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smooth functions f : R — C and all their (distributional) derivatives. It is associative,
satisfies the Leibniz rule and reproduces the usual pointwise product of functions for

?gﬁgﬂ;distribuﬁons regular distributions in A(R). Endowed with this product, the space .A(R) becomes a
Multiplicative products differential associative algebra of generalized functions. By working in the new A(R)-
ODE with distributional coefficients setting we determine a method for transforming an ordinary linear differential equation
Solutions of confined support with general solution ¥ into another, ordinary linear differential equation, with general

solution ygo v, where xg is the characteristic function of some prescribed interval 2 C R.
© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Two of the most interesting properties of the space of Schwartz distributions D’(R") over R" are that the space of
continuous functions CO(R") is a subspace of D’(R") and that differentiation is an internal operation in D’(R") [22,26,12].
On the other hand, its major limitation is that it only displays the structure of a vector space and not that of an algebra. This
has been known since 1954 when L. Schwartz proved that there is no associative and commutative algebra of generalized
functions (A(R™), +, o) satisfying the three following properties:

(1) The space of distributions D’(R") over R" is linearly embedded into A(R") and f(x) =1 is the identity in A(R™).

(2) The restriction of the product o to the set of continuous functions C°(R") reproduces the pointwise product of functions.

(3) There exist linear derivative operators Bix, cARY) — ARY) (i=1,..,n) that: (a) satisfy the Leibniz rule, and (b) their
restrictions to D’(R") coincide with the usual distributional derivatives.

This theorem became known as the Schwartz impossibility result [21]. In spite of it, certain products of distributions
emerge rather naturally in several fields of research in both mathematics and physics. Common examples can be found in
quantum electrodynamics and particle physics when dealing with self-interacting terms; in hydrodynamics in the formu-
lation of the dynamics of shock waves; and, more generally, whenever one wants to consider differential equations where
either the coefficients or the prospective solutions are non-smooth.
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These issues motivated several proposals towards a precise construction of a multiplicative product of distributions.
Among these, the most famous example is due to J. Colombeau [1-3], who constructed differential algebras of generalized
functions G(R") satisfying conditions (1) and (3) with (2) holding only in C*°(R") (another proposal of a globally defined
product of distributions can be found in [19,20]). Colombeau algebras are a fine solution for the problem of constructing
associative and commutative algebras G(R") in the situation:

C*(R") c CO(R") c D'(R") € G(R") (1)

and satisfying the maximal number of properties stated in the Schwartz impossibility result. Its main disadvantage might be
that, in practical applications, one is required to leave the simpler distributional framework and work in the more involved
setting G(R™). This is because, in general, the Colombeau product of two distributions is no longer a distribution. Moreover,
C%R") is not a subalgebra of G(R").

In this paper we want to consider the following problem: Since it is not possible to construct a superspace of D’(R™)
satisfying the properties (1) to (3) stated in the Schwartz impossibility result, one could, at least, try to construct (the largest
possible) subspace of D’(R™) that satisfies properties (2) and (3). More precisely:

Problem 1. Determine associative (possible non-commutative) algebras (A(R"), +, x) satisfying
C®(R") C A(R") € D'(R") (2)
and such that:

(i) The restriction of the product  to the set A(R™) N CO(R™) coincides with the usual pointwise product of functions, i.e.
fxg=fg forall f ge AR" NCORM).

(ii) There exist derivative operators in A(R™), which are of the form dix, AR — A(R™) and:
(ii-1) coincide with the restrictions to A(R") of the usual distributional derivatives in D’(R"),
(ii-2) satisfy the Leibniz rule.

In this paper we will address this problem in one dimension. We will take A(R) to be the space C;O(R) of piece-
wise smooth functions together with their (distributional) derivatives to all orders, and define a new product * such that
(A(R), +, ») becomes an associative (but non-commutative) algebra satisfying properties (i) and (ii) above. The new product
* is a generalization of the product of distributions with non-intersecting singular supports that was proposed by L. Hor-
mander in [12, p. 55]. Our task here will consist of extending the domain of Hérmander’s product to include the case of
distributions with intersecting singular supports. Clearly, this is not possible for the entire set D’(RR), but we will prove that
it is possible in A(R).

It is important to remark that:

(1) A(R) is not a subalgebra of G(R) because the product  is not the restriction of the Colombeau product o to A(R).
In fact, Colombeau’s product is not an inner operation in A(R) and it does not even satisfy f o g € D'(R) for all
f.g € AR).

(2) In many specific problems, where products of distributions are present, what is at stake are products involving piecewise
C*°(R)-functions and distributional derivatives of these functions. This is the typical case when considering differential
equations with distributional coefficients or non-linear terms. For these cases, the algebra A(R) displays almost optimal
properties. It provides a sufficiently general setting without ever leaving the space D’ (R).

(3) The main limitation of A(R) is that it is defined over R, only. Moreover, the details of the derivation of the product
indicate that the extension of its domain to functionals of several variables might not be easy. We hope to study this
issue in a forthcoming paper.

In the second part of this paper, we use our product of distributions to address the following problem:

Problem 2. Let 2 C R be an open interval and let x be the characteristic function of §2 (i.e. x(x) =1 for x € £2 and zero
otherwise).

Let us consider a generic, linear and ordinary differential equation and let ¥ € C°°(R) be its general solution on R.

The problem we want to address is that of deriving a new, also linear and ordinary differential equation, but displaying
the general solution xo .

The crux of the matter here is that it is the general solution (i.e. irrespectively of the boundary conditions) that has to be
confined to the interval £2. The case where we only impose the confinement of a particular solution can be solved by adding
to the original differential equation a suitable non-homogenous distributional term. Differential equations of this type and
their relation with the Green’s function theory and with functions with jump discontinuities have been investigated in
[14,9,18,23]. In general the distributional term produces a jump discontinuity of fixed strength that is able to confine a
particular, but not all solutions [14]. In several cases this is an important limitation. For instance, if we want to construct
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a (version of a given) differential operator whose eigenfunctions are all confined to an interval £2 (a relevant problem, for
example, for the global formulation of quantum systems with boundaries [13]) the “distributional non-homogeneous term”
method is useless.

By working in A(R) we will provide a general method for constructing the differential equations, solutions of Problem 2.
Their most interesting feature is that they display an extra term written in terms of a distributional coefficient. This is why
they require the use of a product of distributions. The new differential equations yield a global formulation for a class of
differential problems defined on bounded domains and may find interesting applications in those fields of mathematical
physics and dynamical systems where global analysis is required [13]. An example of such applications is the derivation
of a globally defined time independent Schrédinger equation for systems with boundaries [13,8,11,7] and the related issue
of quantum confinement in several non-local formulations of quantum mechanics, such as the deformation and the De
Broglie-Bohm formulations [16,5,6]. These problems were studied in [8,7,5] using an approach related to the results that
will be presented here.

This paper is organized as follows: In Section 2 we introduce the notation, provide a concise review of some relevant
results on Schwartz’s distributions and define the space A(R). In Section 3 we define a product in A(R) and study its main
properties. In Section 4 we address the problem of constructing globally defined differential equations displaying solutions
of confined support.

2. Schwartz distributions and the space A(R)

In this section we introduce the notation, review some classical results in the theory of distributions and define the
space A(R) (in the next section we will prove that A(R) is an algebra). Let £2 CR be an open interval, C™(£2) the vector
space of complex functions on £2 which are m-times continuously differentiable, and let CE (£2) be the vector space of
piecewise C™-functions on £2, i.e. of functions that are m-times continuously differentiable, except on a finite set, where
they and all their derivatives up to order m have finite left and right limits. Let also D($2) be the vector space of infinitely
smooth, complex-valued functions with support on a compact subset of §2. The set D(§2) is usually named the set of test
functions. The set of Schwartz distributions D’(£2) is the topological dual of D(s2). Its elements are linear and continuous
functionals F acting on D(£2) [26]:

F:D(2)— C, t— F(t)=(F,t), (3)

where F(t) and (F,t) are two alternative notations for the action of F on t.

In our notation the lowercase roman letters from the middle of the alphabet (f, g, h,...) will be used for arbitrary
functions, those from the end of the alphabet (t,s,r,...) will be reserved for test functions and the upper case roman
letters from the middle of the alphabet (F, G, J, K) will be used for distributions. H is the Heaviside step function. By %f
and f™ we denote the nth order distributional derivative of f. The notation f’, f” will also be used for the first and
second order derivatives.

A distribution F is regular if it acts as (F,t) = [ f(x)t(x) dx for some locally integrable function f.If f is continuous we
shall make the identification F = f because f is determined by F uniquely. Furthermore, the restriction of a distribution
F:D(2) — C to an open set & C £2 is the distribution Fgz : D(&) - C, t — (Fz,t) = (F,t). Two distributions F,G €
D' (£2) are identical on some open set = C £ iff Fgz = Gg. The null set of F (denoted null F) is the largest open set =
where Fz = 0. The complement of this set is the support of F, denoted by supp F. The singular support of F is defined
as the complement of the largest open set & where F = f for some f € C°°(&). The standard notation for this set is
sing supp F. Another important notion is that of (weak) convergence in D’'(£2). A sequence of distributions (Fn)ign<oo iS
said to converge (weakly) to F € D' (£2) iff limy— o (Fn, t) = (F,t) for all t € D(£2).

The following definition is very important for the sequel:

Definition 2.1 (The space A(£2)). The space of special distributions .A(£2) on £2 is the space of piecewise smooth functions
C;O(_Q) (regarded as distributions) together with their distributional derivatives to all orders.

Remark 2.2. All functions f € Cgo(.Q) can be associated with a distribution through the prescription (f,t) = [ f(x)t(x)dx.
In this sense, C§°(.Q) C D'(£2) and so A(£2) is a subset of D’(£2). One easily realizes that A(£2) is, in fact, a linear subspace
of D'(£2). It also follows from its definition that A(£2) is closed under differentiation. In the next section we will define a
product x in A(R) and prove that (A(R), +, x) is an associative, differential algebra.

Remark 2.3. For each f € C;O(.Q) there is a finite set Vi = {x; <X <--- <Xy} C £ such that f e C®(£2 \ Vy). Let
Ii =1xi, %ip1[, i=1,..., N —1; Ip =]—00,x1[N$2 and Iy =]xn, +oo[N 2. Since f and all its derivatives display finite limits
at xj, i =1,.., N there is (by Whitney’s extension theorem [24,10]) a collection of functions f; € C*°(£2), i =0,.., N such that
their restrictions to I; coincide with those of f, i.e.

fx) = fix) ifxel;; i=0,...,N. (4)



N.C. Dias, J.N. Prata / . Math. Anal. Appl. 359 (2009) 216-228 219

Hence, on £ \ V; we have

N
f=Y xifi (5)

where yj(x) =1 if x € I; and yxj(x) =0 if x ¢ I; is the characteristic function of I;. Conversely, if f is of the form (5)
then f € C;O(Q). These statements are also valid in distributional sense, i.e. f € C;O(Q) (regarded as a subset of D’'(£2) -
Remark 2.2) iff there is a finite set V; C £ and a collection of functions f; € C*°(£2), i =0,.., N =V such that, in the
sense of distributions, f can be written in the form (5).

Remark 2.4. It is clear that C°(£2) is a subspace of A(£2), but C%(§2) is not. For instance f(x) = /x| ¢ A(R). The Dirac
delta distribution § and all its derivatives are elements of A(S2).

Lastly, we review the content of two well-known theorems, which will be important in the sequel. Proofs may be found
in [26]. The first one concerns the (re)construction of a global distribution from a set of local ones:

Lemma 2.5. Let N € N and let 2, C 2, k =1,.., N, be a finite collection of open sets covering $2. Let Fi, € D'(£2), k =1,.., N, be
a collection of distributions such that F; = Fj in £; N 82 for all i, j = 1,.., N. Then there is one and only one F € D’(82) such that
Fo, = Fy forallk=1,..,N.

The second one is a consequence of the completeness of D’(£2) with respect to the weak convergence:

Lemma 2.6. Let Fc € D'(£2) be a one parameter family of distributions with € > 0. If lim¢_, o+ (Fe, t) exists for every t € D(£2) then:
F:D(2)— C, t— (F,t)= lim (Fe,t) (6)

e—~>071

is an element of D'(£2).
3. The algebra of special distributions and multiplicative products

In this section we will provide two alternative characterizations of the space A(R) (Theorems 3.1 and 3.2), study Hor-
mander’s product of distributions with non-intersecting singular supports (Definition 3.4 to Theorem 3.7) and make the
proposal of the new product * (Definition 3.12 and Theorems 3.15 to 3.18). These results prove that (A(R), +, %) is indeed a
differential associative algebra and a solution of Problem 1. To make the presentation simpler, we will assume that 2 =R,
but our results are still valid for an arbitrary open interval 2 C R.

The next theorem follows from Remark 2.3 and provides an important characterization of A(R):

Theorem 3.1. F € A(R) iff there is a finite set of real numbers V¢ C R and two Schwartz distributions f and AP, such that:
F=f+Aa®, (7)
where f € Cp°(R) N C®(R\ V), and A is of the form

AP =3 AP — 3 ZCk(w)(S(k)(x w) (8)

weVE weVE k=0

forsome N e NU {0} and Cx(w) € C.

Proof. If F € A(R), then F is an nth order (distributional) derivative of some function g € CI‘;O(]R) (cf. Definition 2.1). It
follows from Remark 2.3 that, in the sense of distributions, g can be written as

g=g0+ Y Hx—wgw, 9)

weVyg

where H is the Heaviside step function, go, gw € C*°(R) and V; is a finite set of real numbers. We then have

d"
(n) (n—p) (P)
F=_58=g + > Z( )H (x—w)gh (10)
weVg p=0
where ( ) T p),p, is the binomial coefficient. It is easy to realize that F can be cast in the form (7) by setting:



220 N.C. Dias, J.N. Prata / . Math. Anal. Appl. 359 (2009) 216-228

f=g"+ Y Hx-wgy,

weVyg
-1 n—1
INCEDY Z( )g&é’)(x)s(“”*”(x—w): Yo > W P x—w) (1
weVg p=0 p weVg p=0

and it is clear that (i) f € C3°(R) NC®(R\ V) and that (ii) AF) is of the form (8).
Conversely, if F is given by Eqgs. (7) and (8) then F is the (N + 1)st order derivative of

N
C
g=8g+ Z‘; IgﬁH(x—w)(x—w)N", (12)
where
Ja dxo f(x0), N =0,
- 13
g0 { fax dxo aXo dx /;:XI dxy - faXNq dxy f(xn), N2>1 (13)

for some a € R. Since g € Cg" (R) we have F € A(R) which concludes the proof. O

The next theorem characterizes A(R) as the set of Schwartz distributions with finite singular support which, in addition,
are identical to a C*°(R) function on every open interval not intersecting its singular support. The theorem is not essential
for the sequel and can be skipped.

Theorem 3.2. A distribution F € D'(R) belongs to A(R) iff:

(a) the singular support of F is a finite set, and
(b) if & C R is an open interval satisfying Z N singsupp F = @, then there is a function g € C°°(R) such that the identity “F = g
on E"is valid in the distributional sense.

Proof. We will prove this result by using the definition of A(R) that follows from Theorem 3.1. If F € D'(R) satisfies the
condition (a) above, we may set Vy = singsupp F which is then a finite set. Moreover, the restriction Fr\v, = fr\v, for
some f € C®(R\ VF). We then have (F — f)r\v, =0 and so supp(F — f) € V. Let A®) = F — f. Since AP is supported
on the finite set V then (by a well-known textbook result [26]) A®) is a finite linear combination of Dirac deltas and their
derivatives, i.e.

N
AP =3 AR where A (%) =Y Cw)s® x — w), NeNU {0}, Cu(w) eC (14)

weVEp k=0

in agreement with Eq. (8). Hence, F = f + A® with A® given by (8) and f € C®°(R\ Vf). To prove that F € A(R), by
Theorem 3.1, we still have to prove that f € CgO(R). Let & =]xo, yo[ where xg, yo are two arbitrary consecutive elements
of Vg. Then & N Vg =@ and from condition (b) above Fz = gz for some g € C°°(R). Since it is also true that Fz = fz it
follows that fz =gz and so lim, fo = lim, ¢ g® and lim, - fo = lim, - g® exist and are finite for all k € Ng.
This proves that f € C;O(R) and so, by Theorem 3.1, that F € A(R).

Conversely, if F € A(R) then F is given by Egs. (7) and (8) for some finite set Vf and some f € C3°(R). Hence,
singsupp F is a finite set. Moreover, on an arbitrary open interval 5 C R satisfying = Nsingsupp F =, we have Fg = fz.
Since f is infinitely smooth on & and f® displays finite lateral limits at the boundaries of = (for all k € NU {0}), there is
(by Whitney’s extension theorem [24]) a function g € C°°(R) such that fg = gz and so also Fz = gg. This proves that F
also satisfies condition (b) above. O

Before proceeding, let us make the following remark concerning the relation between V and singsupp F:

Remark 3.3. We will always assume that VF is a finite superset of singsupp F (but not necessarily identical to singsupp F).
This is not contradictory with Theorems 3.1 and 3.2 (since singsupp F is always a finite set and we may always set AP =0
for some w € V). The reason why we do not simply make Vg = singsupp F (although, most of the time, we assume this
to be the case) is that the extra freedom will allow us to simplify the notation when deriving the explicit expression for the
new product of distributions.

The aim now is to introduce a multiplicative product in the space A(R). We start by considering the (restriction to A(R)
of the) product of distributions with non-intersecting singular supports that was proposed by L. Hérmander in [12, p. 55].
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Definition 3.4 (The Hormander product -). Let F, G € A(R) be such that VFNVs =0. Let {2,y CR, w € VF UV} be a finite
covering of R by open sets satisfying w’ ¢ £2,,, Vw # w’ € Vg U V. Let us also introduce the compact notation F,, = Fg,,
Gw = Gg,, to designate the restrictions of F and G to the set £2y,. Then F - G is define by

F-G: (F-G)g, =FuwGw, (15)

where F,,G,, denotes the usual product of a distribution by an infinitely smooth function.

Remarks 3.5 and 3.6 will show that Definition 3.4 is consistent. They are included for completion. Remark 3.5 also
provides the explicit form of F,,G,,. This result will be used in Theorem 3.7 to obtain an explicit expression for F - G.

Remark 3.5. The product F,,G,, in Eq. (15) is well defined. Indeed, let us write F, G € A(R) in the form given by Eq. (7),
ie. F=f+A® and G=g+ A©. For each w € VUV either F,, or G is a regular distribution associated to a function
in C*°(2y):

Fow=A% + f,, Fyw = fw € C®(2y),
weVr = {f,eC®(2y\(W)NCP(2y), and weVe = 1 Guw=AF +gu,
Gw = gw € C®(2y) gw € C®(2w \ {w}) N CP(2w),

(16)
where gy = gg,, and fw = fgo,, are the restrictions of g and f to the open set £2y. It follows that the product Fy Gy is
well defined in the usual sense of a product of a distribution by an infinitely smooth function. We have

F
gwAng) +gwfw, weVg,
G
fWAf/v) +8gwfw, weVg
and so Fy, Gy € D' (2w).

FWGW:{ (17)

Remark 3.6. The definition of F - G satisfies the prerequisites of Lemma 2.5. Indeed, on an arbitrary open set =\, =
2w N 2y (with w # w') we have (FwGw)s,,, = (f®z,, = FwGw)zg,, - This is because &y N (VF U Vg) = 0.
Lemma 2.5 then implies that F - G is a Schwartz distribution, uniquely defined by Eq. (15).

We have not yet proved that F - G is independent of the particular covering {£2,,, w € VF U V¢} used to define it. This
result will be a corollary of the next theorem where we obtain an explicit expression for F - G:

Theorem 3.7. Let F, G € A(R) (such that V¢ N V¢ = @) be written in the form (7)~(8), ie. F = f + 3 ey, A(Vf) and G =g+
Zwevc Af,f,;). Then F - G is given by
- F ~ G
F-G=fg+ Y gwAl + > Fual. (18)

weVFr weVg

where g, and fw are C*°(R)-extensions of the restrictions gw = g¢,, and fw = fq,,, respectively; and {2y CR, w e VF UV} is
a finite covering of R satisfying the requisites of Definition 3.4.

Remark 3.8. The extensions g,, and fw are C*®°(R)-functions such that, for each w € Vg we have g, (x) = g(x) if x € 2;
and for each w € V¢, fuw(x) = f(x) if x € 2. That these functions exist follows from Whitney’s extension theorem [24,10]
and the fact that f, g € C;°(R) and so, for each w € Vf (respectively w € V¢), the restrictions gy € C*(2y) - cf. Eq. (16)
- (respectively fy, € C*°(£2y)) and all its derivatives display finite limits at the boundaries of §2,,. Hence, the right-hand
side of Eq. (18) is a well-defined Schwartz distribution. Let us denote it by J.

Remark 3.9. We now prove that | is independent of the particular finite covering of R (satisfying the conditions in Def-
inition 3.4) and of the particular extensions of gy and_f, that were used to define it. Indeed, if {2y, w € VF U V¢}
and {£2], w € VF U V¢} are two such coverings and g, fw and g, f,, the associated functions then w ¢ supp(f,, — fw).
Vw e Vi and w ¢ supp(g,, — 8w), Yw € V. Hence

supp(g,, — &w) N supp AP —g wvweve and supp(fy, — fw) Nsupp AY —g, vwevg
and so

Y gwal + Y iwA(VE)—[ YoEAY+ Y féVA(v&”]=0. (19)

weVFr weVg weVEr weVg

Therefore ] is a well-defined distribution that only depends of F and G.
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Proof of Theorem 3.7. It is straightforward to realize that the restriction of J to £2,, is F Gy (given by Eq. (17)). Since the
restrictions to the open covering {£2,,, w € Vp UV} define a unique global distribution (Lemma 2.5) which, by definition,
is F - G (cf. Eq. (15)) the identity F -G = J holds. O

Two simple corollaries follow directly from the theorem:
Corollary 3.10. F - G is independent of the particular open covering (Definition 3.4) used to define it.
Corollary 311.If F, G € A(R) (such that Vg N V¢ = @) then F - G € A(R) and singsupp(F - G) € (VF U V¢).

This concludes the study of Hérmander’s product. The next definition introduces the new product *, extending Hérman-
der’s product to the case of distributions with intersecting singular supports.

Definition 3.12 (The product x). Let F, G € A(R). The multiplicative product * in A(R) is defined by
FxG= lim F-G€, (20)

e—0t

where G€(x) = G(x + €) is the translation of G by € and the limit is taken in the weak sense.

The two following remarks discuss the consistency of Definition 3.12. Then, in Theorem 3.15 we will prove that x is an
internal operation in A(R) and determine the explicit form of F x G for general F, G € A(R).

Remark 3.13. Since Vf and V¢ are finite sets of real numbers there is always a real number o > 0 such that Vp N Vge =0,
Ve €10, o[; notice that Vge ={x — €, x € V;} and so we may set, for instance, 0 = min({|y — x|, x € Vg, y € V¢}\ {0}) if
this minimum exists and o =1 if this is not the case (because Vg = Vs and #Vf = 1). Hence the product F - G¢ is well
defined for € €10, o[.

Notice that, in general, F - G is not well defined since singsupp F N singsupp G # @. However, when that is the case, we
will easily find (from Theorem 3.15) that FxG =F - G.

Remark 3.14. The functional F x G acts as

(F*G,t)= lim (F-G€,t) (21)

€e—~>071

and if its domain is D(R) - i.e. if the limit on the right-hand side exists for all t € D(R) - then F « G is a Schwartz
distribution (cf. Lemma 2.6). The next theorem will prove that this is the case for general F, G € A(R) and furthermore that
FxGe AR).

Before we proceed we need to introduce some notation. Let F,G € A(R) and (for notational convenience) let us set
VF =V =singsupp F UsingsuppG. Let also N =£(VF) and x, € Vf, k=1,.., N, X441 > X, be the array of elements of Vp
(or V¢). Hence, VF = Vi = {x1,...,xn} and the distributions F and G can then be written in the form (cf. Eqs. (7) and (8)):

N
F
F=f+ ZA,(Q(),
k=1
- (22)
G
G=g+Y Ay
k=1

where we set Ag) =0 for x; € Vf\singsupp F and Aif) =0 for x¢ € V¢ \ singsupp G. Moreover, f, g€ C;°(R)NCP R\ V)
and so (cf. Remark 2.3) they can be written in terms of a set of C°°(R)-functions f, gx; k=0,.., N:

N—-1
FO)=H& =% fo®) + Y HX=x)HXcr1 — % fi¥) + HX = xn) fu (%),
k=1
N-1
200 =HX — 02X + Y HX—x)HXcr1 — 08(X) + HXx — xN)gN (). (23)
k=1

We can now state the new theorem:
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Theorem 3.15. Let F, G € A(R). Then F x G € A(R) and its explicit expression is given by

N
G
FxG=fg+) [@Ay + fic1A] (24)
k=1

for F, G written in the form (22)-(23).

Proof. The first step is to obtain an explicit expression for F - G¢ (cf. Definition 3.12). Let then F, G be written in the form
(22)-(23). It follows from Eq. (22) that G¢(x) = G(x + €) is given by

N
G =g+ ) Ay (25)

where g€(x) = g(x + €¢) and A,((fle(x) = A,((f)(x + €) is a singular distribution with support on {x; — €}. We also have
VE=Ve={xk, k=1,..,N} and so Vge = {x,y — €, k=1,.., N}. Since there is a o > 0 such that VpFNVge =@ for 0 <e <o
(cf. Remark 3.13), we can use Eq. (18) to calculate F - G¢ explicitly for all € €]0,0[:

G = fg+ Z(ge)w (F)+ Z fw (G) = fg* +Z ge A(F)‘|'2:f(x1< e)A(xk €)’ (26)
k=1

weVF weVe k=

where (g~5)xk and ]‘(Xk_g) are the C*°(R)-extensions of the restrictions (g),, = (ge)gxk and fx,—e) = fg(xkfe), respectively.
As usual the open sets £2y, and £, _¢) belong to a finite covering {2,y CR; w € Vg U Vge} of R, satisfying the conditions
stated in Definition 3.4. That is: (i) U{L] (8%, U 2(x—e)) =R and (ii) w’ ¢ 2w, Yw # W’ € (Vg U Vge). There are, of course,
many possible coverings of this sort but the expression (26) is independent of the particular one used to define it (cf.
Remark 3.9). One possibility is (let xg = —oco and xy41 = +00):

2y =1k — €, %41 —€[ and  Q2y_e =Ixk—1, %[, k=1,..,N. (27)
It then follows from Eq. (23) that:
(g€)gxk = (g,f)gxk and  (Ney,-o = fi-D2g-o» k=1...N, (28)

where glﬁ is defined by g,f (x) = gr(x +€) and g, fr were introduced in Eq. (23). Since g, and f; belong to C*°(R) for all
k=0,.., N we may set (cf. Eq. (26)):

(8)q, =8 and Doy o =ficr, k=1...N.

Substituting this in Eq. (26) we finally get an explicit expression for F - G¢:
N
F G
GE=fg+ ) [geny + fie1ng ). (29)

To obtain an explicit expression for F x G we still need to calculate the limit in Eq. (21). Using Eq. (29) we get for every
te DR):

lim (F - G€, )_ lim {(f g0+ i<gkA§£)’t) im 18 >}

o k=1 k=1
N N
— 1 ; (F) (e ; (G) (—€ r—€
_el—1>I})l+ff(x)g(x+€)t(x)dx+;el—lﬂ}r(Ax" ,tgk)+;€1_1)n3+(Axk )
N
= / f(x)g(x)t(x)dx+2 (A% ta)+ D (A%, thi)
k=1 k=1

N
=<fg+2[gkA§f) + fier Ay ,t>, (30)

k=1

where we defined t€(x) = t(x + €), f,f (X) = fr(x + €) and used the fact that t, g, fr € C*°(R) and so they are uniformly
continuous on an arbitrary compact interval. We conclude from Egs. (21) and (30) that F x G € D'(R) and is indeed given
by Eq. (24). Moreover, (24) is obviously of the form (7)-(8) and so F xG € A(R). O

We proceed by studying some of the properties of the new product:
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Theorem 3.16. The x-product is (i) distributive, (ii) associative but (iii) non-commutative, (iv) it reduces to the standard product of an
infinitely smooth function by a distribution if either F or G belongs to C*°(R), and (v) it reproduces the standard product of continuous
functions.

Proof. (i) Let us prove that the product is left distributive. Let F, G, J € A(R). We have
(F+G)x ] = lim (F+G)- J<. (31)
€—

We now prove that if K € A(R) and Vgic =V U Vg is such that Vpyc N Vg =0 then:
(F+G)-K=F-K+G-K. (32)

This identity is valid globally if it is valid locally. Let {£2,, w € Vr1cUV} be an open covering of R satisfying the conditions
of Definition 3.4 for the - product of F + G by K. Then Eq. (32) is equivalent to

[(F—i—G)-K]_QW:[F-K—i—G-K]gW, Yw e Viyg U Vg, (33)
which, in turn, follows from
[(F +G)- K]QW =(F +G6GwKw=FyKw+GuwKy=I[F Klg, +[G-Klg, =[F-K+G-Klg,, (34)
where we used the definition of the - product (Eq. (15)) and the fact that for each w either F,,, G, € C®(£2y) or Ky, €
C*>(£2y). Making K = J€ in Eq. (32) and substituting in Eq. (31), we get:
(F+GxJ=1lim F-J¢+ lim G- J*=F*J+Gx*]J (35)
€0t e—0t

which proves that the product is left distributive. Equivalently, one may prove that it is also right distributive.
(ii) Let F, G, J € A(R). Then

F=f+ > AW, G=g+ Y Ay and J=j+ Y A, (36)

weVr weVg weV;

where f, g, j € C;°(R). To keep the notation simple let us redefine Vf = V¢ =V = singsupp F Usingsupp G U singsupp J.
Let N=1VF and let VF ={x1,...,xn} where x; < x; for i <k. Then F, G can be written as in Eq. (22) with f, g given by
(23) and

N
J=j+y Ay (37)
k=1
(notice that A,Ef) =0 if x, € V¢ \ singsupp F and equivalently for the other distributions) where j can be written in terms
of C*°(R)-functions j; k=0,.., N, as:

N-1
J&®) =Hx1 —x)jo(x) + Z H(x — X)) H(Xk+1 — %) jk(X) + Hx — Xn) jN (X). (38)
k=1

A trivial calculation using Eq. (24) shows that:

N
(FxG)x ] = |:fg+ > (g + fk—lA)(cf))i| *J

k=1

N
. . F . G
= fgi+ Y (BikAy + fum1iieAl + g-1fic1 AY) (39)
k=1

and also:

N
. . G
Fx(Gx])=Fx [g, + 3 (ikAy +gk_1A§{))}
k=1

N
, ) e
= fgi+ E (gk]kA;(c,f) + fk—1]kA§<k) + gk—1fk—1A>(<{))- (40)
k=1

Hence, the x-product is associative.
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(iii) Let F, G be given by Egs. (22) and (23). We have from Eq. (24) that:
N
F G
FrG—GxF=Y [(g— gAY + (fic1 — foay] (41)
k=1
and thus the %-product is non-commutative. Notice nevertheless, that supp(F «G — G+ F) C Vg U Vg, is a finite set.
(iv) It follows directly from Eq. (24) that if F = f (or G = f) for some f € C*°(R) then F x G = fG (respectively,
FxG=fF).
(v) If F, G € (A(R) N C°(R)) then, in the notation of Eq. (22), F = f and G = g. Hence, from Eq. (24) F x G = fg thus
concluding the proof. O

Hence A(R) is an associative algebra. To proceed we may endow A(R) with the following bracket structure:
[F,G]=FxG—GxF, (42)
the explicit form of the bracket being given by Eq. (41).

Theorem 3.17. The bracket (42) is a Lie bracket.

Proof. The antisymmetric property of the bracket follows by construction while the linearity and the Jacobi identity are
inherited from the left and right distributive and associative properties of the x-product, respectively. It is also easy to
check that the bracket satisfies the Leibniz rule with respect to the x-product. O

Finally we prove that:

Theorem 3.18. Let % be the usual distributional derivative in D' (R). The restriction (f—x : A(R) — A(R) satisfies the Leibniz rule with
respect to the x-product.

Proof. Let F,G € A(R). Then F x G € A(R) and its derivative acts as (F' = dd—xF):

((F*G),t)=—(FxG,t'y=— lim (F-G,t')= lim ((F-G€)’t). (43)
e—>0t €e—071
Let us then prove that the product - satisfies the Leibniz rule. Let F, J € A(R) be such that Vp NV =¢. Let {2y, w €
VF UV} be an open covering of R satisfying the conditions of Definition 3.4. Locally we have

[(F- D], =IF - J+F-J1a, < [(F-Do,]=IF"Jla,+IF- ],

& (Fwlw) =FyJw+Fuwly (44)
which is true because either F,, or J,, belongs to C*°(£2,). Hence the - product satisfies the Leibniz rule locally and thus
also globally.

Substituting this result in Eq. (43) we get:

/ (€Y ' CE = Ti L (C\E ; 1. €
((F*GY,t) (F-(G°) +F-Gt) 61_1)r101+(F (G),t)—i—el_l}rBL(F G, t)

= lim
e—0t
=(FxG' t)+ (F % G,t), (45)

where we took into account that the translation and the derivative operators commute in D’(R). Hence, (F*G) = F x G’ +
F’ x G, which concludes the proof. O

Corollary 3.19. The algebra (A(R), +, ) is an associative (but non-commutative) differential algebra of generalized functions.

This concludes the study of the properties of the x-product and of the associated algebra A(R). As a simple example, let
us calculate the derivative of H(x) » H(x). We have

%(H(x) *H(x)) =8X)*H(X) + H(x) x8(x) =5(x) » H(x) = ()
which of course, is consistent with the fact that H(x) « H(x) = H(x). Notice that multiple products of the Heaviside step
function are sometimes used to exemplify a simpler version of the Schwartz impossibility result [4]. One typically finds that
differentiating the equation H"(x) = H(x) for different values of n leads to contradictory results. This is not the case if H" (x)
is calculated using the product . The key point, as one can easily check, is that the x-product is non-commutative.

To finish this section, let us point out that there are other associative but non-commutative products, related to the one
introduced in Eq. (20), and also yielding a Lie bracket structure in A(R). For instance:
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FxyG= lim F-G~¢,

e—>0*t

Fx3G= lim F€.G,

e—0t

FxsG= eling+ F€.G (46)

which are all related to the original product introduced in (20):
Fxpy)G=Fx3G=G»x4 F=Gx«F. (47)

Finally, we can also define a commutative product (or symmetric bracket) through the prescription:
F*5G=%(F*G+G*F) (48)
which however is not associative.
4. Linear differential equations with distributional coefficients

In this section we consider the second problem presented in the introduction. Let
n ..
YoayP=f (49)
i=0

be an ordinary, linear differential equation defined on R. The coefficients are the complex-valued functions a; € C*°(R) and
ap(x) # 0, Vx € R, and the non-homogeneous term is f € C*°(R). As usual, ¥ denotes the ith order derivative of . Let
Yy be the general solution of Eq. (49). The subscript U stands for unconfined (meaning the vy is the solution of (49) on
the entire real line). The generalized solution of Eq. (49) (i.e. the solution in D’(R)) coincides with its classical solution (i.e.
the one in C*°(R)) [14]. The designation vy will be used to denote both the distribution in D’(R) as well as the associated
infinitely smooth function.

Let us also consider an object of the form ¢ = H(x)yy “confined” to the positive axis and reproducing the “unconfined”
general solution for x > 0. Such a function is not a generalized (nor classical) solution of Eq. (49). The aim of this section is
to derive a new differential equation that displays the generalized solution (and only the generalized solution) vc.

Notice that we are focusing on the particular case of Problem 2 (stated in the introduction) where £ = R™. This is to
keep the formulation as simple as possible. The extension to the general case where §2 =]a,b[, a <b € RU {—00, 400} is
straightforward.

Let us then proceed. As a first step we substitute ¢ in Eq. (49) and find the correction terms:

n n i .
. N
> s =3 T ()i
i=0 i=0 j=0 J
n ) n i i ) o
=D aHyy + ) aiy ( .)HW{}‘“
i=0 io1 =1 M
n i ) o
=Hf+ ) <j)aiH<D1/f{,‘*”. (50)

i>j=1

Remark 4.1. Eq. (50) is not a closed equation for ¢, because it displays a distributional non-homogenous term which is
dependent on the particular solution of Eq. (49). For each solution of Eq. (49) (associated to a complete set of boundary
conditions wg)(xo), i=0,...,n—1 given at some xg € R™), this term can be re-written as a combination of Dirac deltas
and their derivatives:

n n

i i—1
2 (;) aHP @i 00 =3 D a0 @0 P

i>j=1 i=1 k=0

and upon substitution in (50) we obtain a linear and ordinary differential equation, with a distributional non-homogenous
term, that for a particular set of boundary conditions, displays a confined solution. However, the general solution of this
equation is still not confined to RT, but exhibits instead a jump discontinuity at x = 0 [14]. More details about ordinary dif-
ferential equations with distributional non-homogeneous terms can be found in [9,18,23]. The related issue of distributional
solutions of ordinary differential equations is studied in [17,15,25].
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Our task here will be to re-write Eq. (50) exclusively in terms of ¥¢ so that its general solution (and not only a particular
solution) is of the form Hy. With this in mind, we prove the following theorem:

Theorem 4.2. If Yy € C*®(R) and ¥¢ € A(R) is such that yc = ¥y on RT then, in the distributional sense:
n i . Lo n i . L
> ()“f”“)wﬁ‘” > (-)“"”“’*wé"”- (51)
i>j=1 J i>j=1 J

Proof. The most general distribution ¢ € A(R) satisfying ¢ = ¥y on R* is given by
Yc=Hyy +F, (52)
where F € A(R) is such that supp F C R~ U {0}. Hence we have (for alli > j=1,...,n):
(HD w g8 6) = (HD « [Hyy + F1979 1)
(H(j) *[H * \[/U](i*j)’ t) + (H(f) * F(Fj), t>
=(HD w0+ tim (HD - (F)T ¢)
e—>0
=(HDyy 1), (53)
where in the last step we took into account that for j > 1, the sets supp HY) = {0} and supp(F€){—) C]—o0, —€] are

disjoint. The result (53) is valid for all i > j=1,..,n and so Eq. (51) holds. O

We can now re-write Eq. (50) exclusive in terms of yc:

n

Zalw“) i+ Y (a0 wul (54)

izj=1
which seems to be a suitable candidate for the differential equation we are looking for. That ¥c = Hyyy is a solution of
Eq. (54) is obvious by construction. However, we still have to show that is its only solution:

Theorem 4.3. Let vy be the general solution of Eq. (49). Then, the general solution of Eq. (54) in A(R) is given by yrc = Hyry.

Proof. For a generic ¥ ¢ € A(R) the support of the second term on the right-hand side of Eq. (54) is {0}. Hence, on R*
and R, Eq. (54) reduces to Eq. (49) and to the homogeneous equation associated to Eq. (49), respectively. We conclude
that any solution of Eq. (54) will be of the form

Vc=A+H ¢y +Hyy, (55)

where supp A C {0} (i.e. A is a linear combination of the Dirac measure and its derivatives), H_(x) = H(—x) is the reversed
Heaviside step function H and ¥, ¢4 € C*°(R) are the distributional (which coincide with the classical [14]) solutions of
Z?:o aiy =0 and of Eq. (49), respectively. Substituting (55) in Eq. (54) we get:

ZGIA(')+ZZ(> (HO D 4 HO YD) _ iy 4 Z <> aHOy =D

i=0 j=0 izj=1
n .
1 . . . o
— Za,A“>+Za H-y @ +Hy)+ Y <,>a,'(H(J)1p§r’ D HOy D)
i=0 i=0 izj=1 J
= Hf + Z‘ <)a HWy =D, (56)
izj=1

Separating the terms that involve the delta distribution or its derivatives from those that do not, we get:

Za(x)w“)(x):f(x), x>0,
a(H-v® + Hy)=Hf — (57)
=0 Zai(x)wf) ®=0,  x<0

i=0
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(confirming what we already knew about v_, ;) and
n n l
A D @)y, =0
D aa®— 3" (,)alH v =o. (58)
i=0 i>j=1 J

In Eq. (58) the term proportional to the highest order derivative of § is given by a, A™ (if not zero, a, A™ is proportional to
at least §™). This term cannot be cancelled by a combination of lower order derivatives of 8. Since a, # 0 we get A™ =0
and so A =0. Hence, Eq. (58) reduces to

3 ()a HOy P =0 ZZ( )a,-H(_j)w(_i_j)zﬂ (59)
izj=1 j=1i=

From Eq. (57) we find that Y | ja;H w() 0, Vx € R and by adding this last equation to Eq. (59) we finally get:

ZZ()alH(ﬁ) (=0 = Za,—(H Y)=0 Zaﬂp@— (60)

j=0i=j i=0

where ¢ = H_v_ satisfies (by construction) the boundary conditions ¢¥(z9) =0, i =0,...,n — 1, at an arbitrary zg > 0.
For these boundary conditions the unique solution is ¢ = 0, which implies that ¥_(x < 0) =

Assembling all these results, we finally get: ¥c = Hy,, where v satisfies Eq. (57) (or equivalently Eq. (49)), which
proves the theorem. 0O

We conclude that Eq. (54) provides a global formulation for the differential problem described by Eq. (49) and confined
to the positive axis, i.e. it yields a solution of Problem 2 for the case where £2 = R*. The extension to the more general
case where £2 is an arbitrary interval is straightforward.
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