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Abstract: Results on singular products of Schwartz distributions on the Eu-
clidean space R" are derived when the products are so 'balanced’ that they exist
in the distribution space. The results follow the idea of a known distributional
product published by Jan Mikusinski and are obtained in Colombeau algebra
of generalized functions. This algebra contains the distributions and the notion
of ’association’ permits obtaining results on the level of distributions.
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The Schwartz distributions are widely employed in natural sciences and many
mathematical fields. Since products of distributions with coinciding singulari-
ties often appear in them, the problem of their multiplication has been objective
of studies for a long time. On the other hand, the differential algebra G of gen-
eralized functions of J.F. Colombeau has become popular since it has almost
optimal properties for tackling non-linear problems of distributions: they are
linearly embedded in § and the multiplication is compatible with differenti-
ation and products with smooth functions. The so-called ’association’ in G,
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being a faithful generalization of the equality of distributions, makes it possible
to obtain results on distributional level. This is why the generalized functions
of Colombeau have application to various mathematical fields. Here we follow
this approach: a product of distributions with coinciding point singularities is
evaluated, as they are embedded in § and their product admits an associated
distribution.

Recall now the famous result of Jan Mikusinski published in [5]:

et — 226(x).6(x) = 272, zER. (1)

Although, neither of the products on the left-hand side here exists, their dif-
ference is so ’‘balanced’ that it has a correct meaning. Formulas of this kind
can be found in the mathematical and physical literature. In [2] we derived
generalizations of (1) in Colombeau algebra G(R), while in [3] and [4] further
balanced singular products of distributions were obtained. In the present paper,
new results on singular products of the distributions z% and §®)(z) (z € R™)
are derived in the algebra G(R™ ). We will remind first some basic notions of
Colombeau theory.

Notation 1: (a). If Ny stands for the nonnegative integers and p =
(p1,p2; ...y Pm) is a multiindex in N§*, we let [p| =>" p; and p! = pil...pp /.
If 2 = (x1,...,x) € R™, we denote

a? = (P 22, . aPm) and 8P = 0Pl /9P . OaPm

(b). T ¢ € No, we put 4(R) = {p(z) € D(R) : a9 p(x)di = &y for
0 < j < q, where oo = 1,805 = 0 for j > 0}. This also extends to R as an
m-fold product: Ay(R™) = {¢(z) € DR™) : p(x1,...,xm) = [ [}, x(x;) for
some Y in A4(R) }. Finally, we denote p. = e ™p(e1z) for ¢ in A,(R™) and
e > 0.

(c). For ¢ € Ap(R) and € > 0, we will use the following notation: ¢, =
e tp(e7tr) and s = s(ip) 1= sup|z|: p(z) # 0. Since s(p.) = es(p), denoting
o = o(p,e) = s(ps) > 0, we have 0 := es = O(e), as ¢ — 0, for each
(NS Ao(R)

Definition 1. Let € [R™] be the algebra of functions f(¢,x) : Ag(R™) x
R™ — C that are infinitely differentiable, by a fixed ‘parameter’ ¢. The general-
ized functions of Colombeau are elements of the quotient algebra § = G(R™ ) =
EM[R™]/ TR™]; here Ey[R™] is the subalgebra of functions such that for
each compact subset K of R” and p € Ni* there is a ¢ € N so that for any
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@ € Ag(R™), sup,cg [P f(pe,x)| = O(e™?), as € — 04. The ideal J[R™]
of Ey[R™] is the set of functions that for each compact subset K of R™
and p € Nj' there is a ¢ € N so that for every r > ¢ and ¢ € A, (R™),
supger |0P f(pe, )| = O(e"77), as € = 04.

The algebra G contains the distributions canonically embedded as a C-vector
subspace by the map i: D'(R™) = G:uw— u={u(p,x) = (u*xp)(x)}, where
¢(x) = p(—z) and p € Ay(R™).

Definition 2. (a) The functions f, g € Gare ‘associated’, which is denoted
as f ~ g, if for some f(p.,x) and g(¢., z) and arbitrary ¢(z) € D(R™) there is
some ¢ € Ny so that, for any ¢(z) € A4(R), it holds: lim._,o, [5[f(@e, zdx) —
9(pe; )Y () dz = 0.

(b) A function f € G admits some u € D'(R™) as ‘associated distribu-
tion’, denoted f ~ w, if for some representative f(¢e,x) of f and arbitrary
P(z) € D(R™) there is a ¢ € Ny such that, for any ¢(x) € Ay(R), it holds:

lime o, [p f(pe, 2)0(2) de = (u,1).

The distribution associated, if it exists, is unique and its image is associ-
ated with the former [1], the association thus being a faithful generalization
of equality in D'(R™). Then, by product of distributions in the algebra § is
meant the product of their embeddings, whenever the result admits an associ-
ated distribution.

Now, if 2 =2 and §(9)(z) are embeddings in G(R) of the corresponding dis-
tributions, the following generalization of (1) for any p,q € Ny was proved in

[2]:

e G O Oy VRt g
rP.x q_(p—l)!(q—l)!(sp (x). 0l (z)~x , x €R.

Below we shall need this general property of balanced products of distribu-
tions on R with tensor-product structure [4].

Theorem 1. Let ug,vx, k = 1,2 be distributions in D'(R™) such that
ug(z) =TT ul(z;), ve(x) =[] vi(2:), where all u}, v} are distributions in
D'(R), and their embeddings in G(R) satisfy: u}.vi — wub.vh ~ 0, i=
1,...,m. Then it holds for the embeddings in G(R™) of the tensor-product
distributions uy, vy:

UG — .03 ~ 0. 2)
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We proceed further to evaluating some balanced products of the distribu-
tions z¢ and @) (z) in G(R™ ).

Notation 2: (a). Let a = (ay,...,a,) be ordered m-tuples in R™ with
vector operations and k € Z. Then a + k stands for (a; + k,...,am + k),
a > k denotes a; > k for i = 1,...,m. Define now by z%:= (z{*,...,z%") and

I'(a) =121 T(a;). Then, @ ={a € R:a# —1,-2,...} and Q™ is its m-fold
tensor product.

(b). Denote further the 'normed’ powers of z € R™ | a € Q™ and supported
only in one quadrant of R™ | as follows:
+z¢

xi(x) = {m forx >0/ 2 <0, =0 elsewhere }.

X4

By Notation 1 (a), 2% /T(a+1) = [[i%, =i / T(a;).

=11

We will prove now the following.

Theorem 2. For any function f(x) € C3(R\{0}), its imbedding f(x) in
9(R) satisfies the equation

Fl@). o' (z) = —(ho +m1) & + mg &, (3)
where ho = f(04.) — f(0-),mo = (f(0-) + f(0+))/2,m1 = (f'(0-) + f'(04))/2.

Proof. Denote T(c) := ( fo(z).8o(z),1(z)), 1(z) € D(R). On changing

the variables y = ov + zx = —ou, we get:
-1 l . uo l .
e / dub(—ou)¥ (z) ( / 5 dv + / £(7) 5dv>.
g J- —1 u
Here the notations 7 := ov — ou and 0 := g(u,v) are temporarily used for

shortness. Applying the Taylor theorem to the test-function ¢ and changing
the order of integration we get:

T(o) = @/idﬁ(/jﬂﬂ&d%/jf(f)gfdu)

AN B v _
+ '(0) /ldvé(/ f(T)u&’du—i—/l f(T)ué’(:c)du)
+ O(o) =: ¥(0) Ty + ¢'(0) To + O(o).
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The above asymptotic evaluation is obtained taking into account that the third
term in the Taylor expansion is multiplied by definite integrals, majorizable by
constants. Integrating further by parts with respect to the variable u, apply-
ing the Lebesque theorem on bounded convergence, and taking into account
Notation 3, we obtain for the main part of 77:

1

T = f(0-) = f(04) =5 [f'(0-) + f'(01) ] + O(o) = — (ho + ).

Here the Taylor theorem is applied to the function f/ € C*(R.) up to second
order to get the above expansion about the point o(v —w); which is respectively
> 0 or < 0. All that finally gives for v > u, resp. v < u:

flov—ou) = f'(01) + o (v —u)f"(0x) + O(0?) = f'(0x) + O(0).

Proceeding similarly further, we obtain for the main part of 75:
1
T = —3 [f(O,) + f/(0+)] =—mo + O(0).

We have used that & satisfies

I l v 1
/ v62dv =0 and / dv&/ odu = —.
— 1 1 2

T(0) = (f.8¢(x)) = —(ho +m1) (8,9) +mo (§,4) + O(0).

Thus

Passing finally to the limit as 0 — 04 and applying Definition 2 (b), we obtain
equation (3). The proof is complete. O

Remarks. (a) The result obtained is related to singularities at the point
x = 0, but the calculations are clearly valid for any = € R.

(b) In the particular case of infinitely-differentiable functions, equation (3)
is in consistence with the corresponding products obtained in the classical Dis-
tribution theory. Indeed, for f € C*°(R) and 1) € D(R), we have

(f.0,9)=(d, fv)=—-0x(fv)

at the point z = 0, or else

F.8 = —f(0)8 + f(0)9.



58 B.P. Damyanov

This coincides with equation (3) since in that case mg = f(0), m; = f/(0), ho =
0.

Example. The following equation is obtained on replacing the model F(x)
of a function f(z) € C3(R\{0}) with the model H of the #-function in equation
(3):

H.D = —5—1—% 5.
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