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TOEPLITZ OPERATORS ON POLY-ANALYTIC
SPACES VIA TIME-SCALE ANALYSIS

ONDREJ HUTNfK AND MARIA HUTNIKOVA
(Communicated by L. Rodman)

Abstract. This is a review paper based on the series of our papers devoted to a structure of true-
poly-analytic Bergman function spaces over the upper half-plane in the complex plane and to
a detailed study of properties of Toeplitz operators with separate symbols acting on them via
time-scale analysis approach.

1. Introduction

Analytic functions are the main object of classical complex analysis. One defini-
tion of analytic functions is in terms of Cauchy-Riemann operator

1/d .0 .
0z = 3 ($+la_y>’ z=x+1iy.

Then f is analytic in some (simply connected bounded or unbounded) domain Q of
the complex plane C if dzf =0 on Q. A natural extension of this definition is to iterate
the Cauchy-Riemann operator which yields a notion of poly-analytic function, i.e., f
is poly-analytic (or, analytic of order n) in Q if d”f =0 on Q. In this paper we will
consider = IT — the upper half-plane in the complex plane. Poly-analytic functions
of order n > 1 which are not poly-analytic of other n — 1 are called true-poly-analytic
of order n, see the two visionary papers of Vasilevski [16] and [17]. For further reading
on poly-analytic functions we refer to book of Balk [5] as well as a review of some
recent developments provided by Abreu and Feichtinger [3].

It was recently observed by Abreu in [2] that the true-poly-analytic Bergman space
of order k+ 1 (over the upper half-plane) may be alternatively viewed as the space of
wavelet transforms with Laguerre functions of order k. This perhaps unexpected result
enables us to see poly-analytic spaces and related operators of complex analysis from
a new perspective of time-scale (or, more generally, time-frequency) analysis, cf. [3].
In this paper we are especially interested in Toeplitz operators on (true)-poly-analytic
Bergman spaces. A recent interest of this topic may be seen e.g. in [7]. We provide a
survey of results from [ 1 1]-[14], where further results, details, and proofs can be found.
The majority of presented results and examples are based on the ideas, techniques, and
results by N. Vasilevski and his coauthors developed for the case of the Bergman spaces
and Toeplitz operators on these spaces.
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Outline. The main ingredients of the whole theory (on the hand of time-scale anal-
ysis) are the affine group G of orientation-preserving linear transformations of the
real line, and a parameterized family of admissible affine coherent states (wavelets)
(v} ez . whose Fourier transform is related to Laguerre functions £ (x) = e /2L (x)
with L; being the Laguerre polynomial of degree k € Z.. . In this context we first de-
scribe the structure of the space A*) of wavelet transforms (related to wavelet l//(k) and
Hardy-space functions) inside the Hilbert space L,(G,dv), and link this construction
with the intertwining property of induced representations of G. This allows us to de-
scribe the direct and natural connection between wavelet subspaces and Hardy spaces.
Indeed, this study provides a time-scale approach to poly-analytic spaces as explained
in [2]. These results are then applied to the study of behavior of a parameterized fam-
ily of Toeplitz operators acting on wavelet subspaces (i.e., true-poly-analytic Bergman
spaces on IT). Given a function (symbol) a = a({), { € G, the Toeplitz operator Ta(k)
acting on A® is defined as usual by Ta(k) f=pPW (af), f€ A®) where P®) is the
orthogonal projection of L,(G,dv;) onto AK®). The following result (cf. Theorem 3.1)
gives an easy and direct access to important properties of Calderén-Toeplitz operators:

The Calderon-Toeplitz operator Tu(k) with a symbol a = a(u), u € R, acting on

wavelet subspace A% is unitarily equivalent to the multiplication operator ngk) = Yaxl
acting on Lr(R..), where the function v, : Ry — C has the explicit form

vwl) = [ a(5o) Bodu, xek.. (1)

As it can be seen, the function 7, is obtained by integrating a dilation of a symbol

a = a(u) of an operator Ta(k) against a Laguerre function of order k. This result ex-
tends the result of Vasilevski for the Toeplitz operators acting on the Bergman space
(i.e., the case k = 0 in our notation) in very interesting way which differs from the case
of Toeplitz operators acting on weighted Bergman spaces studied in paper [9], and then
summarized in Vasilevski book [18]. Moreover, a number of results following imme-
diately from this equivalency may be derived including the spectral-type representation
of Toeplitz operators whose symbols depend only on imaginary coordinate in the upper
half-plane, as well as formulas for the Wick symbols and the star product in terms of
function .

Since the function 7y, given by (1) is responsible for many interesting features

and behavior of the corresponding Toeplitz operator Ta(k) acting on A®) | we describe its
basic properties, e.g., the limit behavior of higher order derivatives of ¥, x for bounded
as well as integrable symbols a, sufficient conditions for ¥, to be continuous on the
whole [0, +e]: a question which is closely related to the behavior of a symbol a = a(u),
u € R4, at a neighborhood of points 0 and +eo. The result of Theorem 3.15 states
that the limit at infinity and at zero of the function ¥, is independent of parameter
k. In fact, it depends only on a limit of the corresponding symbol a, but not on the
particularly chosen Laguerre functions, thus providing an interesting information about
asymptotic behavior of true-poly-analytic Bergman spaces.

In connection with the above mentioned results some operator algebras and a func-
tional dependence of Toeplitz operators may be described. In particular, if we consider



TOEPLITZ OPERATORS ON POLY-ANALYTIC SPACES VIA TIME-SCALE ANALYSIS 1109

a symbol a = a(u) € L;{QO’+°°}(R+) (bounded on R, having limits at the endpoints of
[0, 4] ) such that the corresponding function 7, ; separates the points of [0, -], then

we construct a function such that each Toeplitz operator Ta(k) actingon A®) with a sym-

bol a =a(u) € L0 (R4 ) is the function of Toeplitz operator acting on the Bergman
space Ax(IT) with symbol y)(u). Interpretation and applicability of these results
from the viewpoint of localization in the time-frequency analysis are discussed.

An interesting and important feature of Toeplitz operators on wavelet subspaces is
that they can be bounded for symbols that are unbounded near the boundary. We show
that for unbounded symbols a = a(u), u € R, the behavior of certain iterated means
rather than the behavior of symbol « itself plays a crucial role in the boundedness
properties. Contrary to the case of Toeplitz operators on weighted Bergman spaces
these means do not depend on a weight parameter k. We present a number of examples
and construct wide families of unbounded symbols for which the Toeplitz operator
is not only bounded, but also belongs to the algebra of bounded Toeplitz operators
generated by L0+t (R )-symbols.

Furthermore, for the case of symbols b = b(v) depending on horizontal variable

(

v of upper-half plane IT (or, for general symbols as well) the Toeplitz operator T, “ s
unitarily equivalent to certain pseudo-differential operator of the form

(B W= [ 22 Pk( Bry —1) Bx—)fO)dy, xeR,

R, X+y \ (x+y)?

with P, being the Legendre polynomial of degree n € Z, . This class of operators
is interesting itself, because it extends and generalizes the class of pseudo-differential
operators considered in [0]. Therefore, having the unitary equivalent images of Ta(k),
a=a(u) € Lo(R.), and Tb(k) , b=b(v) € C(R), we describe the Fredholm symbol al-
gebras of the Toeplitz operator algebras. An interesting feature of each of these algebras
studied in this case is that they are algebras with compact commutator and non-compact
semi-commutator property.

2. Time-scale approach to poly-analytic spaces: a description

Affine group and its induced representations. The affine group G consists of all
transformations A, , of the real line R of the type A, ,(x) := ux+v, x € R, where
u>0,veR. Indeed, writing

G={f=(u,v); u>0,veR},

one has the multiplication law on G of the form & ¢ & = (u,vy) ¢ (u2,v2) =
(uyup,u1vo +vy). With respect to the multiplication ¢ the group G is non-commutative
with the identity element e = (1,0), and a locally compact Lie group on which the left-
invariant Haar measure is given by dv;({) = u~>dudv. The usual identification of the
group G with the upper half-plane IT= {{ = v+iu; v € R,u > 0} in the complex plane
C equipped with the hyperbolic metric and the corresponding (hyperbolic) measure dv;
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will also be used. Then L,(G,dvy,) denotes the Hilbert space of all square-integrable
complex-valued functions on G with respect to the measure dvy .

The affine group G may be decomposed as a semi-direct product G = N x A,
where N = {(1,v);v € R} is the abelian normal closed subgroup, and the quotient group
A is isomorphic to the one-parameter closed subgroup {(u,0);u >0} =R . Thus, if H
is a closed subgroup of G and X = G/H is the corresponding left-homogeneous space,
we may induce representations of G in the subspaces which depend on X = G/H with
H={e}, H=A and H = N, respectively. Indeed,

(i) X =G/{e} =G - a character of the subgroup {e} induces a left-regular repre-
sentation of G on Ly (X) = Ly(G,dvy) in the form

[AWwﬁwmwx=F(iy‘v);

u u

(i) X =G/N=A =R, —acharacter of the subgroup N induces a co-adjoint repre-
sentation of G on Ly(G/N) = Ly(R.) in the form

o () 1) =51 (7))

(iii) X = G/A = N =R - a character of the subgroup A induces a quasi-regular
representation of G on Ly(G/A) = L,(R) in the form

w0 =2 ()

whenever (u,v), (x,y) € G.

The Hilbert space Ly (R) under the action 7 contains precisely two closed proper
invariant subspaces H, (R) and H, (R)™, called the Hardy and conjugate Hardy spaces,
respectively, such that L,(R) = H,(R) @ H,(R)*. Thus, 7 is a reducible representa-
tion on L, (R), and we can decompose it into two irreducible representations, such that
m(u,v) =n"(u,v)® 7 (u,v). From it follows that only the Hardy space H»(R) is con-
sidered, although the discussion and further results are equally valid for the conjugate
Hardy space H; (R)L . From the action on signals (we identify a signal with an element
f € Ly(R)) we observe that G consists precisely of the transformations we apply to a
signal: translation (time-shift) by an amount v, and zooming in or out by the factor u.
Hence, the group G naturally relates to the geometry of signals.

There is an intertwining operator between the co-adjoint representation p and
quasi-regular representation 7. This is the Fourier transform .% : [,(R) — Ly(R) in
the form Z{f}(&) := f(&) = [pf(x)e 2™ dx, since it uses the characters which
induce those representations. Also there exists an intertwining operator between 7 and
A given by the identity [Wy f](u,v) := (f,n(u,v)y), f € Lr(R), which provides a
starting point for time-scale analysis on R. Usually it is desirable to make this map
unitary as well, and this is expressed by the following resolution of identity

(8 = [ mOWEE)w.g) dvi(C),
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also known as the Calderén reproducing formula. To achieve this the mother wavelet
v € L, (R) has to be admissible: for the affine group this is equivalent to

du
r(u)|> — = 1.
/R+|1V(M)| "

Wavelets from Laguerre functions and their subspaces. Here we describe an al-
ternative approach to true-poly-analytic Bergman spaces using wavelets built from La-
guerre functions. Thus, for k € Z consider a parameterized family of admissible
wavelets y(®) on R defined on the Fourier transform side as follows

() = 2. (6 428),

where £, (x) := e */2L,(x) are the (simple) Laguerre functions with L, (x) being the
Laguerre polynomial of order n € Z and y the characteristic function of the positive
half-line. Then according to the Calderén reproducing formula

du
1) = [ (D) ) £ 7) )5
R, u
forall f € H,(R), where = is the usual convolution on L,(R). For each k € Z. define
the subspaces A®) of L,(G,dv;) as follows

A® = {Wefl () = (£+ (Dy®) ) 0): £ € Ha(R)}

Indeed, Wy f are exactly the continuous wavelet transforms of functions f € H,(R)
with respect to wavelets l[/(k). Consequently, A® will be referred to as wavelet sub-

spaces of Ly(G,dvy). Note that it is possible to consider the “conjugate” wavelet

1;7(1{)(5) = y0) (&), the “conjugate” wavelet subspaces

A = {Wef1ww) = (£« w®)) ) £ € o)}

and to build up the theory in this setting. In what follows we will state the results only

(k)

for A®) | similar results may be stated for its “conjugate” counterpart A~ .

REMARK 2.1. Note that poly-analytic Bergman spaces and introduced wavelet
subspaces share intriguing patterns that may prove usable. A deeper study of this con-
nection is given in the recent paper [2]: the important and interesting observation of
that paper is that for k € N the spaces A1) of continuous wavelet transforms of
Hardy space functions with respect to wavelets from Laguerre functions coincide with
the true-poly-analytic Bergman spaces of order k on the upper half-plane (symmetri-

~1
cally, A( ) corresponds to the space of all true-poly-anti-analytic functions of order k
from L, (IT)). This allows to study these objects of complex analysis using techniques
of time-scale analysis.
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F Wi
LQ (R) < LQ (R) L2 (G, dl/L)
Pr x+1 Pk
P W,
Hy(R) z s LRy : - AW

Figure 1: Relationship among the introduced spaces and operators

The relationship among the introduced spaces A®) of wavelet transforms of H, (R)-
functions, and the unitary operators of continuous wavelet transform W; and the Fourier
transform % is schematically described in Figure 1. For each k € Z, the spaces AW
are the reproducing kernel Hilbert spaces. Explicit formulas for their reproducing ker-
nels

Kk m) = ()w®,2(E)y®)

and orthogonal projections P . L)(G,dv,) — A®) are described in [11].

Structural results. In accordance with the representation of L,(G,dvy) as tensor
product in the form

Ly(G,dve(8)) = Ly(Ry,u2du) ® Ly(R, dv)
with § = (u,v) € G, we consider the unitary operator
Uy=(1I®.F): L(R,u 2du)®Ly(R,dv) — Ly(Ry,u 2du) @ L(R,dw).

For the purpose to “linearize” the hyperbolic measure dv; onto the usual Lebesgue
plane measure we introduce the unitary operator

Us: Ly(Ry, u2du) ® Ly(R, do) — Ly(R,, dx) ® Ly(R, dy)

given by

U2:F(u,w)»—>@F< a y>.

2y’

Immediately we get the following theorem describing the structure of A*) inside
L2 (G, dVL) .

THEOREM 2.2. ([11], Theorem 2.1) The unitary operator U = UyU; gives an iso-
metrical isomorphism of the space L,(G,dvy) onto Ly(Ry,dx) ® Lr(R, dy) under
which

(i) the wavelet subspace AW g mapped onto Ly @ Ly (R ), where Ly, is the rank-one
space generated by Laguerre function i(x);
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(ii) the orthogonal projection P : L) (G,dvy) — AW is unitarily equivalent to the
following one UPWU~! = Pék) ® x+1, where P(gk) is the one-dimensional pro-
Jection of L, (R ,dx) onto Ly.

REMARK 2.3. Let us mention that connection between certain spaces of wavelet
transforms and Bergman spaces is already well-known, see e.g. [15]: the Bergman
transform [B*F](u,v) = u~%"'/2F(u,v) with o > 0 gives an isometrical isomorphism
of the space L,(G,dv;) onto Ly (G,u**~'dudv) under which the space of continuous
wavelet transforms of Hj(R)-functions with respect to the Bergman wavelet given by
VO (E) = 11 (E)caé®e 2™ is mapped onto the weighted Bergman space 1 (G).
Here, cq is a certain normalization constant.

However, we may say more about the connection between the wavelet subspaces
and Hardy spaces which reads as follows. Let us mention that the orthogonal projection
Pg of Lr(R) onto H,(R) is called the Szegd projection.

THEOREM 2.4. The unitary operator V = (I12.7 YUy (I® .F) gives an isomet-
rical isomorphism of the space Ly(G,dvy) onto Ly(Ry, dx) ® Ly(R, dy) under which

(i) A% and Hy(R) are connected by the formula V <A(k)> =L@ Hh(R);

(ii) P® and Pr are connected by the formula vpRy-1 — P(gk) ® Pr.

U—! Uy
LQ (G, dl/L) L2 (R+) X L2 (R) L2 (R+) X L2 (R)
pk) PP @x.1 PP @ Py
-1
U Uy
A(k) > L ® L2(R+) > [ ® HQ(R)

Figure 2: Visualizing the results of Theorem 2.2 and Theorem 2.4

The diagram in Figure 2 schematically describes all the relations among the con-
structed operators and spaces appearing in the above two theorems. A detailed analysis
of the construction and origin of unitary operators describing the structure of wavelet
subspaces from the viewpoint of induced representations of G is done in [8]. It was
shown that these unitary maps have the following properties related to group represen-
tations:

(i) they intertwine respective representations of the affine group G;

(i1) they provide a spatial separation of the irreducible components of the affine
group’s representations.

Indeed, these properties make the unitary maps useful for characterization of A®) inside
the space L,(G,dvy).
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REMARK 2.5. The suggested time-scale (or, more general time-frequency) point
of view was recently successfully used in Abreu’s paper [1] to obtain a complete char-
acterization of all lattice sampling and interpolating sequences in the Segal-Bargmann-
Fock space of poly-analytic functions or, equivalently, of all lattice vector-valued Gabor
frames and vector-valued Gabor Riesz sequences with Hermite functions for L, (R, C").
This again underlines a new, and perhaps unexpected, connection between poly-analytic
functions and time-frequency analysis having a great potential in various applications.

3. Toeplitz operators on poly-analytic spaces

Toeplitz operators form one of the most significant classes of concrete operators
because of their importance both in pure and applied mathematics and in many other
sciences. In the context of true-poly-analytic Bergman spaces (or, equivalently, wavelet
subspaces) for a given bounded function ¢ on G define the Toeplitz operator Ta(k) :
A®) — AR Wwith symbol a usually as Ta(k) = P(k>Ma, where M, is the operator of
pointwise multiplication by a on L,(G,dvy) and P®) s the orthogonal projection
from L,(G,dv.) onto A® Tn fact, this provides a mapping between the same wavelet
subspaces. It is worth noting that in the case of many wavelet subspaces (parameterized
by k) other Toeplitz- and Hankel-type operators may be defined, e.g.

= POy, PO),

(k)

7!

W =P m,p0,

k
H = (1— y P(j)> M,P®.
=0

In what follows we restrict our attention only to the case k = /. The mapping a — Ta(k)

is then interpreted as the quantization rule “on the level k.

3.1. Unitarily equivalent images of Toeplitz operators for symbols depending on

3¢

It was observed in several cases, cf. [18], that Toeplitz operators can be trans-
formed into pseudo-differential operators by means of certain unitary maps constructed
as an exact analog of the Bargmann transform mapping the Segal-Bargmann-Fock
space F>(C") of Gaussian square-integrable entire functions on complex n-space onto
Lo(R"). Via this mapping Toeplitz operator T, : A®) — A®) can be identified with
certain pseudo-differential operator 0.1, (R) — Lp(R) which provides an analog of
the Berezin reducing of Toeplitz operators with anti-Wick symbols on the Fock space
F>(C") to Weyl pseudo-differential operators on L,(IR"). This construction may be
better seen if we apply this procedure to operator symbols a(u,v) that are only depend-
ing on individual variables. Indeed, for the case when a = a(u) depends only on the

first spatial variable of G the operator Ta(k) is simply a multiplication operator with
explicitly computable symbol.
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THEOREM 3.1. ([13], Theorem 3.2) Let (u,v) € G. If a measurable symbol a =

a(u) does not depend on v, then Y

(k)

multiplication operator U,
C is given by
1@ = [ a5 ) G gek. @

EXAMPLE 3.2. Given a point A4y € R, we have

acting on AK) g unitarily equivalent to the
= Yuil acting on Ly(R.), where the function Y, : Ry —

u 2208
s &) =100 [ o (35 ) B0au =20 [ Gty

Immediately, for Ag = 5 and k=0 we have Vo120 o)=1—e%, EcR,.

The function ¥, is obtained by integrating a dilation of a symbol a = a(u) of Ta(k)

against a Laguerre function of order k. This result extends the result of Vasilevski for
the classical Toeplitz operators acting on the Bergman space (i.e., the case kK =0 in our
notation) in very interesting way which differs from the case of Toeplitz operators act-
ing on weighted Bergman spaces summarized in Vasilevski book [18]. Moreover, the
function Y, sheds a new light upon the investigation of main properties of the corre-
sponding Toeplitz operator Ta(k) with a symbol a = a(u) (measurable and unbounded,
in general), such as boundedness, spectrum, invariant subspaces, norm value, etc. Fur-
thermore, the use unitarily equivalent images as model, or local representatives, permits
us to study Toeplitz operators with much more general symbols.

Since the function 7y, : Ry — C is responsible for many interesting features of

the corresponding Toeplitz operator Ta(k)

properties of 7, x in what follows.

, we present here certain interesting and useful

THEOREM 3.3. Let (u,v) €G. If a=a(u) € Li(Ry)ULo(Ry) suchthat v,(§) €
Lo(R4), then foreach n=1,2,. ..

lim d Yu,k(g) -0
gt dET

holds for each k € Z.. Moreover, if a = a(u) € C;(Ry) such that for each n € N

holds

lim u"a"™ (u) =0,

U—>—+o0

then also

=0
5—>0 dé"

foreach n € N and each k € Z. .



1116 O. HUTNIK AND M. HUTN{KOVA

The result of above theorem states that the behavior of derivatives of Y, does
not depend on parameter k. In fact, it depends only on behavior of the corresponding
symbol a (or, its derivatives), but not on the particularly chosen Laguerre functions.
This is quite surprising because, as we have already stated, the wavelet transforms
with Laguerre functions of order k live, up to a multiplier isomorphism, in the true-
poly-analytic Bergman space of order k, which is rather different from the classical
Bergman space of analytic functions. Thus, we have the remarkable observation that,
asymptotically, all the true-poly-analytic Bergman spaces have “the same behavior”.
This result has some important consequences in quantum physics, signal analysis and
in the asymptotic theory of random matrices, which are not yet completely understood.

REMARK 3.4. The special case n = 1 yields the following result: if a € C} (R.)
with lirE ud'(u) = 0, then for each k € Z. the function Y, is slowly varying at

infinity (in the additive sense) and slowly varying at zero (in the multiplicative sense).

Easily, for each k € Z. and each a = a(u) € L.(R;) we have

sup [704(8)| < sup Ja(w)] [ 6Fu)du < e,
EeRy ueR R+

i.e., Yux is bounded on R for each k € Z,. Moreover, in such a case of bounded
symbol a the function ¥, (&) is also continuous in each finite point & € R, and thus
Yar € Cp(R4). However, as the following examples show 7, may be bounded even
for unbounded symbols.

EXAMPLE 3.5. (i) For unbounded symbol

1 1
a(u) = —=sin—, wueRy,

Vioou

we have

11(§) = VeV [(ZW 86)%52[[ (3-2v8) fo ]

for £ € R, which is a bounded function on R, . However, due to computational
limitations we can not say anything about the boundedness of Yax(§) for arbitrary k.
(ii) For oscillating symbol a(u) = e?*! we have again the bounded function

Yo (E) = ( z,mz [(1)} L ECR,.

Moreover, ¥, x(&) € C[0,4-ee] for each k € Z .

These examples motivate to study this interesting feature in more detail consider-
ing unbounded symbols to have a sufficiently large class of them common to all admis-
sible k. For this purpose denote by L; (R,0) the class of functions a = a(u) such that
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a(u)e™® € Li(Ry) for any € > 0. For any such L;(R,0)-symbol a(u) define the
following averaging functions

c},”(u):/ a(t)dr, c§m>(u):/ "y, m=2,3,...
0 0

The functions C,(lm> constitute a “sequence of iterated integrals” of symbol a.
THEOREM 3.6. Let a =a(u) € Li(R4,0).
(i) If for any m € N the function Cém) has the following asymptotic behavior
Cém)(u) =0("), as u— 0 aswell as u— oo, 3)
then for each k € Z. we have supg Yok (§)| < +oo.

(ii) If forany m,n € N, any A; € Ry and any A, € (0,n+ 1) holds
Cém)(u) =0 (umHLl) , as u—0, 4)

and
Cfl")(u) =0 <u”_12> , as u— oo,

— o0

then for each k € Z.4 we have lim 7,;,(§)=0= éin}) Yai ().

REMARK 3.7. The condition (3) guarantees the boundedness of the function
Yox(&) at a neighborhood of & = +eo, as well as at a neighborhood of & = 0. Ob-
serve that if the both conditions in (3) hold for some m = my, then they hold also for
m = mg—+ 1. Indeed,

u u
cimotD )] < / i) (1) dr < const/ ™0 dr < constu™ !,
0 0

The main advantage of Theorem 3.6 is that we need not have an explicit form of
the corresponding function ¥, for an unbounded symbol a = a(u) to decide about its
boundedness. Also, it gives the condition on the behavior of L;(R,0)-symbols such
that the function Y, (&) € C[0,4-o].

EXAMPLE 3.8. For oo >0 and f € (0,1) consider the unbounded symbol
a(u)=u"Psinu=% ueR,.

However, the function a(u) is continuous at u = oo for all admissible values of pa-
rameters, and therefore 7, (0) = a(+e°) = 0. On the other side, it is difficult to verify
the behavior of function ¥, (&) at the endpoint +eo by a direct computation. Since

o—f+1
V) =" » cosu"*+ 0P P, asu— 0,
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then for oo > 3 the first condition in (4) holds for m =1 and A; = oo — 3. By Theo-
rem 3.6 the function y,x(&) is bounded.
If o < B, then
Cém)(u) = 0" P+ as u— 0.

Thus, for each oo < B there exists my € N such that myoe > 3, and therefore the first
condition in (4) holds for m =mg and A; = moo. — 3, which guarantees that ¥, x(§)
is continuous at & = 0. Thus, for all parameters o > 0 and f € (0,1) the function
Yax(§) € C[0,+o0] for each k € Z. .

We also mention an alternative way to the properties of 7y, ;: using the explicit
form of Laguerre polynomial we may write

k k

Yar(5 25/ 0) G2u)du=3 Y (ki j) i+ i(6), 5)
i=0 j=0
where
Yo (§) := (25)/l+l /R+ a(u)u’l e 28 qy = ’g”lﬂ /]R+ a(u/2) i e du,
and

k(k,i, j) = (_lulj)'ﬂ (llC> (I;)

It is immediate that the boundedness of each function ¥, 3 for A € {0,1,...,2k} im-
plies the boundedness of function v, ;. Therefore, given A € Z, and a locally sumable
function a = a(u) we now introduce the weighted means of symbol a as follows

Dgfg(u):/o"a(z/z)ﬂdt, ng;)(u)z/o"ng;”(ndt, m=23,...

It is obvious that DZ'(')) (u) = 2"C" (u/2) for each m € N. In this setting the result of
Theorem 3.6 reads as follows: if a = a(u) € L;(R+,0) and for any m € N the function
(m)

D, has the asymptotic behavior

D%)(u) =0(u™), as u— 0 as well as u — oo,

then each function ¥, ; is bounded on R for every A € Z,, which means that 7,
is bounded on R for each k € Z. . Moreover, we may extend the above observation
about asymptotic behavior using any (positive) weight Ay € Z. appearing in weighted

(m)
means Da’ o

THEOREM 3.9. Let a=a(u) € L1(R4,0). If for any Ao € Zy and for any m € N

the function D[(lma)ﬂ has the following asymptotic behavior

Dsqu)o (u) = O(M)LOer)a as u— 0 aswell as u — oo,

then v, is bounded for each k € Z..
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. . k) .
Furthermore, if a = a(u) is a bounded symbol on G, then the operator Ta( ) is

clearly bounded on each A%, and for its operator norm holds || 7o || < ess-sup|a(u)]|.
Thus, all spaces A®), k € Z, , are naturally appropriate for Toeplitz operators with
bounded symbols. However, we may observe that the result of Theorem 3.1 suggests
considering not only L.(G,dv;)-symbols, but also unbounded ones. In this case we
obviously have

COROLLARY 3.10. The operator Ta(k) with a measurable symbol a = a(u), u €
R, is bounded on A®) if and only if the corresponding function Yax(&) is bounded
on R, and

1T = sup [7ax(8)]-

SeRy
From this result we immediately have that all the obtained results for boundedness
of Yux interms of iterated integrals are, in fact, sufficient conditions for boundedness of

the corresponding Toeplitz operator Ta(k) on each A . The following result provides
another criteria for simultaneous boundedness of Toeplitz operators on each wavelet
subspaces.

THEOREM 3.11. (i) Let a = a(u) € Li(R4,0) be non-negative almost every-

where. If Ta(o) is bounded on A®), then the operator Ta(k) is bounded on A® for
each k€ Z .

(ii) Let Cc(,m) be non-negative almost everywhere for a certain m = my. If Ta(o) is
bounded on A, then the operator Ta(k) is bounded on AW for each k € 7. .

Theorem states that under the assumption of non-negativity of a symbol a €
Li(R4,0), or its mean Cc(,m) for certain m € N, the boundedness of Toeplitz operator
T, = Tu(o) on the Bergman space .o (I1) = A implies the boundedness of Toeplitz
operator Ta(k) acting on A® foreach k € Z.. . However, if a € L, (R4,0), the question
whether the boundedness of Ta(kO) on Ak0) for certain ko € N implies the boundedness
of Ta(k) acting on A% for each k € Z, (smaller, or greater than ko) is still open. This is
related to question whether the boundedness of Ta(k) may happen only simultaneously
forall ke Z. .

It is immediate that an unbounded symbol must have a sufficiently sophisticated
oscillating behavior at neighborhoods of the points 0 and +e<- to generate a bounded
Toeplitz operator. In what follows we show that infinitely growing positive symbols
cannot generate bounded Toeplitz operators in general. For this purpose for a non-
negative function @ = a(u) put

0.(u) = inf a(r) and O,(u)= inf a(t).
(u) = dnf alt) and Ou) = inf ‘a(r)

THEOREM 3.12. For a given non-negative symbol a = a(u) if

either lin(l) 0, (1) = +oo, or liI_P O, (u) = oo, (6)
Uu— U—> 00
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then Ta(k) is unbounded on each A(k), keZy.

EXAMPLE 3.13. For a family of non-negative symbols on R in the form
a(w)=uP?u=* Bel0,1], 0>0,

we have that for all admissible parameters holds lin(l) 0,(u) = +eo, and thus Ta(k) is
Uu—

unbounded on A% for each k € Z .

In the following we provide an interesting example of symbols a,b for which
Ta(k) , Tb(k) are bounded, but Ta(lf) is not on the whole scale of parameters k.

EXAMPLE 3.14. Let us consider two symbols on R in the form
a(u)=uPsinu=% Be(0,1), =B, and b(u)=u"sinu"% 7€ (0,p).

Then 7.*) is bounded for each k € Z. , and since b(u) € C [0, +oo], then Tb(k) is
bounded for each k € Z., as well. Put

u-% -0

c(u) =a(u)b(u) = - MTCOSZIFO‘ =ci(u) +ca(u),

where § = 8 — 7€ (0,1). Clearly, ¢(«) is an unbounded symbol. However, Tc(zk) is
bounded for each k € Z. . Since

1 1
0 (1) = inf

= = —too, as u—0,
re(0u) 208 2ud

then the operator YL(lk) is unbounded for each k € Z. . Thus, the Toeplitz operator Ta(l]: )
is unbounded on A®) for each k € Z+ showing that the semi-commutator {Ta(k), Tb(k)>

is not compact.

Perhaps the most surprising feature of behavior of Toeplitz operators on A®) with
symbols depending only on vertical coordinate in the upper half-plane is appearance
of certain commutative algebras of Toeplitz operators on these spaces which are practi-
cally unknown in the literature. Therefore, denote by L0+ (Ry) the C*-subalgebra

of L.(Ry) which consists of all functions having limits at the points 0 and +oo. For
k € Zy denote by 7 (Lio07+°°} (R+)> the C*-algebra generated by all operators 0

acting on AKX with symbols a € LT (R,).

THEOREM 3.15. For a € L") (Ry) the corresponding functions v, (&), k €
Z., possess the following properties:

() Yak(&) € C[0,+];
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(i) Yax(+oo) = lim ¥,x(§) = lim a(u) = a(0);
E—+oo u—0

(i) Yax(0) = lim %,.(§) = lim a(u) = a(+0).
E—0 U—~-o0

Indeed, the behavior of a bounded function a(u) near the point 0, or +oo de-
termines the behavior of function Y, (&) near the point +eo, or 0, respectively. An
interesting observation is that the limits at infinity and at zero of the function 7y, ; are
completely independent of parameter k, which is rather surprising in this case and it
again may be useful in various contexts. The existence of limits of a(u) at these end-
points guarantees the continuity of ¥, (&) on [0,4e], however this condition is not
necessary even for bounded symbols as the following example shows.

EXAMPLE 3.16. For a(u) =sinu, u € R, we have

_ 2 4
1a(§) =26 [ sinue (1 2ugpau = BU L) e,

which yields

lim %,1(€) = lim %,1(£) =0.
Gim_ %1(6) = lim %.1(8)

On the other hand, Example 3.5(i) provides an example of unbounded symbol a(u)
such that the corresponding function Y, 4 is continuous on [0, +eo| for each k € Z. .

COROLLARY 3.17. Each C*-algebra <L;{<,0’+°°} (R+)> , k€ Z,, is isometric
and isomorphic to C[0,+e|. The corresponding isomorphism is generated by the fol-
lowing mapping T : Ta(k) — Yuk(&).

According to this result the symbol algebra L;{QO’+°°}(R+) is an example of algebra

L0+

such that the operator algebra .7 ( (R+)> generated by Toeplitz operators Ta(k)

with symbol a € L0+ (Ry) is commutative for each k € Z . An interesting question

may be a characterization of all such algebras .« of symbols for which the operator

algebra (<) is commutative for each k. It seems to be a challenging problem.
Easily, continuity of function 7, on the whole R, guarantees its boundedness,

and therefore the boundedness of the corresponding Toeplitz operator Ta(k) on AW
Moreover, T,") with a symbol a = a(u) belongs to the algebra 7} < {0} (R+)> if
and only if the corresponding function ¥, (&) belongs to C[0,+ec]. This means that
the algebra .7} <L.LO’+°°} (R+)> also contains (bounded) Toeplitz operators whose (gen-

erally unbounded) symbols a(u) need not have limits at the endpoints 0 and +oo. For
instance, Example 3.5(ii) provides oscillating symbols a = a(u) for which Toeplitz

operator Ta(k) belongs to the algebra .7 (Lioo’+°°} (R+)> for the whole range of pa-
rameters k. Now we give an example of a bounded oscillating symbol such that the
bounded operator Ta(k) does not belong to the algebra .7} <Li,07+°°} (R+)> .
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EXAMPLE 3.18. The function a(u) = u' = '™, u € R, is oscillating near the

endpoints 0 and +oo, but it is bounded on R, and therefore Ta(k) is bounded for each
k € R, . Changing the variable x = 2u& yields

%x(§) =28 [ WRuE)du=(26)7 [ Pexax

Since the last integral is a constant depending on &, the function ¥, (&) oscillates and
has no limit when & — 0 as well as when § — +oo. Thus, the bounded Toeplitz oper-

ator T.Y) does not belong to the algebra <Li,07+°°} (R+)> . Hence not all oscillating

symbols (even bounded and continuous) generate an operator from 7, ( {0} (R+)> .

Introduce now the C*-subalgebra .7 <T(O)> of the algebra J <L;{QO’+°°}(R+))

a+
which is generated by identity and the Toeplitz operator Ta(f)

with symbol ay = xo,1/2]-
By Example 3.2 the corresponding function y,, o € Lo+ (Ry) is continuous on

[0,+o0], therefore Tu(i)) is self-adjoint and spTa(i)) = Rangey,, o = [0,1]. Also, the

function ¥, o is a strictly increasing real-valued function which separates points of
[0,4c0]. Thus, the algebra .7 <Ta(0)> consists of all operators of the form h (T;?)

+
with i € C[0, 1] by functional calculus for C* -algebras. Summarizing, we have

THEOREM 3.19. The algebra 9 (L;{oo’er} (R+)> = (TJP), and

(i) is isomorphic and isometric to C|0,~+eo];

e

a B

(ii) is generated by identity and the single Toeplitz operator

(iii) consists of all operators of the form h <Ta(f)> with h € C[0,1].

We have chosen Toeplitz operator Tu(i)) as the starting operator because in this

specific case the equation x = 7,, o(§) =1— e~% admits an explicit solution. But we
0 .

T)E[o?z] with symbol a(u) = xj02)(u), A € R.. Indeed, the

function yx[omo(é) is strictly increasing which implies that the function

can start from any operator

M) =1-1-x)% xelo,1],

is strictly increasing as well, and thus the function A)_Ll is well defined and continuous
on [0, 1]. Clearly, for A;,A, € Ry we have

—1 (0) _ (0
<A7Lz OAAI ) (TX[O‘)LI]> = T%[o.@]?

where o is the usual composition of real functions. This means that for any symbol
a = a(u) = Yo )(u) the operator Ta(o) belongs to the algebra 7 <Ta(f)>, and is the
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function of Ta(g) ,i.e., T)E[(())?A] =A) (T(O)

ay ) . In fact, the (localization) operator T(O)

a, gives
a reconstruction of a signal on the segment Q;,, = R x (0,1/2] and level 0. Then

we may obtain any operator T,E[?))M (giving a reconstruction of a signal on the segment

Q; =R x (0,A] and level 0) from this operator Ta(i)), i.e., from the reconstruction of

a signal on the segment 1/, and level 0 we may obtain a reconstruction of the same
signal on the same level on an arbitrary segment €; using the function A, which is
easy to compute.

In particular and quite surprisingly, each Toeplitz operator Ta(k) with symbols a €
L0+ (Ry) is a certain continuous function of the initial operator and this function
can be figured out.

THEOREM 3.20. For each a = a(u) € L0+ (Ry) the Toeplitz operator o

belongs to the algebra T (T;P) , and is the following function of the operator Ta(g)

(V4 o) (1) =7,
where

V) =~ =) [ a1/ 1F (= n1—) du

with 2 € Ry and x € [0,1].

Theorem 3.20 states that if we know the reconstruction of a signal on a segment
Q, andlevel 0, we might get an arbitrary reconstruction of the signal (as its filtered ver-
sion using a real bounded function a of scale having limits in critical points of boundary
of R such that the corresponding function y. separates the points of R ) on an arbi-
trary level k using the function Viki Theoretically, for the purpose to study localiza-
tion of a signal in the time-scale plane the result of Theorem 3.20 suggests to consider
certain “nice” symbols on the first level O (indeed, Toeplitz operators on 2% (IT) with
symbols as characteristic functions of some interval in R ) instead of possibly compli-
cated L) (R )-symbols with respect to “different microscope” represented by the

level k. On the other hand, to compute the corresponding function Viki need not be
always easy.

3.2. Unitarily equivalent images of Toeplitz operators for symbols depending on

RE

For general symbols a = a(u,v) the operator Ta(k) is no longer unitarily equivalent
to a multiplication operator ng,k) . For symbols depending on the first (horizontal) vari-
able in the upper half-plane IT a certain class of pseudo-differential operaors appears.
In what follows ]R?F =Ry xRy.
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THEOREM 3.21. ([13], Theorem 3.3) Let (u,v) € G. If a measurable function
b =b(v) does not depend on u, then Tb(k) acting on AK) g unitarily equivalent to the

operator %ng) acting on Lr(Ry) given by

7] €)= [ BEnbE -nswa, ger.,

+

where the function By : Ri — C has the form

Bk(éﬁ):zt\fgl’k((f:zy—l) (7
with &
i) = g g @ "

being the Legendre polynomial of degree n € Z, for x € [—1,1].

Immediately, for each k € Z. the function By : ]R?F — R has the following re-
markable properties:

(i) By is continuous and bounded on R2 ;
(i) By is a symmetric function, i.e., By(&,t) = Bi(t,&) foreach (&,1) € R? ;
(iii) Bi(&,1) € C(R);

(iv) By is homogeneous (of order 0), i.e., for each o > 0 holds By (&, ar) = Bi(€,¢)
for each (,1) € R%;

(v) Bi(&,&)=1forall £ eR,.

Again, the above result includes the well-known result for classical Toeplitz opera-
tors on the Bergman space . (I1) as a special case. In fact, for k = 0 Toeplitz operator
T, with a symbol b = b(RE) = b(v) acting on the Bergman space 2% (I1) is unitarily
equivalent to the following integral operator

3010 = [ T KG-0f0)d R,

where K is the Fourier transform of the function b(—v). As we have already men-
tioned, our case of Toeplitz operators Ta(k) depending on a “discrete” weight parameter

k € Z is different from the case of Toeplitz operators TL,(M depending on a “continu-

ous” weight parameter A € (—1,+e0) studied in [18] for weighted Bergman spaces.
In what follows we deal with the Fredholm theory for Toeplitz operator algebras

on poly-analytic spaces. Thus, consider a class of integral operators on R of the form

(W) = [ MK 0)d xR, ®)

where
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(H1) for the Fourier transform K of the function K holds |K/)(w)| <
each j€Z,;

G
vt
(H2) there exists limits K = liI}tl K (), and the Fourier transform of a function

W—+oo

Ko € L1 (R) may be written in the form

A

Ro() = R(0) — Ry x4 (@) — K1 (0);

(H3) h(x,y) € C*(R?), and for all a > 0 holds h(ox, cty) = h(x,y);

[ g,
Ry 147 1

With the operator H we associate the function gy on R as follows

_ 1 k() dr
an() = [ P T AR

Denote by SV (IR ) the class of functions f(x) € C;’(R ) which are slowly varying at
infinity (in the additive sense) and slowly varying at zero (in the multiplicative sense),
see Remark 3.4, i.e., limy_ o f(x) = 0 and lim,_oxf’(x) = 0. Let SV(R;) be the
closure of SV*=(R4) in Cp(R). Further, denote by . the C*-algebra generated by
the integral operators H of the form (8) with the property

(H4)

sup |qgr ()] < oo, 9)
AER

and the multiplication operators f(x)I with f € SV*=(R, ). In such a case the commu-
tator [f(x)I,H] = f(x)H — Hf(x)I is compacton Ly(R.).
For each k € Z the operator %I(,k) with b(v) € L.(R) is of the form (8) with

K(w) = b(—w) and is clearly bounded on L,(RR. ). The associated function ¢ (b has
b

the form

(/1)—3/ T p (B \a aer
T\ = ig R, (1+0)(1—1) “\(+1)? ’ ’

and it is possible to prove, see [14], that for each k € Z

sup
AER

(N (l)‘ < oo,

which implies that %g{) € ¢ for each k € Z, whenever b = b(v) € C(R). Ac-
cording to Theorem 3.3, 7,x(x) € SV(R;) whenever a = a(u) € C}(R;.) such that

lim wua'(u) =0, and therefore Y, x(x)I € # . Thus, denote by SV(R..) the C*-algebra

U——+oo
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generated by functions @ = a(u) € C}(R) with lim ua'(u) =0. For each k € Z

U— oo

consider the C* -algebra

%= 7 (C(R), SV (R,.))

generated by all Toeplitz operators Tb(k) with b = b(v) € C(R), and Y with a =
a(u) € glv/(R+) actingon AKX, where { = (u,v) € G. It is immediate that .7} provides
a parameterized family of operator algebras with compact commutator property and
non-compact semi-commutator property.

Now, introduce two ideals of the algebra SV (R.),

ChR-) = {aw) € SV([R-); lima(u) =0};

Ci(Ry) = {a(u) €SV(RL): lim alu) :o},

U— oo

and let Syms? = ¢/ % = J be the Fredholm symbol algebra of the algebra 77,
where ¢ is the ideal of all compact operators on L, (R). For each &, € R the local

algebra is defined as (&) = H /J(&o), where J(&) is the closed two-sided ideal of
the algebra .7 generated by the maximal ideal of C(R.) corresponding to the point

&y. Clearly, C(R.) is a central commutative subalgebra of 7. Denote by & the
C* -algebra of all vector-valued functions ¢ continuous on R, where (&) € (&)
for each & € Ry, with point-wise operations, and the norm [|o| = sup, .z, [|o(S)]-

THEOREM 3.22. Foreach k € Z, the Fredholm symbol algebra Sym I, = T | ¥
of Toeplitz operator algebra J is isomorphic and isometric to the algebra &. The
symbol homomorphism

sym; : 9 — Sym.Z, =6

is generated by the following mapping of the generators of the algebra 7

X y“7k(§)+C8(R+>7 g =0
symg : T { (rux(€), 7ax(8)), E€Ry;
Yar(E)+CI"(Ry), &=+

. ! [(b(—oo) b))+ (bl=o2) = b(+2) (A)} , £=0
symy : Tb — (b(_oo)7b(+oo))7 é c R+;
b(_w)7 g = o0

where a = a(u) € SV(R,) and b= b(v) € C(R) with { = (u,v) € G.
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4. Conclusion

In this paper we review our recent results on Toeplitz operators on wavelet sub-
spaces with respect to a special parameterized family of wavelets from Laguerre func-
tions. As it was shown in [2] such spaces are in fact the true-poly-analytic Bergman
spaces over the upper half-plane IT providing thus a useful and interesting tool for in-
vestigating basic properties of Toeplitz operators acting on them and their algebras via
time-scale approach. We list here some questions and possible directions which could
be interesting (from our point of view) for further study.

(1) We suppose that considering an appropriate family of admissible wavelets
l//(km related to generalized Laguerre functions

k!

12
(o) y . o/2 ,—x/27 ()
0 (x) [F(k—i—oH—l)] x“ee™ L (x), xe Ry,

we may obtain analogous structural results and representations of weighted (true)-poly-
analytic Bergman spaces. What are the corresponding Toeplitz (Hankel, etc.) operators
acting on these spaces and which properties do they have?

(i1) In connection with the results of this paper we may ask what happens to prop-

erties of Toeplitz operators Ta(k) acting on true-poly-analytic Bergman spaces (wavelet
subspaces AX)) when the weight parameter k € 7., varies?

(iii) In particular, to study the spectral properties of a Toeplitz operator Ta(k) and
the related asymptotic properties of function ¥, in dependence on k, and compare
their limit behavior under k — +oo with corresponding properties of the initial symbol
a. Also, the similar questions may be stated for the above mentioned Toeplitz operator
acting on weighted poly-analytic spaces, but here the question of a varying parameter
is not clear, because in this case at least two weighted parameters will appear.

(iv) Recently, an interesting result has been obtained in [10] for the classical
Bergman space of analytic functions on the upper half-plane. As it is already known,
the C*-algebra generated by Toeplitz operators with bounded symbols (depending on
vertical coordinate u = Im({) only, the so-called vertical Toeplitz operators in ter-
minology of [10]) is isometrically isomorphic to the C*-algebra generated by the set
Iy = {Ys0:a € Lo(Ry)}. In [10] authors showed that T’y is dense in the space
VSO(R.) of all very slowly oscillating functions on the positive half-line. Thus, we
conjecture the following more general result: for each k € Z_ the set

Tk i={Yar:a € Lo(Ry)}

is dense in VSO(R).

(v) In practical applications certain algebraic operations with symbols and opera-
tors naturally appear. In signal analysis, the problem of finding a filter that has the same
effect as two filters arranged in series amounts to the computation of the product of two
localization operators. Thus, what is the product of two Toeplitz operators (in exact, or
at least approximate formulas)? The answer does not seem to be so simple and seems
to depend on the availability of a useful formula for Toeplitz operator. We think that
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some technical information in this direction obtained in this paper studying the particu-

lar cases of symbols on the affine group G (e.g., if a depends only on vertical variable

u € R4 in the upper half-plane, then Ta(k)

crucial.

(vi) The continuous wavelet transform in the one-dimensional case can be obtained
in two ways: one from the theory of square-integrable group representation, and the
other from the Calderén representation formula. Also, it is known that in the one-
dimensional case these two different ways can induce the same results. However, in
the higher dimensional case these two ways will induce two different results. One
is the Calderdn representation formula, which induces a decomposition of L, (R x
R”,u~""'dudv), and the other is the wavelet transform associated with the square-
integrable group representation. Also, there exist other ways how to extend wavelet
analysis to higher dimensions, cf. [4]. Each such a case generates its own (possibly
different) class of localization operators. What is the “natural” extension of our results
for Toeplitz operators to higher dimensions?

Immediately, there are many other questions dealing with various contexts, e.g.,
in quantization problems, (discrete and continuous) frame theory, engineering applica-
tions, etc. We hope this paper will stimulate a further interest and development in this
topic of intersection of poly-analytic function theory and time-scale (or, more generally,
time-frequency) analysis.

is a Fourier multiplier) may be helpful and
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