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Abstract

In this paper we study boundedness properties of the short-time Fourier transform
(STFT) on the Lorentz spaces L9 (R%). The same results apply to the cases of the
Wigner and t-Wigner transforms. Reinterpreting these results in terms of operators
we obtain boundedness properties for Weyl and t-Weyl operators. We conclude with
an application to the uncertainty principle of Donoho-Stark in the context of Lorentz
spaces.
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1 Introduction

Time-frequency analysis, born to formulate mathematical models for the study of
acoustic signals, has actually developed into a vast area of harmonic analysis whose
ideas have deeply influenced various areas of applied research such as quantization,
acoustics, geophysics, and biomedicine, whereas, at a more theoretic level, its con-
structions have shown connections with group representations, operator theory and
C*-algebras.

The starting point is the observation that the Fourier transform, although defining
an isomorphism on L2(R), furnishes, in explicit way, only the distribution of the fre-
quencies of a signal f (), whereas the information about their location in time remains
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“hidden” in the complex phase of f(a)). In the effort to overcome this drawback var-
ious other types of representations of signals have been defined. All of them share
the feature of expressing the energy of the signal by a function, or distribution, which
depends not only on the frequency but also on the time variable. From here the name
time-frequency representations (or transforms), of which the short-time Fourier trans-
form (STFT), and the Wigner transform are maybe the two most important examples.
The first one, denoted by V, f (x, w), where for generality we suppose x, w € R, is
obtained by localizing a signal f by multiplication with a window function g, which
is translated in time, before taking the Fourier transform (formula (2.1)).

Considered as amap (f, g) —> V, f, the STFT defines a sesquilinear transform,
which is connected with the well-known (cross-)Wigner transform W(f, g)(x, )
(formula (2.2)), by the equality (see [12], Lemma 4.3.1)

W(f,g)(x,w) =27V, £ (2x, 20). (1.1)

where g(x) = g(—x).

Equation (1.1) shows that L”-boundedness properties of the two transforms are
equivalent (with suitable adaptation of the bounding constants). Boundedness of the
two transforms in the L? setting has been widely studied, see e.g. [3, 4, 6], and the
references therein. Actually a wide spectrum of possible functional settings is available
in literature for both representations, in particular we recall the scale of modulations
spaces, which are a refinement of the L? spaces suitably designed to measure the
time-frequency content of signals, see [7, 12, 13].

Parallel to modulation spaces, a different remarkable refinement of the L? spaces,
which presents interest both theoretically and in applications, are the Lorentz spaces,
see e.g2. [9—11] and the references therein. In this functional setting the behavior of
time-frequency representations has been studied in [19-21], but the literature is not so
vast. Following these lines, we present in this paper a further study of the boundedness
properties of the STFT in Lorentz spaces.

The paper is organized as follows. In Sect. 2 we introduce the necessary notations
and recall the definition and the main properties of Lorentz spaces.

Section 3 is focused on the use of the technique of restricted weak type operators
and the corresponding Caldéron operators. We show that the STFT is of restricted
weak type in two main situations (Theorems 3.6 and 3.7) each of them implying the
boundedness of the STFT V : (f,g) —> V,f as sesquilinear map on suitable
Lorentz spaces. We remark however that the technique we use does not cover the
case V : LZ1(RY) x L2V (RY) — LZ1(R24). Due to the lack of boundedness of
the (partial) Fourier transform on L>!, we conjecture that boundedness does not hold
for the STFT either, but at present this remains an open question. We complete then
our results with counter-examples which disprove boundedness of the STFT in the
remaining cases.

Section4 is dedicated to the t-calculus. More precisely we consider the T-Wigner
representation, T € [0, 1], (formula (2.3)), which is a one-parameter modification of
the classical Wigner tranform (recaptured for r = 1/2). We refer to [3, 5] for its setting
in L? space and its basic properties. Whereas Sandik¢1 proved in [20] the boundedness
of that T-Wigner distribution on Lorentz spaces L”°9 with indices p and ¢ satisfying
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1 < p < 2and g > 1, in this paper, we complete these results deducing general
boundedness properties from those of the STFT. Classically boundedness properties
of time-frequency representations are strictly connected with corresponding properties
of the associated linear operators, see e.g. [1, 8, 16], we conclude therefore the section
reinterpreting these results in terms of the associated t-Weyl operators (formula (4.2)).
Finally in Sect.5 we give an application to the uncertainty principle. More precisely,
using the boundedness of the STFT previously obtained, we prove a qualitative version
of Lieb’s uncertainty principle, classically formulated in L(R¢), for signals in the
Lorentz spaces.

The results presented are a contribution to fill the gap in the literature concerning
the use of Lorentz spaces in time-frequency analysis. Besides the interest in itself,
we hope they could find relevance in stimulating further developments in at least the
following directions. First of all, although we conjecture that the boundedness fails
in the cases not covered by our results, clearly thorough further investigation produc-
ing explicit counterexamples could be desirable. Secondly, the qualitative application
to the Donoho-Stark uncertainty principle suggests that further applications regard-
ing other uncertainty inequalities could possibly be derived. Thirdly, in the lines of
some recent papers devoted to find optimizers of uncertainty inequalities on Euclidean
spaces, Riemannian manifolds, and locally compact Abelian groups (see [14, 15, 17]),
a recasting of the whole subject in some of these more general settings could be an
interesting topic for a further research.

2 Basic definitions and results

In this section we collect some basic definitions and results on Lorentz spaces that
we need in the following. We denote as usual by S (Rd) and L? (Rd), 1 <p<oo,
the classical Schwartz space of rapidly decreasing functions and the Lebesgue space,

respectively. The operators Ty f (t) = f(t — x) and M,, f (t) = e*™“! £ (1) are called
translation and modulation operators for x, w € R?, respectively. The compositions

TuMyf(t) = MU f(r —x)  or  M,Tof(t) = ¥ f(t — x)

are called time frequency shifts. R
For f € L' (Rd) the Fourier transform f (or F f ) is defined as

fa) = / fx)e 2,
]Rd

where xt = Z?:l x;1; is the usual inner product on R,
Fix afunction g # 0 (called the window function). The short-time Fourier transform
(STFT) of a function f with respect to g is given by

Vo f(x,w) = /d F()gt —x)e Fieqr, 2.1
R
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for all x, w € RY. In principle V, f is defined whenever the integral is convergent;
for instance, it is known that if f, g € Lz(Rd) then V, f € LQ(R‘J X Rd) and V, f is
uniformly continuous (see [12]).

We recall the following result:

Proposition 2.1 ( [5], Proposition 6.3) The short-time Fourier transform
V:(f.g) e LP RY) x LP(RY) — V, f € LI([R*)
is bounded if and only if ¢ > 2, ¢’ < p < q, where ql + % = 1. In particular,

Ve fllLe@eay < ||f||Lp/(Rd)||g||Lp(Rd)-

The cross-Wigner distribution of f, g € L?(R?) is defined to be

W(f, 8)x, o) = / f <x + 5) g (x - E)e—zm"dz. (2.2)
R4 2 2

If f =g, then W(f, f) = W is called the Wigner distribution of f € L?(R?).

Fort €[0,1]and f,g e S (Rd ), the T-Wigner transform is defined as
We(f, g)(x, w) = / fx+1glx — (1 —)n)e g, (2.3)
R4

Ift = % then the 7-Wigner transform is the cross-Wigner distribution. Moreover, for
v = 0, Wy is the Rihaczek transform,

Wo(f, g)(x,®) = R(f, g)(x,w) = e " f(x)g(w),

and for T = 1, Wj is the conjugate Rihaczek transform,

— o~

Wi(f, 8)(x, @) = R(g, [)(x, ) = e”*g(x) f ().

For t € (0, 1), define Vg’f as

Vgrf(x,a)):ng< ! x,%a));

1—1

then the 7-Wigner transform can be rewritten as

1 .
We(f.8)(x. 0) = Wez’“%’“” ViSO w), 24)

where the operator A; is defined by

AT:h(t)—>h<t_1t>.
T
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We now recall some definitions and theorems about Lorentz spaces. They all can
be found in [2].

Definition 2.2 Let f be a measurable function on R?. The decreasing rearrangement
of f is the function

f*:10,00) — [0, 00]

defined as
fr@)y=inf{r:pup) <t}, t>0, (2.5)

where

prG) =plx e R fFO] >4}, A=0, (2.6)

and p is the Lebesgue measure. We denote by f** the maximal function of f*, defined
by

t
) = %f f(s)ds, t>0. 2.7
0

The most important property of f* is that it has the same distribution function as f.

It follows that
( / If(x)l”du(x))p =( / [f*(t)]”dt>p, 2.8)
R4 0

when p € (0, 00).

Theorem 2.3 (Hardy-Littlewood inequality) Let f, g be two measurable functions on
R?. Then

o0
[ irwseodx < [ o wds. 29)
R 0
For p, g € (0, oo], the Lorentz space L?-4 (R?) is the space of all measurable functions
f on R? for which | £l p,q is finite, where
1
1 q q
(fooo[tpf*(t)] %) , 0<g<oo

sup {17 F*(1)), g = oo

0<t<oo

1fllp.g = (2.10)

By (2.8), it follows that || |l ,,, = Il fll, and so L?*? = L? for every p € (0, oo].
Also, L9 = {0} forevery 0 < g < co. We remark that (2.10) yields in general only
quasi-norms, however the following proposition holds:

) Birkhauser
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Proposition2.4 For p € (1,00] and q € [1, o0], we can substitute in (2.10) the
function f* with f**, getting a norm for the Lorentz space LP4(R%) equivalent to
the quasi-norm in (2.10).

Proposition 2.5 For p € (0, 00] and q,r € (0, 00] with g < r we have that there
exists C > 0, depending on p, q, r, such that

I fllpr < Cllfllpg

In particular, we have the embedding LP9 — LP".

Theorem 2.6 (G.H. Hardy) Let ¢ : (0, 00) — R be a measurable nonnegative func-
tion, —0o < A < 1, and 1 < q < oo. Then

! adi )V 1 . gdr V4
{/O (t /0 tp(s)ds) T} Sm{/o (r w(t)) T} 2.11)

and

© i [ dsyadi]MT 0 adi |
{/0 () voT) 7} Sm{/g () 7} -G

Definition 2.7 Let 1 < p, g, r < oo and let T be a bilinear operator. We say that T is
of restricted weak type (p, g; r), if there exists a constant M > 0 such that

sup {7 [T(xE, xP)1** (1)} < Mu(E)YP u(F)"/4

O<t<oo

for every meausurable sets E and F' with finite measure where,

e T issupposed to be definite on each pair of simple functions ( f, g), where a simple
function is a finite linear combination of characteristic functions of sets of finite
measure.

e 1(E) and u(F) are the (Lebesgue) measures of E and F.

Proposition2.8 Letr 1 < p,q <ocoand 1 < r < oo. Then T is of restricted weak type
(p, q;r) ifand only if T extends uniquely to a bounded bilinear operator

T:LP' x 191 — [,

Definition 2.9 Let us consider 1 < pj,q;,r; <00, j =1,...,m and define

1 1 1\]"
o= {(— —, —>} ) (2.13)
Pj 4j ri/)) =

The corresponding Calderdn operator is defined as

ul/piyl/a; }du dv

i u v

.....

W Birkhauser
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Theorem2.10 Let 1 < pj,q;,rj < oo, j =1,...,m and define o as in (2.13). Let
T be a bilinear operator and suppose that T is of restricted weak type (pj, q;; 1) for
every j =1, ..., m. Then there exists a constant M > 0 such that for every t > 0,

T(f,8)"(t) < MSs(f*,g")0),
for all simple functions f, g.
Moreover, the tensor-product operator 7' ( f, g) which is defined by
(f,8) — fwgh) = (f ] g)(u,v)

is of restricted weak types (1, 1; 1) and (oo, 0o; 00). Hence by Theorem 2.10, it
satisfies

T(f, 8) () < S (F*, g9 (1)
=f00/°° f*(u)g*(v)min{ﬂ, 1}d—“d—”,
0 0 1t u v

for all simple functions f, g, where o is the set
o =1{(0,0,0), (1,1, D}.

Theorem 2.11 Suppose 1 < p <ocoand 1 < a, b, c < oo with % —i—% = % + 1. Then
the tensor product operator T satisfies

ITCf Mpe =cllflipallglips-

The next result can be found for instance in [9].

Proposition 2.12 (Young inequality for convolution on the half-line) Let f, g
(0, 400) - R, and p, q,r € [1, oo] such that

11 1
—+—=1+-.
P g r

Suppose that f € LP (R, de) and g € LY1(R, ‘i—x). Then the convolution

o0 x\ dy
(f *r, 8)(x) = / fg (—) - (2.14)
0 Y,y

dx .
belongs to L" (R4, <) and satisfies
I/ *Ry g”Lr(RJﬂ%) = C”f”Lp(RJr’ﬂ{TX) ”g”Lq(RJﬁ‘{%)

for a constant C > Q.

) Birkhauser
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Proposition 2.13 (Hardy-Littlewood-Stein inequality) Suppose that 1 < p < 2, % +
# =1, and 0 < q < oo. Then the following inequality holds

1 fllpg = KN flpg-

Remark 2.14 In the following we use the results of this section in the case when T is
the short-time Fourier transform (2.1). Observe that V, f is linear in f but conjugate
linear in g; however, the previous results on bilinear operators 7 hold also in this case,
since (g)* = g* for every measurable function g.

3 Main results

In this section we analyze boundedness properties of the short-time Fourier transform
on Lorentz spaces. To this aim we start by proving the following result.

Lemma 3.1 The short-time Fourier transform
Vilf.e) = Vef

is of:

(a) restricted weak type (2, 2; 2),
(b) restricted weak type (1, 00; 00),
(c) restricted weak type (0o, 1; 00).

Proof (a) By Proposition 2.1 with p = ¢ = 2 and Proposition 2.5 we have

Vg fllz.00 = CillVg fll22 = CillVg fll2 = Cil fli2llgll2 = Cll fll2.1l18ll2.1:

then the result follows from Proposition 2.8.
(b) Let E, F C R? be measurable sets with finite measure. By Proposition 2.1 we
have

1 t
sup {11V, 70} = sup {; /O (VXFXE)*(S)dS}

O<t<oo O<t<oo

1 t
sup {—u(VXFxE)*anm,t) | ds}
O<t<oo L 0

S NV x2) 12200, +00)

IA

A

= ||VXF XE||L0<>(R2<1)
< xellorwayllxellpoo ey = m(E),

so the short-time Fourier transform is of restricted weak type (1, oo; 00).
(c) Point (c) can be proved in the same way as point (b).

W Birkhauser
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A v=tu ~
D1 v= ;u D4
D;
Ds
Ds
Fig. 1 Definition of the subsets Dy, Dy, D3, Dy4, Ds.
Now, following Definition 2.9, we consider
(111)(100)(010) 3.1)
o=1{(=, =, = .
22

and the corresponding Calderén operator

Se (f,8)@) =/ / f(u)g(v)mm{ /ﬂ u, v}du dv
t u v

(3.2)

Remark 3.2 Let us consider the subsets of {(u, v) € R2:u>0v> 0} indicated in
Fig. 1.
‘We have that:
u, if (u, v) € Dy

e Fort > 1,min{ /"t—”,u,v} =1 /% ifu,v) e Dy
v, if (u,v) € Ds.

e Fort € (0, l],min{ /M,u,v] =" %f(u,v)eD4
v, if (u,v) € Ds.

Remark 3.3 We observe that, by Lemma 3.1, Theorem 2.10 and Remark 2.14, for all

simple functions f, g on R and r € [1,00], ¢ € [1, 00), there exists M > 0 such
that

cdt 1/c
||ng||an<de>sM{ fo [1/,5 (f* g)(r)] } , 3.3)

where o is given by (3.1) and S, is the corresponding Calderén operator (3.2); for
¢ = oo we have

) Birkhauser
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Ve £l oo 2dy < M0 sup {tl/rsg(f*, g*)}’ (3.4)

<r<0o0
where S, is the same operator as before.

In order to find estimation for ||V, £l .c, we shall estimate the right-hand side of (3.3)
and (3.4).

Proposition3.4 Let c € [1,00], r € (2,00], p € [r',rlwith p # 2, and a,b > 1
such that % + }—J =1+ % Then there exists a constant C > 0 such that

* cdr )¢
{/0 [fl/’Srf(f*’g*)(f)]T} < Clflpallglips 3.5)

for every [ € LP/"‘(Rd), g € LPPRY) where L + % = 1 and o and S, are
given by (3.1) and (3.2). In (3.5) we mean that, fgr c = oo, the left-hand side is

sup {tV7S,(f*, %)} asin (3.4).

O<t<oo

Proof We start by considering the case ¢ < oo. Observe that for a i €R,a; >0,
j=1,...,m,and @ > 0 we have

@+ am)® <me@ + - +aS). (3.6)

Then
{/0“"’ [tl/rsg(f*,g*)(t)]ﬁ}m 521/0{{[1“’ (s, gnw] )
+ /0 ] (175, s, g*)(r)]c‘i—t}l/c}. 3.7)

Let us consider the first term in (3.7). By definition of S, and using Remark 3.2 we
have

© cdt
1/r * % il
s o)
00 o0 oo c 1/c
{/ [r‘/’f / f*(u)g*(v)min{,/ﬂ,u,v}d—”d—”] ﬂ}
1 0 0 t u v t
{/ [r”’ [[ rrwgreut S [[ g o, [
1 u v r u v
D Dy

c 1/c
dudv] dt
1!/ /f f*(u)g*(v)v——] —} ;
u v t
D3

W Birkhauser
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by using (3.6) firston [- - - |¢ and then on {- - - }//¢ we can estimate the previous expres-
sion as follows:

[ Trssa o] dt}l/c
<l{[” [rl/’f gt @] L)
/ l/r /f(u)g()\/Wdudv edtyl/e
+[/l [+ // g o] ?}I/C}, (338)
D3

where C = 3'*1/¢_ Reasoning in the same way in the second term of (3.7), we finally
get that there exists a constant D, depending on the index c, such that

{fow[t“fsg(f*,g*xr)]cﬂ}UC
SDH/ ”’f FH g du =1 ?}”E
/ l/r /f (w)g* (v)\/ﬁdudv cdt 1/c
+[/ ”’/ Frug’ (v)—dv] ?}‘/”}
+{/0 [f”’/ Fwg a9
Dy

+[f01 [ﬂ/r // f*(u)g*(v)d%dv]cgll/c}. 3.9)
Ds

In order to prove the result, we then have to estimate the five terms appearing in (3.9).

v

1. Estimation of the first term of (3.9): Since D; = {(u,v) : 0 <u < 7, v > 0}
(see Fig. 1), for p < r we have

{/ ”’/ gttt ?}

) Birkhauser
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o dv]de) "
1/p _
[l oo o]
0o le'e] 1/p c 1/c
1pg* oy (L . dv | dt
AL o) () e

where we can estimate with the integral between 0 and oo in the #-variable since
all the quantities appearing inside are non-negative. Writing

1/y
G(y) = y""Pg*(y), F(y)=y"? /0 fu)du, (3.10)

recalling the definition of convolution in Ry, see (2.14), and by Proposition 2.12
fora,b > 1 suchthatal+ % =1+ %,weget

1/c
{/ [”’f frag* (v)dud—] ?}

00 1/c
= {‘/(; |:(F *Ry G)(t):| T} = ”F”La(R-#»#)”G”Lb(R_h%)

% i a gy o RN
_ 1/ * = 1/ * .
=G [ e L el T

. 1 . .
by the change of variable 7 = | in the first factor and by Hardy inequality (2.11)
with i =1 —

{/w[l/r// * « d_vilcﬂ}l/c
! frwg (v)du
1 A v t
1
o0 Ky ad
< ||g||p,h{f ((s)‘””f f*(u)du) _S}
0 0 s
1 © ad 1/a
< ||g||p,bT{/ (7)) S}
? 0
ad 1/a
=p||g||p,b{f0 ( 1/ px (s)) s}

= plfllpallglp.s-

1/a

Summarizing, we have estimated the first term of (3.9) as
1/c
dv] dt
{/ [ ‘/’/ frug* <v>du—} 7} <plflpalglps G101

W Birkhauser
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forlSpfr,a,bz1,suchthat%+%=1+%.

2. Estimation of the second term of (3.9): Since D> = {(u, v) : % < v <tu, u>0}
for every 1 < p; < r, taking into account that all the functions involved in the

integrals are non-negative, we have

1/c
{/ [‘/’/ Frag* ) ””d—”‘%”] dT}

oor tu d 1/c
< (/ r”m—”2/‘ f*w></° g* »——)——}-—}
1 L 0 u/t Vul t
oI 00 00 1/c
S R U R
0 L 0 u/t M
cor 1/pi—1/2 dulCde)"e
= ul/p ) — | — | == .
[T el ([ oo R)e ]
Writing
o0 d
ﬂ@»=ﬂ”#ﬂw,6ww=y”m4”/ P RadNE R )
1/y \/E

and recalling the definition (2.14) of convolution in R, we get

f l/rf/f (w)g*(v) uvdudv]Cdlt}l/cS

o dt /e
s”[mmwﬂT = IF1 %, Gill e, 0,
0

By Young inequality (see Proposition 2.12)

{f[”’/fwgufﬁwm] VC
ﬂmhmgﬂﬁwﬁﬂ)
([ ey (o) H
ﬂmm4ﬁ P”W%f J@w>)}fre

for a, b > 1 such that % + % =1+ % where in the last line we put t = Al in the
integral. By Hardy inequality (2.12) with A = % + % (assuming that p; > 2 in

) Birkhauser
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such a way that A < 1), ¢ = b and ¥ (v) = \/vg*(v), we obtain

{/ [1/’ ff (g’ (U)\/Wdudv} }uc

1/b
1 _1_ 1 bdt
P1
—zllfllm,allgll,,;,b

Summarizing, we have estimated the second term of (3.9) as

d d 1/c 2
{/ [W /f(u)g . rw u v} _} Epll’_‘2||f||pl,a||g||,,/l,b

(3.13)

forl < p; <r, p1>2,a,bzl,suchthat%—i—%:l—i—%.

%, u > 0} (see Fig.1); moreover, D = {(u,v) : 0 < u < 7, v > 0}. Then
interchanging # and v we obtain

* 1/r * * du Cdt e
1 fruwg (v)—dv| —
1 u t
D3
A “ar)'
= e (u)—du —{ -

So the third term of (3.9) corresponds to the first term of (3.9) with f and g
interchanged. By (3.11) we then get

d 1/c
{/ [‘/’/ [Hwg* (v)—du} i} <Pl lpinligly e (14

forl < p; <r,a;,by >1 suchthat

. Estimation of the third term of (3.9): We observe that D3 = {(u,v) : 0 < v <

1
L=y L

Estimation of the fourth term of (3.9): Since D4y = {(u,v) : 0 < u < v, v > 0}

we have
1/c
{f [‘/’f frang* (v)du—} ?}

W Birkhauser
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- PRI T Fruwdu )dv| &
[ [ [ rmaa] 417
= {/Ol [tl/r/O g*(v)f**(v)dv} ?}l/c

— /OO f**(v)g*(v)dv</l tf—ldt)l/c
; 0
= (£>1/C /(‘)00 (vl/sz**(U)) (vl/Pég*(v)>dv_v

forevery py € [1, oo], since % + p—l, = 1. Now by applying Holder inequality for
2

R4 with the measure dTv, we have that for every g € [1, o0]

1/c
{/ [l/r/ frug* (v)dud—} dt—t}

r 1/ 1 /
- /P2 gk 1/p5 o* ,
= (2) IO, ) W Ol g, )
’ 1/‘1/
1/c qd © / q9'd
=(%) (/ (w7 )’ ”) (f (v ) —”)
c 0 0 v
=< D”f”pz,q ”g”pé,q’ (315)
by Proposition 2.4, where (3.15) holds for every ps, g € [1, co]. We observe that,
if we fix a, b > 1, such that % + ll) =1+ % and we fix in (3.15) ¢ = a, we get

that b < ¢’ and then by Proposition 2.5, we get ||g||pé,q/ < C”g”pé,h' Then from
(3.15) we deduce that

! dvcdr)'*
{fo [r‘/’f f*(u)g*(v)du{]T} < Dillflpalglys (3.16)
Dy

for every p» € [1, 0ol and a, b > 1 such that % + % =1+ %

5. Estimation of the fifth term of (3.9): We observe that D5 = {(u,v) : 0 < v <
u, u > 0} (see Fig.1) and D4 = {(u,v) : 0 < u < v, v > 0}. Then we can
proceed as in (3) and, interchanging # and v, we obtain

! 1/r * * du Cdt e
(L[ ff rwcea] )
0 u t
Ds
1/c
= {/ [‘/’f fFw)e* (u)—du} ﬂ} :
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So the fifth term of (3.9) corresponds to the fourth one with f and g interchanged.
By (3.16) we then get

1/c
{[ [l/r [/f wg* (v)—dv} —} < Dill fllypy I18lpna  (B17)

for every p3 € [1,00] and a1, by > 1 suchthat% + % =1 —|—%

Now, to conclude the proof, we observe that by (3.9), (3.11), (3.13), (3.14), (3.16),
(3.17), we obtain the estimate of Proposition 3.4 for 1 < p, p’ < r, p’ > 2 and
a, b > 1 such that 5 + % =1+ % On the other hand, since

So (. 8)(1) = So (g, f)(1)

(cf. (3.2)), itis enough that one between p and p’ is greater than 2, thatis true < p # 2.
Then we need that:

G r>2
(i) p=<r
(i) p' <r
(iv) a,b>1suchthat 1 + 1 =141

These requirements can be written as r > 2, p € [r/,r], p # 2, and a, b > 1 such

that % + % =1+ % This corresponds to the hypotheses of Proposition 3.4, that is
then is proved for ¢ < oco.

The case ¢ = oo can be treated in the same way. Indeed, estimate (3.9) becomes

sup [117 S, (f*, g9 (D)] sD{ sup [‘/’ / f*ug* (v)du—}
O<t<oo l<t<oo

1/r uv du dv
+lsup frug* ()
<t<o0
sup [1/’ / / frwg* (v)—dv]
1<t<oo

+ sup [zl/r/ f*(u)g*(v)du%}}
Dy

O<t<l

O<r<l

|: 1/r * * du
+ sup |t / ffu)g (v)7dvi|}. (3.18)
D

Then the computations are exactly the same as before; there are just two points in the
estimates of the first and second terms where something new appears.
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Indeed, in the estimate of the first term of (3.18), we getnow || F #r, G||L=®,), where
F and G are as in (3.10); we then estimate

IF 3, Gllim®o < I1Faga, a6l o, o

for 3—1 + % = 1, and here one between a and b can be co. If b = 00

k]

IG 1, ) = 1G 2@y = sup {1'Pg* ) = lIglp.oo = I8llp.0:

O<t<oo

moreover if a = 00,

Lo
”F”L”(R+ df) = ||F”L°°(R+) = Ssup {tp 0 f*(u)du}

O<t<oo

= sup {s /f(u)du}
O<s<oo

= sup {sl_ll’—/ f*(u)du};
O<s<oo s Jo

then for a = oo, by (2.7) and Proposition 2.4 we get

1
1Flla, 2y = s {7 £} < Clflyoe = 1 lpa

<§ <O

Then for the first term of (3.18) we obtain the same estimate (3.11).
Concerning the second term we find now || Fy *r, Gl >, ), where F| and G are
as in (3.12); we then estimate

1Py, Gl < IFill o, |Gl o, o

for % + ,% = 1, and again both a and b could now be co. As before, if a = oo,

”FIHLH(]R df) = ”Fl”LOO(]R+) = Ssup {[Pl f (t)} - ”f”p] 00 = ”f”p] a-

O<t<oo

If b = o0, we have

1G1 Gl { i [T gy
1 b dty = HlLee@®,) = Sup 1P / g (v _}
LR+ ) o= O<t<oo 1/t ﬁ

Lot o dv
= sup {m / v 1g<v>ﬁ}
O<t<oo 1/t U7/+j
11 < * dv
< sup {t”l ° sup {v”'g*(v)}f ﬁ}
O<t<oo O<v<oo 1/t v*/lJri
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So also for the second term of (3.18) we find again the same estimate (3.13). The
estimates of the other terms of (3.18) do not present substantial differences with
respect to the case ¢ < oo; the proof of Proposition 3.4 is then complete. O

Theorem 3.5 ([9], Theorem 1.4.13) The simple functions are dense in LP*9 when
0<qg < oo

We have now the following result.

Theorem 3.6 Letc € [1,00), r € (2,00), p € [r,r], p # 2, and a, b > 1 such that
% + % =1+ % Then the short-time Fourier transform is bounded as an operator

vV LP AR x LPPRY) — LR, (3.19)

Proof For all simple functions, we have by Remark 3.3 (considering the case ¢ < 00)

1/c
© 1/r * sk cdt
Ve lireqny <MY | [ Sa(r7 890 =
0
where o and S, are given by (3.1) and (3.2). Then, by Proposition 3.4 we have

Ve fllpreweay = MCIfllpra llglp.b

and so (3.19) is proved for f and g simple. By Theorem 3.5 the conclusion follows
by density arguments, since the condition ¢ < oo implies also a, b < oo. O

In Theorem 3.6 we require p # 2; in the case p = 2 we have the following result.

Theorem 3.7 Letr € (2, 00). Then the short-time Fourier transform is bounded as an
operator

Vo2l g2t il
Proof We know (cf. Proposition 2.1) that V is a continuous map between:
V:L”/XL”—>L’,

for every (p, r) in the shadowed zone in Fig.2:
In particular we have

ViL2xL?— [?
V:L?xL?— L™
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= e
> | =

0 1 1 p
2

Fig.2 Boundedness zone for the short-time Fourier transform.

and taking into account the continuous inclusion L?¢ C LP"? for a < b we obtain
that V defines two bounded maps

VL2 x L2 — 2
VL x L2 — Lo,

So V is of restricted weak type {(2, 2:2),(2,2; 00) } This implies (by Theorem 2.10)
that 3M > 0, Vr > O:

V(f, @) ) <= MSe(f*,g") (3.20)

witho = {(% % %) (% % O) }, for all simple functions f, g, where S, is given by

dud
So (f, g)(t)—/ / f(u)g(v)m1n{\/7 M}_u_v

Then

Joo JoT fangv),/medudy - for ¢ > 1

So(f. 8)(1) =
- {fooofooof(u)g(v) uvdedv - for 0 <1 <1.

Consider now r € (2, 00), ¢ € [1, oo] and

{/Ooo [zl/’sg(f*,g*xr)]?}l/c 521/"{”0 [soc gnw] )

) Birkhauser



27  Page 20 of 27 P. Boggiatto et al.

[ [ eo] )
—2”6{{/ “’/ f Frug* (vw_d”d”] dtt} (3.21)

+!/ 1/r/ / g (v)\/ﬁdudv 1/c}.

Now, for the first term in (3.21), we have

1 du dvcd 1/c
{/0 [T [T s v _’} < Kilflaalglan,

t

/‘
where K1 = (fo ’_1dt> < oo since r < o0. For the second term in (3.21), we

{./ l/rf / F*ug* ) Mvdudv] ?}W
={f1 [ll/r/(; / frwg* (U)Jﬁdl; ci—t}l/c

B oof*(u)d_u-/oo *(v)ﬂ i (/ <t _é)cﬂ)l/c
= ; 7i o 8 Ju | t
= K2l fll2.1llgll2.1,

get

SI

~|=

where K> < oo since r > 2. So, we have

00 cd 1/c
{/0 KEEGNS0) {} < K[l fll21 181

for K > 0 suitable constant, depending on r and c.

Now, for all simple functions f, g on RY we have by (3.20)

o] . cdt l/e
1V fllrequasy < M{/O R S0] 7} < Kl fll2ligl1,
where r € (2, 00), ¢ € [1, 0o]. By density arguments we then have a bounded map
VL2 x L2 — L7 re(2,00), cell, o0l
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As the continuous inclusion L < L™l ¢, < ¢y, holds, the best result is obtained
for the smallest ¢, thatis ¢ = 1:

v.L* x L2 — ot

m}

Now we observe that, when comparing Theorems 3.6 and 3.7 with the boundedness
of the short-time Fourier transform in Lebesgue spaces, our results do not cover all
the cases of Proposition 2.1. In particular, it is well known that V : L?x L? — 2%
this would correspond to take p = r = a = b = ¢ = 2 in Theorem 3.6, that is not
allowed. In Theorem 3.7 we allow p to be equal to 2, but we still need r > 2, so
the classical L> boundedness of the short-time Fourier transform is not obtained as
a particular case of our results. This is related to the fact that Lorentz spaces are a
finer scale of spaces than the Lebesgue ones, and this causes much more difficulties
when trying to characterize all the situations where boundedness holds. On the other
hand, we can show that in many of the cases when the hypotheses of Theorems 3.6
and 3.7 do not hold, the short-time Fourier transform fails to be bounded, as stated in
the following result.

Theorem 3.8 Let p and r be such that max{p, p'} > r, and leta, b, ¢ € [1, 00]. Then
the short-time Fourier transform is not bounded as an operator

VLR x LPP(RY) — L7¢(RM). (3.22)

Proof We start by some observations concerning the decreasing rearrangement of a
Gaussian. Let A = (A, ..., q) with A; > O forevery j = 1,...,d, and consider
the Gaussian

Oy
ga(x) = e TRy -y e RE

It is not difficult to prove that

d 2/d 1/d2/d
gh(t) = e TEFDYIGan eI g (3.23)
where I' is the Euler function. We prove the result in the case d = 1; the same
proof holds in higher dimension. For A > 0 we write g, (f) = ¢~ " “2; the short-time
Fourier transform on Gaussian functions can be explicitly computed, obtaining that
fork,u >0

. 2,
e_mﬁxwg,\ (x, w), (3.24)

1
Ve, gu(x, w) = ﬁ

where A = (%, ﬁ). By (3.23) and a simple change of variables we have

> q dt * a1 (3)25,2 dt
ligxllh.q =/0 [t‘/pg;“(t)] - :/0 14/ g—aT (32t ud
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_ 1 /Oosq/ﬂe—ks2 ﬁ
ﬁq/p 0 s

where £ is a positive constant depending on ¢ but not on A. Then there exists a constant
Cp.q > Osuch that

lgillpg = Cpg(V2)~VP,

for every A > 0; observe that the same result holds also in the case p < 00, g = o0.
A similar computation gives

Gt )77
(VAR

/
Ve, 8ullp.q = Cp,q

9

for a positive constant C;,,q depending only on p and g. Suppose now that
(3.22) is bounded; then for every A, u > 0 it should happen that ||Vg, gullrc <
Cllgallpr.allgull p,p, that means

G+wrT 1 _
Nom N ATV

taking i = 1 and letting A — O we see that the last inequality cannot be satisfied (and
then (3.22) is not bounded) if p’ > r, and interchanging the roles of A and & we have
that it cannot be satisfied if p > r. The proof is then complete. O

4 1-Wigner distribution and 7-Weyl Operators

The boundedness results that we have proved for the short-time Fourier transform can
be transferred to the t-Wigner transform (2.3) by means of the relation (2.4).

Theorem 4.1 (i) Letc € [1,00),r € 2,00], p € [r',r], p #2,anda,b > 1 such
that 1 + 1 =1+ 1 Then for v € (0, 1)

W, : LP9(RY) x LPP(RY) — L7¢(R™)

is bounded.
(i) Letr € (2,00), L+ L =1, and 1 <a,b,c <ocowithl +1 =1+1 Then
fort =0,
WO . Lr,a(Rd) X Lr’,b(Rd) N Lr,C(de)
is bounded.
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(iii) Letr € (2,00), L+ 1 =1, and 1 < a,b,c < cowith } + 4 = 1 4 1. Then
fort =1,

Wl :Lr’,a(Rd) % L}’,b(Rd) N Lr,C(RZd)
is bounded.

Proof (i) Using Lemma 2 in [20] and Theorem 3.6, we have by (2.4)

c

1 i1
IWelF ol e = | g™ e VE o f

r,c

T C
= W”VAzgf”r,c

1 de
= e (=7 1) " Ve FI

1 de
< W(H =zl Izl) " MKIFIS o 1AgS 5

Then, applying Lemma 1 in [20], we obtain

de
r c
gl ,

. 1 de .
W (f, I = W(H —tl-ITl) " MKIFIS ., T

de(t41 de(t-1
= o] = TR MK IS, gl -

This completes the proof.
(i) Let f € L™“(R9) and g € L"**(R?). Then § € L"*(R?) and

||§| Lrb = K”g||Lr"b (41)

by the Hardy-Littlewood-Stein inequality.

By using the equality Wo(f, g)(x, ®) = R(f, &)(x,w) = e ¥ f(x)g(w),
inequality (4.1) and Theorem 2.11, we have

IWo(f, ) llre = IRF D lre < cllfllralglrp
<cKIfllrallglyr s
This is the desired result.
(iii) The proof for T = 1 is similar to (ii).

m}

The natural association between sesquilinear forms and operators yields, in the case
of T-Wigner transforms, the class of T-Weyl operators, defined by

W1, g)LZ(]Rd) = (p, Wz (g, f))Lz(de) (4.2)
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where f,g € L?(RY), ¢ € L?*(R*¥), with suitable extensions to other functional
settings, and the correspondence ¢ —> WY is a quantization, see for instance [5].

We give next sufficient conditions for the boundedness of the T-Weyl quantization
WY with symbol ¢ € L™+ (R?), where 7 € [0, 1].

Theorem 4.2 (i) Let t € (0, 1). The quantization
g e L ®R*) — WY € B(LPPRY), LM (RY))

is continuous for c € (1,00),r € (1,2), pe[r,r'], p #2, anda > 1, b > 1
suchthat%—}—%:l—i—%.
(ii) Let t = 0. The quantization

g e L ®R¥) — WY e BIL"PRY), L (RY))

is continuous forr € (1,2) and a, c € (1,00), 1 < b < oo such that % + % =
1+ 1
(iii) Let v = 1. The quantization

® c Lr/,C/(R2d) - WT] c B(Lr’b(Rd), Lr,a’(Rd))

is continuous forr € (1,2) and a, c € (1,00), 1 < b < oo such that al + % =
1+ 1

Proof The result is a consequence of [5, Proposition 6.1] and Theorem 4.1. O

5 An application to the uncertainty principle

We conclude with an application of the results of the previous sections to Lieb’s uncer-
tainty principle giving an extension of this principle in the case of signals in suitable
Lorentz spaces. As the STFT boundedness result that we shall use (Theorems 3.6
and 3.7) does not contain the explicit computation of the bounding constant, our
result here will be of qualitative type, i.e. without exact determination of the involved
constants, which could however be determined with considerably more cumbersome
computations of the same arguments.

In order to prove our result we need the following extension of Holder inequality
to Lorentz spaces (see [18]).

Proposition 5.1 (Holder inequality in Lorentz spaces) For 0 < p, p1, p2 < 0o and

. 1 1 1 1
< X 12— 1 S S €
0 < q,q1, g2 < oo satisfying = T g o T e have

Il fellLra < ClfllpriailigllLra, (5.1

whenever the right-hand side is finite, and with C > 0 depending on the indices of the
spaces.
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Proposition 5.2 Suppose that r € (2,4+00], p € [r',r], p # 2, % +117 > % If
feLPa®y), g e LPPRY) with || fllya = lIgllps = 1 and

/ Ve f(x, w)[*dxdw > 1 — &, (5.2)
U

then
w(U) = C(1 —¢)*/? (5.3)

where % + % = % (with C depending on all indices but independent of f and g) and
w(U) is the Lebesgue measure of U.

Proof For simplicity let us indicate by C constants which can be different in different

inequalities. Let xyy be the characteristic function of U. As % + 1—17 > % we can take

¢ € [2, +00) such that % +% =1+ % and g € (0, 4o00] such that 1= $+ %; suppose

moreover that % = % + %, then from the hypothesis (5.2) and Holder inequality (5.1)
we have

V1—g < “XUng”Z,Z = C”ng“r,c“XU”s,q-

B

It can easily be checked that || xy |ls,q = (q)l/qM(U)l/S, and, as r > 2, we can apply
the continuity of the STFT (Theorem 3.6) which yields

Vg fllre = ClLfllpallgllips =C.

as || fllpra = lgllps =1.
We obtain therefore

1/
VT=e = c(2) " uan',
q
i.e. the estimate
w(U) > C(1 —g)*/2. (54)

O
Remark 5.3 For any p # 2, we can always take r = oo, and therefore s = 2, so that,
for ¢ — 0, the right-hand side of (5.3) goes to zero with order 1.

Inthe case f € LP9(RY)NL2(RY), g € LP?(R?) N L2(RY) we can compare this
result with the classical Lieb’s uncertainty principle which asserts that

W) = (1 — )72 (p/2)r
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forevery p > 2,if f,g € L*RY), | fl2 = ligll> = L,and [, |V, f (x, 0)|* dx do >
1—e¢.
)4

As 5= > 1 for every p > 2, we see therefore that (5.3) represents a slight

improvement in the order of the estimate.
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