢ R,

Example ¢) implies that we may observe the Schrodinger operator with po-
tential V' (z) which may have sub-exponential growth.

Theorem 5.5. Assume that o(x, &) satisfies (S1)-(S4). Then

a) Let 1 < p,qg < oo and s > 0. For every f € My there exist positive
constants C1,Co and C3 such that

(53)  Cillflags < lo(e.D)fllan + Callfllyno < Callfllags-

pr.qa —

b) If, additionally, o(z) > Cet*I" for |z| > K, for some positive constants
C,p and K, and if o(z,D)f € My? for f € M)?Y, then f belongs to
M

c) Let
(5.4) o(x,&) ~ PP HED)  for some >0 when |z +|¢| — .

Then o(z, D)|ga/y is essentially self-adjoint in L? and the domain of
its unique self adjoint extension L is M§20 Furthermore, the self adjoint
operator L is compact operator and its eigenfunctions belong to S1/7).

Proof. Part a) is proved in [40], see also [46]. Part b) is a corollary of a). For
simplicity we prove b) for p = ¢ = 2. Let B(0, K) = {z € R?>? | |2| < K}.

[y ://|ng(x,y)|262<s+u><\w|”+\ymdxdy

< // ‘ng(%y)|2e2(s+u)(|w|W+|y|7)dxdy—|— // |ng(x’y)|262(s+u)(\w|7+\y\"’)dxdy
B(0,K) R4\ B(0,K)

sc+|// Vo ()20 (@, )0 0 dzdy] < C 4+ e
Rd\B(O,K)
< O lloz, D) fllazs + Call fllagze < oo,

where we used a) together with the fact that f € Mgg implies V, f € leg .



16 N. Teofanov

¢) We prove that o(x, D)|ga/+ is essentially self-adjoint by using [44, The-
orem 26.1]. To that end we need to show the S (1/7) hypoellipticity. This follows
from b) since S/ =N, M21§ It remains to show that L is compact.
Now we need the following fact from time-frequency analysis. Recall, a set of
functions {gin, k,n € Z}, is called a Gabor system if
gk,n(x) = 627rbnzg(z - ak) = MbnTakga k,’fl S Z7

for a fixed function g and time-frequency shift parameters a,b > 0. A Gabor system
is a Gabor frame in L?(R) if there exists 0 < A < B < oo such that

AIFIP < D7 Kawns NP < Bl
k,n€EZ

If A= B the frame is tight. For a tight Gabor frame {gx , k,n € Z}, we have
(55) 1= D2 Kk NI

keNd neZd

To show that L is compact it is sufficient to prove that the set
S={rerl”: > Ugrn NHPorn <1}
keNd neZd

where 0y, = o(n+ £,1) for k =20+ k € N%, k€ {0,1}%, is compact in L?(R?).
Let (fn)nen be a sequence in S. We need to show that it contains a convergent
subsequence. Since (f,)nen is bounded in L2(R%) it contains a weakly convergent

subsequence (fi, )i, eN, i.e. there exists f € S such that
(5.6) lim (f, = f,¢) =0, V¢e L*(RY).

Let us show that this convergence is strong, i.e. lim, . || fi, — f|| = 0, or, equiv-
alently

(5.7) lim > [(fi. = froem)* =0.

n—oo

keNI meZa

Since lim |4 |m|—oc Tk,m = 00, for arbitrary /4 > 0 there is a finite number of

indices (k,m) such that < £ Denote the set of indices by I . Then we have

Ok,m
Ok,m
S 1~ frgem) P2
k,m)gl S
€ 2 2
< 21( Z (s ) " Ok,m + Z I(fs Gem ) ["Ok,m) < e
(k,m)&I1 (k,m)ZI1

Furthermore, since (5.6) implies that

im S (i, = fogkm) =0,

n—00
(k,m)el

by taking e.g. ¢ = 27 we obtain (5.7), hence S is compact in L?(R?).
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The fact that eigenfunctions of L belong to S1/7) is derived by part b) and
ﬂszoMQI,’; = 8(1/7). O

An immediate consequence of Theorem 5.5 is the continuity of the mapping
o M7 — M;;;. Moreover, o(MJ7), the image of MJ:* under o, is a Banach
subspace of M5

For spectral asymptotics we refer to [13],[40], [46].

We mention that regularity of solutions in Gelfand Shilov spaces S1/7) to
different classes of (pseudo)differential operators have been studied in [5], [6], [20].

References

[1] R. Ashino, P. Boggiatto, M. W. Wong, editors, Advances in Pseudo-Differential Op-
erators Operator Theory, Advances and Applications 155, Birkh&user, 2004.

[2] A. Beurling, Quasi-analyticity and general distributions Lectures 4 and 5, A. M. S.
Summer Inst. Stanford, 1961.

[3] G. Bjork, Linear partial differential operators and generalized distributions Ark. Mat.
6 (1966), 351-407.

[4] R. W. Braun, R. Meise, B. A. Taylor, Ultradifferentiable functions and Fourier anal-
ysis Results in Mathematics 17 (1990), 206-237.

[5] M. Cappiello Pseudodifferential operators and spaces of type S, in ”Progress in Anal-
ysis”, Proceedings 3rd International ISAAC Congress, G. W. Begeher, R. D. Gilbert,
M. W. Wong, editors, 1 (2003), 681-688.

[6] M. Cappiello, L. Rodino SG-pseudodifferential operators and Gelfand-Shilov spaces
Quad. Dip. Mat. Univ. Torino, 49 (2003), to appear in Rocky Mount. J. Math.

[7] R. D. Carmichael, A. Kaminski, S. Pilipovié¢, Notes on Boundary Values in Ultradis-
tribution Spaces Lecture Notes Series, 49, Seoul National University, 1999.

[8] J. Cho, A characterization of Gelfand—Shilov space based on Wigner distribution
Comm. Korean Math. Soc. vol. 14 no. 4 (1999), 761-767.

[9] J. Chung, S.-Y. Chung, D. Kim, A characterization for Fourier hyperfunctions Publ.
RIMS. Kyoto Univ. 30 (1994), 203-208.

[10] J. Chung, S.-Y. Chung, D. Kim, Characterization of the Gelfand—Shilov spaces via
Fourier transforms Proc. of the AMS, vol. 124 no. 7 (1996) 2101-2108.

[11] I. Cioranescu, L. Zsidd, w-ultradistributions and their application to operator theory
in Spectral Theory, Banach Center Publ. 8 (1982) 77-220.

[12] E. Cordero, K. Grochenig, Time-frequency analysis of localization operators J. Funct.
Anal. 205 (2003) 107-131.

[13] W. Czaja and Z. Rzeszotnik, Pseudodifferential operators and Gabor frames: spectral
asymptotics Math. Nachr. 233-234 (2002), 77-88.

[14] H. G. Feichtinger, Modulation Spaces on Locally Compact Abelian Groups Techn.
Report, Vienna 1983, Proc. International Conference on Wavelets and their Appli-
cations Chennai, January 2002 (R. Ramakrishnan and S. Thangavelu, ed.) Allied
Publishers, (2003) 99-140.



18 N. Teofanov

[15] H. G. Feichtinger, K. Grochenig, Gabor frames and time-frequency analysis of dis-
tributions J. Funct. Anal. 146 (1997), 464-495.

[16] H. G. Feichtinger, T. Strohmer, editors, Advances in Gabor Analysis Birkhauser,
2003.

[17] G. B. Folland, Harmonic Analysis in Phase Space Annals of Mathematical Studies
122, Princeton University Press, 1989.

[18] I. M. Gelfand, G. E. Shilov, Generalized Functions II, III Academic Press, 1967.

[19] T. Gramchev, Classical pseudodifferential operators and Egorov’s theorem in Gevrey
classes G°, s > 1 Uspekhi Mat. Nauk 40(6) (1985), 137-138.

[20] T. Gramchev, Pertubartive methods in scales of Banach spaces: Applications for
Gevrey reguularity of solutions to semilinear partial diffeential equations Rend. Sem.
Mat. Univ. Pol. Torino 61(2) (2003), 101-134.

[21] K. Grochenig, Foundations of Time-Frequency Analysis Birkhauser, 2001.

[22] K. Groéchenig, Uncertainty principles for time-frequency representations in ”Ad-
vances in Gabor Analysis”, H. G. Feichtinger, T. Strohmer, editors, Birkh&user (2003)
11-30.

[23] K. Grochenig, A pedestrian approach to pseudodifferential operators preprint, to
appear in ”Harmonic Analysis and Applications, Volume in the honor of J. J.
Benedetto”, C. Heil, editor, Birkh&user.

[24] K. Grochenig, C. Heil, Modulation Spaces and Pseudodifferential Operators Integral
Equations Operator Theory 34 (1999), 439-457.

[25] K. Grochenig, G. Zimmermann, Spaces of test functions via the STFT Journal of
Function Spaces and Applications, vol. 2 no. 1 (2004), 25-53.

[26] A. J. E. M. Janssen, Application of the Wigner Distribution to Harmonic Analysis
of Generalized Stochastic Processes Mathematisch Centrum, Amsterdam, 1979.

[27] A. J. E. M. Janssen, S. J. L. Van Eijndhoven, Spaces of type W, growth of Hermite
coefficients, Wigner distribution and Bargmann transform J. Math. Anal. Appl. 152
(1990), 368-390.

[28] N. Kaiblinger, Metaplectic representation, eigenfunctions of phase space shifts, and
Gelfand-Shilov spaces for lca groups Ph.D. thesis, Institut fiir Mathematik, Wien,
1999.

[29] A. Kamiriski, D. Perisi¢, S. Pilipovié, On Various Integral Transformations of Tem-
pered Ultradistributions Demonstratio Math. 33(3) (2000), 641-655.

[30] K. A. Okoudjou, Embeddings of some classical Banach spaces into modulation spaces
Proc. Amer. Math. Soc. 132 (2004), 1639-1647.

[31] D. Labate, Pseudodifferential operators on modulation spaces J. Math. Anal. Appl.
262 (1) (2001), 242-255.

[32] H. Komatsu, Ultradistributions, I, Structure Theorems and a Characterization, J.
Fac. Sci. Univ. Tokyo Sect. TA 20 (1973), 25-105.

[33] H. Komatsu, Microlocal analysis in Gevrey classes and in complex domains Lecture
Notes in Math., Springer 1726 (1989), 426—493.

[34] H. Komatsu, Introduction to the Theory of Generalized Functions Dept. Math., Sci-
ence University of Tokyo, 1999.



Ultradistributions and Time-Frequency Analysis 19

[35] T. Matsuzawa, Hypoellipticity in Ultradistribution Spaces J. Fac. Sci. Univ. Tokyo
Sect. IA 34 (1987), 779-790.

[36] S. Pilipovi¢, Tempered Ultradistributions Boll. Un. Mat. Ital. 7, 2-B (1988), 235-251.

[37] S. Pilipovié, Characterization of bounded sets in spaces of ultradistributions Proc.
Amer. Math. Soc. vol. 120, (1994) 1191-1206.

[38] S. Pilipovié, Microlocal analysis of ultradistributions Proc. Amer. Math. Soc. vol.
126, no. 1 (1998) 105-113.

[39] S. Pilipovié, N. Teofanov, Wilson bases and ultra-modulation spaces Math. Nachr.
242 (2002), 179-196.

[40] S. Pilipovié, N. Teofanov, Pseudodifferential operators on ultra-modulation spaces J.
Func. Analysis 208 (2004) 194-228.

[41] L. Rodino, Linear Partial Differential Operators in Gevrey Spaces, World Scientific,
1993.

[42] C. Roumieu, Sur quelques extensions de la notion de distribution Ann. Sci. Ecole
Norm, Sup. vol. 3, no. 77 (1960), 41-121.

[43] L. Schwartz Théorie des distributions, Hermann, Paris, 1950-1951.

[44] M. A. Shubin, Pseudodifferential Operators and Spectral Theory 2nd Edition,
Springer, 2001.

[45] K. Tachizawa, The Boundedness of Pseudodifferential Operators on Modulation
Spaces Math. Nachr. 168 (1994), 263-277.

[46] K. Tachizawa, The Pseudodifferential Operators and Wilson Bases J. Math. Pures
Appl. 75 (1996), 509-529.

[47] N. Teofanov, A Note on Ultrapolynomials and the Wigner Distribution Novi Sad J.
Math. 30 (1) (2000), 165-175.

[48] J. Toft, Continuity properties for modulation spaces, with applications to pseudo-
differential calculus, I J. Func. Analysis 207 (2004) 399-429.

[49] J. Toft, Continuity properties for modulation spaces, with applications to pseudo-
differential calculus, II Ann. Glob. Anal. Geom. 26 (2004) 73-106.

[50] M. W. Wong, An Introduction To Pseudodifferential Operators 2nd Edition, World
Scientific, 1999.

[61] M. W. Wong, Weyl Transforms Springer-Verlag, 1998.
. W. Wong, Wavelet Transforms and Localization Operators, Birkhauser, .
52] M. W. W Wavelet Transf d Localization O Birkha 2002

[63] L. Zanghirati, Pseudodifferential Operators of Infinite Order and Gevrey Classes
Ann. Univ. Ferrara - Sez. VII - Sc. Mat. 31 (1985), 197-219.

Acknowledgment

T am grateful to professor Stevan Pilipovi¢ for many valuable discussions during the
preparation of the paper. My thanks also goes to the Erwin Schrédinger Institute
(ESI), Wien. On the base of their Junior Research Fellowship I visited ESI and



20 N. Teofanov

professor Hans Georg Feichtinger and his Numerical Harmonic Analysis Group in
Wien, November 2004, when a part of the paper is prepared.

Department of Mathematics and Informatics, Trg D. Obradovica 4, 21000 Novi
Sad, Serbia and Montenegro,
E-mail address: tnenad@im.ns.ac.yu



