symmetry MBPY

Article
Continuous Wavelet Transform of Schwartz
Tempered Distributions in S’/ (R")

Jagdish Narayan Pandey !, Jay Singh Maurya ? and Santosh Kumar Upadhyay **
and Hari Mohan Srivastava 34*

1 School of Mathematics and Statistics, Carleton University, Ottawa, ON K15 5B6, Canada;
jimpandey1932@gmail.com

Department of Mathematical Sciences, Indian Institute of Technology (Banaras Hindu University),
Varanasi-221005, India; jaysinghmaurya.rs.mat17@itbhu.ac.in

Department of Mathematics and Statistics, University of Victoria, Victoria, BC V8W 3R4, Canada
Department of Medical Research, China Medical University Hospital, China Medical University,
Taichung 40402, Taiwan

Correspondence: sk_upadhyay2001@yahoo.com (S.K.U.); harimsri@math.uvic.ca (H.M.S.);

Tel.: +91-94501-12714 (S.K.U.); +1-250-472-5313 (H.M.S.)

check for
Received: 11 January 2019; Accepted: 12 February 2019; Published: 15 February 2019 updates

Abstract: In this paper, we define a continuous wavelet transform of a Schwartz tempered distribution
fe S'(R") with wavelet kernel p € S(R") and derive the corresponding wavelet inversion formula
interpreting convergence in the weak topology of S’ (R"). It turns out that the wavelet transform of a
constant distribution is zero and our wavelet inversion formula is not true for constant distribution,
but it is true for a non-constant distribution which is not equal to the sum of a non-constant
distribution with a non-zero constant distribution.

Keywords: function spaces and their duals; distributions; tempered distributions; Schwartz testing
function space; generalized functions; distribution space; wavelet transform of generalized functions;
Fourier transform

1. Introduction

As studied in the earlier works (see, for example, [1-12], we define a Schwartz testing function
space S(R") to consist of C* functions ¢ defined on R" and satisfying the following conditions:
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The topology over S(R") is generated by the following sequence of semi-norms:
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These collections of semi-norms in Equation (2) are separating which means that an element
¢ € S(R") is non-zero if and only if there exists at least one of the semi-norms 7, satisfying
Ymi(P) # 0. A sequence {¢,}7; in S(R") tends to ¢ in S(R") if and only if v, (¢ —¢) — Oasv
goes to oo for each of the subscripts |m|, |k| =0,1,2,-- -, are as defined above. Now, one can verify

that the function e~ (AT +5+4) ¢ §(R") and the sequence
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in S(R™) as v — co. The Dirac delta function J(t) is defined here by

< 5(t1 - al/t2 —4ap, t3 - a?)/' o /ti’l - an)/¢(t1/t2/ t3/ o /tl’l) >= 4)(a1/a2/a3/ e /aﬂ)'

So, we have

< 5(t1/ t2/ t3/ e /tn)/(P(tl/ t2/ t3/ o ,tn) >= (P(0,0,0, e ,0) ((P (S S(Rn))

It is easy to check that 6(tq, fp, - - - , t4) is a continuous linear functional on S(R"). A regular distribution
generated by a locally integrable function is an element of S’ (R").

Our objective now is to find an element ¢ € S(R"), which is a wavelet, so as to be able to define
the wavelet transform of f € S'(R") with respect to this kernel.

A function i € L?(R") is a window function if it satisfies the following conditions:

X p(x), xjp(x), -, x1X2X3 - -+ Xptp(x) (3)

belonging to LZ(R”). Here, i, j,k, - - - take on all assumed values 1,2,3, - - - and all the lower suffixes in
a term in Equation (3) are different. It has been proved by Pandey et al. [4,13] that a window function
which is an element of L?(R") belongs to L!(R"). It is easy to verify that every element of S(R") is a
window function.

A window function ¢ belonging to L?(R") and satisfying the following condition:

[e)

/¢(x1,x2,x3,--~,xi,---,xn)dxizo (Vi=1,2,3,---,n) 4)
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also satisfies the admissibility condition given by
SN2
[P0
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where
lp(A) = ll}(/\ll)LZ/ )\3/ e //\n>/

|A] = |[AA2 -+ Ayl

and §(A) is the Fourier transform of (x) = ¢(x1,x2,x3, - - , X ) (see also a recent work [14]). Clearly,
¥ in Equation (4) is a wavelet [13]. As an example, one can easily verify that the function given by

(2 2 3., 2
(l)(x) = X1Xp - Xpe (x1+x2+x3+ +xn)

is a wavelet belonging to S(R"). Let s(R") be a subspace of S(R") such that every element ¢ € s(R")
satisfies Equation (4). Clearly, every element of s(R") is a wavelet [4].
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Now, if f € §'(R") and ¥ is a wavelet belonging to S(R"), the wavelet transform of f can be

defined by
We(a,b) = <f<x>,1 "b>>,

] p(—
where (-, ) denotes the inner product and (a, b) is the argument of wavelet transform Wg(a, b) of f
with respect to wavelet ¢,

¢(x—b) :¢)<X1—b11X2—b2,X3—b3,.”Ixn—bn)

a ai ar as an

(a; #0 (Vi=1,23,--,n))

and
la| = |ayazas - - - ay|.

Our objective next is to prove the following inversion formula:

1 t—b, dbda )
<QpR/nR[Wf(ﬂ,b)lP(a)\/Wr4’(t)> > (f,9), ¢ SR ©)

by interpreting the convergence in S'(R"). Here, we have

. N 2
cy=m [ 'le' dn.

The derivation of the inversion formula given by the formula (6) is difficult. We, therefore, make an
easy approach. The work on the multidimensional wavelet transform with positive scale [a > 0] was done
by Daubechies [15], Meyer [16], Pathak [17], and some others. Motivated by the earlier works [6,8,12],
Pandey et al. [4] studied a generalization of these works and extended the multidimensional wavelet
transform with real scale [ # 0]. In the year 1995, Holschneider [18] extended the multidimensional
wavelet transform to Schwartz tempered distributions with positive scales [a > 0]. Recently, Weisz [19,20]
studied the inversion formula for the continuous wavelet transform and found its convergence in L?
and Wiener amalgam spaces. Postnikov et al. [21] studied computational implementation of the inverse
continuous wavelet transform without a requirement of the admissibility condition.

Our objective in this investigation is to extend the wavelet transform to Schwartz tempered
distributions with real scale [a # 0]. The standard cut off of negative frequencies (which is required
to apply continuous wavelet transform with 2 > 0) may result in a loss of information if the
transformed functions were non-symmetric (in the Fourier space) mixture of real and imaginary
frequency components. Our proposed and proven inversion formula is free from the mentioned defect.
The main advantage of our work is a possible further practical utility of the proven result and the
simplicity of calculation; in addition, our extension of the multidimensional wavelet inversion formula
is the most general. In [4], it is proved that a window function ¢(x) € L?>(R") is a wavelet if and only
if the integral of i along each of the axes is zero; therefore, any (x) € s(R") is a wavelet. Hence, the
wavelet transform of a constant distribution is zero.

We thus realize that two elements of S'(R") having equal wavelet transform will differ by a constant
in general. Holschneider [18] uses the wavelet inversion formula for f € §'(R"), but he does not mention
the wavelet inversion formula and its convergence in S'(R"). Perhaps, he takes it for granted, as such an
inversion formula is valid for elements of L?(R") by interpreting convergence in L?(IR") . Our objective
in this paper is to fill up all these gaps. We will prove the inversion Formula (6) in Section 3.
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2. Structure of Generalized Functions of Slow Growth

Elements of S'(R") are called tempered distributions or distributions of slow growth.

Definition 1. A function f(x) is said to be a function of slow growth in R" if, for m = 0, we have

L PG+ ) dx < oo

and it determines a regular functional f in S'(R") by the formula given by
(fr9) = [, f)9(x)dx (¢ € SRY)). )

It is easy to verify that the functional f defined by Equation (7) exists V¢ € S(R") and that it is
linear as well as continuous on S(R").
We now quote a theorem of Vladimirov proved in his book [8].

Theorem 1. If f € S'(R"), then there exists a continuous function g of slow growth in R" and an integer
m 2 0 such that

d
f(x) =D1'Dy'D5"- - - Dyig(x), gEDi 8
1
or, equivalently,
f(x) =D"g(x)  (D:=D1DyD3:--Dy). )

The n-dimensional wavelet inversion formula for tempered distributions will now be proved very
simply by using the structure Formula (9). This structure formula enables us to reduce the wavelet
analysis problem relating to tempered distributions to the classical wavelet analysis problem of L2(IR")
functions. Our wavelet inversion formula of L?(R") functions will be used quite successfully in order
to derive the wavelet inversion formula for the wavelet transform of tempered distributions.

3. Wavelet Transform of Tempered Distributions in R" and Its Inversion

Henceforth, we assume that a # 0 implies each of the components a; # O foralli =1,2,3,--- ,n
and that 2 > 0 means each of the component a; of 4 is greater than zero. Moreover, |a| > € will mean
that |a;| > eforalli=1,2,3,--- ,n.

Let p(x) = p(x1,x2, -+, x,) € S(R"). Then ¢(x) is a window function and is a wavelet if and
only if

oo

/lp(xl,xz,u',xi,--~,xn)dxi:O (Vi=1,2,---,n). (10)

We define ¢ ("T’b) =1 (xl ;1 by , xztgbz, e, x”a_n b”) , where a;, b; are real numbers and none of the

a; is zero. The wavelet transform W¢(a, b) of f with respect to the kernel —= (XT*Z’) is defined by

Vial

Wy(a,b) = <f(x>’¢1|7|‘/’ (xa_b) > - (1)

Here, we assume that

la| = |ajagas - - - ay| (a; 20 (i=1,2,3,---,n)).
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We now prove the following lemmas which will be used to prove the main inversion formula.

Lemma 1. (see [13]) Let ¢ € S(R") and i be a wavelet belonging to S(R™).

o L o R0R (=)o (55 g
a€R” beR" teR"?
= (-Dx)"¢(®)xry (V30 € R).

This is called pointwise convergence of the wavelet inversion formula.
Lemma 2. Let ¢ € S (R") and let 1 be a wavelet belonging to S (R"). Then

e | eporews (50) e (50) T

aeR" peR" teR"

converges to (—D') ¢(x) uniformly for all x € R".

Proof. Let 1

F(A) = —— / (—Dp)" (1) e~ M dt

emt )
be the Fourier transform of (—D;)" ¢(t). It follows that, in the sense of L?(R") convergence [17],

= ] ] eoomews (50) e (50) S

aeR" beR" ceR"

1 iNx — (_ m o(x
:WR/WF(/\)e dA = (—Dx)" ¢(x).

This convergence is also uniform by a Weierstrass M-test because

1 iA.x 1
W/F(A)e dn| £ (27()% /|F(/\)|d/\<oo
R s
and
F(N) € S(R").
O

Theorem 2. Let f € S'(R") and W¢(a, b) be its wavelet transform defined by

W (a,b) = <f<x>, vt (‘b)>

Then the inversion formula of the wavelet transform We(a, b) is given by

<c1¢, [ [ (50 %Zz,¢<t>>—<f,¢> 2

R" R"

(v e S®),

where the equality holds true almost everywhere.
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Proof. Using the structure formula (9) for f, we find by distributional differentiation that

We(a,b) = ( Dy'g(x),

Here, we have

(=Dx) = (=Dx;) (=Dx,) (=Dxy) - - (=Dx,) Dy, = (i=1,2,3,--,n).

We thus obtain

O
The expression on the left-hand side in (12) can be written as follows:

c¢/ / // ¢<x;b)¢<t;b)4_}(t)dxdbdadt

teR" aeR" beR" xeR"

LS [/ {ors (1)) ¢(f—ab)db] ICTCLIO

teR” aeR" xcR"

We now evaluate the integral in the big bracket by parts to find from Equation (13) that

o=z [ [ [ /‘/_’<x;b>(—Db)m¢(t;b>db] o0 o

teR" aeR" xeR” LbeR"
_(x—b m o [t ¢(t) dx da dt
& [ ][] [R5 oo (5) ] 2t
teR" geR" xcR" LbeR"

which, upon inverting the order of integration with respect to a and ¢, yields

Cw/ [ ][ s (557) aore (F5F) o

aeR" teR" peR" xeR"

Cw / / / (xab> dx / ‘/’(tab) db(—Dt)mqﬁ(t)m. (14)
teR"

acR" peR" xeR"

In order to justify the inversion of the order of integration with respect to a and t, we first perform
the integration in the region [(a,t) : |a] > €,a,t € R"], invert the order of integration and then let
€ — 0. This existence of the triple integral in terms of b, 2 and ¢ in Equation (14) is proved by using the
Plancherel theorem with respect to the variable b. Thus, by using

/lw

Rﬂ

we notice that the variable a disappears from the denominator and every calculation goes on smoothly.
Since the functions ¢ and 1 are elements of S(R"), the Fubini’s theorem can be applied in order to
justify the above interchanges of the order of integration.
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Now, Equation (14) can be written as follows:

<g<x>,clw I (—Dt)m¢(t>¢<“f)dtw<’f’)m> 15)

acR" peR" teR"

= (g(x), (=Dx)" p(x)), (16)

by means of the wavelet inversion formula in R" [4] and Lemma 2.
We note that the triple integral in Equation (15) converges uniformly to (—Dy)" ¢(x)V x € R™.
Thus, Equation (15) becomes Equation (16):

(8(x), (=Dx)" ¢(x)) = ((Dx)" g(x), ¢(x))
= (f(x), ¢(x)).

4. Conclusions

In our present investigation, we have introduced and studied a continuous wavelet transform
of a Schwartz tempered distribution f € S (R") with the wavelet kernel ¢ € S(R"). We have
successfully derived the corresponding wavelet inversion formula by interpreting convergence in the
weak topology of S’ (R™).

We have found that the wavelet transform of a constant distribution is zero and also that our
wavelet inversion formula is not true for constant distribution, but it is true for a non-constant
distribution which is not equal to the sum of a non-constant distribution with a non-zero constant
distribution. Our results and findings are stated and proved as Lemmas and Theorems.
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