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ABSTRACT: In this paper, we investigate the continuous wavelet transform within the framework of the
convolution theory of the Kontorovich-Lebedev-Clifford transform, We derive the reconstruction formula to-
gether with the Plancherel and Parseval relations. Additionally, we introduce localization operators associated
with the Kontorovich-Lebedev-Clifford wavelet transform (KLC-wavelet). Basic properties concerning these
operators are proven to illustrate their boundedness and compactness, and their belonging to the Schatten-von
Neumann class. Furthermore, their corresponding trace formula is determined.
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1. Introduction

A wavelet is a small oscillation that, which, when translated and dilated, forms a family of derived
from functions based on a single mother wavelet, . The mother wavelet 1 is an element of the space
L?(R) and must satisfy the admissibility condition:

/OO 1/;|(:|)|2dw < 00, (1.1)

where 1) is equal to the Fourier transform of the function . This admissibility condition is important
when applied with wavelet transforms that are widely used for the analysis of finite energy signals over
minor periods. By scaling and translating the mother wavelet )y o(x) which is defined as follows:

T —

Upo(z) = \a|_%¢ ( b) , a,beR,a#0. (1.2)
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The CWT of a signal f € L?(R) with regard to a wavelet, v is provided by:

Wy f(ba) = /jo f(@)p,o(x) da. (1.3)

The signal is represented in both time and frequency by the CWT via adjustments to the scaling parameter
a and translation parameter b, which enables detailed analysis detailed analysis across both domains.
While wavelet transforms have been extensively studied, their application alongside the Kontorovich-
Lebedev-Clifford (KLC) transform remains relatively unexplored. We note that the Kontorovich-Lebedev-
Clifford wavelet transform is a powerful tool for signal analysis that combines advanced mathematical
concepts from Fourier analysis, Clifford algebras, and wavelet theory. Localization operators play a
critical role in this framework by allowing for multi-scale and multi-dimensional analysis of signals.

Despite the theoretical potential of the KLC transform, the number of studies dedicated to this trans-
form remains very limited. No more than three published articles have investigated the KLC transform in
depth [8][28][29]. This indicates that the subject is still in an early stage of development and presents a
rich opportunity for further exploration. As such, the present work aims to provide a significant contribu-
tion to the existing literature, offering researchers new tools and insights to extend and better understand
the KLC transform from various mathematical and applied perspectives.

These transforms are particularly useful in areas that require high-dimensional or multi-scale analysis,
such as Signal and Image Processing (The KLC wavelet transform can be applied to remove noise from
signals or images, particularly in scenarios where data is noisy in both space and frequency domains.
Localization allows the transform to identify regions where noise exists and separate them from the
underlying signal), Quantum Mechanics (The KLC wavelet transform has been used to study wave
functions, especially when these wave functions are defined in complex or multi-dimensional spaces. The
ability of the KLC transform to localize both in space and momentum (or frequency ) makes it a valuable
tool in quantum analysis), Electromagnetic Field Theory (The KLC transform can be used to analyze
signals related to electromagnetic waves, particularly in high-dimensional or complex geometries where
standard Fourier analysis might be inadequate. The transform’s ability to handle local properties of
fields at different scales allows for more accurate modeling and simulations), Medical Imaging (In areas
like MRI or CT scanning, where the signals are often multi-dimensional, the KLC wavelet transform can
assist in improving image resolution or enhancing certain features of the data. Localization operators
help capture fine details while preserving global structure), and in other several fields.

In this paper, the continuous wavelet transform (CWT), which is associated with the KLC transform,
is defined and examined , with an emphasis on functions defined on the positive half-line, With an
emphasis on functions defined on the positive half-line, we develop and . Although this transform has
been discussed in previous works such as [8], its full potential, especially in the context of wavelet
transforms, has yet to be thoroughly developed.

It should be noted that localization operators are in the heart of time-frequency analysis since they give
the position of a signal in time and frequency domain.These operators were introduced by Daubechies in
1988 [17]and have attracted enormous research attention in various scientific disciplines. These operators
have been extensively studied due to their relevance in various scientific fields. Notably, Wong [18],
[19] investigated their boundedness and compactness, while recent work by Z. P. He [20] derived their
Schatten-von Neumann properties and the trace formula. Examples of localization operators include
Anti-Wick operators [21].[25].[26] Gabor transforms [22],Mehler-Fock Wavelet Transform [24],wavelet
transform associated with the modified Whittaker transform [27],Localization operators and Shapiro-type
inequality for the modified Whittaker-Stockwell transform [31] ,and wave packets [23] [30].

The second part of the paper focuses on the practical application of the theoretical framework de-
veloped in the first part. Specifically, it examines the use of localization operators within the context
of the Kontorovich-Lebedev-Clifford wavelet transform (KLC-wavelet) for signal analysis. This section
demonstrates the utility of the KLC-wavelet transform in real-world scenarios, including image processing
and signal reconstruction. Through various examples and numerical simulations, we demonstrate how
the properties of the localization operators enhance the accuracy and efficiency of these applications. The
findings of this section provide valuable insights into the practical impact of KLC-wavelet transforms in
modern signal processing tasks.
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2. Fundamentals of the KLC Transform

This work is based on the KLC-transformfor functions defined on the positive half line, as given in
8] .
KA(N) = 5/0 Ky, 5x(2v/a1)AMz1)zy ! doy, A eERy, (2.1)
where K, ~(2,/Z1) is the Macdonald function as detailed in (see Ref. [8] ,[3])
Ky, /x(2¢/71) :/0 e WVEeosht cog(9v/Nt) dt, 1 >0, A > 0. (2.2)

In [8], the KLC-transform (2.1) inversion formula is provided as follows:

4 oo
A(z1) = ﬁ/ Ky x(2v/21)KA(N) sinh(20V\) dX, 1 > 0. (2.3)
0
From [5], we have
4 [ .
= /0 Koy, 5 (2v/@1) Ky, /5 (24/72) Ky, /5(2¢/3) sinh (20V/X) dA = D(1, 22, 73), (2.4)

where D(x1, x5, 23) is given as

D(‘Tlax27x3) = 5 €Xp , T,Y,Z € R—H (25)

T1X2 + o3 + T3X1
2

VZL1L2L3

which is symmetric in x1,z2 and x3. From (2.1), (2.4) and (2.6), we have a product of Macdonald
functions as

Kor sV K32y = 5 | " Koy 52V Dlwr, s, 0)ay oy = K(D(@y, a2, (), (26)

and
e 2V
0< D(,Thl'g,xg) < . (27)
The convolution operator with respect to KLC-transform (2.1) is defined by [8]
1 [ _
Aevten) = 5 [ T W@ dos (28)
1 o0 o0
Axip(x) = Z/ / D(z1, 29, x3)A(x3)(z0) x5 'y b drgdes, (2.9)
o Jo
where T,,, 1 > 0, denotes the translation operator and it is defined as
1 [ _
T, (M(y) = 3 D(z1, 29, 23)A(x3)25 " das. (2.10)
0

Also from [8], we have few estimates that will be useful in further calculations
(i) [Kpux(2vaD)| < Ko(2y/0). (2.11)
(ii) / D(zy, 9, x3)25 " drz = 2Ko(2v/T + y). (2.12)
0
. 1 [t —(t+2),-1 1/ 4 e™
(iv) Ko(2v/z1) = B e t)t7dt < 5 le + . (2.14)
0

T

1
v) Ko(2y/z1) ~ —=Ilnzq, z1 —07. 2.15
2
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3. Preliminary results

In the first we collect some notations and results on the KLC-transform analysis . Let LP(R,, z; 'dx),
1 < p < o0, denotes the space of measurable functions f on R, such that ||fHLp(]R+ o Vday) < 00, With

1
. _ (fooo |f(2)|P2y? dgc)5 if 1 <p< oo, 31
”f||LP(R+’x1 dz1) { esssup, o |.f(z)] if p = o0. (3:1)

(LP(R+,x1_1dx1), -l e r, x;1dx1)> is a Banach space.

From [8],the following resultsare established:

Proposition 3.1 If the translation operators and the convolution are defined as (2.10) and (2.8) respec-
tively, then we have

(1) KOs A)A) = Ky (2VFDKA). (32)
(ii) K(A x )(A) = KA)Ky(N). 3.3
Proposition 3.2 If A, € LY (R, , 27 dxy), then T,, (A) and A1) belong to L (R, dxy). Furthermore,

we have the following estimates:

) %0 () sy < 1Moy (3.4)
() 1A * s s o) < SIA s oy W0 oy (3.5)
Proposition 3.3 Let A € LP(Ry,t 1dt), 1 <p < oo. Then for all x; > 0, T,,(A) € LP(Ry,t~1dt) and
[Ty (M)l Lr @y e-1ar) < Ko2v/@)IIAllLr @y e-1a1)- (3.6)
Proof: Using (2.10), Holder’s inequality, (2.12) and (2.13), we have for all 1 > 0,

ya
aq

1 P [e'e} o0
[Ze, (M) (y)P < (2> / |A(x3)[PD(z1, 29, 23) 23 " dos (/ D(z1, 29, 73)235 " dx3>
0 0

1\? p [ _
< (2> (2Ko(2y/x71)) @ / |A(z3)|P D(21, z2, 23) 25 Ydzs, y >0,
0

if 1 <p<ooand % + % = 1. Therefore, by the symmetry of D(x1,x2,x3),

oo

o'} 1 p » 00
| e e < (5) @Rova)t [T IaEl [ D ey ey deg
0 0 0

oo

< (;)pm(zm»?“ | P doa

Then
12, (Ml Lr @y t-1at) < KovVZ) Al e ® t-1at)-

(3.3) is trivial if p =1 or p = co. O

Proposition 3.4 IfA € LP(Ry,z; 'dxy), 1 < p < 0o and+p € L' (R, xy ' dxy), then Axip € LP(R,, dxy).
Moreover

[[A w”Lp(R«}»,d"xl) < CPHA||LP(R+,$1—1dx1) ||¢||L1(R+,:rfldx1)’ (3.7)

where Cp, > 0 is a certain constant.
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Proof: By using (2.9) and Hoélder’s inequality, we obtain

wevted < ([ [ DlosaaslaaPltoalieg os dosdes )

1

X </ / D(wl,xQ,x3)|1/)(x2)|x2_lx§1 dscgd:c3> ,
o Jo

if 1 <p<ooand % + é = 1. Thus from (2.7), we obtain

[A ()P < (i) e T </ / (z3)|P|( xg)\mQ x5 dargda:g,)

b

x(/ (/ D(a:l,xz,xg)a:Bldxg) |¢(x2)|x21dx2>q

From (2.12),(2.13), (2.14) and (2.15), we have

||A * ¢||LP(R+,d:v1) < OpHA||Lp(R+,x;1dzl) ||¢||L1(R+,x;1dz1)’

where 1
Gy =230 ([T e ey o)
—2-(1+3) (/Oo eV (Ko (2v/21))P ! d:cl) ’ > 0.
If p =1, from (2.7) we obtain easily (3.7)Owith Cr = 1. O

Proposition 3.5 If A € LP(R+,xf1dm1), 1<p<ooand
Y € LY(Ry, Ko(2y/Z1)x] tdxy), then Ax+ € LP(Ry, x7  dxy). Moreover

1
[|A * wHLP(RJr,zl’ldxl) < 5 ||A||LP(R+,x;1dm1) Hw‘lLl(R+,K0(2\/ﬁ)xfldm1)' (3-8)

Proof: By using (2.9), Holder’s inequality, (2.12) and (2.13), we obtain

|A*1/)(x1)|p<( ) 2q/ / D(z1, 29, 3)|A(23) [P [t (x2) |xy o5t doodas

([ Ko<2\/m7>|w<x2>|x21dx2)q |

if 1 <p<ooand % + % = 1. Using again (2.12) and (2.13), we obtain
o5} _ 1 p o] o] L
[ isvorstan < (3) [T [T Revmise ol o dods
0 o Jo

x ( / " Ko@yva) o)y dxz)z
Then

1
[|A * ¢||LP(1R+,dzl) < §||AHLP(R+,x;1Lix1)H1/)||L1(R+,KO(2\/ﬂ)x;1dx1)'
(3.5) is trivial if p =1 or p = co. O

The Plancherel relation for the KLC-transform can be written as:

%/ Az ()27 day = %/ KANK(X) sinh(270v/ ) dA (3.9)
0 0
and the Parseval formula is given by
%/ |A(21) |22yt doy = iz/ IKA(X)|? sinh(27V/) dA. (3.10)
0 ™ Jo
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4. Kontorovich-Lebedev-Clifford continuous wavelet transform
In this section we present basic facts concerning the theory of the Kontorovich-Lebedev-Clifford
wavelet transform.
Definition 4.1

1. (KLC-wavelet). A function A € L?(R,zy 'dz1) is called Kontorovich-Lebedev-Clifford wavelet
(KLC-wavelet) if it satisfies the admissibility condition defined by

oo 2
hom [T m
0

2. (Dilation function). For a function A € LP(R,,z; dz;), 1 < p < oo, we define its dilation
function by

Do(A)(z1) = Alazy), a,x1 > 0. (4.2)

3. For a,b> 0 and A € L?(R,z; 'dz), we define the function A, , by
Apa(21) = Tp(Pa(A))(21) = Tp[A(azy)] (4.3)
= ;/OOO A(az3)D(b,z1,x3)x5 " dos, a1 > 0. (4.4)

Remark 4.1 If A € LP(R+,xf1dm1)7 1 < p < oo, then for all a > 0,
Da(A) € LP(Ry, a7 'dxy) and ||Da(A)||Lp(R+,x;1dx1) = ||A||LP(R+733;1dQ:1)'
From (3.2), (2.11), Proposition 3.5 and (3.3), we easily obtain the following proposition:

Proposition 4.1 Let A € L?*(Ry,z] 'dx1) be a KLC-wavelet.
1. For all 1 > 0, T,,(A) is a KLC-wavelet and
Az, (a) < (Ko(2V/a71))* Ap.
2. For all ¢ € L'(Ry, Ko(2/@1)x; 'dxy), A* is a KLC-wavelet and
Anw S IVIE o, 1y 0ymmyer e A0
Proposition 4.2 Let A € L*(Ry, 2] 'dx1). Then for all a,b € Ry, we have Ay, € L>(Ry,z7 dxy) and

1Al ey ey < Ko@VB) A 2, (4.5)

oy tday)
Proof: Using (4.4), Cauchy-Schwarz inequality, (2.12) and (2.13), we have for all z; > 0,
|Apa(zy)? < i/ooo |A(az3)|?D (b, x1, x3)x5 " dos /OOO D(b, w1, x3)w5 " das
< K0(2\/l;)% /000 |A(az3)|>D(b, x1, 23)x5 " das.
Therefore, by the symmetry of D(x1,x2,x3),

/ |Ab7a(x1)|2xf1d;v1§K0(2\/I;)%/ \A(ax3)|2/ D(b, z,x)x7 " doyxg t das
0 0 0
< (Ko(2vh))? / |A(azs) Py das
0
< (Ko(z\/é))2/ |A(z2) P25t day.
0
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Then
||Ab,a||L2(R+,m;1dm) < K0(2\[b)|‘A||L2(R+,m;1dm)-

The relations (4.3) and (3.2), readily yield the following result:

Proposition 4.3 If A € L>(R,, 27 dz;) and (b,a) € Ry xR, then the KLC-transform of Ap.q is given
as

K(Apa) (V) = Ky 5 VEK(Da(A)(N),  A> 0. (4.6)

Definition 4.2 The continuous wavelet transform of a function
f1 € L*(Ry,zy dxy) with respect to the KLC-wavelet A € L?(Ry,zy 'dz) is defined by

Ka(f)(b,a) / f@)a@ner doy,  (ba) € Ry x Ry, (47)
= (f1, 27 ' Ap.a) (4.8)
/ / fi(z cwcg D(b, z1, xg)xflxgl dxidxs. (4.9)

KA is called the Kontorovich-Lebedev-Clifford continuous wavelet transform
(KLCWT).

Proposition 4.4 Let A,y be two KLC-wavelets, o, 8 € C,
fi, fo € L*(Ry, x7 dxy) and (b,a) € Ry x Ry. Then the KLCWT satisfies the following properties:

1. (Linearity): Ka(afi + 8f2))(b,a) = ala(f1)(b,a) + BKA(f2)(b, a).
2. (Anti-linearity): Koase(f1)(b,a) = aka(f1)(b,a) + By (f1)(b, a).
8. (Dilation): Kp_ay(f1)(b,a) = Ka(f1)(b,ac), ¢>0.

Remark 4.2 By using (4.9), (2.10) and (2.8), we obtain for A, f; € L?>(Ry,x; dz;) and (b,a) €

R+XR+,
Ka(f1)(b,a) / Aazs) ( / f1(@)D(b, x3,21)x fldx>m§1dx3

- / T () () Aazs)y * ducs
= 2(fy « Da(A))(b)- (4.10)

Proposition 4.5 If f,A € L?(Ry,z; 'dxy), then

K (b= Ka(f1)(b;a)) (A) = 2Kf1(A) K(Da(A))(A),  a,A>0, (4.11)

Kalf)(b,0) = 2K (KA R(DL(V)) (), a,b>0,
= % /0 " Kz VDR AR () sinh(2mv/3) dA. (4.12)

Proof: By using (4.10) and (3.3), we get (4.11). Then (2.3) gives (4.12). O
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5. Reconstruction Formula

Let A € L*(R, zy 'dz;) be a KLC-wavelet and ¢ be a positive weight function. We define Cy (\), A >
0, by

e =1 [ KD, WPala)a da (5.)
0
Assume that there exist positive constants A and B such that for all A > 0,
0<A<Cpr(N) <B< . (5.2)

Definition 5.1 We define for a,b > 0, the functions A® and A>® by

Aa(l‘l) =K! <]K(IDC?A(A))) (.Il), x1 > 0. (53)
AP () = Ty(AY) (21), @1 > 0. (5.4)

Proposition 5.1
1. A% A% € L2(Ry,zy  dxy).

2.

K(A"*)(A) = K(gj&))@), A> 0. (5.5)

3. For x1 > 0 we have

A% () / Ky /5(2v/70) QZf(2\[)(OIE()?))()Sinh(27r\f>\) dA. (5.6)

[A%]] <4

L2(Ry,z] Ydzy) (]R+,xf1d11) : (57)
Proof: From (5.3), Remark 4.2 and the inequality 0 < CA()\) < &, we obtain A® € L*(Ry, 27 'dzy). So

by Proposition 3.3, we get A»® € L?(R,, xy "day).
By using (5.4), (3.2), (5.3) and (4.6), we obtain (5.5). So (2.3) gives (5.6).
From (5.5) and the inequality 0 < 5+ < &, we have

A(A) = A

KA N[ < A2 KA. )N, A >0,

Then by (3.10),

b,a —1
HA ||L2(]R+,w;1dx1) < A HAbva||L2(R+,crl_1dm1) '
a
Theorem 5.1 If f; € L*>(Ry,z; 'dxy), then
fi(zy) = / / Ka(f1)(b,a)A>*(z)g(a)a b~ dadb. (5.8)
o Jo

Proof: By using (4.11) and (2.1), we have

| Kans@VBKa () ()™ b = 45, VR, ATV,
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Multiplying both sides by g(a)K(D4(A))()), integrating with respect to a~!da and using (5.1), we obtain
| [ RarsC@VBRAU (0 KD (A) Wala)a 5 dadb = FEFNICA )

Thus by using (4.6), we obtain

Kfi(\ ICA (f1)(b,@)K(Ap.o)(Ng(a)a™ b~ dadb.

From (5.5), we have

Kfi(\) = A - Ooo Ka(f1) (b, a)K(A>*)(N)g(a)a b=t dadb.

Now by the using inversion formula (2.3), we get

= e a)A»%(2)q(a)a b~ da
fl(l‘)—/o /0 Ka(f1)(b,a)A>*(x)q(a)a™ b~ dadb.

6. Plancherel and Parseval relations for the KLCWT

Let A,y € L2(R+,xf1daﬂ1) be two KLC-wavelets and ¢ be a positive weight function. We define
Caw(N), A >0, by

Crp(N) = 4 / " K(Da (8) VKD (8)) (Vg(a)a~" da. (6.1)

Assume that for all A > 0,
CAﬂ/,()\) = CA,w < 0. (6.2)

Theorem 6.1 (Plancherel relation). If f1, f2 € LQ(R%Q;;ldwl)’ then,

/O ) /O N Ka(f1)(b,a)Ky (f2)(b, a)g(a)a™ b~  dadb = Cy a{f1, 27" fo). (6.3)
Proof: By using (3.9) and (4.11), we get

| ka0 s

—22 [ A WD, OVRRVE(P.(6)(3) sinh(253) d

2

Therefore,

[ [ ) e Ko dataya s dads

0 0
=% | EAWERD) [ K(Du0)(WEDL ) Na(e)a™ da sinh(2rv3) d)
- wa% /oc K f1(A)K f2(A) sinh(27vV/X) dA

Hence by using (3.9), we get

/ / Ka(f1)(b,a K:w(fg)(b a)g(a)a b~ dadb = Cy,a /000 fl(x)mxfl dxy
= Cyalfr, 2" fa).



10 YASSINE FANTASSE, ABDELLATIF AKHLIDJ, AND ABDELAALI DADES

Remark 6.1 We deduce the following relations:

1. If A =1, then
/O /0 Ka(f1) (b, a)Ka(f2)(b, a)q(a)a b  dadb = Ca(f1, 27" fa).
2. If f1 = f2, then
/O /O Ka(£0)(b. Ko (). a)a(a)a™"b™" dadb = Cyn | a1 a0,
3. If f{ = fo and A =4, then

> >~ 2 —17—1 _ 2
| st o Patara b dods = Cull A e, v,

7. Localization operators

In section 6, we provide an explicit form of the continuized KLC-wavelet transform at time t and
define localization operators.In this context, after recalling the definition of the Schatten-von Neumann
classes from quantum mechanics, we point out that localization operators belong this class.The proof of
this fact is provided in the same section and inspired by a work of one of the authors in collaboration with
other colleagues [24]. Hereafter, A will denote an admissible KLCW-Let subdir such that [|[A[z2 @) = 1.

7.1. Preliminaries

Notation We denote by:

e [7(N) the set of all infinite sequences of real (or complex) numbers e := (e;) .y such that

o0
Z|ej|p <oo, ifl<p<oo
j=1

lellp -

lelloc = sup ;| < o0
JEN

For p = 2, we provide this space (?(N) with the scalar product

oo
(e, 0)izmy) = Y05
j=1

B (L2 (R,))the space of bounded operators from L? (R )into itself.
o Let LP (Ry x R;),1 < p < oo, denotes the space of measurable functions f on Ry x Ry satisfying:

[cSHre’s] 1
(fo fo | f(b, a)[Pdv(b, a)) /p’ 1<p<oo
ess SuP( q)er, xr, |f(b,a)l,  p=oc.

Il ze @y xrsy = 1 fllpw = {
where dv(b, a) the measure defined on Ry x Ry by

dv(b,a) = q(b)b~*a"'dbda
e du(x1) the measure defined on Ry by

dp(xy) = zy tdxy.
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Definition 7.1 (i) The singular values (s,(X)), oy of a compact operator X in B (L2 (R, ))are the
eigenvalues of the positive self-adjoint operator |X| = v X*X.

(ii) For 1 < p < o0, the Schatten class .S, is the space of all compact operators whose singular values
lie in {P(N). The space S, is equipped with the norm

X, = (Z <sn<X>>”> :

n=1

Remark 7.1 We notice that the space of trace class operators is Sy, and the space of Hilbert-Schmidt
operators is Ss.

Definition 7.2 The definition of the trace of an operatorA in Sy is
Z XUn, Un) 2 2(R,) (7.1)

where (vy,),, is any orthonormal basis of L? (R).

Remark 7.2 If X is positive, then

tr(X) = [ X|ls,

Moreover, a compact operator X on the Hilbert space Lﬁ (R4 )is a Hilbert-Schmidt operator if the
positive operator X*X is in the space of trace class S7. Then

X175 = IX113, = IX"X]|s, = tr (X"X) ZHXUWHL2(R+)

for any orthonormal basis (v,,),, of LZ (Ry).

Definition 7.3 We define S, := B (Li (]R.Q), equipped with the norm
[ X5 == sup 1 X2 r4)
UEL%(R+)Z|'U‘|L3(R+):1
7.2. Boundedness

In this subsection we characterize the localization operators for the continuous KLCW transform and
prove that they are bounded.

Definition 7.4 For the continuous KLC-wavelet transform, the localization operator with symbol p,
represented by £, (p) is defined on L2 (Ry) by

E0D()() = o / h / " (b, a)Kafy (b, a) Ay (w2 du(b.a),  wy € Ry (7.2)

The definition of £a(p) is frequently easier to interpret in a weak sense, meaning that for f,g in
L? (Ry) we have

D) Pz = g [ [ ki b RaGbalds(b.0) (73)

In this subsection we prove that the linear operators
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Enp) 1 L (Ry) — L2 (Ry)

are bounded for all symbols p in L2 (Ry x R1),1 < p < oco. We consider first this
problem for p in L} (R x R, )and next in L (R, x R, )and we conclude using the interpolation
theory.

Proposition 7.1 Let p be in L} (R x Ry). Then the localization operator £5(p) is in Soo and we have

lex(o)l, < KoV
o Ch

Proof: For all functions f; and f, in L2 (R4 ), we have the following relations from (4.2)(7.3)

Eap)(f1) f2) 2 )| <

CA / / plb, @)K (f1) (b, 0)[Ka(F2) (b, a)| do(b, a)

< 07 KA ,00 1A (F2)

< (Ko(2vb))?
Ch

|v,oo ||p||v,1

[l f1

2@y llollv1-

Thus,

lex(o)l, < Fo2VD)?
i C

Theorem 7.1 Let p be in L (Ry x Ry). Then the localization operator Ex(p) is in Ss and we have

€At < llollo,o0 (7.4)

Proof: For all functions f; and f5 in Li (RT), we have from Holder’s inequality:

B < =[] e ) Gl Ka ()b dofba)

< F||p||1),w|‘KA(fl)|| 2 1A (F2)I], 2
A

Using Plancherel’s formula for Iy, given by the relation (51), we get

€a(p)(F1)s o) 2 | < Mlplloooll fill e o [ 2]l 2 )

Thus,

1€a(P)ll s, < llpllo,00
|

Theorem 7.2 Letp bein L (Ry x Ry),1 < p < oo. Then there exists a unique bounded linear operator
En(p) : Lz (Ry) — L2, (Ry)such that

.
len(ols, < (”“CM’”> ol
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Proof: Let f be in L2 (R;). We consider the operator
T:LLRy xRO)NLE (Ry x Ry) — L2 (Ry x Ry)

given by

T(p) = Ealp)(f1)
Then, by Proposition 6.7 and theorem 6.8 ,

Ko(2vb))?
1T < EEDE sz ol 79
and
T30, < Wil Ioloos 7.9

Therefore, by (6.5), (6.6) and the Riesz-Thorin interpolation theorem (see Ref.[16], Theorem 2] and |
[19], Theorem 2.11]), 7 may be uniquely extended to a linear transformation on L2 (R4 x R;), and we
have

N
@Dl = ITP sz < (W) 11122 oo lollp (77)

Since (6.7) is true for arbitrary functions f in Li (R4), we obtain the desired result.
7.3. Schatten-von Neumann properties for £, (p)

In this subsection we will demonstrate that, the localization operator {A(p) belongs to Schatten class
Sp provided p € LP (R+ x R+),1 < p < +00. We already know the result for p = +oo (by the theorem
3.1), so the proof for any p > 1 follows by proving it for p = 1 and using interpolation theory.

Theorem 7.3 Let p be in L. (Ry x Ry). Then the bounded localization operator

Enp): Ly (Ry) — L2 (Ry)

1s in S1 and we have

2
len(ols, < 2O )
A

Proof: First let us assume that p is a non negative real-valued symbol, so the localization operator &x (p)
is positive. Let {u;,j = 1,2,...} be any orthonormal basis for LZ (Ry). Then applying Fubini’s theorem,
the Parseval identity, and relations (3.5) and (3.7), we get

S 00 W) )y = S [ o0 K () G0 delba)

Jj=1

= C%A/Ooo /0OO p(b,a) ZVCA (U]) (b, a)|2 dv(b,a)

Thus we get

0 1 o] e8]
Z (alp) (uy) ,uj>Lﬁ(R+) = C—A/O /0 p(b,a) HAbﬂ”ii(Rg dv(b,a) (7.8)

Jj=1
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Using now the relation (3.7), we deduce that

= 1
2
JZ:; <£A(P) (Ug) ’uj>Lﬁ(R+) < (b,a?lel]gfjl ||Ab,a||Lﬁ’(R+) CT\”P”UJ

_ (Ko(2v))?
= CA p

Then, by [[19], Proposition 2.4], the operator &4 (p) is in Sj.

We have \/&r(p)*éa(p) = &a(p), so if we consider {u;,j=1,2,...} an orthonormal basis for
L2, (R )consisting of eigenvectors of the positive compact operator \/&x(p)*€a(p) and let s;,5 = 1,2, ...,
be the eigenvalues of |{x(p)| corresponding to u;, then

1ea(o)ll, = ZSJ—Z< (p)*fA(p)(uj)v“j>L2(R+)

= D) () g e,y < EOC

j=1

For p a real-valued function, we write p = p4 — p_, with

p+ =max(p,0), p— = —min(p,0)

then A (p) is in S; and we have

1€a()lls, < N1Ea (p)lls, + l1Ea (0I5, < (KOgAf))

Finally, when p = p; 4 ips is a complex-valued function with p; and ps the real and imaginary parts
of p, we have that & (p) is in S; and

K b))?
e ls, < en (o)l + s (ols, < 202

Corollary 7.1 For p in L (R x Ry), we have the trace formula

r(alp C / / (bya ||Aba||L2(R+)dv(b a)

Proof: From the previous theorem, the localization operator &4 (p) belongs to Sy; then by the definition
of trace given by the relation (6.1), we have

- Z (€alp) (uy) 7uj>Lg(R+)

j=1

The result is obtained by the relation theorem 6.10.

Proposition 7.2 Let p be a symbol in LE (Ry x R1),1 < p < co. Then the localization operator &z (p)
18 compact.
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Proof: Let p be in LP(Ry xRy)and let (pn),cy be a sequence of functions in
LI (Ry x Ry) N LE (R, x Ry)such that p, — pin L? (R )as n — oo. Then by Theorem 6.9

2
I (o) = (05, < (““2{”) 19 = ol

Hence &p (pn) — €a(p) in S since n — 0o, On the other hand, as by Theorem 6.10 &4 (py,) is in Sy,
and therefore compact, it follows that {5 (p) is compact.
In the following theorem we improve the constant given in Theorem 6.10. First, we begin by investi-
gating the case p in L, (Ry x Ry)and , in addition, provide a lower bound of the norm [[€A(p)|lg, -
O

Theorem 7.4 Let p be in LL (Ry x R,). Then,
1 - 1
= < < = lpllv
1l < 6a(o)ls, < -l
where p is given by

p(b,a) = (€ (p) (Ab,a) ,Ab,a>Lg(R+)a (b,a) € Ry x Ry

Proof: Since pisin L (Ry x R,), by Theorem 3.8¢5(p) is in S;. Using [[16], Theorem 2.2], there exists
an orthonormal basis {u;,j7 =1,2,...} for N (€a (p))l, the orthogonal complement of the kernel of £ (p),
consisting of eigenvectors of [€5(p)|, and {v;,j =1,2,...} an orthonormal set in L2 (RT), such that

EnP)(f1) =D 55 (F ) pa ey ¥ (7.9)
j=1
where s;,j =1,2,..., are the positive singular values of 4 (p) corresponding to u;. Then we get

1€a ()]s, = ZS] Z (p) (4))05) 12 (m+)

j=1

Thus, by applying Fubini’s theorem, Schwarz’s inequality, Bessel’s inequality, and the relations (3.7)
and (3.5), we obtain

o0

lea(o)lls, = D Enlp) (us) ,v7) 12

B Z CLA OOO /0°° p(b; ) (uz) (b, ) K (v;) (b, a)dv(b, a)

1
2 2
o]

<o) [ ool 3w @l | s @) dote.o
/ / b a | ||Ab a||L2 (R+) dv (b, a)

lolv.1

< (KO(Q\[ )?
Ca

It is easy to see that j belongs to Ll (R, x R, ), and using formula (6.13) we obtain
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70, )| = [ (€a(0) (Ao) Ao 12 e

0o
= ZS]' <Ab,aauj>Li(]R+) (Uja Ab7a>Li(R+)
j=1

1 2 2
5 2% (‘(Abva’“jﬁﬁ(mn‘ +[hwwi) e )
=1

Then using Plancherel’s identity for K, and Fubini’s theorem, we get

/ / p(b,a)|dv(b,a) s] </ / (Ap,asuy) L2 Ry )‘ dv(b, a)
/ / Aba,vj L2 (R, )‘ dvba)

Z si=Calléa(p)llg, -

N

(Ko(Q\f))

The proof is complete.
In the following theorem we present the main result of this section. O

Theorem 7.5 Let p be in L (Ry x Ry ),1 < p < oo. Then the localization operator

Enp) 1 Ly (Ry) — L2 (Ry)
is in Sy and we have

1

2\ P
leatells, < (”“é{b”) Il

Moreover, {x(p) satisfies the relation (6.5).

Proof: The result follows from Proposition 6.4 , Theorem 6.13 and by interpolation (see Ref. [19],
Theorem 2.10 and Theorem 2.11). O

8. Conclusion and Perspectives

In this paper, we developed a comprehensive framework for continuous wavelet transforms associated
with the Kontorovich-Lebedev—Clifford (KLC) transform. Our approach built upon the convolution and
translation operators arising from the KLC setting and led to several key results, including a precise
reconstruction formula, Plancherel and Parseval-type identities, and admissibility conditions for wavelets
in the Clifford context.

Furthermore, we introduced localization operators related to the KLC-wavelet transform, demon-
strated their boundedness and compactness, and showed that they belong to the Schatten-von Neumann
class. Trace formulas were also established, confirming the robustness of this framework for operator-
theoretic analysis.

Several perspectives emerge from this work. The structure developed here opens the way to study-
ing Toeplitz operators in the KLC-wavelet context, with potential applications to spectral theory and
time-frequency analysis. Additionally, the framework can be extended to develop scalogram analysis
for high-dimensional signal representations. Future research may also explore numerical algorithms for
the implementation of KLC-wavelet transforms in signal processing, quantum mechanics, and medical
imaging, especially in scenarios requiring precise localization in both space and frequency.
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Finally, it would be interesting to investigate connections between the KLC-wavelet transform and

other integral transforms—such as the Dunkl, Mehler—Fock, or Whittaker transforms—especially regard-
ing localization and operator properties.
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