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Abstract

We prove that there exists essentially one minimal differential algebra of distribu-
tions A, satisfying all the properties stated in the Schwartz impossibility result [L.
Schwartz, Sur I’'impossibilité de la multiplication des distributions, 1954], and such
that C° € A C D’ (where C}° is the set of piecewise smooth functions and D’ is the
set of Schwartz distributions over R). This algebra is endowed with a multiplicative
product of distributions, which is a generalization of the product defined in [N.C.Dias,
J.N.Prata, A multiplicative product of distributions and a class of ordinary differential
equations with distributional coefficients, 2009]. If the algebra is not minimal, but sat-
isfies the previous conditions, is closed under anti-differentiation and the dual product
by smooth functions, and the distributional product is continuous at zero then it is
necessarily an extension of .A.
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1 Introduction

The Schwartz famous impossibility result [17] states that:

Theorem 1.1 There is no associative algebra (G, +, ®) satisfying the following prop-
erties:

(A1) The space of Schwartz distributions D’ over R is linearly embedded into G.
(A2) The function f(x) = 1 is the identity in G.
(A3) There exists a linear derivative operator D : G — G that:

(a) satisfies the Leibniz rule, and
(b) coincides with the usual distributional derivative D, in G N'D'.

(A4) The multiplication ® coincides with the usual product of functions in (GNC) X
(G NC), C is the space of continuous functions over R.

If we replace (A1) by:
(A1) Cr gD

where C;’,O is the set of piecewise smooth functions, then:

Theorem 1.2 Let A = UﬁoDi [C7°1 be the minimal space containing C° and closed
for Dy, and let xp;, M C R, be the multiplicative product of distributions given in
Definition 2.7. The family of associative algebras (A,+,%y), M C R satisfies the
conditions (A1’) and (A2)-(A4).

The products x37, M C R (cf. Definition 2.7) are extensions (to the case of possible
intersecting singular supports) of the product of distributions with disjoint singular
supports presented by Hormander in [11, p. 55]. Theorem 1.2 was proved by two of
us for the case M = R in [4], and will be (easily) extended to the general case M C R
in Sect. 2.3.

In this paper we want to study the related problem of whether the associative
algebras (A, +, *j) are unique, i.e. the only ones satisfying the conditions (A1) and
(A2)—(A4).

Let us introduce the following notation: We say that in G C D’ the product ® by
smooth functions is continuous (or simply that ® is partially continuous) at F € G iff
forevery & € C*°, and every sequence (F,),eN, Fn £> Fin G, wehave: € ® F), 3)
E®F,and F,, ®& 2) F ® &, where 2> denotes convergence in distribution sense.

We note that the dual product and the family of products xj; (defined in A) are all
partially continuous (cf. Theorem 2.11(vi)). We also remark that if ® (defined in G) is
partially continuous at zero then it is partially continuous everywhere in G (because
@® is bilinear, and G is a vector space).

Our results are summarized in the following Theorem and Corollary:

Main Theorem Let (G, +, ®) be an associative algebra of distributions that satisfies
the conditions (Al’), (A2)—(A4) given above, and

(AS5.1) Every F € G is locally a finite order derivative of some G € GNC,
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(A5.2) The product ® is partially continuous at zero;

then A C G and the restriction of ® to A is given by %y, for some M C R. In other
words,(A, +, %) is a subalgebra of (G, +, ®).

Remark 1.3 Notice that every F € D’ is locally a finite order derivative of some
continuous function G € C (cf. Theorem 3.4.2, [19]). The condition (AS5.1) adds the
requirement that if F € G then also G € G. This condition can be replaced by (cf.
Remark 3.3):

(AS5.1’) Anti-differentiation and the dual product by smooth functions are inner oper-
ations in G.

The conditions (A5.1) and (A5.1°) are both satisfied by G = D’ and G = A.
We also note that the conditions (AS5.1) and (AS.2) can be replaced by the single,
stronger condition (cf. Remark 3.2):

(A6) Every F € G is globally a finite order derivative of some G € G N C;

which is satisfied by G = A and by G = D’'(Q2) for arbitrary compact sets 2 C R.
We will see that (A6) implies (AS5.2) (and, of course, also (AS5.1)). The imposition
of one of the conditions (A5.1,A5.2), (A5.1’,A5.2) or (A6) is required for the proof
of Theorem 3.1 which is an important intermediate result in the proof of the Main
Theorem.

Corollary 1.4 For A as defined above, let (A, +, ®) be an associative algebra satis-
fying the conditions (A2)-(A4). Then ® = *yy for some M C R.

The proof of this Corollary is straightforward: since the space A satisfies (A1) and
(A6), and thus (cf. Remark 1.3) also (AS5.1) and (A5.2), it follows from the Main
Theorem that ® = x,, for some M C R.

The problem of proving the uniqueness of the algebras (A, +, *37) was considered
before in an article by B. Fuchssteiner that was published in Mathematische Annalen
[8] (see also [9]) and recently reviewed in the Ph.D thesis [18]. The main result of [§]
is basically our Corollary 1.4. Unfortunately, the paper [8] is not so well-known and
came to our knowledge only after we have concluded our own proof of the uniqueness
result. In spite of the obvious intersection with the results of [8], we have decided to
write down our own results because: (i) our proof is different and, in our view, simpler
than the one presented in [8, 18]; and (ii) our results are more general, because they
do not apply only to the space A, but instead to the family G € D'. In practice this
means that we do not impose the restriction that the product ® is an inner operation
in A; instead we prove that this is a consequence of the properties (A1’), (A2)-(AS)
for a general space G C D',

Finally, we remark that the algebras (A, +, *j7) provide an interesting setting to
obtain intrinsic formulations (i.e. defined within the space of Schwartz distributions)
for some classes of differential operators and differential equations with singular coeffi-
cients. This approach has been explored namely for Schrodinger operators with point
interactions and for ODEs with singular coefficients [5—7]. It yields a formulation
which is more general than the ones based on other intrinsic products like the model
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46 N. C. Dias et al.

products [1, 12, 15], and alternative to the non-intrinsic formulations like the ones in
terms of Colombeau generalized functions [2, 3, 10, 13, 15, 16].

In the next section we study the main properties of the product *,, and show that for
all M C R, the algebras (A, +, *) satisfy the conditions in Theorem 1.2. In Sect. 3
we prove the Main Theorem.

Notation 1.5 Spaces of functions or distributions over R are denoted by calligraphic
capital letters A, C, D, D,....

Capital roman letters F, G and J denote general distributions; ¢, ¥ and & are
smooth functions; and f, g and h are locally integrable functions or regular distri-
butions (we normally use the same notation for both objects). If we need to be more
specific, we use the subscript D' for regular distributions; for instance fpr is the
regular distribution associated to the locally integrable function f.

The characteristic function of Q C R is written xq, the Heaviside step function is

H = yp+. As usual 8y is the Dirac measure with support at x; if x = 0 we write only
8.

2 The algebras (A, +, )

2.1 General definitions

Let D be the space of smooth functions with support on a compact subset of R, and D’
is its dual (the space of Schwartz distributions). As usual, supp F denotes the support
of F € D', and sing supp F denotes its singular support.

For every locally integrable function f € Elloc one defines a regular distribution
fp € D' by

(fp. 1) =/ ft(x)dx ,t eD.
R

By abuse of notation, we will usually identify fp with f. The nth-order Schwartz
distributional derivative of the distribution F is defined by

(DYF,t)=(=D"(F.d}t), teD

where d}'t denotes the nth-order classical (pointwise) derivative of ¢. If f is abso-
lutely continuous, the Schwartz distributional derivative and the classical pointwise
derivative (defined a.e.) coincide, i.e.

Dy fpr = (dx p - 2.1)
The dual product of a function ¢ € C* by a distribution F € D’ is defined by
(pF, 1) =(F,¢1), t€D (2.2)
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and it is a generalization of the standard product of functions, i.e.
¢(hp) = (ph)p, forallh e Elloc . (2.3)

The dual product is bilinear. Moreover, the distributional derivative D, satisfies the
Leibniz rule with respect to the dual product:

Dy (¢F) = (dx§)F + ¢ D F . 2.4

2.2 The multiplicative product =

For a detailed presentation and proofs of the main results, the reader should refer to
[4]. Let C;" be the space of piecewise smooth functions on R: f € C;o iff there is a

finite set / C R such that f € C*°(R\/) and the lateral limits lim £ f M (x) exist

and are finite for all xo € I and all n € Ny. We have of course C;O - Elloc.

X—>X,

Definition 2.1 Let A be the space of piecewise smooth functions C° (regarded as
regular distributions) together with their distributional derivatives to all orders.

All the elements of A are distributions with finite singular supports. They can be
written explicitly in the form:

Lemma2.2 F e Aiffthereis a finite set | = {x] < xp < ... < X} associated with a
set of open intervals Q; = (x;, xij41),i =0, .., m (where xo = —oo and x;,+1 = +00)
such that:

F=f+A" (2.5)
where f € C;o is of the form (xq; is the characteristic function of 2;):
m
f=Yfixe,. fieC (2.6)
i=0
and AF has support on a subset of I :
m m n .
AP =3 AL =S"S"Fys . FjeR. 2.7)
i=1 i=1 j=0
We have, of course, sing supp F C I.

Let us recall the definition of the Hérmander product of distributions with non-
intersecting singular supports [11, p. 55].

Definition2.3 Let F,G € D’ be two distributions such that sing supp F and
sing supp G are finite disjoint sets. Let {€2; C R,i =1, ..., d} be a finite covering of
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R such that, on each open set €2;, either F or G is a smooth function. The Hérmander
product of F by G is defined by

F-G:(F-G)lg, = Flg,Glg;

where F|g; denotes the restriction of the F to the set €2;, and likewise for the other
distributions. Moreover, the product F|g, Glg; is the dual product defined in (2.2).

Let us emphasise that the Héormander product is well-defined for all F,G € A
provided that sing supp F and sing supp G are finite disjoint sets. We now extend the
Hormander product to the case of distributions with intersecting singular supports (see
[4] for details)

Definition 2.4 Let F, G € A. The product * is defined by

F*G:lif&F(x)-G(x—i-e) (2.8)

where the product F'(x) - G(x + €) is the Hormander product and the limit is taken in
the distributional sense.

Notice that for sufficiently small € > 0, F(x) and G (x + €) have disjoint singular
supports, hence the Hérmander product in (2.8) is well-defined.

The next theorem provides an explicit formula for F x G. Let F,G € A, let
I = (sing supp F U sing supp G) = {x1 < .. < x,,}, and consider the associated set

of open intervals Q; = (x;, Xj+1), i = 0, .., m (with x9 = —o0 and x,,+1 = +00).
Then, in view of Lemma 2.2, F and G can be written in the form:
m m m m
F=Yfixa,+Y AL G=) gixa, +y AY 2.9)
i=0 i=1 i=0 i=1

where f;, g; € C*° and Afi = 01if x; € I'\sing supp F, and likewise for Ag. Then we
have:

Theorem 2.5 Let F, G € A be written in the form (2.9). Then F % G is given explicitly
by

m m
FxG=Y figixe, + Y [sdh + fi1a9] . (2.10)
i=0 i=1

Finally, the main properties of the product * are summarized in the following
Theorem (cf. Theorems 3.16 and 3.18, [4]):

Theorem 2.6 The product * is an inner operation in A, it is associative, distributive,
non-commutative and it reproduces the product of continuous functions in A N C. The
distributional derivative Dy is an inner operator in A and satisfies the Leibniz rule
with respect to the product .

@ Springer



An existence and uniqueness result about algebras. .. 49

We conclude that the space .4, endowed with the product %, is an associative
(but non-commutative) differential algebra of distributions that satisfies the proper-
ties stated in Theorem 1.2. It is, however, not the unique algebra that satisfies these
conditions, as we now show.

2.3 The algebras (A, +, *y)

Let F, G € A be written in the form:

F=f+>Y AL, G=g+ Y Af 2.11)

XiGIF inIG

where f, g € C[°7°, Ir = supp AT and I = supp A®. Then:

FxG=fg+ Yy fxAG+ > Alxg 2.12)
vi€lg x; €l
and, likewise
GxF=fg+ Y Alxf+ > gxal. (2.13)
vi€lg xi€lp

We can combine both formulas and obtain a slightly more general product (one that
acts as F * G on the points that belong to a given set M C R, and as G * F on the
points that don’t belong to M):

Definition 2.7 Let M C R and F, G € A. The product *,; is defined by

FayG=fg+ > f*xAG+ > Alxg

yielgNM x;elpNM
+ Y AGxf+ ) gxAl (2.14)
}'[EIG\M )C,'EIF\M

Notice that for M = Rwehave Fx); G = FxGandforM =0, Fxyy G = GxF.
The next Remark provides some explicit formulas:

Remark2.8 Letn,m € Nypand 5,7 € R. Let M C R and let H be the Heaviside step
function. It follows from (2.10) and (2.14) that:

s ifs > ¢

H(x—t)*Maj,”)=5§">*MH(x—r)={0 G

8 sy Hx — 1) = H(t — x) #p 8™ = xu (1) 8
Hex =)y 8™ =87 sy Ht — x) = (1 — xu (@) 8
8 xpr 8™ = 0.
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Let us introduce the following distributions:

Definition 2.9 Let M C Randlet F € Abe written in the form (2.11). The distribution
Fu € A associated with F is defined by

2
Fyu = [f+ﬁ g where Ef¥ = ZA)‘Z . (2.15)

2
x;elpNM
We can now write F ) G in a compact form:

Lemma2.10 Let F,G € A and let Fy;, Gy be the associated distributions of the
form (2.15). Then

Fxy G=FyxGy+Grwm* Frwm - (2.16)

Proof Using (2.15), we have

FM*GMzéfg+f*EGM+EFM*g
and likewise:
Gr\m * Fr\m = %ngr BORM « f + g s BIRW
Hence, (cf. (2.14)):

FM*GM—i—GR\M*FR\M:F*MG.

We now study the main properties of x;:

Theorem 2.11 For all M C R, the product ) is (i) an inner operation in A, (ii)
distributive and (iii) associative. Moreover, (iv) it reproduces the usual product of
continuous functions in A N C, and (v) the dual product of smooth functions by dis-
tributions in A. (vi) It is also partially continuous at zero and (vii) Dy satisfies the
Leibniz rule with respect to *yy.

Proof Let F,G,J € A and let Fy;, Gy, Jy be the associated distributions defined
by (2.15). Then:

(i) By Lemma 2.2 we have Fy, Gy, Fr\m, Gr\m € A. Since (A, +, *) is an algebra
it follows that Fps % Gy + Gr\ym * Fr\m € A and therefore F %y G € A.

(i) From (2.16) we have:

FxyJ+GxyJ=Fy*xJy~+Jrwm*Fry+ Gy *xJy+ Jrm *Gr\y -
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Since = is distributive and Fy; + Gy = (F + G) for all M C R, we get

FxyJ+GxyJ=UF+G)y*JIy+Jry*(F+Grwum
—(F+G)*y J

which proves that the product is right-distributive. Equivalently, one proves that it is
also left-distributive.
(iii) We have for F, G, J € A

(Fxy G)xy J = F sy Gy * Iy + Jrm * (F xy G)r\m

Since

2
(F *u G)M=§fg+‘/§(EFM*g+f*EGM)

and

2
(F *M G)R\M = \/T_fg + ﬁ(g % EF]R\M + EGR\M ” f)
a simple calculation shows that:

(Fxp Gy J = fgj+ (frg)x BM 4 (fx BOM) % j+ (EM 5 g) % j
+ BT s (f % g) 4 j % (g % EMFW) 4 jx (B9« f)

Using the associativity of « we get

(Fsm G)sm J = fgj+ f*(gx M)+ fx (B % j) + B % (g% ))
+ (BT s f) g 4 (j % EORW) s f 4 (j @) x BFRWM

which is exactly F ) (G *p J). Hence the product *,, is associative.

GV IfF,G e (ANC)then F = fand G = g with f, g € COCI‘?O [cf. (2.5)]. Hence,
from (2.14), F % G = fg.

(v) If F € C* then in (2.11) we have F = f. It follows from (2.10) that F * G =
G« F = fG forall G € A and so, from (2.14), that F %) G = G *y F = fG.
(vi)Since&Expy F = Fxp & = EF forallé € C*®° and F € A, the partial continuity of
xp follows from the same property for the dual product. Let then (F;,),en, F —> 0
be a sequence in .4. We have:

lim (£F,.0)= lim (F,.§)=0, VieD

n——+00 n
’D/
andso £ F, — 0.
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(vii) Let us write F 37 G in the form

2
F*MGzF*G+*/T_JR\M 2.17)

where J = G * F — F x G, and Jg\y is defined by (2.15). Notice that from (2.12)
and (2.13) we have explicitly:

\/75 R\M :yidzc;:\M(Ag*f—f*Aﬁ)—i—XiEIXF:\M(g*Ag —AxFi *g) .
Moreover, since J is of finite support (supp J € Ir U Ig), we have

Dy (Jr\m) = (DxDr\y -
It follows that

J2

2
Dy (F sy G) = Dy (F % G) + —= (Dx(G % F) = D (F % G))p\y
and since D, satisfies the Leibniz rule with respect to the product *, by using (2.17)

the terms on the r.h.s can be easily shown to yield (D, F) xy G + F xp (D<G),
concluding the proof. O

Theorem 1.2 in the Introduction is a simple corollary of the previous result.

3 Main Theorem

In this section we prove the Main Theorem. Several preparatory results that are required
for the proof will be given in Sect. 3.1 (Theorems 3.1, 3.5, 3.6 and 3.7).

3.1 Preparatory results
Theorem 3.1 Let & € C*®° and F € G. Then
ERF=EF=F®E&. (3.1)
Proof If F € G NC then from (A4)
ER®F =EF.

Moreover, if (3.1) is valid for some F € G (and all & € C*) then it is valid for
F' = D, F:

E®F) =¢EF) <& @®F+6®F =§F+&F
= E@F =EF
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since &’ ® F = &'F by (3.1), and the dual product satisfies the Leibniz rule. This
proves that

t@g® =gg® (3.2)

forallg e GNC, & € C*®° and all k € Np.

We now extend the previous result to all F € G. We will need to impose the extra
conditions (AS5.1) and (AS.2). Let (¢;); be a countable family of smooth real functions
satisfying:

P YF ¢ix) =1, ¥x e R.

(P2) supp ¢; is compact.

(P3) If & C Ris compact then ENsupp ¢; # ¥ only for a finite number of functions
éi.

Then, VF € G we have

+o0 +o0 +o0
(Z@)F=Zw=z¢igsk»
i=1 i=1 i=1

where (cf. (A5.1)) k; € Ng and g; € C N G is such that for some bounded open set
Q; D supp ¢; we have Flg, = gi(ki)lgi. Using (3.2) we get:

+oo
ki
F=Y ¢@gl.
i=1

Let F; = ¢; ® gi(k" ) Then F; € G and is of compact support (because ¢; ® gi(ki ) =
i gi(k") and supp ¢; is compact). Hence F; = h;s" ) for some h; e GNC,s; € Ny (cf.

(A5.1)), and thus, forevery F € G, & € C*® andn € N:

“+o00 n +o0
teF=t@y W=ty h+e® Yy n. (3.3)
i=1 i=1 i=n+1
_ +oo (s7) . n (si) D ;
Letz, = > ;5 k" . Thenz, = F — > ' h/" € G, and z, —> 0 (since

F =1limys oo Y1 A% in D).
We then rewrite (3.3) in the form

n n
EOF=(®z,+E®Y M =@z + Y E@h™

i=1 i=1
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and take the limit n — 4-o0c. Using the partial continuity of the product (cf. (A5.2)),
we find:

n +0o0o +00
€wF = lm D cen® =3 en =63 n¥=¢F
i=1 i=1 i=1

where we used (3.2) in the second step. In the same manner one proves that F ® § =
EF. O

Remark 3.2 Notice that if we assume that G satisfies (A6), the proof of the previous
Theorem is concluded in Eq. (3.2) since every F € G is (globally) a finite order
derivative of some g € G N C. The condition (A6) is satisfied by G = ‘A, and also by
G = D'(Q) for @ € R a compact set. If G satisfies (A6) we can also conclude that
® is partially continuous (i.e. it also satisfies (A5.2)). This follows from the partial
continuity of the dual product and the fact that from (3.2), £ ® F = £ F forall & € C*
and F € G.

Remark 3.3 Theorem 3.1 still holds if in the definition of G the condition (A5.1) is
replaced by (A5.1”). To prove this let us consider the partition of unity (¢;); defined
above by (P1)-(P3). For F € G we have

+00 ~+00
F= (Z@-) F=) ¢iF.
i=l1 i=l1

Let F; = ¢; F; since F; is of compact support and F; € G (cf. (A5.1°)) we have
F;, = hfs") for some s; € Ny and h; € C (cf. Corollary 3.4-2a, [19]). Moreover, since
anti-differentiation is an inner operation in G (cf. (A5.1°)), we also have h; € G. Hence
F € G can be written in the form:

+00
F=Y"h"" heCnG, sieN
i=1

and the rest of the proof follows from Eq. (3.3).
Lemma3.4 Let F,G € G. Then supp (F ® G) C supp F Nsupp G.

Proof We will prove that supp (F ® G) C supp F (the same result is valid for G).
The previous statement is equivalent to proving that (Q2¢ denotes the complement of
Q):

(F®G,t)=0, VieD:suppt C (supp F)° (3.4)

with the obvious exception of the case supp F = R for which the result is trivial. Let
us consider a partition of unity ¢, ¢» € C* such that:

1) d1+d2=1,
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(i1) ¢1(x € supp F) =0,
(iii) ¢o(x € suppt) =0.

Then

<F®Gst) = <(¢l+¢2)®(F®G)9t>
(1 ®F)®G, 1)+ (o (F®G), 1)

where we used (3.1) to obtain the second term. It follows that:
(F®G, 1) =((1F)®G, 1) + (F® G, ¢at) =0

because, by (ii) and (iii), ¢1 F = 0 and ¢t = 0, respectively. O
Theorem 3.5 Lets,t € R. Then H(x —s) ® H(x —t) = H(x — max {s, t}).

Proof Let us first consider s < 7. Since supp H (s —x)Nsupp H(x —t) = @, it follows
from Lemma 3.4 that

Hs—x)®H(x—1)=0. 3.5)
Taking into account that H(s — x) = 1 — H(x — s), we easily obtain H(x — s) ®
H(x —t) = H(x —t). The other case s > t is proved in the same way.
Let now s = ¢. It follows from (A4) that
e — sl @ |x —s| = (x —9)° (3.6)
Twice differentiating this equation, we get
S ®|x —s|+ (Dxlx —s) & Dy lx —sD)+|x —s|®5 =1 (3.7
where we took into account that
D?|x —s| =26, . (3.8)
We now prove that §; ® |x — s| = 0. To make it simple let s = 0. We have:

S@lx|=®(x® H —x ® H(—x))
=@F®x)®H—-®x)®H(—x)=0.

Noticethat x ® H = xH and § ® x = x ® 6 = x6 = 0 (cf. Theorem 3.1). In the same
way one proves that |[x — s| ® §; = 0. Hence Eq. (3.7) reduces to

RHx—s)— 1) ®QRHXx—s5)—1)=1
< Hx—s)®H(x —s)=H(x — )

which concludes the proof. O
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Before we proceed to the next Theorem, let us recall the following useful formula
which is valid for all n, m € Ny (Eq. (26), Sect. 2.6, [14]):

0 m<n
ne(m) __ ’
o= {(‘l)n 8 m=n G2

where we used the convention 0! = 1. The case m > n can be easily inverted, yielding
j!

sU) — (_l)n(jT'n)'xna(j+n) , Vj,neNy. (3.10)

Theorem 3.6 Foreverys,t € R, and everyi, j € Ng we have
D@8 =0. (3.11)

Proof Since supp (83@ ® 5,(j)) C supp 8§i) N supp Bt(j) (cf. Lemma 3.4), for t # s we
have 85(’) ® 8;-’) = 0. Moreover, if t = s, we get:

n
sV @8 =3 ars® (3.12)
k=0

for some n € Ng and a; € R, k = 0, .., n. To simplify the presentation, assume that
s =0andi < j. Then:

it ® (8(i) @5(j)) — (xi-H @ 5(1')) ® sU)
_ (xH—lS(i)) ® s =0

where we used (3.9). Substituting (3.12) in the previous expression:

n n
¥t ®Zak8(k) =xf+12ak3<k> =0 = a4t =0, Vk>i+1 (3.13)

k=0 k=0
and so
8O @80 = Zaké(k) . (3.14)
k<i
Let us return to (3.10) and set n =i + 1:
8W) = b 8UH DXL where by = (—1)! (H{—'H), . (3.15)
It follows that:
80 @50 = by; (59 @ 0TV ) @ xiH! (3.16)

@ Springer



An existence and uniqueness result about algebras. .. 57

where we used (3.1) and the associativity of ®. Since (3.14) is valid for all j, we have:

8O @ sUtHD =% g5 (3.17)

k<i

for some a; € R. Substituting in (3.16) and using (3.9), we finally get

8(1) sW) — bij Za s ®xitl = = bjj Zal/( s® i+l _

k<i k<i
which concludes the proof. O

Theorem 3.7 Foralln € Ny and s, t € R we have:
85") ifs >t
0 ifs <t

(2) Hx —t) ® 8t(n) = c,(St("), 8,(") ®Hx—1) =1 — ct)St(n) where c; is some
Sfunction ¢; : R — {0, 1}.

) Hx—0n) @8 =8 @ Hx —1) = {

Proof (1) Fors < t, supp H(x —t) N supp BS(”) = () and thus the product is zero. For
s >t,wehave H(x —t) =1 — H(t — x) and since supp H (t — x) N supp 85(") =0
we get:

Hx -0 ®38"™ =6" @ Hx —1) =" .

(2) Let us begin by proving that the formulas are true for n = 0. Assume for simplicity
that r = 0. Since supp H(x) N supp § = {0} we have H(x) ® § = Zfzock(s(k), for
some m € Ny and ¢; € R. As before

m

HoH)ox=Ho@®x)=0 = » q@P®x)=0= ¢ =0 Vk#0
k=0

and thus H ® § = ¢4 for some ¢ € R. Moreover (cf. Theorem 3.5)

H®(H®§) =H®H)®5=H®s
< H®cd =cd§ < 28 = ¢§ < ¢c=0vec=1.

Generalizing now for t € R: H(x —t) ® §; = ¢;8; where ¢; is an arbitrary function
¢; : R — {0, 1}. Each function ¢; defines a particular ®-product. Let us denote it by
®¢,. Thus H(x — 1) ®¢, 6 = ¢16;.

Let us proceed. Differentiating H (x —t) ®,, H(x —t) = H(x —t) we get:

8 ®, Hx —t) + H(x — t) ®, §; = §;
6 ®e, Hx — 1) = (1 — ¢1)6;
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which completes the proof of (2) for n = 0.
Assume now that

H(x — 1) @, 8" = c, 8™ (3.18)
holds for some n € N. Differentiating (3.18) we get
8 ®e, 8 + H(x — 1) @, 8" = ;671D

and since the first term is zero (cf. Theorem 3.6) we conclude that (3.18) is valid for
n + 1, and thus for all n € Ny. In the same way one proves that 8,(") ®Hx—1) =
(1= ¢)8™, forall n € Ny. o

3.2 Main Theorem

We can now easily prove the Main Theorem.

Proof The inclusion A C G follows directly from (A1”) and the fact that the distribu-
tional derivative D, is an inner operator in G.

Let then F, G € A, we want to prove that F ® G = F xj; G for some M C R.
Let us write F', G in the form (2.5). From the distributive property of &®:

F®G=(f+A)®(@g+ A%
—fog+foA " +AT@g+AT @ A0, (3.19)

Let us consider each term separately:
1) We first prove that

f@®g=f*mg, Vf,geCP, VM CR. (3.20)
Since (cf. Theorem 3.1):
EHx—a)=t®Hx—-a)=Hx-a)®&, VEe(C®
and also (cf. Theorem 3.5):
H(x —a)® H(x —b) = H(x — max{a, b})

wehavefor f = fiH(x—a)and g = g;H(x—b), fi, g; € C*°, using the associativity
of ®:

f®eg=fg=f*mg (3.21)

where the second identity follows from (2.14) and holds for all M C R. Moreover,
for f or g smooth, (3.21) also holds (cf. Theorem 3.1). Since every f, g € Cf,o is the
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sum of a smooth function with a finite number of functions of the form £§ H(x — a),
& € C*, a € R, using the distributive property of ® and =3, we get (3.20).
2) We now prove that for some M C R

F®AY =[xy AY, VfeCrX VGeA. (3.22)
It follows from Theorem 3.7 and Remark 2.8 that
H(x —1)®8"™ = H(x —1) sy 8™ (3.23)
where M = {t € R : ¢, = 0}. Since (cf. Theorem 2.11(v) and Theorem 3.1)
E®F=Exy F=EF, VEe(C®, VFeA (3.24)
we get

EHx —1))®8"W =& ® (H(x —1) ® 8M)
=Exy (Hx —1) #p ™)
= (EH(x — 1)) *p 8 (3.25)

where in the first and last steps we used (3.24) and the associativity of ® and s, and
in the second step we used (3.23) and (3.24).

Moreover, A is of the form (2.7) and every f € €’ is the sum of some Y € C*
with a finite linear combination of terms of the form § H(x — ), & € C*. Hence,
using the distributive property of ® and *,s, we get (3.22). An equivalent proof shows
that

Afeg=A"xyg, VFeA, VgeCy. (3.26)

Notice that once the set M is fixed for the product g ® A, the product in the reversed
order is also fixed, i.e. AT ® g = ATy g (with the same M); this follows from
Theorem 3.7(2), which determines that the function ¢, (and thus the set M) is the same
in both products.

3) Finally, we have

AF @ AC =A%, AC =0 (3.27)

which s true because AY and A€ are both of the form (2.7) and so, from the distributive
property of ®, Theorem 3.6 and the definition of ), (2.14), we easily conclude that
both products in (3.27) are zero.

Substituting (3.20), (3.22), (3.26), (3.27) in (3.19) we obtain F ® G = F *y G,
concluding the proof. O
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