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On Some ¢-Bessel Type Continuous Wavelet Transform
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ABSTRACT: In this paper we continue to exploit the modified variants of Bessel function in the framework
of g-theory to construct wavelet operators. A generalized g-Bessel type function is introduced leading to an
associated mother wavelet which in turns induced a continuous wavelet transform. Finally, Plancherel/Parceval
type relations are proved. Such variant of wavelets permits to approximate solutions of PDEs by transforming
them to recurrent sequences. Numerical examples are provided with graphical illustrations and error estimates
to confirm these theoretical findings.
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1. Introduction

The purpose of this paper is to propose decomposition and reconstruction formulas of a new variant
of the wavelet transform. The framework is Bessel wavelet theory, where the usual translations used in
wavelets are replaced by an integral operator based on Bessel functions. The other addendum is the
setting of ¢g-theory, where the Lebesgue measure is replaced by sums of Dirac masses set on a geometric
sequence.

Wavelet theory has known a great success since its appearance in the mid-eighties of the last century
when it has been introduced in the context of signal analysis and exploration of petroleum. Next,
wavelets have been applied to analyse different signals such as seismic ones which are more sensitive than
Fourier techniques. Therefore, the first appearance of the wavelet transform formula has been pointed
out. Wavelet theory has become an active area of research is many fields, including electrical engineering
(signal processing and data compression), mathematical analysis (harmonic analysis, operator theory),
physics (fractals, quantum theory), ... etc. Wavelets have attracted much attention recently in signal
processing problems especially non-stationary signals, and the detection of discontinuities or irregularities.

Like Fourier analysis, wavelets deal with the decomposition of functions in terms of a functional
basis. Unlike Fourier analysis, wavelet analysis expands functions in terms of similar wavelets which
are generated in the form of translations and dilations of a fixed function called the mother wavelet
characterized by special properties. Wavelet theory provides for functional spaces good bases allowing
their decomposition into spices associated to different horizons known as the levels of decomposition.
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This makes the finding of mother wavelet of great interest. One aim of the present paper is to construct
indeed a mother wavelet in the framework of g-theory.

The theory or the concept of ¢g-calculus is based on the concept of scaling, and permits among many
properties to serve of the scale ¢ to conduct an analysis on the subset R,. In statistical applications
for example, especially in financial time series, the time scale is widely know. For example, in wavelet
estimation of the systematic risk, the scaling process is sued twice and simultaneously in the distribution
of the time intervals, and in the wavelet basis elements. In time intervals, the whole period is subdivided
into sub-period according to some scale-based process for which each period has a length L; = g7 (1—q).
For example, for ¢ = 0.5, we get the dyadic scale-based periods with corresponding lengths I; = 27+l _ 97,
This process has been applied in many studies such as [2,7,33,34,37]. Besides, in [35], the concept of
scaling combined with wavelets is used to measure the eventual dependence of financial time series issued
from many stock markets. In [36], the authors proposed a multiscaled Neural Autoregressive Distributed
Lag to conduct an empirical mode for the decomposition of time series into a scale-by-scale modes for
forecasting. It is claimed that the scale-by-scale modes’ features allow the model to capture the eventual
nonlinear patterns hidden in the data.

The first step in wavelet analysis of functions is the so-called wavelet transform. There are in fact two
types of transforms. The original one is known as the continuous wavelet transform (CWT) introduced
originally in the works of Grossmann and Morlet in the beginning of the 1980’s. The second is known as
the discrete wavelet transform (DWT) which is a refinement copy of the CWT obtained by restricting
the translation and dilation parameters on discrete grids.

Like Fourier analysis, wavelet analysis has been interconnected with many concepts in both theoretical
and applied types such as windowed transforms, stationary transforms, Hankel transform or Fourier-
Bessel. For example, Hankel transform called also Bessel-Fourier transform of a function ¢ € L'(Ry) is
defined by

~ > 1 1
2ulr) = [ @0t ian)e@pe. @ eRe > 3.

It is invertible in the sense that, the analyzed function ¢ may be reconstructed as

W=

o@) = [ @t e,y v <R

Here J,, is the Bessel function of first kind and with order p. It is also extended to the framework of

fractional calculus to yield the fractional Hankel transform called also fractional Bessel-Fourier transform
of parameter # on L*(R*), defined by

_ = 0

- [ Klawe@.

where KZ is the kernel

c, 0 o5 (@*+y )Cow(xycosﬁ)%J,Axycos@), 0 # nm,
1 ™
Kﬁ,(xay): ( )2 H«( ) 9:§a
o(x —y), 0 =nm,Vn € Z.

Here, § is the Dirac mass defined by

1 si z=y,
Mm—w={ Y

0 else,

and
o eali (3 -0)]

® sin 6

Here also, in wavelet theory, researchers have extended and thus interconnected wavelet transforms with
similar concepts which in fact make a natural extension of Fourier analysis. We may refer to [24,25,26,27].
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In the present work, our aim is to continue to develop an interconnection concept between wavelet analysis
and Bessel one.

A first step in wavelet/Bessel transform interconnection is due to [16], where the authors generalized
the theory of continuous wavelet transform to a class of generalized continuous wavelet transform associ-
ated with a class of singular differential operator. This class contains, in particular, the so called Bessel
function (See also [28,38]).

It is naturally in fact to extend Fourier and wavelet analyses to the context of Bessel one. Indeed,
Bessel functions form an important class of special functions applied almost everywhere in mathematical
physics. They are known as cylindrical functions, or cylindrical harmonics, because of their strong link to
the solutions of the Laplace equation in cylindrical coordinates. The history of these functions is traced
back to Bernoulli, Euler and Poisson, and still attracts the interest of researchers in both theory and
applications. Bessel functions are associated most commonly with the partial differential equations of
the potential, wave motion, or diffusion, in cylindrical or spherical coordinates.

One of the interesting fields of extensions of these analyses among other ones such as Hankel and
Dunkel transforms is the so-called g-theory which is an important sub-field in harmonic analysis and
which provides some discrete and/or some refinement of continuous harmonic analysis in sub-spaces such
as R, composed of the discrete grid +¢", n € Z, ¢ € (0,1). Recall that for all z € R* there exists a
unique n € Z such that ¢"*! < |z| < ¢" which guarantees some density of the set R, in R.

Koornwinder and Swarttouw studied the Jackson’s third ¢-Bessel function claiming that it can be
used to build a reliable harmonic analysis on R,, thus motivating several works on g-harmonic analysis
associated to different g¢-differential operators. Motivations may also be related to the application of
g-theory and/or g-wavelets in developing solutions of PDEs. Consider for example an elliptic equation

Au+ f(u,x) =0,

where f is a suitable function, generally nonlinear in u. We may search for a numerical g-approximation
by considering a grid points in R, instead of finite difference/finite elements used usually. Indeed, the
Laplace operator will be replaced by the g-analog

Agulz) = u(g~'z) — (1 +xg)U(x) + qu(gz)

For z = ¢" in R/, we get

Up+1 — (1 + Q)Un + qUp—1 = _(]— - Q)Qqq%fm

where u,, = u(¢™) and f,, is some discretization of f(u,x). We thus obtain a recursive equation permitting
to compute u,, recursively. More about applications of g-calculus in partial differential equations may be
found in [4].

Many special functions have been shown to admit generalizations to a base ¢, and are usually reported
as g-special functions. Interest in such ¢-functions is motivated by the recent and increasing relevance of
g-analysis in exactly solvable models in statistical mechanics. Like ordinary special functions, g-analogues
satisfy second order ¢-differential equations and various identities of recurrence relations. Basic analogues
of Bessel function have been introduced by Jackson and Swarthouw as g-generalizations of the power series
expansions.

In the present context, our aim is to develop new wavelet functions based on some special functions
such as Bessel one. ¢ (quantum)-version of the Bessel Wavelet Transform known also Weinstein Wavelet
Transform associated to Bessel differential operator is introduced and Calderon-type reproducing formula
is established. We aim precisely to apply the generalized g-Bessel function introduced in the context of
g-theory and which makes a general variant of Bessel, Bessel modified and ¢-Bessel functions.

We serve of a new modified Bessel function in g-theory ([22]) to develop a 'new’ g-wavelet analysis.
We show in a first step an eigenvalue equation for such a function and next apply it to deduce oscillating
and/or orthogonality properties of the mother wavelet constructed. The present work joins a series of
works on g-analogues of the Bessel functions introduced early by Jackson [20] and which still make
interesting subjects of investigations in mathematical analysis and quantum physics especially.
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The present paper will be organized as follows. In section 2, a brief review focusing on the last
developments of ¢-Bessel wavelets is developed. In section 3, we present our main results. We precisely
introduce the generalized ¢-Bessel type function and some basic properties such as the eigenvalue equation
and the orthogonality one. Next, we present a dilation-invariance relation. The generalized ¢-Bessel type
function is then applied to define an associated mother wavelet which in turns leads to a continuous
wavelet transform. Finally, Fourier-Plancherel as well as Parseval type relations are presented. Section 4
is devoted to the proofs of the main results.

2. ¢-Bessel wavelets brief review

In the literature, we may refer to different approaches to introduce Bessel wavelets. To avoid
non-availability of references for readers, in the present work, we essentially refer to the most re-
cent ones ([30] and [31]). Recall that Bessel wavelets are special wavelets introduced by replacing
sine/cosine/kernels/wavelet in classical analysis by variants of Bessel function. Historically, special func-
tions differ from elementary ones such as powers, roots, trigonometric, and their inverses mainly with the
limitations that these latter classes have known. Many fundamental problems such that orbital motion,
simultaneous oscillatory chains, spherical bodies gravitational potential were not well described using
elementary functions. This makes it necessary to extend elementary functions’ classes to more general
ones that may describe well unresolved problems. The present section aims to recall some basic facts
about Bessel wavelets. For 1 < p < co and p > 0, denote

L2 (R,) :={f suctvas (17, = [ If(x)l”da(x)<oo},

where do(x) is the measure defined by
2k

do(z) = — o
AT T(p+3)

Denote also
1

. _1 1, 1
ula) = 2Tt )t T, (a),

1
2
where J,,_1(z) is the Bessel function of order v = p — % given by
Z, o (=1)* T2k
To(@) = (3)' Y L (2)%
0= @S e

Formally, a Bessel wavelet is a function ¥ € L2 (R, ) satisfying the so-called admissibility condition
|7 2
R
0 £

Denote next o
Dla.y,2) = / Gu(@t) () Gu(22) do ().

For a 1-variable function f, we define a translation operator

raf) = Fla) = [ Do) f@)do(z), Y0 <y <o
0
and for a 2-variables function f, we define a dilation operator
D, e N T ) .
fay) =a >t fE Y

Recall that

Ju(zt) D(z,y,2)do(z) = ju(xt) ju(yt), VO <z,y<oo, 0<1t< o0,
0
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and

/00 D(z,y,2)do(z) = 1.
0

(See [30]). The Bessel wavelet copies ¥, are defined from the Bessel mother wavelet ¥ € LZ(R.) by
< b
U, p(2) = Dorp¥(2) = a 21 / D(=, 2, 2)U(2)do(x), Ya,b> 0. (2.1)
0 a a

As in the classical wavelet theory on R, we define here-also the continuous Bessel Wavelet transform
(CBWT) of a function f € L2(R,), at the scale a and the position b by

(B f)(a,b) = a 21 /OOO /OOO f®)U(z) D(g, 2,,2) do(z) do(t). (2.2)

In Bessel wavelet theory, it is already shown that such a transform is a continuous function according to
the variable (a, ). Furthermore a reconstruction formula of Parceval/Plancherel type is known claiming
that for any elements f,g € L2(R.), there holds that

/OOO /ooo%f)(b, a) (Bug) (b, a) do(a) do(b) = Cu (f.9), (2:3)

At the beginning of the twentieth century Jackson introduced the theory of g-analysis by defining the
notions of ¢-derivative and g-integral and giving g-analogues of some special functions such as Bessel’s one.
By virtue of their utilities, special functions and g-special functions continue to be fascinating subjects
in both theoretical and applied researches till now. This is particularly the case for ¢-Bessel functions,
which represent one of the most important examples of g-special functions. Backgrounds on g-theory and
g-wavelets may be found in [10], [12], [14], [15] and the references therein.

We begin by introducing the context of g-theory. For 0 < ¢ < 1, denote

R, = {£¢", n € Z}, R, =R, U {0}, R} = {¢", n € Z} and R} =R} U {0}.
On Hi;r, the g-Jackson integrals on [a,b] (a < b in ]lij) is defined by

b
/ f@)dgr = (1= ) 3 " (bF (bg™) — af(aq™),

neE”Z

and for [0, +00) it is defined by

| @i == T 1@

nez

provided that the sums converge absolutely. On [a, +00), we have to apply an analogue of Chasle’s rule

and thus get
+o00 o0 a
dex = dgx — dgx.
| @i [ @i [ @i

(See [8], [15]). This leads next to define the functional space
LapwRe) ={f:Rg = C, even; | fllg,pp < o0},

where ||.||qp,v is the norm defined analogously by

1 llams = [ [ e e e
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where v is a fixed real parameter such that 2v > —1. Denote next, Cg (@;) the space of functions defined

on If@;r, continuous at 0 and vanishing at +o00, equipped with uniform norm

1£lae = sup £(2)] < oc.
rGR;

Finally, Cfl’ (@;r) designates the space of functions that are continuous at 0 and bounded on I?KE; Recall
here that ¢" — oo as n — —oo in Z. The g-derivative of a function f € Lq,p,v(f@;) is defined by

f@) ~ flgr)
Df)={ C(—qu = "7
1(0), else.

The g-derivative of a function is a linear operator. However for the product of functions we have a
different form,

Dy (f9) (x) = f(qx)Dyg(x) + Dy f(x)g(x),
and whenever ¢g(z) # 0 and g(gx) # 0, we have

I\ (= 90@2)Dyf(2) — fg)Deg(z)
Da (g)( ) g9(qr)g(x) '

In ¢-theory, we may speak with an analogue of the integration by parts rule ([5]),

b b
/ 9(2) Do () dyz = [ (D)g(b) — F(a)g(a)] - / £(a2) Dyg(z) dge

Besides, we may also have an analogue of the change variables theorem. Let u(z) = ~a*, for v, s > 0

fixed. We have - -
/ f(t)dgt = / fu())Dgrysu(z) dypys .
0 0

o0 v 1 o0 T v
/0 fO2v T d e = W/o f(g)xQ td,w. (2.4)

The g-Bessel operator is defined for f € Lq,p,v(@;r) by

Particularly,

fla~'e) — (L +¢*°) (=) + ¢* f(q2)
22

Ag of(z) = ,  Ya #£0. (2.5)

The following relations are easy to show. The first is an analogue of Stokes rule and states that for
fr9 € Lg20(R)) such that Ay, f, Agvg € Lg2.0(R]), we have

|t @@ e e = [ 10 Aguala) *H dg (26)
0
The ¢-shifted factorials are defined by
n—1 400
(CL, Q)O = 17 (Cl, Q)TL = H(l - aqk)) (CL, Q)OO = H(l - aqk)
k=0 k=0

The normalized ¢-Bessel function is introduced in [11] as

qn(n+1)

ol ') = Z(_1)n(612"‘+2,612)n (@ )" E 27)

n>0
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The g-Bessel operator is related to the normalized g-Bessel function by the eigenvalue equation
Ag,aja (N, q%) = =N ja(2,¢%).
More precisely, jo(z,q?) is the unique solution of the Laplace eigenvalue problem for A € C,
{A%au(x\x) = N u(z),
u(0) =1, v/ (0) = 0.

As in the classical analysis, we have here also an orthogonality relation for the normalized ¢-Bessel
function ([1]) as

o
. . 1
/ Ja(t:6%) ja(yt, @*) T dgt = 5= 0g.a(,y),
0

q,x
where sass 2
1 07 )0
Cqa = la 2 2q ) (2.8)
l-q (¢¢*)
and
L e
Sgalw,y) =4 (1 =gzt v
0 else.
We now recall the ¢g-Bessel Fourier transform ¥, , already defined in ([15]) as
Fand(@0) = ey | ) dalot ) £ dyt, 2.9
0
where ¢, o is as above. Define next the g-Bessel translation operator by
T;fa:f(y) = Cq,a / Srq,af(t) Ja (xt, (]2) Ja (ytv q2) ot dqt~ (210)
0

Such a translation operator satisfies for all f € £g24(R]) a Fourier-Bessel invariance property ([1])

Faa T2 N = ja (A2, ¢*) Fgaf(N), YA,z € RS (2.11)

It satisfies also for f € Ly 2.4 (R]),

Toof(y) =T, f(x) and T7, f(0) = f(x), (2.12)

and
Te wda(ty, @) = ja(tz,q*) jalty,q*), Vt,z,y € RY.

The g¢-Bessel wavelets have been introduced in [15]. Let ¥ € Lg2 (R;) be an even function satisfying

an admissibility condition
o d,a
Ao :/ Fra¥(@)? L < o0,
0

Then, ¥ is said to be a g-Bessel wavelet. An associated continuous g-Bessel wavelet transform is then
introduced for any function f € Lq727a(R;) as

@ o ()(a,b) = ca / f2) WG, (2)2**  dyz, Va € Ry, Vb € R,
0

where
\I’((la,b) (x) = \/ETgb(\IJG)7 VCL, be R;v (213)
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and
1 T

Vo(z) = P (a)-

(2.14)

In this context, variants of Parseval-Plancherel Theorems for the case of g-Bessel wavelets have been
established claiming that for all f, g € £42.4(R}), there holds that

o _ N 1 SIS N S
| r@a@e e - o= [ [ cnen @@, @19)
. 2a+1 dqadqb . . . ™+ .
with dg(a,b) = b ———— which yields in turns that for all f € L42 4 (R]), we have in the £, 2 -sense,
a
— Cq,a > > a a 20 ld adgb
fa)= g [ e W e R (216)

See [8] and [15] for proofs.

Lastly, in the most recent work on g-Bessel wavelets, a more general variant of such wavelets has been
developed in [32]. The idea is based on a two-parameters g-theory leading to a two-parameters g-Bessel
function and associated wavelet analysis. The parameter v in the classical theory is replaced by a couple
of parameters v = (o, 3) € R%, a + 3 > —1, for which a modified functional space is associated with
suitable integrating measure. For 1 < p < oo, we put

Lq,p,v(ﬂi;) = {f N fllgpw = [/0 |f(z)[P g2l dqx] ' < OO} .

where |v| = a4+ 8. (See [11] for details). The modified version of ¢g-Bessel function is

Jaw(®,6*) =27 ja_s(q "z, ). (2.17)

The generalized g-Bessel Fourier transform J ., is defined by

Fpwf(T) = cqo /0 - F@) Jaute, @) 1T dgt, Vf € Lopo(RE). (2.18)

where ¢, is a suitable constant analogue to (2.8). This has induced a generalized ¢-Bessel wavelet already
as an even function ¥ € L, ,(R,) satisfying an analogue admissibility condition as for the existing cases
with suitable and necessary modifications. The associated translation operator has been already defined

in [11] by
Tqv,w (y) = Cqm/ F ,vf(t) Eq,v(yta q2)3q7v(xt, 92) g2l dgt, (2.19)
0

where here also we get analogue translation operator as in (2.12).
In [32], the continuous generalized g-Bessel wavelet transform of a function f € Lg2,(R]) at the
scale a € R} and the position b € Hi;” has been defined by

0w (f)(a,b) = cqo / (@) Uy o(x) 2?1 dyz, Ya e RY, Wb e f@;,
0

where again ¥, ;) , and ¥, are the analogues of (2.13) and (2.14).

Properties of such transform has been shown and analogue of Calderon-type reproducing formula has
been established as in the previous cases (2.15) and (2.16).

In the present work, we continue to develop variants of Bessel-type wavelet analysis in the framework
of g-theory. The main differences with existing cases may be resumed in some points.

o The modified version of g-Bessel function introduced in [22] is the last one in the field. It includes
all the existing versions.
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e There is no previous developments of wavelet analysis associated to the modified version of g-Bessel
function introduced in [22].

e« We did not serve in hand of an eigenvalue equation for such version of the modified version of
g-Bessel function due to [22]. Recall that such an equation is basic to guarantee the oscillating
behaviour and/or orthogonality of wavelets constructed. In a first step here we established such an
equation which showed a dependence on a scaling law form.

« Even for the last and more general two-parameters Bessel operator A, g) 4 introduced lastly in
[11], surprisingly, the modified version of ¢-Bessel function due to [22] did not satisfy an analogue
eigenvalue equation. It is not an eigenfunction for A, gy 4-

o This last point leads us to return again to the one-parameter Bessel operator A, ; = A, 0),4, v € R
and to re-check for a suitable eigenvalue equation and next to a suitable wavelet analysis.

3. Main results

In this section, the purpose is to generalize Bessel and ¢-Bessel wavelets to a more general case already
in g-theory framework by replacing the Bessel and/or ¢g-Bessel function with the general one introduced
in [22]. We propose to introduce new wavelet functions and new wavelet transforms and prove some
associated famous relations such as Plancherel /Parcevall ones as well as reconstruction formula.

Definition 3.1. [22] The generalized q-Bessel type function is defined by

)Y 00 2(k+v) (x 2/4)

qu( Z qutt;

q;49 v k:O k q q)

The function j,, is a g-analogue of the ordinary modified Bessel function as it satisfies the limit
relation

lim jy () = ju (),
q—1
where j, is the ordinary modified Bessel function. If v is an integer it satisfies the equality
Ju,g(T) = J—v,q(2).
The function j, 4 is an even (odd) function if the parameter v is an even (odd) integer, since
Jog(=2) = (=1)"juq(2),

whenever v € N. (See [22]).
In the present paper, we denote

. . e 22 (k4v) 2
Joale) = (Fgena(e) = 3 T (3.)

w2y (@
and
- 0 3k(k+v) (x2/4)k
S (@ )_]WZ Z JEIEER 2. 2\ " (3.2)
=5 (@72 0%)k (6% 4
Otherwise,

T

@) = (@60 (5) v (@) (3.3)

Our principal aim in the present paper is to develop wavelet operators relatively to the g-Bessel type
function J,. We thus need to introduce an associated Fourier transform and a translation operator.
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Definition 3.2. The Fourier transform Fg ., associated to the generalized q-Bessel type function Jy is
defined by

q,vf / f xt t2v+1 d t. (34)

The q-Bessel translation operator is defined by
Phaf0) = [ T fO T T o) 2 (35)

Now, we introduce the associated mother wavelet to the generalized g-Bessel type function jv

Definition 3.3. A generalized q-Bessel type wavelet is a function ¥ € L4, (@j) satisfying the following
admissibility condition:

= 2 dqa
-Av,\ll = / |5Fq,vql(a)| — < o0
0 a

The continuous q-Bessel wavelet transform of a function f € L4 v( q) is defined by

)(a,b) / F@) Ty, ( () 2®* dyx, Ya € R}, Wb e R,

where
Ui, (@) = Vary ,(Va); Va,b € RY,
and 1
T
Vo(z) = 222 (5)-

The following result shows some properties of the generalized g-Bessel continuous wavelet transform.

Theorem 3.4. Let ¥ be a generalized q-Bessel type wavelet in Lq,g’v(]ﬁ;), Then for all f € ngyv(]ﬁ;r)
and all a € RY the function CF 4 (f)(a,.) is continuous on @; and

Tim g (£)(a.h) = 0.
Furthermore, we have

[Cou(f)(a,b)] < Clg,v,0) [¥g 2.0l fllg.2.0:

where C(q,v,a) > 0 is a constant depending eventually on q,v and a.

Recall again that whenever b = ¢", n € Z, we get b — oo as n — —oo. The following result shows
Plancherel and Parceval formulas for the generalized g-Bessel wavelet transform.

Theorem 3.5. Let ¥ be a generalized q-Bessel wavelet in L%Q,U(@j). Then we have

1.Vf € Ly2o(R),
1 o[ dgadgb
2 _ v b 2 b2’U+1 q q .
a0 = s [ ] 1Chatn@np e S0
2. mege[’q,?v R );

/ fgla)a™ dge = 72

dyadyb
a?

q,\I/(f) (CL, b) m(g) (CL, b) dq(aa b)v

where dy(a,b) = b?* 1!

Theorem 3.6. Let ¥ be a generalized q-Bessel type wavelet in ,Cq,g’v(]ﬁ;r), then for all f € Lg2.,(R})

we have o e dbd
a
L[ Crathien v aw v S (36)

Av,\ll
in the Lgq2.,-5€nse.
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4. Proof of Main Results

In this part we develop the proofs of our main results. To do this we need a series of preliminary and
technical lemmas.

Lemma 4.1. The generalized q-Bessel type function Ty satisfies the eigenvalue equation for all ag € ]R;,

3v+1
4

(Agpu)(agr) = ﬁqu(aq’yqx), where (3, = and vy, = ¢ .
Proof. We set in a general form
Aqmjv(aqx) = ﬁqjv((sqx).
We shall search for suitable constants ay, 3, and d, satisfying the Lemma. So, denote for £ € N,

L)

ar(q,v) = )
k() (@72 ) (% )k
This way, ju becomes
N e’} LC2 k
Jy(z) = Zak(q,v) (z) .
k=0

Substituting in the Laplacian equation of the Lemma, we get

1

ak(Qa v)ag(kil) [qﬁ - (1 + q2v) + q2k+2v‘| = 45(155(16_1)041671((]7@)7 vk > 1.

Otherwise,

Qg (Qa 'U)ag(

ey | (L= @) (1 —g* 2
2"

)] = 4Bq5§(k_1)ak,1(q,v), vk > 1.

For k =1, we get
(1 _ q2)(1 _ q2+2v
q2

al(q,v)[ )1 =48,a0(q,v).

Observing that
q3(v+1)

“) = g gy

ap(q,v) =1 and

we get

For k = 2, we get

4 _ A+20
(1 q)(ql4 q )1:45q6§a1(q,v)~

as(q, U)ag [

Now, analogously, we have
6(24v)
az(gq,v) = g .
’ (1=¢>2)1 = > +)(1 - ¢*)(1 — ¢*)

We get
q2o¢q = 4.

As a result of Lemma 4.1, we get the following orthogonality relation.
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Lemma 4.2. The generalized q-Bessel type function j, satisfies the following orthogonality relation,
o0
/ Jo(xt) Jo(yt) 2T dyt = 64.0(x,y) , Va,y,
0

where 04, 1s the (g,v)-delta operator defined by

1

gz, y) = (1 —q) a2+’
0 else.

if v =y,

The proof may be inspired from the general cases developed already in [21]. See also [32]. We may
show easily the following result for such a translation operator.

Lemma 4.3. For all f € Lq727v(ﬂij) and all t € R}, we have

f@t)= /Ooo f(2)dq0(,1) 2?0 dgx.

Proof. For t € ]R;r, let k be the unique integer satisfying ¢t = ¢*. We have

/O f@)gu(a, ) dgr = (1=q) Y f(@")0q.0(a", 5)g"
n=0

= (1= q)f(g")8g0(q" t)g"* 2
= f(q"

Now, to move to the proof of Theorem 3.4 we need the following preliminary results.

Lemma 4.4. Forall f € L2, (R‘;), the following Fourier dilation-invariance property holds,

Faw(TL o N = Jo(A\2) Fu f(N), YA,z € RY. (4.1)
Furthermore, _
o fy) =710, f(x) and 77 f(0) = f(z), V€ Ly2u(RY), (4.2)
and B B B _
Toxdu(ty) = Ju(tz) Ju(ty), Vt, 2,y € RY. (4.3)

Proof. Remark firstly that

el ) = 500 (T (DOTo () ) 0
Consequently, Lemma 4.3 yields that

Fow (T2 f) V) = Foo (Foo (Fao (1) () Tu(2)))) (A) = Foo (HAN) T (A2).
So as equation (4.1). Equation (4.2) is obvious. To show (4.3) denote as in [30] and [32]

D)= [ T Tat) Fuyt) Juet) 2
It is straightforward that
/000 Jo(zt) D(z,y, 2) 220,z = Jo(xt) T, (yt), Yz, y,t.
Using Fubini’s rule, we get

TZJL(ty) = / .Z)(zt) D(z,y,2) z2”+1dqz = Jy(at)Jy(yt).
0

So as equation (4.3).
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Lemma 4.5. For all f € Lq727v(R(‘1"), we have

1Fg.0fllg20 = Il fllg.2.0-

Proof. Denote

Koz, t,s) = Jy(at)Jy(xs).
‘We have o e e
1FonfI2 00 = / / / FOTE, (2,1, 8) (ts2)> dytdgsdy.
0 0 0

Using Fubini’s rule we get
1F a0 113 2.0 = /OOO /Ooo f(t)m/ooo Ko(2,t, 8)x> T dgw(ts)®  dgtdys.
Using Lemma 4.2 we obtain
Vo= [ [ HOTET0 0000152 s,
which by Fubini’s rule again yields that
00 = [ 1O [T 0515 s

Now, Lemma 4.3 yields that

1F g 1200 = / PP gt = 1],

Lemma 4.6. For all ¥ € Ly2,(R]), the following assertions are true.

1
1. I7q.c¥lq20 < 55 1¥llg,2,0-
q,T q,4,v (q’qg)go |l1 U
1
2. 1Pallg,2,0 = WH‘I’Hq,M-

Proof. (1) Denote

:Kv(xvyytv S) = :Kv(xvty S)Kv(yvta S),

where X, (z,t, s) is defined previously in the proof of Lemma 4.5. Let also

QuU(t,s) = Fyo¥(t) T g0 U(s).

We have )
74,2 Yl

/ / / Q,¥(t, s)3~<v (z,y,t,s) (tsy)%ﬂdqtdqsdqy
/ / QU (t; S) / :KU (Z‘, Y, ta S)y2v+1dqy(ts)20+ldqtdq8

)\
0.0 /0 0
_ / QU (t, 5)8q 0 (t, 5Ky (2,1, 5)(t5)2H d,td, s

2,0

F U () T, ()20 / Ty (3)00(ts 5) T (23)52"H dysd
0

13
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The second and the fourth equalities follow from Fubini’s rule. The third and the fifth follow from Lemma
4.2 and Lemma 4.3 respectively. Next, observing that

el = (¢,4%)3%’
we get
/000 |fr"q,U\If(t)|2|jv(xt)|2t2v+1dqt < m /OOO |3rq,u‘11(t)|2t2”+1dqt
- el
(2) Recall that .
[Wall2,, = / | U, ()22 d, ()

0
_ 1 w2201
=Y L 1)
Using (2.4), this yields that
1 - 2, 2041
Wall2o =~ ; W (w)[Fu™" dg ()

1
s 12,

Proof of Theorem 3.4 For a € R} and b € I@j, we have

f)(ab) = / F@) Ty a(@)z dye.

Observing that
\Ij(a,b),v(x) = \/ETZ,b(\Ija)a
we get

L (@) == Va [ @I Ta e
0

Next, Holder’s inequality yields that

[Chw(N)@b)] < Vall flla2olI 75 Yalla2o
Which by Lemma 4.6 implies that

» 1
|Cau(N)(@.0)] < ——=—r 1¥]g.2 [ fllg.2,0-

T ()%’
Proof of Theorem 3.5 (1) We have

4v+2 /OO /OO C:;\p CL b)|2 b2v+1 dqa;iqb

S (/ T (D)) 540 (F >|<>2“+1dqx)d%f
/

T )@ (|:r"qv<@)<ax>| 2t

— Cuu / 1T () (@) P22 g

2U+1d T

= U‘PHquQU
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Hence, the first assertions is proved.

(2) We apply the first assertion above with f + g instead of f and the linearity of the wavelet transform
operator.

Proof of Theorem 3.6 Consider for z € R} the function g, = d,,,(z,.). It holds that

Cow(9a)(a,b) = Vg p) o(z).

Therefore, Theorem 3.5 yields that

- 1> _ dyadyb
| remoetan = o [ [ e n T e i g,

.A%\p a

On the other hand, Lemma 4.3 implies that

fla) = [ IR0 s ¥ € Lyan &)

As a result,

1 R S dgadyb
f(x) = A A C:;\p(f)(a, b)\If(a7b)7v(x) b2v+1L2q.

.Av,q; a

5. Some illustrative numerical examples

In this section we propose to conduct a numerical examples to illustrate the use of the g-wavelets
developed previously, and the use of ¢g-theory in the numerical approximation of PDEs.

5.1. Example 1

We consider for this aim a simple example dealing with the non-homogeneous stationary cubic
Schrodinger equation
u”(x) + Ju(z)|?u(z) = ®(2), = € R, (5.1)

where

®(r) = —i2aV2asinh(v/ax)sech?(vax)eVor,
with a constant a > 0 fixed. Remark that the exact solution of (5.1) is given by
tenaet(®) = VEasech(y/az)e Ve,

which my be seen as a stationary form of the soliton-type disturbance travels with speed ¢ and with
a-governed amplitude
u(z,t) = V2a sech(va(z — ct))e! (377

with 0 = a — %, and which is a solution of the classical cubic Schrodinger equation

(2, 1) + e (2, 1) + [u(z, t)Pu(z, t) =0, (2,t) ER x Ry

uy and ug, are the first and the second partial derivatives of the function w in time and space respectively.
The g-analog of equation (5.1) is written as

“lr) — (14 qu(z) + qu(qx)

Agu(a) + u(z)Pulr) = WD =0 +lu()Pul) = o), € B, (52)
taken with the initial condition u(1) = 1 and D,u(l) = —1, where the differential operator D, is the
analog of the first order derivative defined on R, by

u(z) — u(gz)

Dyu(z) = 1 —o)z
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q ||’U, - uefcactHQ,N
5/7 112104
2/3 2.28107°

Table 1: Lo-discrete error estimate due to (5.4) for N = 10.

By denoting x = ¢" and u,, = u(q"), ®, = ¢*"®(¢"), n > 0, the equation (5.2) may be written as
QU1 — (1 4+ @Q)up + up—1 + q2”|un|2un =®,, n>0,andug =1, u; = —q. (5.3)
We will evaluate the closeness of the numerical solution to the exact one via the Lo discrete norm

N N\ 1/2
||'Uf - UegcactHQ,N = (Z |'U'n - uezact(qn)| ) ) (54)

n=0

where © = (up)n>0 is the numerical solution to (5.3), and N is the number of points used for the discrete
grid.

0.2
0———o—a—
— ~—a._
02 \.\'.\
£ b
Z 04 b
A\
08 W
u A
et hiLt
0 M qg=213 ‘-\‘-
0.8 et \
u \
aant \
A
Urumericast 57
-1
1 2 3 4 5 3 T 8 9 10

Figure 1: Exact and numerical solutions due to (5.3) for ¢ € {%, %}

Table 1 illustrates the error estimates between the numerical solution and the exact one for different
values of the quantum parameter gq. The space grid is fixed to a number N = 10 points. It is noticeable
from Table 1 that the numerical quantum discrete scheme converges with good error estimates.

5.2. Example 2
We consider in this example a simple model
u”(x) + m?u(r) = m?z, x € [0,1], (5.5)
with the boundary values u(1) = 0, v/(1) = 1 — 7. We get here an exact solution given by
Uegact (T) = cosmx + sinmr + .
The g-analog of equation (5.5) is written as
Aqu(z) +u(z) =z, z € R, (5.6)

taken with the initial condition (1) = 0 and Dyu(1) = 1 —=. By using the wavelet approach, we consider
a system of g-adic ¢g-Bessel wavelets (1),,) to decompose the function u at an approximation level J € N
as

J
us(@) = uspth (@), (5.7)
k=0
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q ||U - uefcact”Q,J
5/7 | 272109
2/3 2.321078

Table 2: Lo-discrete error estimate due to (5.9) for J = 4.

and substitute it in the equation (5.6). Using Lemma 4.1, we get a recursive equation on the coefficients
UJjk as
Byui+2.k +urk = fik, Yk, (5.8)

where f . are the coefficients of the function f(z) = 72z, z € [0,1].
Here, the closeness of the numerical solution to the exact one will be evaluated via the Lo discrete norm

1/2
||u - uezact”Q,J = (Z |uJ,k - uefcact,J,k|2) . (59)
k

Figure 2 illustrates the closeness of the numerical solution to the exact one, while Table 2 shows the error
estimates between the numerical solution and the exact one. As for the previous example, we notice

2
18 " o F Ry
A *
s
16 * o S K
* S#
14 L A
1274 RS
- \54
‘;’ 14 %
’.\ "
0.8 N
“\
06 Ut ‘-:S
U mericarr 9213 N\
0.4 - ‘x\ i
# U . g=5/7 b
02 numerical Ny

o
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X

Figure 2: Exact and numerical solutions due to (5.3) for ¢ € {Z, 2} and a = 0.25.

from Table 2 that the numerical quantum discrete scheme converges with good error estimates.

6. Conclusion

In this paper new wavelet operators have been constructed by exploiting a generalized and/or modified
variant of g-Bessel function. ¢-Continuous wavelet transform and Plancherel /Parceval type relations have
been proved. It is shown in the introduction that the variant may be applied to solve ODEs and PDEs
by transforming them to recurrent sequences. This fact is confirmed by the development of numerical
examples where the efficiency of the theoretical results is shown already with graphical illustrations and
error estimates. The present results may be also extended to other future directions especially in statistical
applications. Including the g-scale into the estimation and the modeling of time series, statistical series,
and financial data may induce good results. A starting step may be for instance done by mixing the ideas
in [2,7,33,34,35,36,37]. In some of these references it is already shown that the use of new time scales is
performant than the classical uniform method.
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