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Continuous Wavelet Transform on a Quaternionic Hilbert Space
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Abstract

In this paper the new concept of the quaternionic unitary representation of a locally compact group to
the unitary group of a quaternionic Hilbert space is studied. A continuous wavelet transform by means
of a special case of such representations is defined to extend the continuous wavelet transform related to
semidirect product groups.
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1. Introduction and Preliminaries

The theory of wavelet transforms is closely related to the theory of unitary representa-
tions of locally compact groups on the unitary group of a Hilbert space. In this paper,
instead of a complex Hilbert space, we use a quaternionic Hilbert space and define a
quaternionic unitary representation from a locally compact group to the unitary group
of the quaternionic Hilbert space. Generalizing the results of [5], we prove some new
facts regarding the irreducibility of a special kind of a quaternionic representation that
is introduced in this paper. Quaternionic wavelet transform is highly applicable; ac-
cording to [5], the results of [5] as well as the results of this paper, could be applicable
in studying stereophonic or stereoscopic signals. Also, color images can be modeled
by two-dimensional quaternion valued functions, so the quaternionic wavelet trans-
form are useed in color image processing. We refer the interested reader to [1] and [2]
for more information about quaternionic Fourier and wavelet transforms.

Throughout this paper, H will stand for the noncummutative field of quaternions and
H* = H - {0}. A quaternion ¢ is of the form g = xo + x1i + x,j + x3k, where xo, x1, x>
and x3 € R and 7, j and k are the imaginary units and obey the following multiplication
rules:

=—1, ij=—ji=k jk=—kj=i, and ki =—ik=].
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The quaternionic conjugate of g is ¢ = xo—x1i—x j—x3k and the norm of the quaternion

qis gl = /x5 +x} +x3 + x;. It will be convenient to consider a quaternion g as a
linear combination of two complex numbers g = (xo + x1i) + (x2 + x3i)j. Therefore,
G = (xo + x1i) — (xo + x30)j and |g|> = |xo + ix;[> + |x2 + x3i].

Let H be a linear vector space over the field of quaternions under the right scalar
multiplication. We suppose that a function (.|.)y : H X H — H, which is called
an inner product, exists such that for every u,v,w € H and p,q € H the following
properties hold:

@ ulvin = Vin;

(i1) {(ulu)y > O unless u = 0;

(i) Culvp + wgdn = (ulvInp + (uwing.

If the space H is a complete metric space with the metric generated by the quaternionic
norm [lully = V{ulu)y, then H is called a right quaternionic Hilbert space and it
shares most of the properties of a complex Hilbert space, including Cauchy- Schwartz
inequality and triangle inequality (see [4]).

Example 1.1. For a measure space (X, ux), the space of all quaternion valued square
integrable functions on X, which is shown by L%I(X, Ux), is a right quaternionic Hilbert
space with the inner product

112000 = fx (flg)udux = fx FOOg(x)dpx(x), (1)

and the right scalar multiplication is defined by (fq)(x) = f(x)q, for g € H.

For a right quaternionic Hilbert space H, it is said that 7 : H — H is a right linear
operator if for all u,v € H and p € H,

T(up+v)=Tup+Tv.
Such an operator is said to be bounded if there exists K > 0 such that for all u € H,
ITulln < Klulln.

The set of all bounded right linear operators on H is denoted by B(H). The norm of
a bounded right linear operator T is defined similar to the complex case and B(H) is
a complete normed space (see [4]; Proposition 2.11, for more properties of B(H)). In
what follows, by an operator we mean a bounded right linear operator. Adjoint of an
operator as well as unitary and positive operators are defined similar to the complex
case. Many properties of the adjoint operator, are stated and proved in Theorem 2.15
and Remark 2.16 of [4], including ||T|lany = |IT”llswm). It is emphasised that, the
adjoint operation is not an involution on B(H), as the equality (¢7)* = gT™* holds only
for g € R. The set of unitary operators of B(H) with composition, forms a group which
is called the unitary group of H and is shown by U/(H). See [4] for more properties of
unitary and positive operators on H.
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2. Quaternionic Unitary Representation

Let G be a locally compact group, H a right quaternionic Hilbert space and U/(H)
the unitary group of unitary operators on H. A quaternionic unitary representation of G
is a homomorphism Uy from G into U(H)— that is a map Uy : G — U(H) satisfying
Ug(xy) = Un(x)Ug(y) and Ug(x™") = Ug(x)"! = Un(x)*~ such that x — Ug(x)u
is continuous from G to H, for any u € H. A closed subspace M of H is called an
invariant subspace for Uy if Ug(g)(M) € M, for all g € G. If Uy admits a non trivial
invariant subspace, then Uy is called reducible, otherwise it is called irreducible.
Similar to the complex case, a quaternionic unitary representation Uy of G on H is
called square-integrable if there exists a non zero element ¢ € H such that

fG KelUs (@)@l diuc(g) < oo. 2

A unit vector ¢ satisfying (2) is said to be an admissible wavelet for Uy, and the
constant

¢ = fc KU (@I Pduc (), 3)

is called the wavelet constant associated to the admissible wavelet .
In the following proposition by means of a unitary representation of G on the
complex Hilbert space L2(X, ux), a quaternionic unitary representation is built.

Proposition 2.1. Let  be a unitary representation of the locally compact group G into
UL*(X, px)), for a measure space (X, ux). Define Uy : G — (LI(LHZ_H(X, Ux)), by

Us(9)f = n(9)fi +7(g)fa), [ € LEX, ux), 4)

where f = fi + f»], for two complex valued functions f, and f> in L*(X, uix). Then
(i) Uy is a quaternionic unitary representation;

(ii) If & is irreducible, then so is Uy;

(iii) m is square-integrable if and only if Uy is.

3. Quaternionic Continuous Wavelet Transform

Let G = SoT be the semidirect product of two locally compact groups S and
T, where S is abelian and ¢t — o is a homomorphism from 7 into the group of
automorphisms of S. Let (s,f) — 0(s) be a continuous mapping from S X T onto
S, then G is a locally compact group with the Cartesian product topology. By the
transitive action of G on § defined by (a, b).s = ao(s), the group S is a homogeneous
space of G. One can see [3] for related definitions.

Let T = {(e;,?),t € T}, where ¢, is the identity element of S. The rho-function for the

- Ag(ey,t
pair (G, T), that will be shown by p(#) during this paper, is given by p(¢) = ﬁ,
cler,
where A7 and Ag are modular functions of T and G, respectively. If 7 from G into

UL, Us)), 1s the unitary representation
7@ b)f |(5) = pb) 2 £((@. b) ™ 5) = p(b) P f(ory 1 (a7 s)), 5)
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the continuous wavelet transform (CWT) of f € L*(S, us) is defined by

Wy f(s,1) = (s, DY1 ) ras )
in which, ¢ € L' N L*(S, ug) is a wavelet. This means that |[y/||;2(s ) = 1 and there is
a finite and non negative constant Cy, such that for any y € S, the dual group of S,

Cu= [ 1ty roPdyur
T
Definition 3.1. Let it be the representation defined by (5), ¥ the wavelet defined by (3),
and¥ =y + yj. The quaternionic CWT of f = fi + o] € LIZHI(S,,uS) at (a,b) e G is
defined by
Wi f(a.b) = Us(@b¥I)rz,,

where, Uy from G = SoT into the unitary group of Lﬁ(S , s ) is considered as
[Un(a, b)f |(s) = [n(a,b) fi + n(a,b) f71(s).

In the following proposition we extend some of the well-known properties of the
CWT to the quaternionic one.

Proposition 3.2. By the notations of Definition 3.1,
(i) Wyfla,b) = [(Wyfi + Wyfo) + Wy fo = Wy f1)jl(a, b);
(it) Wy fIWg&) 12 6u0) = 2Cu{f18) 12 (5 1us)0
e H 2 _ 2
(i) WA g,y = 2GRy
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