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A THEOREM ON THE COMMUTATIVE NEUTRIX
PRODUCT OF DISTRIBUTIONS

BRIAN FISHER, EMIN OZCAG AND UMIT GULEN

ABSTRACT. The commutative neutrix products f4 (z)-6 (z) and f_(z)
-6 (z) are evaluated for r = 0,1,2,..., where f is a function which is
infinitely differentiable on an open interval containing the origin and
f+(z) = H(x)f(x) and f—_(x) = H(—z)f(z), H denoting Heaviside’s
function.

1. INTRODUCTION

The technique of neglecting appropriately defined infinite quantities was
devised by J. Hadamard and the resulting finite value extracted from a
divergent integral is usually referred to as the Hadamard Finite Part. In
fact, Hadamard’s method can be regarded as a particular application of
the neutrix calculus developed by J. P. van der Corput, see [1]. This is
a very general principle for the discarding of unwanted infinite quantities
from asymptotic expansions and has been widely exploited in the context
of distributions, by B. Fisher in connection with the problem of products of
distributions, see [6], [7] or [9)].

In the following, we let D be the space of infinitely differentiable functions
with compact support and let D’ be the space of distributions defined on D.

The definition of the product of a distribution and an infinitely differen-
tiable function is the following, see for example [8].

Definition 1. Let f be a distribution in D' and let g be an infinitely differ-
entiable function. The product fg is defined by

(f9,9) = (f,99)
for all functions ¢ in D.
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A first extension of the product of a distribution and an infinitely differ-
entiable function is the following, see for example [2].

Definition 2. Let f and g be distributions in D' for which on the interval
(a,b), f is the k-th derivative of a locally summable function F in LP(a,b)
and %) is a locally summable function in LI(a,b) with 1/p+1/q=1. Then
the product fg = gf of f and g is defined on the interval (a,b) by

=3 (5) -aytrgon,

i=0

Definition 2 was extended in [2]. In order to define this extension, we
first of all let p be a fixed infinitely differentiable function in D, having the
properties:

(i) p(z)=0 for|z| > 1,
() o) >0,
(ifi)  plz) = p(=2),
(iv) f p(x)dr = 1.

We now define the function 0, (z) = np(nzx) for n = 1,2,.... It is obvious
that {d,,} is a regular sequence of infinitely differentiable functions converg-
ing to the Dirac delta-function §(z).

Now let f be an arbitrary distribution and define the function f, by

falw) = f 5 6n = (f(x = 1), 0n(t)).

Then {f,} is a sequence of infinitely differentiable functions converging to
the distribution f.

In order to define further products of distributions, a neutrix product was
given in [6].

Definition 3. Let f and g be arbitrary distributions and let f, = f*6, and
gn = g * 0. We say that the commutative neutrix product f-g of f and g
exists and is equal to h on the open interval (a,b) (-oo < a <b < o0) if

er;léom<fngn7 90> - <h7 SO>

for all p € D, where N is the neutriz having domain N' = {1,2,... n,...}
and range N" the real numbers, with negligible functions finite linear sums
of the functions

PPln"tn, In"n A>0,r=1,2,...)

and all functions which converge to zero in the usual sense as n tends to
infinity.
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If
n—o00

we simply say that the commutative product f.g of f and g exists and is
equal to h on the open interval (a,b) (-oco < a < b < 0).

Note that if f.p. (fngn, ) denotes the finite part of (f,gn, ), then tak-
ing the neutrix limit as n tends to infinity of the sequence {(fngn, )}, is
equivalent to taking the usual limit as n tends to infinity of the sequence

{£.p. (fagn, ¥)}, that is
N*lim<fngn’ <P> = lim f.p. <fngn7 SD>-
n—oo

n—oo
The following example of a commutative product was proved in [4].
v oo —1)"(r—=1)! g,
7“5(7‘ 1) _ ( 5(27‘ 1)
v (@) = 56— (z),
forr=1,2,....
The next example is of a commutative neutrix product which does not
exist as a commutative product and was proved in [6].
_ _ —)"(r=1)! 9,
r 5(r 1) — ( 5(27” 1)
T @) = e - (z),
forr=1,2,....
For further results on the commutative product, see [2], [3] and [5] and

for further results on the commutative neutrix product, see [7] and [9].
The proof of the next theorem is immediate.

Theorem 1. Let f and g be distributions for which the commutative product
f.g exists. Then the commutative neutrix product f-g exists and defines the
same distribution.

2. REsSuULTS

We now prove the following theorem.

Theorem 2. Let f be a function which is infinitely differentiable on an
ope interval containing the origin. Then the commutative neutrix products

fo(z)-6U)(x) and f_(z)-8")(x) exist and

frw) 0@ = X S5 (1) 0w (1)

Fw-00 = 3 () 700 ) e)
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for r=0,1,2,....
Proof. By Taylor’s Theorem, we have

Ty . pD)
f+(.€U) = Z f Z'( ) ‘Ti + f(r—|-(1€;:) x:—-’_l?

i=0
where 0 < ¢ < 1. Putting (2',),, = 2%, * dp(z) for i =0,1,2,..., [f1(z)]n =
fi(@) * 6p(2) and [fUFV(x)2" ), = [fOD(€x)a Y * §,(x) for large
enough n to ensure that f is infinitely differentiable on the interval (—1/n,
1/n), we have

IO . f(r—l—l) I P "
ot = D o 4 )
and then the support of [f+(x)]n(57(f) (x) is equal to [—1/n,1/n].
Now
1/n ) 1/n  px )
/ (@, ) 60 (2) da = / / (@ — )18, (8) 80 (2)] dt da
—1/n —1/nJ—-1/n
1/n 1/n ]
= / 5 (1) / 2z — )60 (z) da dt
—1/n t
= p/ ko / 1 p(u) / oF (v —u)'p") (v) dv du
on making the substitutions nt = u and nz = v. It follows that
1/n )
N —lim 2 [(2%), 60 (2)] dz = 0 (4)

for k #r — 1.

We now consider the case k = r — ¢ and prove that

1/n . 1 1 ' ‘ 1y
[ i@ ar= [ o [ et waa= C

~1/n -1

forr=0,1,2,...and i1 =0,1,2,...,7.
In the particular case ¢ = 0, we have

/_11 (1) /ul o o™ () dv du = /_11 oo (v) /_ '“1 () du do
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1
= —r/ "D (v) do
0

(=1)"r!
2
on integration by parts, proving equation (5) for the case i = 0 and r =
0,1,2,....
We now note that equation (5) is trivially true when r = 0. Suppose that
equation (5) is true for some positive integer r and i = 0,1,2,...,r. Then,
with ¢ # 0, we have on integration by parts,

1 1
/ p(u) / v (0 =) U (v) dv du =
-1 U

1 1
= —/ p(u) [ [(r =i+ 1" (v —u) + " (v —u) = p") (v) dv du

-1 u
(r—i+1)(=1)"r!  i(—=1)"r!
T 2 2
_ (=D (r +1)!
2

on using our assumption. Equation (5) now follows by induction for r =
1,2,...and ¢ = 1,2,.... This completes the proof of equation (5).
Next let ¢ be an arbitrary continuous function. Then

1/n
[ et n 6 @) do

1/n

1/n
lim " () (2), 60 () de = 0 (6)
n—0o 1/n
fori=0,1,2,....
Finally we have
1/n
Y@)[fU (Ex)al a6 (x) de
—1/n

1 1
= [ o) [ e e - o = w0 () dvdu

-1
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and it follows that
1/n
lim Y(@)[fTD ()2l 60 (2) do = 0. (7)

n—oo 1/7’L

Now let ¢ be an arbitrary function in D. Then

"ok (r+1)
o P0) g e () Ly
D= T o

where 0 < < 1. Then

L () (k) 1/n .
1+ @00 @) = 35 TEO [ kit 50

klq!
k=0 i=0 —1/n

(r+1 vZ/ 2" () (@) )y 6 (x) da

1/n
T N e B
and it follows from equations (4), ( )R ( ) and (7) that
i (r) A o0 (0
N - lim({[f+ @) 80)(@), 6()) = (k) 0
k 0

r k

T
proving equation (1) for r =0, 1, 27 .
Since f is an infinitely differentiable equation, we know that

7 ) FER )6 (), o(x)),

T

F@a) = Y1+ () ) £ 089 @)
k=0
and since

f(@) = f(x) + f-(2),
equation (2) follows immediately. This completes the proof of the theorem.
O

Example 1. With f(z) = sinz and f;

(
iy 2 50 (a) Z (—1)" sin%(?“ — k)7l (]7;) 5 (2).

k=0

x) = siny x we have

forr=0,1,2,....
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Example 2. With f(z) = cosz and fi(z) = cos; x we have

"\ (=1)"cos[i(r — k)7 [r
: ()o@

cosy x- 6 (z) =
k=0
forr=20,1,2,....

Example 3. With f(z) = e*sinz and fi(x) = (e*sinz); we have

" (=) 20K 2 sin[ (r — k)7 /1

e“sinz),y - 60 (x) =
(s 50) =3 e '

forr=0,1,2,....
Equation (8) follows on noting that
0 9k/2 sin(iknr) &

T
e’siny = —x".
k!
k=0

Example 4. With f(z) = z(e® —1)~! and f, (z) = [2(e* —1)7!], we have

T

P11, 50 () = S S Bk (1) s
ol =) 000 = SR (o @
for r =0,1,2,.... where the B, denote the Bernoulli numbers.

Equation (9) follows on noting that

ef‘f—l_zﬁx'
k=0
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