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ABSTRACT. Let H' (R) denote the set of Associated Homogeneous Distribu-
tions (AHDs) with support in R. The set H' (R) consists of the distributional
analogues of one-dimensional power-log functions. H’ (R) is an important sub-
set of the tempered distributions S’ (R), because (i) it contains the majority
of the (one-dimensional) distributions typically encountered in physics appli-
cations and (ii) recent work done by the author shows that H' (R), as a linear
space, can be extended to a convolution algebra and an isomorphic multipli-
cation algebra.

This paper (i) reviews the general properties enjoyed by AHDs, (ii) com-
pletes the list of properties of the various important basis AHDs by deriving
many new and general expressions for their derivatives, Fourier transforms,
Taylor and Laurent series with respect to the degree of homogeneity, etc., and
(iii) introduces some useful distributional concepts, such as extensions of par-
tial distributions, that play a natural role in the construction of AHD algebras.

1. INTRODUCTION

Homogeneous distributions are the distributional analogue of homogeneous func-
tions, such as |z|* : R — C, which is homogeneous with complex degree z. Asso-
ciated to homogeneous functions are power-log functions, which arise when taking
the derivative with respect to the degree of homogeneity z. The set of Associ-
ated Homogeneous Distributions (AHDs) with support in the line R, and which
we denote by H' (R), is the distributional analogue of the set of one-dimensional
power-log functions. One-dimensional associated homogeneous distributions were
first introduced in [15]. In the current paper, a comprehensive survey of the set
H' (R) is given, which (i) applies a new approach to regularization and (ii) gives
many new properties of AHDs of a greater generality then found in e.g., [15].

The set H' (R) is an interesting and important subset of the distributions of slow
growth (or tempered distributions), S’ (R), [23], [28], for the following reasons.
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(i) H' (R) contains the majority of the distributions one encounters in physics
applications, such as the delta distribution ¢, the step distributions 14, several
so called pseudo-functions generated by taking Hadamard’s finite part of certain
divergent integrals, among which is Cauchy’s principal value distribution ="', the
even and odd Riesz kernels, the Heisenberg distributions and many familiar others.

(ii) H' (R) is, just as S’ (R), closed under Fourier transformation.

(iii) Recent results obtained by the author, [9]-[12], show that it is possible to
extend the linear space H' (R) to a closed (non-commutative and non-associative)
convolution algebra over C.

(iv) By combining the two former properties and inspired by the generalized
convolution theorem, [28, p. 191], [14, p. 101], we can also define a closed mul-
tiplication product for AHDs on R, [13]. Hence, H' (R) also extends to a closed
(non-commutative and non-associative) multiplication algebra over C, which is iso-
morphic to the former convolution algebra under Fourier transformation. The im-
portance of this distributional multiplication algebra stems from the fact that it
now becomes possible to give a rigorous meaning to distributional products such
as 02 £ 6.0 and many interesting others as a distribution (for instance, it is found
in [13] that 6% = c6(1), ¢ € C arbitrary). Attempts to define a multiplication prod-
uct for the whole set of distributions D', such as in [3] (using model delta nets
and passage to the limit) or in [2] (using Fourier transformation and a functional
analytic way, a method which generalizes [16, p. 267, Theorem 8.2.10]), fail to
produce meaningful products of certain AHDs as a distribution, e.g., for 62 see [5,
Chapter 2]. Other approaches allow to define a multiplication product for a dif-
ferent class of generalized functions G, as in Colombeau’s work (which belongs to
non-standard analysis), [5], and where 62 € G but §2 has no association in D’. The
by the author adopted definition for multiplication of AHDs makes that (H'(R),.)
is internal to Schwartz’ distribution theory, in the sense that all products are in
H (R)Cc S’ (R) D (R).

(v) A certain subset of H' (R) is fundamental to give a distributional justifica-
tion of ”integration of complex degree” over R, for certain subsets of functions and
distributions. Integration of complex degree is the generalization to complex de-
grees of the well-known classical “fractional integration/derivation” calculus, [22].
Certain AHDs appear as kernel in convolution operators that define integration of
complex degree over the whole of R. The classical fractional calculus was devel-
oped for functions defined on the half-lines Ry and can be justified in distributional
terms, using subalgebras of the well-known convolution algebras (D} (R), +, *) and
(DR(R),+,%*), [23]. A distributional treatment of integration of complex degree
over the whole line however, has not been given yet.

These facts show that the subset H' (R) occupies a remarkable position within
Schwartz’ distribution theory and this justifies a more up-to-date review of these
important distributions. This work discusses the general properties enjoyed by
one-dimensional AHDs and brings together known and many new properties of the
various important basis AHDs. All the basis AHDs considered here, play one or
more key roles in the construction of the mentioned algebras. The following is an
overview of new results presented in this paper.

(i) We extend and generalize the classical exposition, given in [15], for seven types
of basis AHDs. This includes expressions for generalized derivatives (of two types),
Taylor and Laurent series expansions with respect to the degree of homogeneity,
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Fourier transforms, etc. The structure theorems for AHDs on R, derived in [9],
make use of these basis AHDs and each type has a distinct advantage, allowing
common operations to be performed on AHDs with ease and elegance.

(ii) The classical process of the regularization of divergent integrals, as given
in [15] and which goes back to Hadamard, has been placed here in the more gen-
eral context of a functional extension process and is justified by the Hahn-Banach
theorem. We will refer to this method as “extension of partial distributions”.

(iii) Attention is given to the appropriateness of the suggestive notation com-
monly used for AHDs. For instance, with k,m € Z, , the distributions z* In™ ||
are often tacitly interpreted as the distributional multiplication products z3*. In™ |z],
which is correct in this case, while the notation (z & i0) " In™ (z + i0), used in e.g.,
[15, pp. 96-98] for the distributions D™ (z £i0)* at = = —k, is prone to be read
as the distributional multiplication products (2 + i0) ™" .In™ (z =+ 0), but which is
incorrect, see eq. (5.156). The justification for using or avoiding such notation
is subject to our definition of multiplication product, given by (4.19), and follows
from results obtained in [13].

(iv) We emphasize the fact that, besides the well-known generalized derivative
D for distributions, one can also define a second natural generalized derivative
X. The operator D is a derivation with respect to the multiplication product,
and is expressible as the convolution operator D = §Wx, while the operator X
is a derivation with respect to the convolution product, and is expressible as the
multiplication operator X = x.. Both generalized derivatives, D and X, appear on
an equal footing in the theory of AHDs.

(v) We introduce the distributional concepts, “partial distribution” and “exten-
sion of a partial distribution”, that proved valuable in the context of AHDs.

In this work we only consider one-dimensional distributions, i.e., with support
contained in the line R. This restriction is deliberate for two reasons.

(i) AHDs based on R have a very simple structure, which allows to derive useful
structure theorems, see [9]. These theorems give representations for a general AHD
in terms of the basis AHDs considered here. The availability of structure theorems
leads to more explicit results, such as [12] and [13]. Higher-dimensional analogues
of AHDs, with support in R™ with n > 1, have far more degrees of freedom, and
give rise to a generalization, called almost quasihomogeneous distributions in [26].

(i) AHDs based on RP'? (pseudo-Euclidean coordinate space with signature
(p,q)) can be obtained from AHDs based on R as the pullback along a scalar
function. If such a function possesses a special symmetry, e.g., O (p, ¢)-invariance,
then the resulting AHDs on RP'? inherit an isomorphic algebraic structure from
the AHDs on R. It is thus relevant (and much simpler) to study the algebraic
structure of one-dimensional AHDs, as a precursor for constructing algebras of cer-
tain n-dimensional AHDs. The latter set of distributions contains members which
are of paramount importance in physics, e.g., for solving the ultrahyperbolic wave
equation in RP*? and consequently for developing Clifford Analysis over pseudo-
Euclidean spaces.

We end this introduction with the organization of the paper.

(i) We first establish some general definitions and notation.

(ii) We state some useful distributional preliminaries.

(iii) We continue with the formal definition of AHDs and state their general
properties.
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(iv) Thereafter, we introduce a number of un-normalized AHDs, and present a
fairly complete collection of properties.

(v) Finally, we discuss in detail and give new properties for a number of important
normalized basis AHDs, which, together with the un-normalized ones, play an
essential role in the construction of AHD algebras.

2. GENERAL DEFINITIONS

(1) Number sets. Define respectively the sets of odd and even positive integers
Zo+ and Ze y, of odd and even negative integers Z, _ and Z. _, of non-
negative and non-positive even integers Z, 4 = {0} UZ. 4 and Z, | =
Ze,— U {0}, of odd and even integers Z, = Z, _ U Z, and Z, = Z _
{0} U Z, 4, of positive and negative integers Z, = Z, y UZ. 4 and Z_
Zig,— U Ze,—, of non-negative and non-positive natural numbers N = Ziy
{0}UZ, and —-N £ Z_; £ Z_U{0} and the set of integers Z £ Z_U{0}UZ..
Define finite sets of consecutive integers Zj;, ;,], Vi1, i2 € Z, as Z;, ,) Ly
if iy > 9, Zpy, 4y = {in} and Zy, 4 = {iv, i1 + 1, ..., 02} if 41 < io. Further,
define the open half-lines R (the set of positive real numbers) and R_ (the
set of negative real numbers), their half closures R £ {0} U R, (the set

> 1> C

of non-negative real numbers) and R_; £ R_ U {0} (the set of non-positive
real numbers), and the open line R = R_ U {0} U R;. Open n-dimensional
real coordinate space is denoted by R™ and C stands for the field of complex
numbers.

(2) Indicator functions. Let Lp denote the set of logical predicates. Define the
indicator (or characteristic) function 1: Lp — {0, 1}, such that

2 | 1 if pis true,
Py = { 0 if pis false. (2.1)
We immediately introduce the following convenient even and odd symbols,
vk € Z,
er = liez,, (22)
A
o = lpez,-
(3) Factorial polynomials. Denote by
2B g+ Lok 2(z+ D(z+2). (2 + (k= 1)), (2.4)
I'(z+k)
— 2.5
rz) ’ (2:5)
k
= ST (k) 2, (2.6)
p=0

the rising factorial polynomial (Pochhammer’s symbol), Vk € N. In par-
ticular, 00®) = 1, and m® = (m — 1+ k)!/(m — 1)! for m € Z,. Also,
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denote by
2y 2 =0+ Lm0 2(z = 1)(2 = 2)..(z = (k = 1)), (2.7)
I'(z+1)
= = 7 2.8
Tr1-k) (2:8)
k

= Y s(k,p)2” (2.9)

p=0
the falling factorial polynomial. In particular, Oy = lg=o and m) =

lk<m (M!/(m —k)!) for m € Z4. In (2.6) and (2.9), s(k,p) are Stirling
numbers of the first kind, [1, p. 824, 24.1.3]. Both polynomials are related
as z(p) = (—1)F (—z)(k).

(4) Modified Euler and Bernoulli polynomials. We will need the polynomials
E,(z) and B,y1(x), Vn € N, with degrees indicated by their subscripts,
defined by the generating functions,

+oo
1 . — tr
L E,(x)—, 2.10
coshte nz::O (z) n! ( )
—+oo
t £ — tn
o= 1 B . 2.11
Simht6 —|—nz::1n n(7) n! ( )

Obviously, E,(—z) = (=1)"En(z) and By (—z) = (—1)""' Bhyi(a).
Our polynomials E, (z) and B,y1(x) are related to the standard Euler
polynomials F,, (z) and standard Bernoulli polynomials By, ;1 (z), as defined
in [1, p. 804, 23.1.1], in the following way,

_ 1
Eo(z) = 2"E, (m ; ) : (2.12)
_ 1
(n+1)Bpyi(z) = 2B, (x ; ) . (2.13)
Define modified Euler and modified Bernoulli numbers by, Vn € N,
E, & E.0), (2.14)
Bpy1 £ Bpta(0). (2.15)

The numbers E,, and B, are related to the standard Euler numbers
E, £ 2"E, (1/2) and standard Bernoulli numbers B,, £ B,,(0) as

E, = E,, (2.16)
_ B,i1
Bp1 = — (20 —2) 2 2.17
ao= -yl (217
The following orthogonality relations hold for our modified numbers,

n

Z(Z)en—k‘Ek = 1n=07 (218)
k=0
> (Dou-iBrrr = Lo — ' (2.19)

k=0
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Let d, denote the ordinary derivative with respect to z. We will also
need the following operator relations, holding Vn € N,

E.(d)z = 2zE,.(d.)+ locnnE,_1(d,), (2.20)
Bupii1(d.)z = ly—o+ 2Bni1(d,) + lo<pnB,(dy). (2.21)

Equations (2.18)—(2.21) are easily proved from the generating functions
(2.10)—(2.11).

Function spaces. Let n € Z, and consider a non-empty open subset U C
R", called base space. By C*(U, C) we denote the space of functions from
U — C having continuous derivatives of order k, by £(U) £ C>®(U,C) the
space of infinitely differentiable (or smooth) functions from U — C and by
S(U) the (Schwartz) space of smooth functions of rapid descent (towards
infinity) from U — C, [23, vol. II, p. 89], [28, p. 99]. We will also need
the space D (R) of smooth functions with support bounded on the right
and the space Dgr(R) of smooth functions with support bounded on the
left, from R — C. Of central importance is the space D(U) = C(U,C)
of smooth, complex valued “test” functions with compact support in the
base space U. We will also need the space of smooth functions of slow
growth denoted Oy (U) (kernels of multiplication operators), [23, vol. II,
pp- 99-101], the space P(U) of polynomial functions from U — C, the space
of functions Z(V) whose Fourier transform is in D(U), [28, p. 192], and
Zn(V), the subspace of multipliers in Z(V'), consisting of functions that
are the Fourier transform of a distribution of compact support contained in
U. In addition, A (€, C) stands for the space of complex analytic functions
from 2 C C — C and the space of complex functions, being locally Lebesgue
integrable on U, is denoted L], . (U, C).

Let Z; C Z and denote by Dz, (U) (Sz, (U)) the subspace of test functions
¢ € D(U) (¢ € S(U)) such that, VI € Z;, (i) if I < 0, all |l + 1|-th order
partial derivatives of ¢ at the origin are zero and (ii) if 0 < [, all I-th order
partial moments of ¢ are zero. In particular, Dy_(U) is the space of smooth
functions with compact support such that the value of the function and the
value of all its derivatives at the origin is zero and Dy(U) is the space of
smooth functions with compact support with zero non-negative moments.
Similarly, Sz_ (U) is the space of smooth functions of rapid descent such
that the value of the function and the value of all its derivatives at the origin
is zero and Sy (U) is the space of smooth functions of rapid descent with
zero non-negative moments. The space Sy (U) is also known as Lizorkin’s
space, [22, p. 148].

Distribution spaces. Some well-known generalized function spaces are: (i)
the space of distributions D', (ii) the space of distributions of slow growth
(also called tempered distributions) &', (iii) 2’ (dual to Z), called the
space of ultradistributions (i.e., distributions which are the Fourier trans-
form of a distribution in D’). Denote by & (U) C D' (U) the space of
distributions with compact support, which is dual to the space &€ (U) of
smooth functions. It will be convenient to also introduce the space of dis-
tributions & (U) C &' (U), having as support {0}. Denote by A the set
of regular distributions, which are generated by the set P of polynomials
with complex coefficients. The Fourier transformation Fs and its inverse
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F5' (see below) are homeomorphisms between N’ (U) and &) (V), with V
called the spectral base space (or spectral domain) of the base space U.
Further, we denote by D (R) C D’ (R) the space of distributions with
support bounded on the left (also called right-sided distributions) (D%
is dual to D) and by D} (R) C D’ (R) the space of distributions with
support bounded on the right (also called left-sided distributions) (D} is
dual to Dg). Clearly, &' (R) C D, g (R). The spaces D} p (R) together
with the sum 4 and convolution product *, denoted (’D’L s *)7 are com-
mutative integral domains and can be given the additional structure of
commutative and associative convolution algebras over C, [23, vol II, pp.
28-30]. We will also need the space of distributions of rapid descent, de-
noted O (U) (kernels of convolution operators), [23, vol. II, pp. 99-101].
The following inclusions hold D (U) C &' (U) C O (U) € S’ (U) and also
DWU)cCS{U)cC Oy (U)cCS (U), 23, vol. 11, p. 170].

(7) Notation. We almost exclusively consider generalized functions based on
R, so we will write D for D(R), D’ for D'(R), etc.. We also adopt the
convention that generic symbols like f (z) denote a function value, while f
denotes either a function or a distribution, with the distinction being clear
from the context. Exceptions to this rule are the customary symbols for
particular functions, such as e, In|z|, etc.. Occasionally, the need will arise
to explicitly indicate a dummy variable z and write f(,) for a distribution,
to show that it is an element of D’({x € R}), as in the tensor product of
two distributions f) ® g¢,) € D'({(z,y) € R?}).

3. PRELIMINARIES

Any function f € £}, (U,C) generates a distribution f € D'(U) by defining,
Vo € D(U),

(fog) 2 /U f(@)p(x)dz. (3.1)

The resulting distribution f is called regular. Distributions which are not regular
are called singular.

3.1. Products of distributions. Products of distributions can in general not be
defined. Under certain restrictions however, a multiplication product or a convo-
lution product can be defined, which is commutative but generally not associative,
as is illustrated by the special cases below. In these cases, the defined product is
assumed to satisfy the usual distributive and algebra axioms over C.

3.1.1. Multiplication product. The multiplication product of two distributions can
easily be defined in the following cases.

(1) If f and g are both regular distributions, generated from locally integrable
functions f and g from U — C, and if the (codomain pointwise) product
function fg is also locally integrable on U, then the multiplication product
of distributions f.g = g.f can be defined as the regular distribution given
by

(f.g.0) 2 /U f(@)g () p(@)dz £ (9.1, ). (3.2)

In this case, the multiplication product inherits associativity from the as-
sociative product of locally integrable functions. A typical example is the
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set of regular distributions generated from the set of continuous functions,
which together with addition and the multiplication (3.2) forms an algebra
over C.

(2) More general, if h is a regular distribution, generated from any smooth
function h € € (U), and f is any distribution, the multiplication product of
distributions h.f = f.h can be defined by

(h.f.0) £ (f,he) = (f.h, ) (3-3)

and it is easily shown that h.f € D' (U), [28, p. 28]. In particular, if
heD(U), h.f € & (V).

(3) If h is a regular distribution, generated from a smooth function of slow
growth h € Oy (U) and f € 8’ (U) is a tempered distribution, the multi-
plication product h.f can also be defined by (3.3) and h.f € S’ (U), [23,
vol. II, pp. 101-102].

(4) One can also define the multiplication product of a smooth function with
a distribution as £(U) x D'(U) — D'(U) such that (h, f) — hf = fh,
with hf defined by (hf,¢) £ (f,he) £ (fh,¢). This is an example of an
external operation, which turns D’(U) into a module over £(U). In the
particular case that h = ¢ € D(U), this operation is called localization of
a distribution f € D’'(U), with respect to ¢, and the resulting distribution
of compact support is regarded as a localized approximation to f. In this
sense, test functions can be thought of as “localized” approximations of the
one distribution 1.

(5) Let Z/ and Z’ denote those subspaces of the ultradistributions Z” whose
elements are the Fourier transform of a distribution in D} and DY, respec-
tively. If f,g € 2/ (f,g € Z2°), then a multiplication product f.g € Z/
(f.g € Z°) can be defined by

.92 Fo ((F2'1) « (F2/9)) - (3.4)
Then, the spaces Z! together with the sum + and multiplication product
., and denoted (Z%,+,.), are commutative integral domains and can be
given the additional structure of commutative and associative convolution
algebras over C. The structures (ZQE, +, ) are isomorphic under the Fourier
transformation to the structures (D’L s *), considered below, and are
two other examples of generalized function spaces that can be extended to
a multiplication algebra over C.

(6) Fix any w € D' (U) and let D), (U) C D’ (U) be that subset of distributions
for which the multiplication with w exists. The operator T,, : D, (U) —
D' (U) such that f +— w.f is called a multiplication operator with kernel
w. A necessary and sufficient condition that an operator T, from a subset
of D' (U) to D' (U), is a multiplication operator is that T is (i) single-
valued, (ii) linear, (iii) sequentially continuous and (iv) commutes with any
phase operator E, £ ¢(#a), (by isomorphism with convolution operator,
see below).

In engineering, a multiplication operator w. is called a (phase-invariant)
filter and its kernel w is called the transfer function of the filter.

3.1.2. Conwolution product. The convolution product of two distributions is always
defined in the following cases.
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(1) In particular, if f and g are regular distributions, generated from locally
integrable functions f and g from U — C, respectively, and if the function

h(z) 2 /U f(& )9 () dy, (3.5)

exists almost everywhere and is also locally integrable, then f*xg =g f is
defined as the regular distribution generated by h, [28, p. 126].

(2) Let p € D(U) and g4y € DU x U) : (2,y) — ¢ (z +y). The convolution
product f % g = g« f of two distributions f,g € D’ (U), can be defined in
terms of the tensor product f(;) ® g,y € D'(U x U) as

(frg,0) = (fa) ® 9w, e (@+y)), (3.6)
(f@)s (9, 2 (+9))) (3.7)

provided supp(f(z) ® g(y)) Nsupp(e (z +y)) in U x U is compact, and then
fxgeD (U),[28,p. 122]. If fe & (U)orge & (U),or f e D} and
g€ Dy, or feDlyand g € Dy, then fx* g is always defined by (3.6)(3.7).
The convolution product of m distributions is associative if at least m — 1
distributions in this product belong to £ (U) or they all belong to either D},
or Dpy. It is well-known that under these same conditions the convolution
is a sequentially continuous operation, [28, p. 136].

(3) If h € O (U) and f € S’ (U), the convolution product h * f = f* h is
defined by (3.7) and h* f € §' (U), [23, vol. II, pp. 102-103].

(4) One can also define the convolution product of a test function with a dis-
tribution as D(U) x D'(U) — E(U) such that (¢, f) — @ * f = f * p, with
@+ f defined by (¢ * f) (2) £ (fi),¢ (x —y)) = (f * ¢) (). This definition
agrees with (3.6)—(3.7) if the test function ¢ is replaced by the regular dis-
tribution ¢ it generates, see [28, p. 132, Theorem 5.5-1]. This turns D’(U)
into a module over D(U). This operation is called regularization of a distri-
bution f € D'(U), with respect to a mollifier ¢ € D(U), and the resulting
smooth function is regarded as an approximation to f. In this sense, test
functions in D(U) can be thought of as “mollified” approximations of the
delta distribution §.

(5) Fix any w € D' (U) and let D, (U) C D’ (U) be that subset of distributions
for which the convolution with w exists. The operator T, : D) (U) —
D’ (U) such that f — wx* f is called a convolution operator with kernel w.
A necessary and sufficient condition that an operator T', from a subset of
D' (U) to D' (U), is a convolution operator is that 7T is (i) single-valued, (ii)
linear, (iii) sequentially continuous and (iv) commutes with any translation
operator T, (eq. (3.39)), [28, p. 147].

In engineering, a convolution operator wx is called a (time-invariant)
linear system and its kernel w is called the impulse response of the system.

[I>

3.2. Operations on distributions.

3.2.1. Generalized derivations. Let j € Zp ). Let h, f,g € D' (U), with h a reg-
ular distribution generated by a smooth function and g a distribution of compact
support.

(1) Generalized multiplication partial derivation. The generalized partial deriva-
tion D; : D' (U) — D' (U) such that f — D;f, is the continuous linear
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operator defined by

The symbol d; in the right-hand side of (3.8) stands for the ordinary partial
derivation in D (U) with respect to the j-th coordinate. The generalized
partial derivation is a derivation with respect to multiplication of distribu-

tions, as defined by (3.3), but not with respect to the convolution product,
as defined by (3.7),

Dj(h.f) = (Djh).f +h.(D;f), (3.9)

Dj(f=g) = (D;jf)xg=fx*(Djg). (3.10)

It is important to notice that in general, D; is not a derivation with respect

to multiplication of distributions as defined by (3.2). If n = 1 we write D

for D;. We will call D; the generalized multiplication partial derivation, in
order to distinguish it from the one defined in the next item.

(2) Generalized convolution partial derivation. The continuous operator X7 :

D' (U) — D’ (U) such that f +— X7 f, defined by (27 is the j-th coordinate
function)

(X7f,0) 2 (f,2p), (3.11)
is also a derivation, now with respect to the convolution product, but not

with respect to multiplication. Indeed, one easily deduces from (3.3) and
(3.7) that,

X/ (h.f) = (X?h).f=h.(X'f), (3.12)

X/ (fxg) = (X f)xg+ f*(Xg). (3.13)

It is again important to notice that in general, X7 is not a derivation with
respect to convolution of distributions as defined by (3.5). If n = 1 we write

X for X'. We will call X; the generalized convolution partial derivation.
(3) We have, Vi,j € Z[l,n]7

D;o X9 — X7 oD; =6/ 1d, (3.14)

wherein §7 are the components of the (1,1)-unit tensor and Id : D’ (U) —
D' (U) denotes the common identity operator (either realized as the mul-
tiplication operator Id = 1. or as the convolution operator Id = d%). For
further convenience we also define the following operators,

XD £ Y X'oD;, (3.15)
i=1

D-X £ Y 'DioX’ (3.16)
1=1

satisfying

D - X-X-D=nld, (3.17)
with n the dimension of the base space U. In (3.15), (X‘oD;) f £
X' (Dif) = @, (60 5 ) and in (3.16), (Dio X') f 2 Di (Xf) = 81"«
(:ci. f). The operator defined in (3.15) is the generalized Euler operator.

3.2.2. Fourier transformation.
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A. Distributions of slow growth.

(1) Define the Fourier transformation Fs : S (U) — S (V) such that ¢+ ¢ £
Fsp with

(Fse) (x) & /U =270 (2) da (3.18)

The inverse transformation Fg' : S (V) — S (U) such that 1 + ¢ = Fg ¢
is given by, [28, p. 178],

(Fs') (@) = /V e () dx. (3.19)

The Fourier transformation Fs and its inverse Fg L are linear homeomor-
phisms between S (U) and S (V), [28, pp. 182-183].

Let e*27(x'%) denote the regular distributions based on V x U, gener-
ated by the smooth functions e*27(x®) . V x /' = C. The distributions
et?2m(x®) are vegular (Schwartz) kernels, [4, p. 471], [14, p. 68]. The
transformation Fs (F5') is thus also given by right (left) contraction as
follows,

(Fsp) (x) = <e‘i2”("'””), cpx> , (3.20)

(F5') () = <e+i27T(X-x),1/}X>. (3.21)

(2) The Fourier transformation on the dual space Fs : &’ (V) — S’ (U) such
that f — g = Fs/ f is defined by, Vo € S (U),

<~7:S/fa§0>é<fa]:$50>a (322)

The legitimacy of this definition stems from the fact that Fs/f coincides
with the ordinary Fourier transformation of a function f € £},., due to
Parseval-Plancherel’s theorem, [28, p. 184]. The inverse transformation
Fo!' 8 (U) — S (V) such that g +— f = Fg'g is readily given by,
Vi eS(V),
(Fs'g:1) = (9, F5'¥). (3.23)
The Fourier transformation Fs: and its inverse JF ‘;1 are linear homeomor-
phisms between &’ (V) and S’ (U), [23, vol II, pp. 105-107].

(3) The transformations Fs: and Fg,' are also linear homeomorphisms between
Oum (V) C 8’ (V) and O, (U) € 8’ (U), that exchange the multiplication
product and the convolution product, [23, vol II, p. 124], i.e., the gener-
alized convolution theorem. In particular, Fs/ and F 5,1 are linear homeo-
morphisms between P (V) and &) (U).

B. Ultradistributions.
(1) Define the Fourier transformation Fz : Z (U) — D (V) such that ¢ — ¢ =

Fzy by
o(x) 2 / e 720Dy (1) dar. (3.24)
U
The inverse transformation Fp' : D (V) — Z (U) such that ¢ + ¢ = Fplep
is given by

¥ () = /V eH20CR) 5 (1) d. (3.25)
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The Fourier transformation Fz and its inverse F5' are homeomorphisms
between Z (U) and D (V).
The Fourier transformation on the dual space Fp : D' (V) — Z’ (U) such
that f +— g = Fp/f is defined by, V¢ € Z (U),
(Fo f4) £ (f, Fzv). (3.26)

The inverse transformation Fz' : Z'(U) — D’ (V) such that g — f =
Fz!g is readily given by, Yy € D (V),

(Fzlg,0) = (9. Fp'e). (3.27)

The Fourier transformation Fp/ and its inverse F. 5,1 are homeomorphisms
between D’ (V') and Z’ (U).
We have
FoDj = +(2mi) X Fpr, (3.28)
ForX; = —(2mi) ' DI Fp. (3.29)
Herein are Dy, X7 generalized partial derivations with respect to the base

space U and D7, X ; generalized partial derivations with respect to the base
space V.

The following inclusions of subspaces hold: Z(U) ¢ S(U) c &' (U) c 2’ (U),
[28, p. 201].

3.3. Extension of a partial distribution.

(1)

(2)

Partial distribution. A linear and sequentially continuous functional f,
which is defined Vi € D,. C D and is undefined V¢ € D\D,., will be called
a partial distribution.

Extension of a partial distribution. A distribution f. € D’, defined Vi € D,
such that (f.,v) = (f,¢), Yo € D,, will be called an extension of the
partial distribution f from D, to D. The existence of a functional f., that
is also a distribution, is guaranteed by the Hahn-Banach theorem, but f; is
in general not unique, [21, p. 56], [4, p. 424]. Let D.. denote the continuous
dual of D,.. The subset of D.. which maps D, to zero is called the annihilator
of D, and is denoted by D/. Any two extensions f.; and f. o differ by a
generalized function g € D/*. However, if the subspace D, is dense in D,
then the extension f. is unique [4, p. 425].

Some authors call a distribution such as f. a regularization. This stems
from the fact that f. is usually obtained after applying a procedure to give
a meaning to the defining divergent integral for f and the integral is then
regarded as being regularized. We will reserve the term regularization of
a generalized function for its usual meaning, as defined in the previous
subsection, and use the term “extension of a partial distribution” for the
procedure described in this subsection.

If a function f : U C R — C, is integrable on some but not all finite
intervals, then there exists a subspace D C D such that the integral in (3.1)
does not exist iff ¢ € Dy. The functional (3.1) will then only be defined
on the subspace D, £ D\D,. As an example, consider a function f with a
countable number of algebraic singularities at isolated points o € A C R.
In this case, Dy is the subspace of test functions which do not vanish at
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a sufficient rate (depending on the degree of the singularities) at A. The
(closed) set A is called the singular support of f.

(4) More explicitly, let A = {0} be the singular support of a linear and se-
quentially continuous functional f € D', defined in terms of a function f
with an algebraic singularity of degree k € Z, such that z* f € £}, (R, C).
Let (i) A € D (R) with support a neighborhood of A and such that all its
derivatives are zero at x = 0 or (ii) A = 1. Then, an extension f. € D’ of f
can be obtained as

“+oo
fbh = [ 10) () (), (3.30)
wherein Ty, , : D — DZ[—k,—(p+1)] such that ¢ — T, ;¢ with
r+q
(Tp q‘P) Z‘P l) (1l<p + 1p<l1[+(]— - )) (3.31)

Vp,g € N:p+gq =k —1 and the step function 14 (z) = 1 iff z > 0.
Indeed, for each allowed combination of p, ¢ and A the integral in (3.30) is
now a regular integral and it defines a linear and sequentially continuous
functional on D. Further, Vi) € Dz, _ ..\, Tp ¥ = ¢ and (3.30) reduces
to (fe,¥) = (f, 1), the value of which is independent of the choice we make
for p, ¢ and A. Hence, any f. given by (3.30), is an extension of f from
D7,y _(piry 10 D. For any ¢ € D\Dy_, _ .., the value (fc, ) depends
on the chosen extension. Any pair of extens1ons fe, constructed from (3.30),
differ by a linear combination of §() distributions, with [ € Zip k1], and
with coefficients depending on A. Note that all f. obtained from (3.30) are
singular distributions. A remark on the notation: we will use the subscript
€ to denote any extension obtained through (3.30) and the subscript e will
be reserved for an extension that is an AHD.

(5) Let ¢ € D. For the linear operator T}, 4, defined by (3.31), hold the com-
mutator relations,

Tpq(dp) = d(Tpi1,4p) (3.32)
(p+1)+q 2 1
(OF I<(p+1)
n 0 ), (3.33
> v OF (g 0 ey ) | @ e
T 09) = @ (Tpra9), (334

and the scaling property, Vr > 0,

p+q 9
() ) = (o) el 3 "0 e (3005 00 ).

wherein \; (z/r) £ X (), YV € R.

3.4. Distributions depending on a parameter.

(1) Completeness. Due to the topology of the space D’ is the limit of any
sequence of distributions {f* € D’ : z — a}, parametrized by a complex
number z, is again a unique distribution, denoted f* € D', and we can
write lim,_,, f* = f%, [28, p. 36|, [4, pp. 453-454]. This means that
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lim, o (f%, @) = (lim,_,, f%, @) = (f% ¢) or more explicitly, that Ve > 0,
36 > 0 such that, whenever |z —a| < 6, [(f* — f* )| <€, Yo € D.
Continuity. A distribution f* is said to be C*, k € N, in a parameter
2z € Q CC,iff d*(f*,¢), Yo € D, is a continuous function of z, ¥z € Q.
A distribution f®? is said to be jointly C*, k € N, in two parameters
(a,b) € @ C C?, iff d7"d} (f**, ), Vm,n € N:m+n =k and Vo € D, is
jointly continuous in a and b, V (a,b) € Q.

Monogenicy. A distribution f#, depending on a complex parameter z, is
called monogenic (also: complex analytic or holomorphic) in z € Q C C,
iff d, (f#, ) exists everywhere in Q, Vi € D. Tt is necessary and sufficient
that the complex functions d, (f*, ¢) exist, for the distribution D, f* to
exist and to be given by (D, f*, ) = d, (f*, ), Vz € Q, [15, pp. 147-151].
Then, also (f#,¢) € A(Q,C). For any distribution f# monogenic in z € Q,
D7 f*is C*°, Vz € 2 and Vm € N.

Let f# be a monogenic distribution in z € 2 C C. Combining the previous
item with the definitions of the generalized derivations D and X yields the
important properties,

DED! = = DD f* (3.36)
Xkpt f= = DLXFf=, (3.37)

Vz € Q and Vk, 1 € N. Equations (3.36)—(3.37) greatly simplify the calcula-
tion of generalized derivatives of AHDs.

3.5. Pullbacks of distributions. We here only consider pullbacks along diffeo-
morphisms.

(1)

General. Let X, Y C R®™ and T : X — Y such that x — y = T(x)
denotes a C'*°-diffeomorphism, and let ¢ € D (X). The pullback T* f of
any f € D' (Y) is defined, compatible with (3.1), by

(T*f, ) 2 <f, det (771’ (T_l)*<p>, (3.38)

with ‘det (T‘l)/‘ the modulus of the Jacobian determinant of the inverse of

T, which exists Yy € Y by assumption. It can be shown that ’det (T‘l)/

(Tﬁl)* p € D(Y)and T*f € D' (X), [14, Theorem 7.1.1]. Hereafter, we
consider three particular diffeomorphisms from the base space U = R"
to itself and write them in terms of the somewhat more explicit symbols
ferey 2T f and ¢ (T7H(y)) £ (T7) o
Translation. For any xo € R™ denote by Ty, : R™ — R" translation over
xo such that x — T x £ x — xg. The translated distribution Jx—x0) =
Ty f €D (R") of any f € D' (R") is given by

<f(x—x0),90(x)> = <f(x)a§0(x+x0)> . (339)
A distribution is called periodic with period xo # 0 iff fix_x,) = fix)-
Reflection. Let R : R™ — R™ such that x — Rx £ —x denote reflec-

tion with respect to the origin. The reflected distribution f(_y) £ Rfe
D' (R™) of any f € D' (R") is given by

(fiex), 0 (%)) = (fx), 0 (—X)) . (3.40)



ASSOCIATED HOMOGENEOUS DISTRIBUTIONS 15

A distribution has even parity (is even) if f_x) = f(x) and odd parity (is
odd) if f_x) = —f(x). A useful identity is

(R*f)*9) (x) = (fiy). o (x+¥)), (3.41)

wherein R* is the pullback of the reflection operator. From combining
(3.41) with (3.6)—(3.7), it readily follows that the adjoint operator of a
distributional convolution operator F’ £ fx, is the test function convolution
operator F' £ (R* f) %, which are such that

(F'g, ) = (9, F) . (3.42)

(4) Dilatation. For any r € R4 denote by U, : R™ — R™ dilatation by r such

that x — U,x £ rx. The dilated distribution fx) = U} f € D' (R") of
any f € D' (R") is given by

<f('rx)7§0(x>> =r" <f(x),<,0(X/7")> . (343)
A distribution is called self-similar with scaling factor r # 1iff f,x) = fix)-

4. ASSOCIATED HOMOGENEOUS DISTRIBUTIONS

This section formally defines AHDs on R and reviews their general properties.

4.1. Definition.

(1) A distribution f¢ € D’ is called a (positively) homogeneous distribution of
degree of homogeneity z € C iff it satisfies for any r > 0,

() 0 @/m)) =1 () ) s (@) Vo €D, (4.1)

or, using (3.43), (f§) () = 7% (f§)(,)- A homogeneous distribution is also
called an associated homogeneous distribution of order m = 0. A homoge-
neous distribution of degree z = 0 is a self-similar distribution.

A distribution f7 € D’ is called an associated (positively) homogeneous
distribution of degree of homogeneity z € C and order of association m €
7 iff there exists a sequence of associated homogeneous distributions f7?,_,
of degree of homogeneity z and order of association m — I, VI € Zy ,,), not
depending on r and with f§ # 0, satisfying for any r > 0,

m l
<(f7i)(m),<p(af/7“)>=7"Z“<<fﬁl+z ) ;_l> ,w(x)>,\w€@- (42)
=1 (@)

The notion of order used here, is not to be confused with what is commonly
called the order of a distribution, see e.g., [28, p. 94].
(2) Comment. The following two main definitions of one-dimensional AHDs
can be found in the literature.
(i) The one originally given by Gel’fand and Shilov in [15, p. 84, eq.
(3)], and a close variant of it used in the books by Estrada and Kanwal, [7],
[8], both of which are eventually stated as

(o (@/r)) == (i + (Ir) 1) 9 (2)) (4.3)

wherein f7,_; in the right-hand side is an AHD of degree of homogeneity z
and order of association m — 1.
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(ii) The definition given by Shelkovich in [25, eq. (3.7)] and which
is equivalent to (4.1)—(4.2). Shelkovich calls his distributions Quasi As-
sociated Homogeneous Distributions (QAHDs), to distinguish them from
those defined by (4.3), which he calls Associated Homogeneous Distribu-
tions (AHDs). The point stressed in [25] is that definition (4.3) is self-
contradictory for m > 2 and only produces HDs and AHDs of order 1.
E.g., for m = 2, (4.3) gives on the one hand

(5,0 (@/r)) =r"FH{(f5 + (Inr) f7) 0 (2)),

while on the other hand, with r = ab,

(3¢ (/1)
= a"H{(f5 + (na) f§), ¢ (2/b))
= (5 + (Inb) f7) ¢ (2)) + 77 (na) ((Ff + (nb) f5) ¢ (@),
= rH(f5 + (Inr) f{ + (Ina) (Ind) £5) ¢ (2)) -

The vacuous situation of the Gel’fand—Shilov definition is avoided by using
definition (4.2). This definition not only imposes a specific dependence on
r to fZ_; in the right-hand side of (4.3), but also implies that the sum of
an AHD of order m and an AHD of order n, with 0 < n < m, both of the
same degree of homogeneity z, is again an AHD of order m and of degree
z. This property is essential to accommodate the action of the dilatation
operator on AHDs for orders m > 2.

In this paper we use definition (4.2), but still call the resulting distribu-
tions AHDs, because the resulting distributions are already widely known
under this name and are essentially the same set as studied in [15, Chapter
I, Section 4]. Furthermore, the adjective quasi may be easily confused with
the same prefix in the name quasihomogeneous distributions, introduced in
[26], where this prefix refers to a more general form of homogeneity which
arises for higher-dimensional distributions. In [26], the equivalent of asso-
ciated homogeneous distributions in n dimensions are defined and called
almost quasihomogeneous distributions.

A more detailed discussion of the Gel’fand—Shilov and Shelkovich defini-
tions for one-dimensional distributions and the von Grudzinski definitions
for higher-dimensional distributions are given in Appendix A.1.

Another comment is in order on the use of the words order (of association)
and degree (of homogeneity) of an AHD. We are forced to make a strict
distinction between these two terms in the theory of AHDs. What is usu-
ally called in the literature the “order of differentiation or integration”, is
actually a number related to the degree of the kernel of the integration con-
volution operator. It would therefore be more appropriate to speak of the
degree of differentiation or integration and of the degree of a differential
or integral equation. This matter is important to avoid a clash of ter-
minology, when considering generalizations of integral equations involving
associated homogeneous (i.e., power-log) kernels, which are characterized
by a particular order of association (power of the logarithm) and a degree
of homogeneity (power of the independent variable).

We will denote the set of AHDs based on R, with degree of homogeneity
z € C and order of association m € N, by H!Z(R). The set of all AHDs
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based on R with common degree of homogeneity z will be denoted H'*(R) =
UymenH,Z(R). The set of all AHDs based on R with common order of
association m will be denoted H/,,(R) £ Uy.ecH!Z(R). The set of all AHDs
based on R will be denoted by H'(R) £ UymenHL,(R). Since we will only
consider AHDs based on R, we will further drop (R) in this notation.

The operator X,. Differentiate (4.2) [ times with respect to r, put r = 1,
use the definitions (3.8) and (3.11) of the generalized derivatives, and (3.17).
This yields the system, VI € Zy 41,

Xszn—(l—l) = f;z—h (44)
wherein we set f?; = 0 and, with Id the identity operator,
X.2X.-D-zId. (4.5)

The system (4.4) can be used as an equivalent for definition (4.2), see [25].
System (4.4) generalizes Euler’s theorem on homogeneous functions, see
e.g., [17, p. 10], to AHDs. In particular, for any homogeneous distribution
f& € D’ holds,

(X-D) f§ = 2[5, (4.6)

so homogeneous distributions are eigendistributions of the generalized Euler
operator X - D, as expected.
The operator x,. We have, VfZ € H! and Vyp € D,

(Xofhne) = —(fh o @), (4.7)
r, & x-d-zId. (4.8)

Hence, the adjoint of the operator X, is the operator —x_, ). Applying
(4.7) to any homogeneous distribution f§, we see that the operator z_,41)
maps D to D* C D, being that subspace which is the kernel (i.e., the pre-
image of 0) of any HD f§ of degree z. Hence, H{, is the annihilator of
D=.

4.2. General properties. The following properties of AHDs easily follow from

(4.2) or

(1)
(2)

3)

(4.4).

AHDs of the same order m, but of different degrees {z1, ..., 2z}, are linearly
independent.

AHDs of the same degree z, but of different orders {my, ..., my}, are linearly
independent. Any such linear combination is again an AHD of degree z and
of order m < max {my, ..., my}.

Let f7, be an AHD of order m and which is monogenic in its degree z €
Q C C. If f7 has an analytic extension (f7), . to a region ; D €, then
(fZ)a. is an AHD of degree z and order m due to the uniqueness of the
process of analytic continuation, [15, p. 150].

AHDs based on R are distributions of slow growth: H' € S’. A proof for
homogeneous distributions can be found in [6, pp. 154-155]. By using in
addition [9, Theorem 1], property 5(ii) in the next subsection, linearity and
induction, it follows that any AHD is a distribution of slow growth.



18 G. FRANSSENS

4.3. Derivations.
(1) Let f; and gé’ be AHDs on R, both monogenic in their degree in Q C C,

and such that f.g5 € D' and is monogenic in a +b € Q. We find that
D, and, by (3.9), (3.12) and (4.5), that X, are derivations with respect to

multiplication,
D:(f5-90) ,ary = (Dafy)-g3+f5- (Dogy) (4.9)
XZ (f;'gg>z:a+b = (Xafg) gg +f§ (ngg) . (410)

(2) Let f3~!and g>~! be AHDs on R, both monogenic in their degree in Q C C,
and such that f2=! % g®~! € D’ and is monogenic in a +b—1 € Q. We
see that D, and, by (3.13), (3.10), (3.17) and (4.5), that X, are both also
derivations with respect to convolution,

D (fgil * ggil)z:a%»bfl = (DZfzf)z:aq * 9271 + fgil * (ngg)z:bfl(é’t'll)
Xe (37290 emagper = (Kali) ooy v 9g 057 = (Xag)) oy (412)
(3) The following commutation relation hold:

X.D, - D.X, =1d. (4.13)

(4) Let f* € D’ be a monogenic distribution in z €  C C. The properties
(3.36)—(3.37), holding for D,, can now be supplemented with the following
properties, holding for X, Vk,l € N|

D*XLf* = XL ,D"f*, (4.14)
xXtxtpe = XL, XFfe (4.15)

(5) It is readily found from (4.4) and (4.13)—(4.15) that, if f7, is an AHD on R
of order m and monogenic in its degree z in (2, then:

(i) X, f7 is associated of order m — 1 and of the same degree z,

(ii) D, f7, is associated of order m 4+ 1 and of the same degree z,

(iii) Df7, is associated of the same order m and of degree z — 1, and

(iv) X f7, is associated of the same order m and of degree z + 1.

Moreover, X, and D, are parity preserving operators and X and D are
parity exchanging operators.

(6) The results stated in 1-5 imply (by induction) the following.

(i) If f5. gZ exists as a distribution and neither f nor gg is a zero divisor,
then this multiplication product is associated of order m = p + ¢ and of
degree a + b.

Under these conditions, any injective multiplication operator with a
homogeneous kernel of degree 0 is a map from H,, — H.,. In partic-
ular, the parity reversal transformation (i.e., the multiplication operator
S £ —isgn., see (5.4)) then preserves the degree of homogeneity and order
of association.

(ii) If f;j_l * gg_l exists as a distribution and neither f;f_l nor gs_l isa
zero divisor, then this convolution product is associated of order m = p+g¢q
and of degree a + b — 1.

Under these conditions, any injective convolution operator with a homo-
geneous kernel of degree —1 is a map from M/ — H. . In particular, the
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Hilbert transformation (i.e., the convolution operator H £ nx, see (5.99))
then preserves the degree of homogeneity and order of association.

4.4. Fourier transformation. The Fourier transform of any distribution in D’
always exists as an element of the ultradistributions Z’.

(1)

By (3.28)—(3.29), we obtain
Fpor X, + X_zy1)Fp = 0. (4.16)

For any f7 satisfying X, f7, = f7_,, with f7,_; some AHD of degree z and
order m — 1, (4.16) immediately gives

Xf(erl) (‘/—-:D'fﬁq,) = _‘FD’f'fa—17 (417)

which implies (by induction) that Fp maps any AHD based on R to an
AHD based on R, such that:

(i) the order of association m is preserved,

(ii) the degree of homogeneity z is mapped to — (z + 1),

(iii) the parity of the distribution is preserved.

Hence, F: : H,, — H,, such that f7 — gt 2 Fsi fZ is an
automorphism of H, . Also, Fpy : H' — M’ is an automorphism of H'.
By (3.26) and continuity with respect to the degree of homogeneity z, we
easily deduce that, when operating on any fZ € H', Vk € Z,

Fu DY = D*Fyy. (4.18)

Let f7 and glq’ be AHDs on R. By item 1, (fi}fz‘f) and (]—'i,lgg) are also
AHDs on R. If (Fy' f&) = (Fz/ gb) exists, define

1590 = Fr (Fool 1) * (Fpur 93)) - (4.19)

This definition is natural, since it coincides with the convolution theorem
in case one of the distributions f,;}fg or ]:7;,192 is in &', [28, p. 206], or
more generally in O, [23, vol. II, p. 124]. Then, it also coincides with the
multiplication defined in (3.3), since one of the distributions f, or gg will be
in Zp; or in Opy. We see from [9, e.g., Theorem 6] that if —1 < Re (a) and
—1 < Re(b), then f; and gg are regular AHDs. If (}';L,lf;})*(fﬁ,lgg) exists,
Fay ((fﬁ,lf;}) * (]—"ﬁ,lgg)) will be an AHD of degree a + b. If in addition
—1 < Re(a+1b), Fu ((]-"ﬁ,lf;}) * (}"i,lglq’)) is also a regular AHD. Then
it follows from the generalized convolution theorem, that definition (4.19)
coincides with definition (3.2).

An example of a multiplication algebra of distributions, based on def-
inition (4.19), is the subset of ultradistributions, which are the Fourier
transform of a regular distribution, generated from a continuous function,
and which form, together with addition and convolution, an algebra over
C.

In [10]-[11], it was shown that for AHDs based on R, f5 and g5, the
convolution product fy x gg always exists (either directly or as an extension
of a partial distribution). This result together with definition (4.19) then
paves the way to give a meaning to the multiplication of AHDs based on

R.



20

G. FRANSSENS

5. BASIC ASSOCIATED HOMOGENEOUS DISTRIBUTIONS

5.1. Simple distributions.

(1) The zero distribution 0 is defined by (0, ) £ 0. It is a regular homogeneous

distribution of undefined degree, which is both even and odd.

(2) We introduce the step functions, 14 : R — R such that

1 if >0

r = 1(x)E2{ cp if z=0, (5.1)
0 if z<0
0 if z>0

r = 1. ()2 ¢ if z=0 , (5.2)
1 if <0

wherein the parameters c4 € R are left unspecified. These two parametrized

sets of functions 14 give rise to two unique regular distributions 14 € D',

respectively, both of which are homogeneous distributions of degree 0.
The regular distributions

1

sgn

1y 41y, (5.3)
-1, (5.4)

are even and odd homogeneous distributions of degree 0, respectively. The
distribution 1 is called the one distribution. A constant distribution is a
distribution proportional to the distribution 1.

Applying (4.19) and (5.50) with z = 0 yields the following multiplication
products for the regular distributions 14,

L
A

1+.1+ = 1+7 (55)
1. = 1_, (5.6)

The same multiplication products are also obtained from definition (3.2).
One should not confuse the multiplication product of distributions 1.1, =
14 with the pointwise multiplication product of functions 1.1, = 1. The
former is always true, while the latter depends on the value ¢y and only
holds iff ¢4 € {0,1}.

With ¢ € D and k € N, define distributions z* € D’ by

<5L'k,<p> = (mk+1g0) (0), (5.8)
with m**1: D — P the operator of degree k such that
—+oo
Q> (mkH(p) £ (—1)k/ (x— T)k(p (r)dr = (—1)’“ (JL‘k * cp) . (5.9)

Hence, (m"*1¢p) (0) is the k-th moment of ¢. Clearly, Vk € N: (i) 2% € P
and supp (xk) = R, (ii) z* is a homogeneous distribution of degree k.

From the definitions (3.11), (5.8) and (3.3) it follows that the generalized
convolution derivative of degree k, X*, is the multiplication operator with
kernel z¥, i.e., X¥ = zF.. Hence, 2¥ = X*1. In particular for k = 0,
29 = 1. The one distribution is an identity element in any distributional
multiplication algebra.
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Further, since z is a regular distribution and because the pointwise mul-
tiplication of functions x is associative, we have that, Vf € D’ and Vk, [ € N,

XF(X'f) = (xFXY) f = xFHY (5.10)

The distributions z*, Vk € N, are regular distributions. Obviously, each
element of P is a finite linear combination of ¥ distributions.
(4) With ¢ € D and k € N, define distributions 6(*) € D’ by

(6®,0) & (~1)* (d") (0), (5.11)

with d* : D — D the ordinary derivative of degree k in D. Note that,
Vk € N: (i) 6™ € & with supp (6®)) = {0}, (ii) 6 is a homogeneous
distribution of degree —(k + 1).

From the definitions (3.8), (5.11) and (3.7) follows that the generalized
ordinary derivative of degree k, D¥, is the convolution operator with ker-
nel 6 ie., DF = §)«. Hence, 6*) = D¥5. In particular for k = 0,
6O £ § is called the delta distribution and it is an identity element in any
distributional convolution algebra.

Further, since convolution of any number of compact support distribu-

tions with one of arbitrary support is always associative, we have that,
Vf e D and Vk,l € N,

D* (D'f) = (D*D") f = DF*. (5.12)
The 6), Vk € N, are singular distributions. Further, it can be shown
that each element of &) is a finite linear combination of §*) distributions,

[28, p. 96].
(5) For completeness we also define the regular distributions, Vk,m € N,

+oo

(zFIn"™ 2], ) = [ (2% In"™ |z]) p(x)dz, (5.13)
“+oo

(z¥sgnIn™ |z|,p) £ /_ (2" sgn(z) In™ |2|) ¢(z)dz, (5.14)

both of which are AHD of order m and degree k.

(6) Notice that —isgn. : S — O such that ¢ — —isgn.yp, is the classical
parity reversal transformation on S (the transformation in the spectral
(frequency) domain that is equivalent to the Hilbert transformation in the
original (time) domain). We will call the multiplication operator S*+1 £
—ixFsgn. : Dr C D' — D' the generalized parity reversal transformation
of degree k, wherein D, is that subset of D’ for which Sk+1 g defined.

By definition (4.19), we have the distributional relation (for a simple
proof see [10, Appendix]),

(—ixk sgn) . (—i;vl sgn) = —zht (5.15)

which for £ = [ = 0 states the well-known anti-involution property of
the distributional Hilbert transformation, here expressed in the spectral
domain. This makes the kernel —isgn a generator of complex structure in
those associative distributional multiplication algebras where S is defined.

5.2. The distributions 2% .
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5.2.1. Definition. Let z € R and z € C. The distributions z3 € D’ are defined in
the half plane —1 < Re(z) as regular distributions in terms of the integrals, [15, p.
48],

+oo
i) 2 [ (ol (o)) plo)dz, (5.16)
—0o0

and supp(z%) = {0} U Ry. Equations such as (5.16), which contain double signs
in either side, are to be understood as double equations: one equation holding for
the upper signs and the other holding for the lower signs.

Notice that 7, given by (5.16), can be regarded as a distributional multiplication
|z|*.11 for the regular distributions |z|* (i.e., for —1 < Re(z)) and 11, as the
notation suggests.

5.2.2. Analytic continuation and extension. The process of analytic continuation
of distributions goes back to M. Riesz. The functional (5.16) can be rewritten in
the following equivalent form, Vk € Z,

400 k—1 7
@ie) = [ (e 1) (w(w) - Zw(”(o)“> 11 - )
. 1=0
+/_ (|2]* 1+ (x) o(x)1_(1 — 2%)dx (5.17)

_ i
« &0

e 1
+; I+ (5.18)

the right-hand side of which is now valid for — (k4 1) < Re(z) and z ¢ Z[_j _q).
The expression (5.18), holding Vk € Z,, thus uniquely extends the definition of z3
to all z € C\Z_. The so obtained distributions z%, for Re(z) < —1 and z ¢ Z_,
are no longer regular distributions.

The analytic continuation process leading to (5.18) also extends the meaning of
the distributional multiplication |x|* .1, defined above for —1 < Re(z), now to all
z € C\Z_. In this sense, it is still legitimate to regard z% as a product, notwith-
standing the fact that after continuation z% is no longer a regular distribution.

Expression (5.18) can be further rearranged in the form,

S LA S e

z —
<xi’(p> - z+k z+1+1
+o0 R
[ ol 1) (Bpa) () (5.19)
now holding in the strip — (k + 1) < Re(z) < —pand z ¢ {-k,— (k- 1),....,—(p+ 1)}

Herein we used (3.31) with A = 1 and we can choose p, g € N subject to the condi-
tion p + ¢ = k — 1. Expression (5.19) shows that the distributions 2% are complex
analytic for all z, except at the points z = —k € Z_, which are simple poles with
residues x;fv_l, read off as

L ($1)k—16(k—1)

B (5.20)
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Denote by % a(z=—k) the analytic part of the Laurent series of 3 about the point
z = —k. From (5.19) follows

ﬂFl (l
<xi,a(z:—k)7<p> = lp<p-— 2Z< ’ > (5.21)

z+1+1
+o00o
+ / (2 14(2)) (Tyg9) ()dz,  (5.22)
+oo
- / (e 14(2)) (Teoro0) (@)de.  (5.23)

Define new distributions 2% _, complex analytic in — (k + 1) < Re(z) < —p and
Vo € D, by

+oo
(herp) 2 [l 12(0) () (), (5.24)

Vp,g € N:p+¢q=k—1and T, , given by (3.31), but now with general A. We
have <1:j[7€,1/1> = <xi,1/}>, Vip € Dy, _ (i1~ Thus, 27 _ are extensions of z3
from Dz, .., to D. We see from (5.23) and (5.24) that TL 4(s=—) I just the
extension (or regularization of the integral in (5.16) at z = —k in the sense of [15,
p. 10]), corresponding to p = k — 1 and ¢ = 0 and A = 1. In particular at the
pole z = —k, x;fca(zsz) £ ;v;f“o is the extension of the partial distribution 27",
obtained with p =%k — 1, ¢ = 0 and A = 1, and given by

—+o00
(23 0) = [ <|$\_k 1i(1‘)> (Th—1,09) (z)dz. (5.25)

The distribution J}:T:ko (called a “pseudo-function” in [23, vol. I, p. 41]) will be
called the analytic finite part of 25 at z = —k. It is easily shown that m;f“o is
identical to Hadamard’s finite part Fpy x;k , provided this is defined for x% by

<Fp aiF <p> < lim “f):m e )dm(k 1)
y = —k+4+141 )
I =0\ +>07 " 2 = ,(0) ikHJrl + £ = 1)(0) Ine

and similarly for z*. The above development neatly explains how Hadamard’s
approach, of only retaining a finite part of a divergent integral at an isolated sin-
gularity, is actually equivalent to the introduction of a particular extension of the
partial distribution z".

Choosing different values for p and ¢ in (5.24) yield extensions that differ by a

linear combination of 6 distributions, VI € Zip,i—1)- Demanding that an extension

x;i of the partial homogeneous distribution z7* is again a homogeneous distribu-
tion is not sufficient to make this extension unique. For we can always add a term
cdF=1 to x;f“o, with arbitrary ¢ € C, without changing its degree of homogeneity
and the distribution x;{ce £ l‘;ﬁ) + 61 is an equally acceptable extension from
Dy_}y to D, besides z;fﬁo. This can be made more explicit by checking the homo-
geneity of the distributions 7 _, defined in (5.24), using (4.1). Invoking (3.35), we
get

p+q

o
z z z Z QD z
(T oy payr) = 77 (22 Ly o) + 771 E (1)’ /1/ YA (ry) dy.  (5.26)
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If 0 <p<k—1, 25, are not homogeneous extensions of 1. If p = k — 1, (5.26)
takes the form

(@) =171 (22 + 85D, ), (5.27)

for some ¢ € C (depending on \). Eq. (5.27) shows that 7 , are homogeneous
of degree z and of first order of association. This also holds at z = —k for :L';fco.
Putting ¢ £ b — a, we can state the rescaling property of x;ﬁ) equivalently as

(st = (D) o

with arbitrary a,b € C. This shows that under a rescaling any extension ac;f“e is
mapped into another extension m;f“e,. We thus see that the concept of homogeneity
of a homogeneous extension x;f“e requires that we regard m;f“e as an equivalence set
of distributions, which is a subtlety that is rarely mentioned in the literature. A
hint at it was given by Hérmander in [16, p. 71], when he wrote that for P (J]:T:k>
“the homogeneity is partly lost”.

For instance if k& = 1, we get for the analytic finite part x;}o the following
particular extension of the partial distribution x;17

1 “+oo

+z) — (0 +
<x;10, p) = / p(E2) — #(0) )dm +/ o) dz, (5.29)

' 0 x 1 x

while x;}e is its most general extension of homogeneous degree, given by
1 “+o00
+x) — (0 +
(z3L, ) = / Mdm +/ Qdm + c(0), (5.30)
0 1

with arbitrary ¢ € C.

5.2.3. Associated distributions. For —1 < Re(z), the integral in (5.16) generates a
complex analytic function of z, so we have D7'z% = 24 In™ |z|, Vm € N, where

+oo
(i ol ) = [ (Jaf" 1elo) " ] () (5.31)
The distribution 23 In™ |z|, given by (5.31), defines the distributional multiplication
x%.1In™ |z| for the regular distributions z3 (i.e., for —1 < Re(z)) and In™ |z, as
the notation suggests.
In particular, letting z = k in (5.31) gives us the coefficients, Vm € N, of the
Taylor series of 2% about the ordinary points z = k € N. For — (k4 1) < Re(z)
and z ¢ Z_j, _1) we obtain from (5.18), Vk € Z, and Vm € N,

<xi In™ |z ,g0>

+o00 k-1 2!
o RCErTaT (wx) 5 so<l><o>“> (1= o)z
— 1=0
+oo
+[ (Jz|* 12 (z) In™ |z|) p(z)1_ (1 — 2°)dz (5.32)

k=1 (£1)! go(l)(O)

+(-)" Y —

(z41+1) (5.33)

m—+1"°
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The analytic continuation process leading to (5.33) can be used to extend the
distributional multiplication x%.1n™ |z|, defined above for —1 < Re(z), now to all
z € C\Z_. In this sense, it is still legitimate to regard =3 In™ |z| as a multiplication
product.

Further, from (5.19) we get the expression

<(?312k)'16(k 1) >
=" k(z+k)’"“
E—2 <(3F1) 50, >

+lo<p<r—2 ( mz
= (z4+14+1)

(22 In™ ||, ) = (5.34)

m+1

+oo
+ / (2 1 (2) 0™ 2]) (Ty ) (), (5.35)

with T}, , given by (3.31) and A = 1, holding in 0 < |z+ k| < 1. Denote by
m;f“o In™ |z| the constant term of the analytic part of the Laurent series of 7% In™ |z|
about the point z = —k. We get from (5.35), Ym € N,

(3™ [a], )
k-2 <@5<z>7@>

= locp<r—2( ;W (5.36)
+oo
[ (o @)™ fal) (T (@)
+oo
:[ (I 1) ™ 2] ) (Tic-109) () (5.37)

The distributions x;f“o In™ |z|, as given by (5.37), are extensions of z% In" |z| at the
pole z = —k, in the sense of (3.30), for the particular values p = k — 1 and ¢ = 0.
Combining (5.19) and (5.37) gives us the Laurent series of z7 about z = —k in the
form

FD L s(k=1) oo

) m (ZHE)™
(LY + Y ezl fo] S (5.38)

z
€T =
+ z+k

m=0

holding in 0 < |z + k| < 1.
Regarded as distributions, the lim,_,_ k D723 does not exist, but we do have
lim, ,  D7'z% . = (D’}xi’s)z:#c = xi " In" |z|, due to (5.24). From

<$f|:,5 lnm ‘CL‘| 790> £ <DZL$:I:,57 90> )

= D;"<J,‘Zi7€,(p> (539)
+oo
- / (2] L @) ™ [2]) (Tyg) (), (5.40)

and T, , given by (3.31) but now with general A\, and the continuity of z% _ at
z = —k, we see that we can regard x;i In™ |z| as the distributional multiplication

of x;fcs and In™ |z|, with this product being defined by (5.40).
The distributions D7*z% = zi In™ |x|, with z € C\Z_, are AHDs of order m and
degree z, while x;fﬂe In™ |z| & xi >.In™ |z|, Vk € Z4, are AHDs of order m + 1 and
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degree —k. The extensions x;i In™ |z| are again to be understood as associated
homogeneous equivalence sets, in the sense of the previous subsection. This is made
more explicit, now by starting from (4.2) and invoking result [13, eq. (20)], as

<x;{€e.lnm || ,<pz/r> = phtl <x;{€e In™ |z| + (Inr) n_lk, <Pac> ) (5.41)

wherein f,-* is associated of order m. Again the extensions in the left-hand
and right-hand members of (5.41) are different elements of the equivalence set

x;fce In™ |x|.

5.2.4. Generalized multiplication derivatives. For — (1 —n) < Re(z), we apply def-
inition (3.8), the associativity property (5.12) and induction to (5.16). This results
in, Vn € Z,

D"zi = (£1)" 2y 21", (5.42)
with z(,) given by (2.7). The generalized derivatives D" (23 In™ |z|), Vn € Z4 and
for — (1 —n) < Re(z), now easily follow from the commutation of D™ and D"
This yields

D" (zZIn™ |z]) = DI'((£1)" zmyzi "),

m

()" 2Ty (1) (PP P2g) WP 2] (5.43)

p=0

By analytic continuation, this holds Vz € C\ (Z, U Z[O,nfl])-
The generalized derivatives D (14 In™ |x|), Vm € N, are found by first applying
definition (3.8) to (5.31) with z = 0. We get

D (1eIn™ [z]) = £1,n—00 + LnsomallyIn™ "zl (5.44)

For z = —k € Z_ and ¥Ym € N, we start from the extension (5.37) and use (3.33)
with A = 1. This gives

<D (m;fco In™ |x\) ,gp>

— <m;fco In™ |z ,d<p> ,

+o0
= 7/ (|x|_k 14(z)In™ |x\) d (Tk,0) (x)da(5.45)

— 00

By partial integration of (5.45) we deduce the following expression, holding Vk € Z
and Vm € N|

D (x;ko In"™ |z]) = :I:lm_o(ill)k(S(k)
+ (k) 1:;’((];4_1) In™ |z| £ 1nso ma:;,(éﬁl) In™ ! |z(5.46)
From this result with m = 0 follows, using (5.12) and induction, that, Vk,n € Z,
D" ((k—1)l27h) = —(F)" " (Hio1pn — Hyoy) 671
+(FD" (k= 1+ )2y, (5.47)

wherein Hj, £ 1;5¢ Z’;Zl % are the harmonic numbers. Eq. (5.47) generalizes the
result [15, p. 87, eq. (5)] and (5.46) appears to be new.
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5.2.5. Generalized convolution derivatives. For —1 < Re(z), we apply definition
(3.11), the associativity property (5.10) and induction to (5.31). We get, Vn € Z
and Vm € N|

X" (23 In™|2|) = (£1)" 27 In™ || . (5.48)

By analytic continuation, this holds Vz € C\Z_.
For z = —k € Z_ and Vm,n € N, we start from the extension (5.37) and use
(3.34) together with T o (x¢) = x¢. By induction we get,

X" (ah 0™ [2]) = Lyen (£1)" 2% ™ |2]+ Loy (£1)" 2357 ™ J2] . (5.49)

5.2.6. Fourier transforms. The Fourier transform of the distributions 23, Vz €
C\Z_, is easily obtained from (6.36) as (F is from here on shorthand for Fy)

Fl@2ra)L] = %, (5.50)
More generally, Vm € N and Vz € C\Z_, we have by the commutativity of the F
and D, operators,

m

FDrai] = (=)™ (2m) ") (0) ™ P (2m) (D5Yri0) .- (5.51)

p=0

The distributions D*®7 ., are given by (6.111).

The Fourier transform of the distributions :Ei’}) In™ |z|, Vk € Z4 and Ym € N, is
obtained as follows. Use (5.38), the Laurent series of the distributions ¢ 2,5 about
their simple pole —z = k, the Taylor series of (2m)” " about the ordinary point

—z =k, and the Fourier transform pair F [(5(k_1)] = (27rix)k_l. This results in

I+ (27) (F2miy)* !
—k 1,,m m+1 X
1 - (~1
F [zio ™ fal] (=1) m+1 (k-1
m
+2m)" (=)™ (M) ™ P (27) (DRRE L), - (5.52)
p=0
In particular for m = 0, using (6.109), (5.52) reduces to
_ 1 (F2rin) ! (F2min)* "
k1 _
F [mi,o} = (Fmi) 2 =) sgn — 1) (In|27x| — ¢ (k)) . (5.53)

The distributions (DZ‘I)I;ﬁ:iO)O are given by (6.112)—(6.113). Expressions (5.52)—
(5.53) are new.

We will call the 2% homogeneous half-line kernels and the DJ'z%, Vm € Zy,
associated homogeneous half-line kernels. The distributions D7*2z3 will turn out to
be convenient basis distributions for the set of AHDs, in order to easily compute
multiplication products.

5.3. The even distribution |z|".
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5.3.1. Definition. The even distribution |z|* € D’ is defined Vz € C\Z_ by the
sum, [15, p. 50],

|z & 2% + a2, (5.54)
and supp(|z|*) = R. From (5.54) and (5.19) follows, for —k € Z, _,

QOk

5k—1)
(2l | >_<<’“ o) / o (Thr00) (@)da.  (5.55)

The distribution |x|* can be analytically extended to all z € C, except for the points
=—(2p+1) € Z,,—, which are simple poles with residue
§5p)

—(2p+1) _
x =2 . 5.56
| |—1 (2 )' ( )

Each distribution denoted by

(m—(2p+1) Sgn)o A |x|a(2p+l) A m;(gpﬂ) T x*(ngrl)’ (5.57)

is an extension of the distribution |z|* at its poles. At the ordinary points z =
—2p € Ze7_],

ey (5.58)
From (5.54) and (5.19) follows, for —k € Z,,_, that

205

1|5 790 +oo
e = S i ) [ el sente) Tucvo) ), (559

holding in the strip — (k 4+ 2) < Re(z) < — (k — 2) and z # —k.

5.3.2. Associated distributions. We have D |z|* = |z|*In™ |z|, V2 € C\Z, — and
vm € N. For —(k+1) < Re(z) and z ¢ Z_j,_1) N Z,,— we obtain from (5.33),
Vk € Z4 and Ym € N,

(2" ™ J2] , o)

+o0 —! !
-/ <|x|21nM|x|><so<x>— so<l><o>l,>1[+<1—w>dx

— 00 .

N

I
=

+oo
—|—/ (Jz” In™ |z|) p(2)1_ (1 — 2?)da (5.60)

— 00

k—1 2el (l)(o)

DY (
1=

5.61
« z—l—l+1) mtl (5.61)

From (5.59) follows, for —k € Z, _,
+oo

{(z7F sgn), In™ [z], @) = / (z " sgn(z) In™ |2|) (Th—1,0¢) (z)dz,  (5.62)

— 00
and for the ordinary points —k € Z, _j,

+oo

(z7FIn™ |2|, ) = / (27 ™ [2]) (Th-1,0) (z)dz. (5.63)

—00
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5.3.3. Generalized multiplication derivatives. From (5.54), (5.44) and (5.43) follows
D (In™ |z]) = Lypysoma ™ In™ ! |z| (5.64)
and, Vz € C\ (—-N),

D (Jz]* In™ |z|) = z|z|" " sgnln™ |z| + Lnsom |z|* " sgnin™ ! |z|. (5.65)

Combining (5.46) with (5.57) gives the generalized multiplication derivatives, for
—k=—-2p+1)€Z,_,

—(2p+1) o gty —(2p+2) m
D(|a:|0 In |a:|> = o2y~ G0 ) (|a:| sgn)oln |z]
+1,s0m (||~ sgn) In™ |z, 5.66
Z 0

and combining (5.46) with (5.58) gives, for —k = —2p € Z. _,

D (|x|72p In™ |x\) = —(2p) |z|" @ sgnIn™ |z| + Lysom 2|~ sgnIn™ 1 |z .
(5.67)
Expressions (5.66)—(5.67) are new results.

5.3.4. Generalized convolution derivatives. From (5.54) and (5.48) follows, Vz €
C\Z_ and Ym,n € N,

X" (| ™ |z]) = |z]*T™ (en1 + 0, sgn) In™ || . (5.68)

Combining (5.49) with (5.76) gives the generalized multiplication derivatives, for
—k=—-2p+1) €Z,_ and Ym,n € N,

n—(2p+1) sgn

n —(2p+1) .m _ ].2 +1<n® m
xn (ol B al) = (L el 6o

and combining (5.49) with (5.77) gives, for —k = —2p € Z. _j and Vm,n € N,
xn (\x|72p In™ |x|) =" In™ |z|. (5.70)

The |z|*In™ |z|, with z € C\Z,,—, are AHDs of order m and degree z and
\z|5(2p+1) In™ |z|, Vp € N, are AHDs of order m + 1 and degree —(2p + 1).

5.3.5. Fourier transforms. The Fourier transform of the distribution |z|*, Vz €
C\Z,,—, is easily obtained from (5.54), (5.50) and (6.106) as

Fl2rz|*] = @, 7. (5.71)

More generally, ¥m € N and Vz € C\Z,,_, we have by the commutativity of the F
and D, operators,

m

Fllal" ™ fz] = (2m) 7 (=)™ Y () ™" (2r) (D5, @)

p

(5.72)

w=—z"
p=0

The distributions DJ*®Z are given by (6.56).
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Adding both Fourier transform in (5.52) gives, Vp € N,

F [Jaly @+ ™

It (27) (2mix)?P
m+1 (2p)!

+ (=)™ (27T)2p+1 Z (1;}) In"™"" (27) ((Dg@;ﬁ)w:ml)o. (5.73)
p=0

= —(-1)"2

The distributions ((Dg@g)w:2p+l)0 are given by (6.58). Eq. (5.73) is new.

We will call the distribution |z|* a homogeneous even kernel and the distributions
D™ |z|* sgn, Vm € Z,, associated homogeneous even kernels.

5.4. The odd distribution |z| sgn.

5.4.1. Definition. The odd distribution |z|* sgn is defined Vz € C\Z_ by the differ-
ence, [15, p. 50],

|z|*sgn £ 27 — 27, (5.74)

and supp(|z|”sgn) = R. The distribution |x|* sgn can be analytically extended to
all z € C, except for the points z = — (2p + 2) € Z, _, which are simple poles with
residue

—95@p+1)
—(2p+2) ) _ 20 5.75
(|x| Y T @pr )l (5.75)
Each distribution denoted by
(z*@p”) sgn)o £ <|x\_(2p+2) sgn)o £ xjr)(gp”) — x:%pﬂ) (5.76)

is an extension of the distribution |z|*sgn at its poles. At the ordinary points
z=—02p+1)€Z,_,
2P & g =D oy & o G0FD) (20, (5.77)
For similar reasons as given above for the distributions x4 In™ |z|, the distri-
bution |z|* sgn defines the multiplication of the distributions |x|* and sgn, Vz €
C\Z,_.
From (5.74) and (5.19) follows, for —k € Z. _, that

. B <_(k2fli)lé(k_l)790> +o00
(||" sgn, ) = + (5.78)

o [ ol sn(@) (Tics ) (),
holding in the strip — (kK +2) < Re(z) < — (k —2) and z # —k.

5.4.2. Associated distributions. We have DT (|x|* sgn) = |z|* sgnIn™ |z|, Vz € C\Ze,—
and Vm € N. For — (k +1) < Re(z) and 2 ¢ Z{_;,_1)N Z.,— we obtain from (5.33),
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Vk € Z4 and Ym € N,
(|| sgnIn™ [z], ¢)

+o0 k-1 2l
= [ el s ol (mv -y w(”(o)u> 11— o)
- 1=0
+oo
+/7 (|z|* sgn(x) In™ |z|) p(x)1_(1 — 2*)dx (5.79)

= (o)

+ (=)™ - (5.80)
; (z+1+1)"H
From (5.78) follows, for the ordinary points —k € Z, _,
+oo
el o) = [ @ ) (Teaop) @)de, (581

and for —k € Ze,—,
“+o0
{(z7F sgn), In™ |z], @) = / (z7%sgn(z) In™ |z|) (Th—1,00) (x)dz.  (5.82)
5.4.3. Generalized multiplication derivatives. From (5.74), (5.44) and (5.43) follows
D (sgnIn™ |z]) = 1,,=026 + Lysom ||y In™ ! |z, (5.83)
and, Vz € C\ (—N),

D (Jz|? sgnIln™ |z|) = 2z |2|"" In™ || 4+ 1psom |z[* In™ ! |z (5.84)
Combining (5.46) with (5.77) gives the generalized multiplication derivatives, for
—k=—-2p+1)€Z,_,

D (|$|—(2p+1) sgn In™ |l’\) — —(2p4+1) 2] 0™ g4 Lsom |z ) L g
(5.85)
and combining (5.46) with (5.76) gives, for —k = — (2p + 2) € Z, _,
—(2p+2) m
D ((|w| sgn)o In |x|)
§(2p+2)
1p=02———
(2p+2)!

Flmsom |z]y #PH ™t ] (5.87)

— (2p+2) |2y # ™ | (5.86)

Expressions (5.85)—(5.87) are new results.

5.4.4. Generalized convolution derivatives. From (5.74) and (5.48) follows, Vz €
C\Z_ and Ym,n € N,

X" (|z|*sgnIn™ |z]) = |z|**" (0,1 + €, sgn) In™ || . (5.88)

Combining (5.49) with (5.58) gives the generalized multiplication derivatives, for
—k=—2p+1) €Z,_ and Vm,n € N,

X" (|x|_(2p+1) sgnln™ \x|> = "D ™ ||, (5.89)
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and combining (5.49) with (5.57) gives, for —k = — (2p + 2) € Z.,— and Ym,n € N,

X" ((|x|7(2p+2) sgn) In™ \x|>
0
= (12p+2§no:”*(2p+2) sgn +1,<opt2 <x7(2p+2*") Sgn)o) In™ |z|, (5.90)

which is a new expression.
The |z|* sgnIn™ |z|, with z € C\Z,,—, are AHDs of order m and degree z and
(z= (P42 sgn)0 In™ |z|, Vp € N, are AHDs of order m + 1 and degree — (2p + 2).

5.4.5. Fourier transforms. The Fourier transform of the distribution |x|* sgn, Vz €
C\Z.,_, is easily obtained from (5.74), (5.50) and (6.106) as
F|2rz|” sgn] = —i®, >, (5.91)

More generally, ¥m € N and Vz € C\Z,,_, we have by the commutativity of the F
and D, operators,

Fllzl sgnln™ [af] = —i (2m) 77 (=1)" Y _ () ™" (2n) (DL P,
p=0

The distributions DJ*®Z are given by (6.57).
Subtracting both Fourier transform in (5.52) gives, Vp € N,

F [(|x|7(2p+2) sgn)o In™ |w\]

m I (27) (27miy )PP
m+1  (2p+1)!

TS (M) (21) ((ng,cpg’)w:gp +2)0 . (5.93)
p=0

(5.92)

—z "

- 1

The distributions ((D{)U(I)g))w:%%)o are given by (6.61). Eq. (5.93) is new.

We will call the distribution |z|* sgn a homogeneous odd kernel and the distri-
butions D™ |z|* sgn, Vm € Z,., associated homogeneous odd kernels.

5.5. The distributions 7755)0- Combining the definitions in (5.63) and (5.81), we
see that the distributions =% In" |z, Vk € Z, and Vm € N, are given by

+oo
(z7F"In"™ |z|, ) = /7 (z7*In"™ |2|) (Th-1,0) (z)dz. (5.94)

Further, combining the definitions in (5.62) and (5.82), gives for the distributions
(zF sgn)o In™ |z|, Vk € Z4 and Vm € N,

—k m _ oo —k m
(= sgn)oln 2], ) (27" sgn(z) In"™ |z]) (Th—1,0¢) (x)dz.  (5.95)

— 00

Note that =% In" |z| is an AHD of order m, which is an analytic continuation,
and (z~" sgn)o In™ || an AHD of order m+1, which is an extension, both of degree
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The well-known distribution = € D’, sometimes written as the pseudo-function

Pt % or as Cauchy’s principal value Pv %, is the particular case of (5.94) with m =0
and k = 1, and thus given by

oo p(x) — p(—x
(z7', ) :/0 Mdm. (5.96)

Similarly, from (5.95) we get the particular case,

+oo T ) — .
R e e

dx. (5.97)

5.5.1. Definition. We shall find it convenient to define the following distributions,
Vk € N and using (5.47),

1 1 1 _
0y & DFpyy £ DF (7T zi}o) = ——H oW + ;(:Fl)kk!xifg+1). (5.98)

The ngf,)o are AHDs of first order and degree —(k + 1) with supp(ng)o) ={0}UR..

Further, using (5.98), (5.58), (5.77), (5.57) and (5.76), we define the linear com-
binations

k K 1 ,
i & gy =l = (-1 ke, (5.99)
2 1
(77(]“) sgn)O = 775?0 + 77(—k,)o + ;Hké(k) = ;(fl)kk! (x*(kﬂ) sgn)O (5.100)

Like 6(®) is also n*) a homogeneous distribution of degree —(k+1), while (n(k) sgn)o
is an AHD of first order and degree —(k + 1). We will call 5 the eta distribution
and (5.99) shows that mn = Pf L.

Notice that Hs : & — Oj; such that ¢ — 7 x ¢ is the classical Hilbert trans-
formation on §. The transformation 7% is the one that phase shifts the positive
frequencies in ¢ by —m/2 and the negative frequencies by +7/2, while —n* shifts
the positive frequencies by +m/2 and the negative frequencies by —7/2 (for the
Fourier transformation defined by (3.18). For these reasons, we will call the con-
volution operator H¥ £ )y DYy, € D' — D' for k > 0 the generalized Hilbert
(multiplication) derivative of degree k (with D};, the subset of D’ where H" is
defined).

We have the distributional relation (for a simple proof see [10, Appendix]),

p®) 5 p® = _50k+D) (5.101)

which for £ = [ = 0 states the well-known anti-involution property of the distri-
butional Hilbert transformation H £ H°. This makes n a generator of complex
structure in those associative distributional convolution algebras where H is de-
fined.

Further, as is shown in [9, eq. (14)], a general homogeneous distribution of degree
— (k+1) is a linear combination of §*) and 5.

All these facts place n on the same level of importance as  and justify the
introduction of a proper name and symbol for this important distribution.
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5.5.2. Associated distributions. From (5.94) and (5.95) follows, Vk,m € N,

“+oo

m 1
(1w ol o) = (-1t [

(x_(kH) ™ |x|) (Trop) (z)dz,  (5.102)

oo

—+o0
(—1)F k! / (a7 sgn(a) 0™ fa] ) (Tx.00) (2} (5.103)

5.5.3. Generalized multiplication derivatives. From the definition (5.98) follows,
Vk,n € N,

n (k k
Dty = niem. (5.104)

Combining (5.67) with (5.85) and (5.66) with (5.87), respectively, gives the gen-
eralized multiplication derivatives, Vk € N,

D (n® ™ fa]) = n* W™ fo] = Lo kT o I (5.105)

and

D ((n(k) sgn)o In™ |x\)
2 §k+1)

S TR
07rk:+1

+ <77 Sgn ( n |x| m>0 ]{} n |$| (5 06)
These are new expressions.

5.5.4. Generalized convolution derivatives. Using (6.34), (5.49) and (5.98) we ob-
tain, Vk,n € N,
n 1 —_ n—
(X" 0y = Tecn— (F)" kLl
k!
(k —n)!

Combining (5.70) with (5.89) and (5.69) with (5.90), respectively, gives the gen-
eralized multiplication derivatives, Vk,m,n € N,

1 —n
+1u<k (—W (Hy — Hy—) 8*= 4 )> (5.107)

k!
(k—n)!

)

1
X" (n<k> In™ |x|) - <1k<n(—1)kk!x"_(k+1) + Lnep(=1)" n<k—")) In™ |z|
- <

(5.108)
and

Lpen 2(—=1)FElzn—(F+D) ggn
X" <( (k) ) In™ ) _ T . . In™ )
' sgn) "™ fa| i (—1)" ey (1 sgn),, n™ |z|
(5.109)

These are also new expressions.
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5.5.5. Fourier transforms. From (5.72) and (5.92) follows, Vk € Z and Vm € N,
Fla™ ™z = @) (=1)™ > (7)) ™7 (27) (ex DY DE — o DYOE) . (5.110)
p=0
From (5.73) and (5.93) follows, Yk € Z4 and Vm € N,

F [(ac_k Sgn)o In™ |x\]
™+t (27) (—2miy)" !

= -T2 m+1  (k—1)!
+ (=)™ @)Y (") ™ (2r) (o (DRPE), — iex (DF@E),) (5.111)
p=0

This is a new result.
In particular for m = 0 and Vk € Z,, (5.110)—(5.111) become

FlaF] = —MM sgn (5.112)
(k —1)! ’ '
—k (—27ri><)k_1
From this immediately follows by (5.99) and (5.100), Yk € N, that
F [n(’ﬂ = —i(2miy)" sgn, (5.114)
(*) 2 oy )
F [(n sgn)o] = —Z(ri)" (n@m) —w(k+ ) +Inf).  (5.115)

Herein is ¥(k + 1) = —y + Hy, with v the Euler-Mascheroni constant and Hj, the
harmonic numbers.
Using (6.37), (5.114)—(5.115), (5.99) and (5.100) gives, Vk € N,

1
F 0] = —— (2mi) ((m@m)+y)1+ i sgntIn xI) - (5.116)
5.6. The sets H; ' and H[ . Linear combinations of the delta and eta distri-

butions and their Fourier transforms generate the following interesting subsets of
homogeneous distributions.

5.6.1. The set H, '. Define the subset of distributions
T {weD’:wép5+qn,Vp,qu}. (5.117)

The set H; ' is a two-dimensional linear space of homogeneous distributions of
degree —1 over C. In addition, by the usual algebra axioms, (7—[671, +, *; (C) becomes
an associative convolution algebra over C. Moreover, (7—[6‘1,+,*;R) is also an
associative convolution algebra over R, isomorphic to the bicomplex numbers, [19].

The structure (’;'-[(’)717 +, *) contains the following two proper, prime and principal
ideals: Iof_lk £{i(6+in*w:iwe ’Hffl} and Ioji £{i(6—-in*rw:we 7-[671},
whose elements are zero divisors. Since (7—[6_1, +, *) is an associative and commu-
tative ring with identity § and I, i are prime ideals, (’Hg_l / Iy, i, +, *) are integral
domains.
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Define the map exp, : Hy ' — Hy ' such that w + exp, (w) with
+oo w*k
A
eXp* (UJ) - Z k' 9
k=0

= €P(cos(q)d + sin(q)n) . (5.118)

Herein we used w*® 2 §, w*! £ w, w*? £ W * w, etc.. The relation (5.118) is the

distributional equivalent of Euler’s formula. We will call distributions of the form
exp, (qn) = cos(q)d +sin(q)n, distributional convolution phase factors with phase q.
In particular, we retrieve from (5.118) the distributional convolution equivalent of
Euler’s identity,

exp, (m) + 0 =0. (5.119)
Further, Yw,,wy € 7-[6_1 holds that
exp, (wq) * exp, (wp) = exp, (wq + wp), (5.120)
and in particular, Yw € 7—[6_1,
exp, (—w) x exp, (+w) = 4. (5.121)
5.6.2. The set H(). Define the subset of distributions
HY & {w €D 1w pl+q(—isgn),Vp,qc (C}. (5.122)

The Fourier transformation F and its inverse ]-';[,1 are homeomorphisms be-
tween H and Hj ', so (HQ,+,.) is isomorphic to (Hy ', +,*). The structure
('Héo, +, ) contains the following two proper, prime and principal ideals: 187 i £
{1;.w:we NP} and Iy £ {1_w:w € H{}, whose elements are zero divisors.
Since (7—[60, =+, ) is an associative and commutative ring with identity 1 and 187i
are prime ideals, (’Héo/lgi, +, ) are integral domains.

Define the map exp. : HY — H{ such that w +— exp.(w) with

+oo wk
exp_(o.)) = Z ?7
k=0

= e;(cos(q)l + sin(q) (—isgn)). (5.123)

Herein we used w® £ 6§, w! £ w, w? £ ww, etc.. The relation (5.123) is another
distributional equivalent of Euler’s formula. We will call distributions of the form
exp.(gqn) = cos(q)1+sin(q) (—isgn), distributional multiplication phase factors with
phase ¢. In particular, we retrieve from (5.123) the distributional multiplication
equivalent of Euler’s identity,

exp. (—imsgn) +1=0. (5.124)
Further, Yw,,w, € HY holds that
exp. (wq). exp. (wp) = exp.(wq + wp), (5.125)
and in particular, Vw € H{,
exp. (—w).exp. (+w) = 1. (5.126)

5.7. The distributions In(x £ i0).
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5.7.1. Definition. Define Vx € R\ {0} the functions,
In(z £i0) = lim In(z & de),

e—0

= In|z|Ltirl_. (5.127)

The function In|z| : R\ {0} — R and the set of functions 1_ (see (5.2)) are lo-
cally integrable in R, so the set of functions In(z 4 i0) generate a unique regular
distribution, of first order of association and degree 0, also denoted by In(z =+ ¢0).

More generally, ¥m € N and Vo € R\ {0}, the regular distribution In" (x 4 40) is
defined as the m-th power of In(z 4 i0) and we can derive the useful distributional
identity,

In™ (x4 i0) = 14 In™ [a| + 12 () (im)" ™7 |a]. (5.128)
p=0

For each m, the set of functions In"™ (x +¢0) define a unique regular distribution, of
m-th order of association and degree 0, also denoted by In™(z + 40).

5.7.2. Generalized multiplication derivatives. The generalized multiplication deriva-
tives of the distributions In(z + i0) are, Vk € Z,,

D¥In(z 4 i0) = (=1)* 1 (k — 1)!(z £ i0) ", (5.129)

with the distributions (x £ 40)? defined in (5.135) below. Substituting (5.127) and
(5.139) in (5.129) yields

D*Injz| = 4=, (5.130)
DF1_ = —stkb), (5.131)

5.7.3. Generalized convolution derivatives. The generalized convolution derivatives
of the distributions In(x £ 0) are, Vk € Z,

XFIn(z £1i0) = #*.In(z £i0) = ¥ In |z| £ ir (=1)" 2* = Dy(z £i0)*, (5.132)

wherein we used (5.155) below.

5.7.4. Fourier transforms. From (5.168) with z = 0, (6.12) and (6.18)—(6.19) we
find, Vm € N,

F [In™(x £ ¢0)]

= (" (Z:j (™) (Log (+2mi))™ " p*jf)) 5+ Locm (—1)"m

m—1 p
(Z (") > (2) (Log (F2mi)™ 177 a1 (0) 10 |x|> 25 5.133)

=0 =0 p—q+1
again a new result. In (5.133), Log (F27i) = In (27)Fin/2. In particular for m = 1,
FIn(z £i0)] = — (In (27) + v Fim/2) 6 — z3 ). (5.134)

5.8. Complex kernels (z £ i0)?.
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5.8.1. Definition. The distributions (z +140)* € D’ are defined by [15, p. 59],
(x£i0)* 2 22 4T, (5.135)
= eF/D2 (cos (n2/2) |z|* Fisin (r2/2) (|z|* sgn)), (5.136)
and supp((z +40)*) = R. An equivalent form is

(z £ i0)* = ¢ n@Fi0), (5.137)
Proof. By Maclaurin’s series of the exponential and (5.127) holds
_ = 2P
e* In(z£i0) _ Z In? (Jﬁ + ZO)E’
p=0
+o0 P
= Y (Lylfz[+ 1 (In|z| £ im)" =
p=0 P

By (5.5)—(5.6) and the associativity of the multiplication product of regular distri-
butions, we get
+oo p
ez In(z£i0) Z (1.0 |z| +1_. (In |z| £ im)) %,
p=0 '

+o00 P +o00 P
— Zlnﬂx\ﬁ 14+ Z(m@ﬁm)?a 1,
p=0

p=0
_ ezln\x\'1+ +ez(ln|m\:ﬁ:i7r).1_'

First for —1 < Re(z) and (5.16) and thereafter by analytic continuation, we obtain

e? In(z4i0) _ xj— + ej:wrzl,z_.

O

We have from (5.135),
(x +i0)F = zF Vk e N. (5.138)
Hence, the distributions (z +40)* are linearly independent ¥z € C\N and linearly
dependent Vz € N.
At z=—k €Z_, from (5.147) below follows

(x+i0)7F = iwi(*l)kfl(s(k*l) + 27k (5.139)
R Y] : '
_(=1)kt (e

Herein is =% given by (5.94) with m = 0 and n*=1 by (5.99).
The expressions (5.139) for & = 1 are known as Sokhotskii-Plemelj equations,
[18, p. 28], and
1 1
O Fo—(rt i0)~! = 5 (&) (5.141)
i
are called Heisenberg distributions (also denoted by d1), [18, p. 27]. Obviously,
Y, . are the two extensions, complex analytic on R, of the delta distribution. A
distribution complex analytic on R, is the generalization of what in physics and
engineering is called an “analytic signal” (a particular complex function defined on
R with prescribed real part, which is the boundary value of a complex analytic
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function in the upper or lower half plane). Also, +i®%, ., are the two extensions,
complex analytic on R, of the eta distribution.

5.8.2. Associated distributions. From (5.38) and (5.37) we get the Laurent series of
x4 about the point z = —k € Z_. Substitution of these series in (5.135) gives the
Taylor series about the point z = —k € Z_,

((z £140)%, )

+oo . _\m+1 k—1 m
_ (£im) —(=1) - (z+k)
- Z( m+ 1 < (k—1)! o 1)’@>> m!

m=0
400 +oo —k m
[ 7" 14 (2) In™ |2
+mz_:0/oo < +(=1)F 30 () (Fim)? 2| 7" 1_ (@) In™ P |z )
(Th_19) (x)dx%. (5.142)

The quantity in parentheses in the integrand of the integral in (5.142) becomes,
Vz € R\ {0},
2] L (@) ™ o] 4+ (~1F S (7) (&im)? fo 1 (@) ™ fal
p=0

= g% (sgn () Lo (2) In™ || = > () (£im)” sgn (2) 1 (z) ln™ 7 x|> ;

p=0

ek <1+(x) W™ o] + 3 (7) (i) 1 (2) o™ |x|> . (5.143)
p=0

By (5.128), the expression in parentheses is just In” (2 £40) so (5.142) simplifies to
((z £10)%, ¢)

X (dim)™ T (=) 2+ k)"
- Z(mj—l <((k—)1)! o ),<,0>( m!)

m=0

+oo +oo m
+Z/ 2 0™ (@ 4 i0) (Ty1.09) (2)de EFH° (5,140

m!
m=0" —®

Define distributions =% In™ (x £ i0), Vk € Z, and Vm € N, by

“+oo
<x_k In™(z £ i0),¢) £ / 27 F "™ (x £i0) (Th—1.09) (z)dz. (5.145)
Substituting (5.143) in the integrand of (5.145) and identifying with (5.37) gives
7% In™ (x £i0) = x;ko In"™ |z| + (=1)* Z (7;) (Lim)? x:ﬁ) In™ P lz[.  (5.146)
p=0

Now (5.144) yields the Taylor series of (z £140)* about z = —k € Z_,

(@ +40)" = io ( (in) "™ (71)#15(’“’1) +27 " In™(z + zO)) M

m+1 (k—1) m!
(5.147)

m=0
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Expression (5.147) shows that z € Z_ are ordinary points, so the distributions
(x £i0)* are entire in z.

(i) At z = —k € Z_, we can read off from (5.147) the associated distributions of
order m and degree —k,

m s\ W (:l:’iﬁ)erl (_]‘)kil k—1 —k .

(DI (x £90)") e = — IS R T =Y 4 =k In™(x £i0).  (5.148)
Equation (5.148) is the generalization of the Sokhotskii-Plemelj equations for AHDs
of all orders of association and for all negative integer degrees and appears to be
new.

(ii) Vz € C\Z_, (5.135) gives

m
DM (x +1i0)" = (DPa?) + ey (1) (im)” (DI P2 ). (5.149)
p=0
By (5.31), D724 = a4 In™ |z|, Vz € C\Z_, so that (5.149) can be written as
DMz +i0)* = 23 In™ [ + =7 Y~ (7) (im) & ™[] (5.150)
p=0

By the meaning given to the distributional multiplication product |z|*.14, Vz €
C\Z_, and by invoking (5.5)—(5.7), (5.150) is seen to be equivalent to

Dz £i0)* = (27 + ¥ 27). <1+ In"™ |z| + Z (2’:) (Him)? 1_In™"P |x> :
p=0
(5.151)
By (5.135) and (5.128), (5.151) reduces to
D' (z £40)* = (z £40)*. In™ (z £ 40), (5.152)
which also serves as the equation that gives meaning to the distributional multipli-
cation (x £ ¢0)*.In™ (2 £ ¢0) and which will be denoted by (z 4 i0)* In™ (x & 40),
Vz € C\Z_. Expression (5.152) now makes it legitimate to write, ¥z € C\Z_,
D™ (x 4 i0)* = D™e* M@0 — (3 +40)* In™ (z + i0). (5.153)
The distributions D7*(x £ i0)?, Vz € C and ¥m € N, are AHDs of order m, which
are entire in their degree z.
In particular at z =k € N,

D (x +1i0)* = ¥ In™ (z £ i0). (5.154)
with 2% In" (2 4 i0) £ (2 £40)*.In™ (2 £i0). This result can be expressed in terms
of the generalized convolution derivative as

D (z +i0)* = X* In™ (z + i0). (5.155)

The multiplication product (x 4 i0)~*.1In™ (z £ 40) is defined using (4.19). At
z = —k € Z_, and in view of the result [13, eq. (24)], egs. (5.148) and (5.139)
show that, Vk,m € Z,

(DI (z £i0)"),,— . # (z £40) 7. In"(z £ i0). (5.156)
For this reason, we will not denote (DI(z £ i0)"),,__, by (z £140)~"In™ (z + i0)

(as is done in [15, p. 98]), since the latter notation is prone to interpretational
erTor.
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Interesting linear combinations of these AHDs are,

D™z +i0)* — D™ (1 —i0)?

m+1
_ m+1 (—|—Z7T)p 6+i7rz _ (—Zﬂ')p 672'71'2 .I‘Z_ 1Ilm+1_p |1‘| ’ (5157)
p
p=0

and

DI (x 40)* + DI (2 — i0)*
= 2(2% In™*! ED)
m—+1 ) .
+ 37 () (i) €T 4 (i) e ) o P [l (5.158)
p=0

Notice that for Vz € N, (5.157) reduces to an AHDs of order m.

5.8.3. Generalized multiplication derivatives. From (5.135) and (5.42) follows, ¥n €
Z+7

D" (xz £140)* = 2(y)(x £i0)*". (5.159)
From the commutativity of D and D, follows immediately

D™ (DI (x £i0)%) = (x £i0)*7" Y () (DI Pz(n)) In (2 £ 40). (5.160)
p=0
By analytic continuation, (5.159) holds Vz € C and (5.160), with its right-hand side

given in the form of a multiplication product of distributions, holds Vz € C\Z_.
At z=—k e C\Z_, (5.148) yields

(£im)™ T (=1)k1
m+1 (k—1)!

D™ (DI (x £40)"),— ;) = — sk L pn (7% In™ (z £ i0)) .

(5.161)
The last term in (5.161) can be worked out further using (5.146) and (5.46).

5.8.4. Generalized convolution derivatives. From (5.135) and (5.48) follows, ¥n €
Zy and VYm € N,

X" ((x £i0)* In™ (2 + i0)) = (2 £ i0)*T" In" (x + i0). (5.162)

By analytic continuation, (5.162) holds Vz € C\Z_.
Atz = —k € C\Z_, (5.148) yields
X" (D3 (z £10)") )
(iiﬂ')erl (_1)k—1—n5(k—1—n)
= ———la<ik1
m+1 (k—1—mn)!

+ X" (27 FIn™(z £140))(5.163)

wherein we used (6.34). The last term in (5.163) can be worked out further using
(5.146) and (5.49).



42 G. FRANSSENS
5.8.5. Fourier transforms. Inverting the result (6.36) below, gives for the Fourier
transform of the distributions (z +i0)*~!, Vz € C,

Fllz+i0)?] = (2n) 7 T /D22, (5.164)
In particular for z = k € N,

F [aF] = (—2mi)~* 6®. (5.165)
In terms of the distributions (y 4 40)~**1 (5.164) becomes
a1 277 eyl [ (x+i0)7EFD
(N2 =i (2m)77 Lirjay—n ] (x +i0)~C+D
Fll =0y = sin (rz) I'(—=z) ¢ 2\ —(x —i0)~ Y (5.167)

More generally, we obtain by (4.18), Vz € C and Vm € Z,

w=—z"

FDP (x +i0)7] = (—=1)™ (2m) 7 T /2D N " () (Log (F27i))™ 7 (D5, BY)
p=0

(5.168)
In (5.168), Log (F27i) = In (27) F im/2.

We will call (z £i0)* homogeneous complex kernels and D7 (x +140)*, Ym € Zy.,
associated homogeneous complex kernels. The distributions D7 (x + ¢0)* are useful
to study complex analytic extensions of AHDs based on the real axis, to functions
on the complex plane.

6. NORMALIZED ASSOCIATED HOMOGENEOUS DISTRIBUTIONS

In addition to the basic AHDs considered in the previous section, one introduces
normalizations of some of these distributions to make them entire in their degree
and/or to give them another convenient property.

6.1. Normalized half-line kernels ®%.

6.1.1. Definition. Let I denote the gamma function and ¢ £ (dI') /T the digamma
function, [1, p. 258, 6.3.1]. The normalized distributions ®3 € D’, defined by (e.g.,
[23, vol I, p. 43] or [15, p. 115])

oz A Li_l,

I'(z)
are entire functions of z. Notice that ®5 are homogeneous distributions of degree
z—1.
They take the special values, Vk,[ € N,

oF = (FD)k®) = (25MW)*k, (6.2)

(6.1)

l
ot = == (1), (6.3)
Herein is f*0 £ 6, f*1 £ f, f*2 £ f x f, etc.. The distributions <I>Z£rl are lin-
early independent Vz € C\Z_ and linearly dependent Vz € Z_. The distributions
(£1)F @;k are the convolution kernels for the generalized derivative operators of de-
gree k € N, DF : D' — D’ such that f +— D¥f = (+1)*®"  f. Also, the distribu-
tions q)’jt are the convolution kernels for the generalized primitive operators of degree
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keZy, I* : Dy — D and I¥  : D} — D' such that f— IX = (£1)*®% « f.

—0o0

In particular we find that, e.g., with ¢ € D,

(Ihot) (2) = /

Foo

’ m (x)d (6.4)
o P :

which shows that Ij"éoo are just the classical Riemann-Liouville operators for k-times
iterated integration (from Foo, respectively). We will call I_., (integrating from
—oo to ) a “forward primitive” operator and I, (integrating from 400 to x) a
“backward primitive” operator.

At z = 1+ 1, VI € N, the distributions ®3 are related to the even and odd
distributions, introduced in the previous section, by the convenient relations,

l

T
Pt - (-piettt = o (6.5)
l
PL 4 (—1)HF1phH! z ;gn. (6.6)
The @24 satisfy the following well-known properties, [15, p. 116],

¢ 5 @b =% Va,b e C, (6.7)

which implies in particular, Vz € C and Vk € N,
(£D)er — ok, (6.3)
(+Ip)kor = o3tk (6.9)

The homogeneous normalized half-line kernels ®3 are fundamental for distribution-
ally defining complex degree Riemann-Liouville (so called “fractional”) integration
over half-lines, [23, vol II, p.30], [22, p. 145].

Further, it is a direct consequence of (3.42) that the convolution operators ®7 x
are mutual adjoints. More precisely, Vfi, € D}, Vfr € Dy, Vz € C and Yy € D,
holds

(O % frow) = (fr,ArL (P2 % ¢)), (6.10)
(@2 % fr,p) = ([, \er(®Fx¢)). (6.11)

Note that ®Z x¢ € Dy, (P2 *¢ € Dg), hence supp (fr)Nsupp (P2 * ¢) (supp (fL)N
supp (@7 * )) is finite. This makes it possible, to place in the right-hand side of
(6.10) ((6.11)) any Agr, € D (ALg € D) that equals 1 over supp (fr)Nsupp (B= * ¢)
(supp (fz) N supp (3 * ¢)), without changing the numerical value of both func-
tionals. The test function Agr, (Arg) in (6.10) ((6.11)) is necessary in order to
have Agrp, (@i * go) €D (ALr (@i * <p) € D), as required by the fact that fr € D’
(fLeD).

6.1.2. Associated distributions. (i) The coeflicients of the Taylor series of ®4 about

z = —k, denoted (DT@i)ZZ_k, are obtained from the Laurent series of x5! (5.38)

and the Taylor series of 1/T" about z = —k. The result is, Vm € Z4 and Vk € N,
(:Fl)k P (_ m—1

m w k m -
(Dw (I)i)wsz = k! m+1 )6(k) + Z (p)cm—P (_k) xi,((’)CJrl) In” |l‘| .
! 0

(6.12)
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The functions ¢, are defined by

cg(2) & (d1(1D))(2), (6.13)
- G (o), o

and the contour C' is as in [27, p. 245]. At integer values holds, Vk € N,

cy(—k) = %(—1)’%1(—1)% (ugﬂl([)ﬁw(u)—m)ﬂ), (6.15)
cq(b+1) = E lim (D, —¢(u))?1. (6.16)

k' u—k+1

Some convenient expressions for the constants ¢, are

co(—k) = Oandey(k+1)= L (6.17)
1
ci(=k) = (=DFKland ¢; (K+1) = —yw( 1), (6.18)
1/ ¢*(k+1)
— - —_ !
co (—k) 2(=1)Fklp(k 4+ 1) and co (k4 1) = ( (k1) (6.19)
Interesting linear combinations are, Vm € Z and Vk € N,
m—1
(DoY), — (=D (Do), = (M)em—p (=F) 2~ F P |a|, (6.20)
p=0
mgw k mgw
(‘Dw (I)Jr)w——k + (_1) (D (I)*)w——k
= D e () sy Z )em—p (=) (ﬂk“) sgn) In® || (6.21)
k! m-+1 - 0
(ii) The distributions D7*®% , are given by, Vm € N and Vz € C\ (—N),
m
DI'®i = Z (T;)cm_p (2) 2 M n? || (6.22)
p=0
Special linear combinations for z = k € Z, are

Dl — (—1)FDpdt = Y (M) (k) 28 P |2, (6.23)

p=0
Dk + (—1)FDPeE = Y (M)emop (k) 2* P sgnlo? x| (6.24)

p=0

The distributions D7'®7%, Vm € Z, and Vz € C, are entire functions of z, AHDs
of order m and degree z — 1, and, since D7*®% and D7*®* have different support,
are linearly independent. Notice that (6.20) are AHDs of order m — 1, while (6.21)
are of order m.
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In particular for m = 1, and using ¢; (—k) = (—1)*k! and c3 (—k) = —2(—1)*k!
P(k+1), we get from (6.12),

(Du®Y),__, = EDF (6@ +mly),  (6.25)
(Dw®Y),,__, — (=D* (Dy®@™) _ . = =™, (6.26)
(Du®) e+ (D (Du®?), = 200k + 13" 47 (1) sgm)(6.27)
(v = Hr — ¢(k + 1) is the Euler-Mascheroni constant) and from (6.22), Vi € N,
ol
(DwCIfi)w:l_H = (In|z| - ({+1)), (6.28)
2
(DY), ) — (D)FH (D®Y), . = l, (In|z| —¢ (I +1)), (6.29)
w w l’ sgn
(Dw®),, g + (D (Du®Y) Ly = =57 (nfzl =9 (1+1)) (6.30)
Another interesting combination is
(DroY), __, — (=D (Dre™), _ . =2m® (In|z| — ¢k +1)). (6.31)

6.1.3. Generalized multiplication derivatives. We have, Vk,m € N and Vz € C,
(£D)* (DI'#2) = DI ((+D)F%) = DI, @5, (6.32)

6.1.4. Generalized convolution derivatives. We have, Vk € N and for 0 < Re (2),

(£X)" @7 = 2otk (6.33)
with 2(*) given by (2.4). By analytic continuation, (6.33) holds Vz € C. In partic-
ular for z = —l € —N, we retrieve a well-known formula,

5O 50—
k
- — = <. 6.34
T (Y (6-34)

Also, Vk,m € N and Vz € C,
(£X)" (D"®3) = D™ ((iX)k @;) —pm (,z(k)cng’“) . (6.35)
6.1.5. Fourier transforms. The Fourier transform of the distributions ®3 was de-
rived in [15, p. 172] and reads for our sign choice in (3.24), Vz € C,
F 03] = /D2 ((21x) F4i0) 7. (6.36)
In particular, Vk € N,

F {5(’“)] = (2mix)" . (6.37)
In terms of the distributions ®3 themselves we get
F [@i] — (271')_Z F(]— o Z) (e:‘:’l’(ﬂ'/Q)Z@}i_—Z 4 e:l:i(ﬂ'/Q)Z(bl_—z) ) (638)

More generally, Vz € C and Vm € Z,, we obtain from (6.36) and by the com-
mutativity of the F and D, operators,

F[Drei] = (-)" e Z>Z (i(m/2))" " (Dl ((27x) F i0)")

w=—z"

(6.39)
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We will call the ®3 homogeneous normalized half-line kernels and the D*®%
VYm € Z4, associated homogeneous normalized half-line kernels. The distributions
D7'®Z% are convenient to easily calculate generalized derivatives and primitives of
AHDs.

6.2. Normalized parity kernels of the first kind @ ,.

6.2.1. Definition. We will need the even and odd distributions

A 1 @5+ P2

z A 4T 4

. 2 cos ((7/2)z)’ (6.40)
Pz — P*

Pz £ lﬂi—. (6.41)
2sin ((7/2)z)

By construction, supp(®Z) = supp(®Z) = R.
Using the Taylor series (2.10)—(2.11), we obtain the following series expansions
of ®; , about z =k € Z,

k1 oo 4.
op(=1)FH1/2 1 =) < (im/2)™

z ( !
P = z—k +Z m!

m=0

er(~1)Y 2By (25) 3 (0 + @F)

2
z—k)™, (6.42
Fiog(—1)k+D/2B +1( k) (D% + o*) ( )™, (6.42)

k—1
o - er(—1)% %17 .++OO (zw/2)™
° z—k m!
=0
D
ox(~1) VI E, (m;@)% L at)

(z — k)™ (6.43)

tiex(—1)*/2 B, +1(D/);<¢>k )

The Taylor series of ®7 , about z = —k € —N are obtained as

o = Ji:.o z7r/2

=k | (24 k)™, (6.45)

z=—k

B

o ()T (B () 3 (25 —22))
tie (=1)% (Emﬂ (W/Q 1

va

(i) We see that ®Z is complex analytic Vz € C, except for simple poles at z =

2p+1 € Zo 4, with residues
(_1)p+1 2P
-1 (2p)

(@2 1) (6.46)
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The analytic finite part at a pole is

2p+1 (_1)p+1 z z
(22rt1), = ((D202), s+ (D20%) 1), (647)
(_1)p+1 2P
= ———1 —¢(2p+1)). A4
S (nlel —vp+ 1) (6.45)
At the ordinary points z = 2p+ 2 € Z 4, is
1,.2p+1
P2 = (=17 2% sen. (6.49)
2 (2p+1)!
In addition, ®Z has removable singularities at z € Z, _. Using (6.2), (5.58), (5.99)
and the properties of the gamma function, we get for ®7 at z = —k € —N,
BF = ep(—1)F/260) 4 gp (—1)k=1)/2p(k) (6.50)

(ii) Also, ®Z is complex analytic Vz € C, except for simple poles at z = 2p + 2,
Vp € N, with residues
(_1)p+1 2+l

(227%) . = T  (2p+ 1)l (6.51)

The analytic finite part at a pole is

@79, = (000 Ly () ) 632
o 0 T 25+ z=2p+2 2¥—) —opia ) .
_1\p+1 x2p+1
- ( 173- (2p+1)! (Infz] —¥(2p +2)). (6.53)

At the ordinary points z = 2p+ 1, Vp € N, is

(—1)P+! 2P sgn

P = — : 54

In addition, ®? has removable singularities at z € Z. _j. Using (6.2), (5.77), (5.99)
and the properties of the gamma function, we get for ®Z at z = —k € —N,

Dk = —0p(—1)RV/25(R) gy (—1)k/2p(R), (6.55)

The distributions ®? and ®Z are known in fractional calculus theory as the
kernels of the convolution operators that generate the Riesz potential ®Z * ¢ and
conjugate Riesz potential ®Z x o, of a function ¢ € D, [22, p. 214]. Hence, the
Riesz potential and conjugate Riesz potential are just regularizations, in the sense
of [28, p. 132], of the distributions ®Z and ®Z, respectively.

6.2.2. Associated distributions. At z € C\Z and Ym € Z,, we obtain from (6.106)
the associated distributions

1 @ + @2
D"®* = pro—+ = C\Zo.+, 6.56
z e z 2(}08((7‘(/2)2)72 S \ ,+ ( )
1 &7 — 7
D"®*: = pr-—+t - C\Ze 4. 6.57
=% g (/e c € Vet (6.57)
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From (6.42)—(6.43) we can read off, Vm,p € N,

((Dg@;”)w:%ﬂ)o — (—1)P+1(m/2)mi<Bm+1(f/2> (<I>$+<I>w)) (6.58)

DRy = VP limf2)" (B (2] 5 (00— 00)) j_<6+59>

and

DE8)uayes = 07 /2 (B (25) (@2 +0%)) (660

w=2p+2

— D,
((Dgl@gf)w: ) = (=Pt (in/2)™i (Bmﬂ ( ) oY — v ) (6.61)
2p+2 )/, /2 ( ) we2pt2
Herein are ((DZ}(I)ZJ)w:sz)O and ((Djﬁ(bjj’)w:zpﬁ)o the analytic finite parts of
D7®% and DT'®Z at their respectively poles. Also from (6.44)—(6.45), we have at
z=—k e —-N,

(D @)

w=—Fk

e (1) (B (25) § (a4 + 0v))

= (ir/2)" tiog (—1)*D/2 (B +1( ) (¢$+q:;_)_)i__k (6.62)
(D ®5) e,

- . - or, (71)(k+1)/2 (Em (lg/ ) % (Q)w (I)z}))w:7

= (in/2) Ve (—l)k/2 (Em+1 ( ) % (@“’ (I’qi)))w:_k . (6.63)

Expressions (6.58)—(6.63) are new.

The distributions D*® , (or where they are not defined, (D;”(I);O)O) are, Ym €
N and Vz € C, linearly independent, of degree z — 1 and associated of order m
(m+1).

6.2.3. Generalized multiplication derivatives. From (6.40)—(6.41) and (6.8) follows,
Vk € N and Vz € C\Zy,

DF®: = ep(—1)F2077F — op(—1) T D2P2F (6.64)
DE®Z = e (—1)F2027F 4 o (—1) D292k, (6.65)
Then, by the commutativity of the D* and D™ operators, we get
DF(D7®7) = ex(~D)M2(DRBY), ., — ox(~1)* D/ (DRY), . (6.66)
DF(DI@) = en(~DM2(DR@), .y +or(-D)* V2 (DY), (6.67)
Further, from (6.32), (6.8) and (6.58)—(6.63) follows, Vm,n,p € N,
D" (D) i),
= (=P (ir/2)™i (Bm+1 (D“’> 1 (@Y + (-1)" q>'£)) (6.68)
Z’/T/2 2 w=2p+1—mn
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D" (DY) a1 )
(L1 (i) (Em (11;72) e qﬂg))w o)
D" (DE®L) sz
= (=1t (in/2)™ (Em (ﬁ) % (% + (-1)" <I>‘_”)> . (6.70)
D" (D) apa)
= (=1)P*(in/2)™i (Bm+1 <£72> % (@Y — (-1)" <I>‘_”)> i (6.71)

and, Vm,n, k € N,
D" (DR ®Y),— )

| ex(~1) 2B (25 .
= 2" tioy(~1)- /2B,y (24) (24 +(-1)" ), __(6;72)
m i /2

DN =

D" (D ®g) =)

o

op(—1)FHD/2E (;:72)
+ien(—1) 2B 1 (1572)

These are new results.

= (im/2)™ (@Y — (-1)" @lﬁ)w:_(ﬂgg..??,)

N |

6.2.4. Generalized convolution derivatives. Combining (6.40)—(6.41) with (6.33) gives,
Vk,m € N and Vz € C\Z,,

Xk (Dme?) = D (z(k) (ek(—l)k/2®§+k+ok(—1)(k_1)/2@§+k)>,(6.74)
Xk (Dme?) = pm (z(k) (—ok(—1)(k_1)/2<1>2+k+ek(—1)k/2¢j+k))(.6.75)

From (6.58)—(6.61) and (6.35) together with (2.20)—(2.21), (6.46), (6.51) and
(6.58)—(6.61) we get, Yk, m,p € N,
X ((D$¢g>w=2p+l>0

= Tomo (827)_, + 20+ 1) (DFD), o),

Flocmm (DE7'08) ,Lyp1), (6.76)
X (D ®g) papi1
= — 2+ 1) (DY) gpso — Locmm (D TIOY) L, ns (6.77)
and
X (D;;nq)g})wzszﬂ
= (2p+2) (DY) ygpis + lo<mm (D) _y yy  (6.78)
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X (D302, apsa),

= —ln=o (<I>§”+3)_1 —(2p+2) ((ng’g)wﬂpw)o
germm ((D$*1®;“)w:2p+3>0 . (6.79)

6.2.5. Fourier transforms. We easily obtain from (6.101)—(6.102),
Flof] = [2nx|77,Vz € C\Zo 4, (6.80)
F[®Z] = —i|2mx| “sgn,Vz € C\Ze - (6.81)

More generally, we obtain from (6.80)—(6.81) and by the commutativity of the F
and D, operators, Ym € Z,
(l) Vz S C\ZO,+7

FDIZ] = DI [2mx| ™% = (=1)™ (2m) 77> (0) W™ (27) (D2, [x|" )
p=0
(6.82)
(i) V2 € C\Ze 4,
FDre;] = —iDr (j2mx 7 sgn)
= —(=D™i@2m) ) (1) W™P (27) (DY, x| sen),,—_, (6.83)
p=0

From (6.119) and (6.106) follows, ¥m € N,

((27rx)_k sgn) In™ |27y

In™*1(27) (27) ks~
m—+1 (k—1)!

F(Dpret),] = (1™ k€ Zoy,  (6.84)

+2

and

((270()7]C sgn) In™ |27

_oIn™t(2m) (2m) "R
m—+1 (k—1)!

F(Dprel) ) =—(-1)"i k€ Ze . (6.85)

Expressions (6.84)—(6.85) are new.
We will call the ®; , homogeneous normalized parity kernels (of the first kind)
and the DI'®Z ,, Vm € Zy, associated homogeneous normalized parity kernels (of

the first kind). The distributions D}*®Z  play a fundamental role in the construc-
tion of a convolution algebra of AHDs, [12].

6.3. Normalized parity kernels of the second kind ¢ ,.

6.3.1. Definition. The normalized distributions defined by

z—1
z A z/2 |£L’|
2 ) (6.86)
z—1
P A z/2 |‘T| sgn 6.87
S (FESVE) (057

are entire functions of z. They take the special values:
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(i) at z € =N, Vp € N,

—p— 2~ (2p+2) .
(ka_ P 1/2m lf k:2p+1, 688
e (=1)* p! 6(2p) if ok ( : )
=5 2p)! it k=2p,
=D” _ p! 2p+1)  ; _
ok 12 T i k=2t 6.89
4 =7 7p+1/2 2~ (2p+1) .f k -9 ( . )
T T(=pti/2) ! =
(ii)at z=k €Zy,VpeN,
9Pl 28 f f=2p 41,
o = pt1 w"’”gﬁ)n! - (6.90)
T if k=2p+2,
pallsn if | —op 41
PR if k=2p+1,
ok = 7r+1/2{ S e koo (6.91)
TPy M R=2PE 2
Notice that @7, are homogeneous distributions of degree z — 1 and are linearly

independent Vz € C.

6.3.2. Associated distributions. The distributions D7'®% ; are, Ym € Z, and Vz €
C, AHDs of order m, linearly independent and entire in their degree z — 1.

The coefficients of the Taylor series of ®¢ , about z = —k, Vk € N, denoted
(DY ®Y) e — (D®Y),,__,), are obtainable from the Laurent series (5.38) of
2"~ (|z|* " sgn) and the Taylor series of 7%/2/T" (2/2) (x%/2/T((z + 1)/2)) about
z = —k. The coefficients of the Taylor series of ®F, about z = k, Vk € Z,,
denoted DI"®% (D®%) are obtainable from the Taylor series coefficients (5.31) of
lz|* " (|z|*~ " sgn) and the Taylor series of 7%/2/T (z/2) (7*/2/T((z + 1)/2)) about

z = k. We will not need their explicit expressions.

6.3.3. Generalized multiplication derivatives. From (6.86)—(6.87), (5.65), (5.84) and
the duplication formula for the gamma function follows, Vk € N and Vz € C,

-1)/2) o=k
DFg: — ok k/2 ( er ((2 (k/2) Fe . ) ., (6.92
e Fon (2= k) /2) (2 = 1)/2) oy @2+ ) (697
2-1) ok
Dk@Z — Qkﬂ_k/Q ( Ek; (Z/ (k/2) [ > . 693
0 0 (2/2 = 1) ((h—1)/2)®Z 7" (6.93)

Also, YVm € N and Vz € C,

D(D7"®*) = D™ (D®?) =72 (z—1)D"®* ! 4 mr/2D" 19271 (6.94)

D(D™®2) = DT (D®F)=2r'/2Drer L, (6.95)

6.3.4. Generalized convolution derivatives. Combining (6.86)—(6.87) with (5.68) and
(5.88) gives, Vk € N and Vz € C,

Xr0p = M2 (e (2/2) M 0 o (2/2) VD @) (6.96)

Xhop = w2 (e (2 + 1) /)P 05 4 o (2/2) FTVP @71 (6.97)
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Also, Vm € N and Vz € C,

X (Drey) = DI'(X®7) =D ((z/2) @) (6.98)
1

— 77_1/25(ZDZL@§+1+mD;"_1<I>§+1), (6.99)

X (Dr®%) = D™(X®Z) =x /2Dreitl (6.100)

6.3.5. Fourier transforms. Expanding the distributions ®¢ , in terms of ®3 and

using (6.36) leads to the very simple Fourier transformation rules, Vz € C,
F[@7] = @i 7, (6.101)
F[@Z] = —idL =, (6.102)
More generally, Vz € C and Vm € Z4, we obtain from (6.101)-(6.102) and by
the commutativity of the 7 and D, operators,

FDrey] = (-)™(Dgey)(1—z), (6.103)
FDro:] = —(-1)"i(DI®Y)(1—2). (6.104)

We will call the ®7 , homogeneous normalized parity kernels of the second kind
and the DT'®7 ,, Vm € Z., associated homogeneous normalized parity kernels of
the second kind. The distributions D7'®{ , play a fundamental role in the repre-
sentation of AHDs based on R, which are complex analytic with respect to their
degree in some region Q C C, [9, Theorem 7]. Also, as the results (6.101)—(6.102)
show, they are the preferred basis distributions to expand AHDs in, in order to

trivially calculate Fourier transforms.

6.4. Normalized complex kernels ®>_,,. We finally define a pair of normalized
basis AHDs, which are very convenient to calculate convolutions of AHDs and
also to trivially calculate the Hilbert transform of an AHD, and which were not
considered in [15].

6.4.1. Definition. Define the distributions
1

frio = 5 T —2)eTAE I @ 4 i0)* (6.105)
1
= 5 (B £i;), (6.106)
+i 1 W(m/2)zFz +i(n/2)z F 2
- T )(ejF o e o7 ). (6.107)
1 Tz

For z = 0, ®Z,,, reduce to the Heisenberg distributions. The ®Z, ., are homo-
geneous distributions of degree z — 1, complex analytic Vz € C, except for simple
poles at z = k € Z with residues

( ii)kJrl k=1

(®rti0)_; = or (k- 1) (6.108)

and analytic finite parts

1 sgn i okl
(hsio)y = % (£0)* @ s 1g)! + i? Gy (el - w(k))) . (6.109)

At the ordinary points z = —k € —N| they take the values

I _
Ot =5 ()7 (6% £ in®). (6.110)
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6.4.2. Associated distributions. At z € C\Z and Vm € Z,, we obtain from (6.106)
the associated distributions

1
qu)zizO - 5 (DZL(I): + ZD;n‘I)z) . (6111)

At z € Z and Ym € Zy, D]'®Z, , are readily found by combining (6.106) with
(6.58)—(6.63). We obtain, Vp, k € N,

( Dm(I)ac:I:'LO)w:2p+1)

_ 1 (=1)Ptt(im/2)™iB,y, +1( 2) (q)w +(I)w) (6.112)
2\ H (=D (in/2)"En, ( ) 2 (@ w:2p+1’ |
((qu%izo)w 2p+2)

o OB (2) 3 (00 4+ oY) (6.113)
9 :I:z'(—l)p“(iﬂ'/Z zBm+1 ) (I)w (bw) u,=2p+27 |

and
(D ®3si0) e
e (1) 2 B (25) § (92 + 0¥)
o 1 +ioy, ( 1)(]”1)/2 E Z—f}”z) 3 (@Y — oY)
= (/2" 5 o, (1) * V2B (25))5 (@3 + o) o
+1 \Gr/2 )72 \F+
tiep (—1)*% B 41 ( 2) 3 (24 —o2) w=—Fk

6.4.3. Generalized multiplication derivatives. From (6.106) and (6.66)—(6.67) fol-
lows, Vz € C\Z,

D* (D®Z, ) = /2 (DoY) (6.115)

w=z—k "’

The distributions D™ (qu)ac:t10> ,Vn,m € N and Vk € Z,, are readily obtained
as linear combinations of (6.68)—(6. 71).

6.4.4. Generalized convolution derivatives. From (6.105) and (6.74)—(6.75) follows,
Vz € (C\Z+,
XH (D2 @s ) = T2 ((Bazth). (6.116)
The distributions X™ (D*®% . 4),, ¥n,m € N and Vk € Z, are readily obtained
as linear combinations of (6.76)—(6.79).
6.4.5. Fourier transforms. We easily obtain from (6.105) and (5.164), Vz € C\Z.,

F[®F1i0] = @m01" (6.117)

More generally, Ym € N and Vz € C\Z,, we have by the commutativity of the F
and D, operators, that

F DIz ] = ZZ 0P (2m) (DA XY) .- (6.118)

p=0
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The Fourier transforms of the distributions (Dy*®%, ), ¥m € N and Vk € Z,
are obtained as follows. Use (5.38), the Laurent series of the distributions ®Z,
about their simple pole z = k, the Taylor series of (27) ° about the ordinary point

z = k, and the Fourier transform pair F {(—2771’35)’“71} = ¢k~ This results in
F[(DF®5si0),)

= (=" <(27Tx)i,ko In"™ |27 x| + (F1)

m+1 —k (k—1)
o In" T (2m) (2m) 776 6.119)
m+1 (k—1)!

We will call ®Z,,, homogeneous normalized complex kernels and D7'®Z .,
VYm € Z., associated homogeneous normalized complex kernels. The distributions
D7'®% ., simplify the calculation of convolution products of AHDs (due to [10,
Theorem 12] and [12, Corollary 5]) and the calculation of the Hilbert transform of
an AHD (due to [10, eq. (60)] and [12, eq. (50)]).

APPENDIX A. APPENDIX

A.1. Definitions of AHDs.

A.1.1. Gel’fand-Shilov. The definition of (one-dimensional) AHDs, in the sense of
Gel’fand and Shilov as given in [15, Ch. I, Section 4.1], arises in the following way.

(i) A HD f¢, of degree of homogeneity z, is defined to be an eigendistribution of
any dilatation operator U,, r > 0, with eigenvalue 7%, [15, p. 82].

(ii) Generalized functions f7, f§,..., fZ,... are said to be associated with the
eigendistribution f§ of U, iff

U-f§ = cfs, (A1)

Urfi = cff +dfi_,Vke€Z,, (A.2)

wherein ¢ and d are functions of r but are independent of k. According to (i),
choosing ¢ = r* makes f¢ in (A.1) a HD.

(iii) Now d is calculated for the case k = 1. It is proved in [15, p. 83] that, up
to a constant factor, d = r*Inr.

(iv) By setting d = r*Inr for all k € Z; in (A.2), egs. (A.1)—(A.2) take the form

Uu.fg = r*fs, (A.3)
U.fi = r*fi+r*lnrfi_|,Vk e Zy. (A.4)

(v) In [15], HDs are defined by (A.3) and AHDs for all orders of association
k € Z, are defined by (A.4), [15, p. 84, eq. (3)]. Egs. (A.3)—(A.4) were derived
from egs. (A.1)—(A.2) by calculation of ¢ and d. Hence, Definition (A.3)—(A.4) is
equivalent to Definition (A.1)—(A.2) with ¢ = 7% and d = r*Inr.

(vi) In [25, Section 4] it was shown that Definition (A.3)—(A.4) is self contra-
dictory for k& > 2. The conclusion is that an AHD of order of association k is
reproduced by the dilatation operator U,., ¥Vr > 0, up to an AHD of order of asso-
ciation k — 1, only for k = 1. Transferring the notion of associated eigenvector to
AHDs, in the sense of Gel’fand and Shilov, is thus impossible for k£ > 2.

Other inconsistencies in the definition of AHDs have appeared in the literature.
For a discussion, see [25].
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A.1.2. Shelkovich. Since the set of AHDs, in the sense of Gel’fand and Shilov, does
not contain any members with order of association m > 2, a more general definition
was introduced in [25], resulting in the set of Quasi Associated Homogeneous Dis-
tributions (QAHDs). It was shown by Shelkovich that his set of QAHDs coincides
with the set of distributions discussed in [15, Ch. I, Section 4.1], [25, Theorem 3.2].

(i) A distribution fZ € D' (R) is said to be a QAHD of degree of homogeneity
z € C and order of association m € N iff for any r > 0,

Urff =12 F5 + Y hi(r) fouge (A.5)
k=1

wherein f? _, is a QAHD of degree of homogeneity z and order of association m —k
and hy are differentiable functions. For m = 0, the sum is assumed to be empty.
Definition (A.5) is a natural generalization of the notion of associated eigenvector
(A.2).

(ii) Next, it was proved in [25, Theorems 3.1, 3.2 and egs. (3.21)—(3.22)] that
Definition (A.5) is equivalent to

U-f% :rzfﬁl—i-Zrzlnkr JE (A.6)
k=1

wherein fZ _, is an AHD, as discussed in [15, Ch. I, Section 4.1], of degree of
homogeneity z and order of association m — k. The relation (A.6) can thus be used
as an equivalent definition of QAHDs.

Definition (4.2), used in this paper, is equivalent to (A.6) and defines a set of
distributions, which are also called Associated Homogeneous Distributions (AHDs).
The here considered set of AHDs is thus coinciding with Shelkovich’s set of QAHDs
and, due to [25, Theorem 3.2], is also coinciding with the distributions discussed
(but not properly defined) in [15, Ch. I, Section 4.1].

A.1.3. von Grudzinski. For completeness we give here the higher-dimensional def-
initions corresponding to HDs and AHDs, as given in [26].

A distribution f# € D' (R™) is said to be quasihomogeneous of degree z € C and
of type p £ (p1,...,pn) € R\ {0} iff for any » > 0, [26, p. 77],

<fz7300M1/r> =" <fz,50>av§0€D(Rn)a (A7)

wherein M,z £ (rPizy,...,rPr2,), © € R". A quasihomogeneous distribution of
degree z and of type p = (1,...,1) is called a homogeneous distribution of degree

z.
A distribution f7 € D' (R") is said to be almost quasihomogeneous of degree

z € C, of type p = (p1,...,pn) € R"\ {0} and of order <m € Z, iff for any r > 0
there exists distributions fZ_,..., f§ such that, [26, p. 94 and eq. (1.37)],

z z+n z - lnkr z n
<fma<poM1/'r>:r+ <fm+zk| m—k»¥ 7V¢ED(R ) (A8)
k=1

The definitions (A.7)—(A.8) essentially reduce to (A.5)—(A.6) for n = 1.
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A.2. Conversion of basis AHDs. For the seven pairs of special homogeneous

distributions, ®3, (z £i0)*~!, ®Z ,, @7

¢,0

is convenient to have expressions to convert one set into another. This is particularly

G. FRANSSENS

—1 —1 —
(2P 2l sen), 340 and 2%

useful to convert from one structure theorem to another, see [9].

A.2.1. Ezpressions in terms of ®3.

) ¥
. P _otimz
] e |, ]
(x_lg)z_ 1 ©
(I’e 1 cos(%z) cos(%z)
(I)(Z} 2 +— 17r — 17r
@f 51n(5z) Z+1s1n(§z)z+1
o = |gs-1g(-1/2 F(g) L 22«)}
i 11(5)1 -T'(3)
+
i e |, 1l
l:q)§+i0] ; te—i%z  etifz
(I)iiilo 2sin(wz) | _eTig2 +67i%z
T+ 10
S| e g Y |

B 1 1 -
1 I'(z) I'(2)
o [er] ] 2[-LIT(1—2) +LET(1-2)
+
{@Z } {1 0
(2 +i0)*~ 01 ’
(x —i0)*~1 ra-z) |t+ie*=* Zefzzz
%4 2m e~ tg% etisz
o7 1022 | T(3)sin(52)  T(3)sin(52)
2| |- S5 (s
|x‘zo_1 F(Z;I)CO_S£%Z) F+.z§1)cos(%z)
yie~i5* | _getite
[|$|Z sgn} 1 sin(éz) sin %WZ)
D% +io 2| et etiz:
(I,'z ) COS(%Z)-W COS(%z)
xﬁjlo r(-z) |—e '~ 0
[Ij—l] 2mi 0 - _;’_e-‘rz'Qz
L — n I _e~iTz e+”rz
L 2i sin(7z) -1 1

(x +i0)=~1
(x —i0)*~1

|
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A.2.3. Ezpressions in terms of @ .

A.2.4. Ezpressions in terms of ® ,.

ﬂ.—z/Q

R [F(%/

2—(z+1)7r—(z+1)/2

cos (5z) +sin(5z 7

cos(5z) —sin(52

- |:_Ze+zgz e+i2z:|
(1-=z) +Z‘677‘%Z e i5%

S [F(I;QZ) r(l?_;)] [io
20 (2) [COSE)QZ) Sin?gz)}
1)
et )

)
z) €+i(gz)r (2451
z) efi(%z)l—\ (z-gl
1—2 0
0 ) r(1-2)
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A.2.5. Ezpressions in terms of |z|*~", |z|*~ " sgn.

1 1 +1 1
i Pz 1 M) |1 —1
5 —ie™2%sin (52) eti2%cos (52)
(x +140)*~1 +ie lﬁsin(%z) e %32 cos (gz)
(x —i0)*~1 1 0
% 1 [cos(gz) ]
e 2T'(z) 0 1
q)z . sm(%z)
@7 _ 22/2 | TG/ 0 |z)* 7!
| |z°,1 . OF((Z+1)/2) g
x
[:vlz_l sgn] {0 1
(O ] 1 +1i
x+140 — ——
z 1 cos( 5z sin( Z z
[(I){g:ilo ) () ()
T cos(%z) sin(%z)
I s B L1+t
L 21 -1 ]
A.2.6. Expressions in terms of ®Z ;.
_ _ r —i5z +i5z b
% e .2 et
|:(I)j:| |:e+z’2'z -efz%z
(z +1i0)=~1 omi | FetER 0 ]
(I*i0)271 T'(1-2) 0 _eTi%7
ik 1 1
054 —i 41
z 1 1 p
(I); — | 224(s+1)/2 r(+*) r(5) Q7o
s Tz 3 I o)
|| r(i-3) r(1-3%)
[ o) ] | 05(52)  eos(5)
|z|”" sgn —isin (gz) +1sin (gz)
(DZ
[ OZC+20:| 1 0
q)ﬁ:ilo 0 1
Ty e~ 1%z gtifz
i [mz_l I I'(2) |:e+i72rz . 'L"z"z:l ]
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A.2.7. Expressions in terms of x7%

59

(10]
(11]
(12]
(13]
14]

[15]
[16]

[17]
(18]

(19]

20]

— z - B 1 1 O
[g;} @) [o 1
_ _ timz
|:($ + io)z—1:| |} _Zz‘n’z:|
(x —10)*~ 1 1
22 ) COS(21 ) _COS(Elz)
<I>§ 1 N ) xj__l
o2 = F(2/2) I(z/2) 221
|z * z+1 /2) T(GD/2) -
|$|z—1 sgn +1:|
o 1 -1 '
xrz:zlo 27 _€+igz _,’_e—igz
i 10
X
- - - L 0 1 ]
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