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A MATHEMATICAL PRESENTATION OF
LAURENT SCHWARTZ’S DISTRIBUTIONS

Josefina Alvarez

Abstract. This is a mathematical presentation of Laurent Schwartz’s distributions.

1 Introduction

The theory of distributions, as developed by Laurent Schwartz (1915-2002), is con-
sidered a great mathematical achievement of the twentieth century. Its development
provided a rigorous setting in which formal objects, such as the so-called Dirac func-
tion, were fully understood and justified. It also augmented the bank of initial data
and solutions for partial differential equations, and further incorporated the methods
of functional analysis into the study of differential operators. Moreover, it further
developed the theory of the Fourier transform, aided by the Lebesgue integral, an-
other great development of the twentieth century. With the theory of distributions,
a whole array of new spaces appeared, which, in turn, became some of the foremost
examples in the theory of topological linear spaces.

This blend of fundamental subjects is one of the reasons why the theory of
distributions has become an integral part of mainstream mathematics. To be sure,
this has not always been the case. Lars Hormander relates in [14] how his doctoral
advisor reproached him for using distributions in his dissertation. John Synowiec (b.
1934) reproduces in [28] the following exchange with several of his professors, during
his years as a doctoral student: “Distributions? You mean probability distributions?
-No, Laurent Schwartz distributions.- Oh ... if you are interested in that sort of thing,
you will have to talk to someone else. I don’t have much use for them in my work.”

These reticencies are long in the past. As an evidence of the position enjoyed by
the theory of distributions, we recall the words of Jeffrey Rauch (b. 1945) in [20]:
“Distribution theory has become so ubiquitous that one of the good things that a
course in partial differential equations can do is to familiarize students with it.”

As it is the case with most subjects, the theory of distributions did not spring
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full fleshed from Schwartz’s forehead. In his book [25], Schwartz gives a thorough
account of the many insights and open problems that inspired his work. The article
by Janos Horvéth (1927-2015) [15] is another good source for such matters.

We must mention also that Schwartz’s work is not the only attempt to extend
the notion of function. The article by Rauch [20], already mentioned, ends with
an extensive bibliography that includes presentations a la Schwartz, as well as pre-
sentations that follow various other approaches. Thus, anyone wanting to become
familiarized with the theory of distributions, can choose from an array of possibilities.
Still, it might be fair to say that Schwartz’s approach has been the most successful.
In fact, for his work on distributions, Schwartz was awarded the Fields medal at
the International Congress of Mathematicians held in Cambridge, Massachusetts, in
1950.

Understanding why and how a piece of mathematics has become what is now,
requires learning about its historical development. It is surprising, and even amus-
ing, to see the origins of a topic, firmly rooted in common sense and human need,
regardless of the level of abstraction it might have achieved today. The theory of dis-
tributions is no exception. An account of its very interesting historical development
is given in the book by Jesper Liitzen (b. 1951) [18].

As for the purpose of our article, it is to provide a mathematical presentation
of the theory of distributions on R", 4 la Schwartz. The emphasis is on getting our
hands “dirty”, developing many calculations in detail. Except for a few remarks,
rigorously worded, we do not dwell much on the topological structures that make
distributions what they are. To put it bluntly, our presentation chooses, whenever
possible, to do a calculation, over citing a theorem. To be sure, this is not always
possible or practical, thus showing that, for instance, the theory of topological linear
spaces has a sure footing in the foundations of Schwartz’s distribution theory.

None of the material discussed in this article is new. It can be found, in one form
or another, in Schwartz’s book [25], or in other references that will be mentioned at
the appropriate time. If any novelty can be adjudicated, it is, to the way in which
some of the topics are developed.

This article has been a long time in the making. It began as a set of lecture
notes, with some exercises, that I wrote in the seventies, as an introduction to a
course on partial differential equations, taught by Professor Alberto P. Calderdn, at
the University of Buenos Aires. It was my great honor to be his doctoral student
and his teaching assistant. At one point, Professor Calderén read the notes and
judged them to be “very good” for its purpose. This is the best assurance I can
offer, because he was a master at tailoring the tools he used, to the scope of the
results he wanted.

The original notes, as well as later versions from which this article stems, have
been used in doctoral level courses, at several universities in Argentina and at New
Mexico State University in the USA.

For the purpose of preparing this article, the notes have gone through a final
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rewrite, expanding on the examples as well as on the treatment of some of the
topics, and incorporating, fully explained, many of the exercises.

As for the necessary background knowledge, we make frequent use of results from
measure, integration, and function space theory, mostly at the level of, for instance,
[27]. Occasionally, we invoke results from other sources, which we cite. We also
bring in a fair amount of functional analysis, for which we give references at the
appropriate time.

The organization of the article is as follows: Before concluding this introductory
section, we go over the notation to be used. In Section 2 we collect, with proofs, a few
auxiliary results. Section 3 and Section 4 are dedicated to define and study several
spaces central to the subject. Section 5 and Section 6 deal with operations such
as differentiation, tensor product, convolution product, and multiplicative product.
The common theme of the last three sections is the Fourier transform, which we
present in the classical setting, as well as in the sense of distributions. The article
ends with a list of references.

1.1 Notation

With C we denote the space of complex numbers, while R™ denotes the n-dimensional
euclidean space consisting of n-tuples © = (z1,...,2,) of real numbers, with the
euclidean norm || = (2% + ... + x%)l/g.

We denote N and N™ the space of non-negative integers and the n-tuples of
non-negative integers, respectively. Given a = (aq,..., ) in N, we write |a] =
a1+ ... +a, and al = aq!l...a,!.

If o and 8 belong to N", o < 8 means «; < 8 for all j. The notation o < 3,
« > (3, ete. should then be clear.

Given « and g in N”, if a > 8 we write

() Go)-(30)

which in turn can be written as

a!
Bl{a— B
If z € R" and o € N,
oY it

Given z,£ € R", € denotes the scalar product x1&1 + ... + p&n.
When « € N", 9% is the partial derivative

le%1 Q.
g ...0pm.
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If necessary, we indicate the variable on which the partial derivative is calculated
as 0. If it is important to recognize the order in which the partial derivatives are
performed, we write, for instance,

O O, .
. . . . . . d ;dk k
In the case of derivatives in one variable, we might write 7> or f’, 7= or f (k)

ete..

If a space is generically considered on R", we just write, L', D, S, etc. If the
space is considered in a different context, such as R or a subset U of R", etc., we
indicate it as L' (R), D (U), etc..

Depending on the particular situation, a letter might denote a number, or a
function, or a derivative. The specific meaning will always be clear.

The domain of a sequence or the summation range of a series will be, for instance,
[ > 1. The meaning of r > 1 or r > 1, etc., should be clear. If we want to indicate
m >1and m € N, we will write m=0,1,...orm=1,2,....

That a parameter, say C, or j, or §, depends on other parameters, say n,m, e,
will be denoted C', 1, jm, d¢, etc.

As usual, the letter C, with or without subindexes attached, will indicate a
positive constant that might be different at different occurrences.

Other notation will be explained at the appropriate time.

2 Preliminaries

Lemma 1. (multinomial expansion)Given x € R™ forn > 2, and m > 1,

‘$|2m: Z m a1+ ...+ ap—1 a1 + 9 x2a‘ (21)
a1+ ...+ o1 a1+ ...+ ap—2 (0%}

|a|=m
The expansion (2.1) has (mt;”_l) terms.

Proof. To prove (2.1) we will use induction on n. For n = 2, (2.1) becomes the
binomial expansion

m
(@ ey =3 (7 )abag . 22
— \J
7=0
So, if we assume (2.1) to be true for some n > 2, we can write, with g’ =
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(/81) "'aBn)a 6 = (617"'7ﬁn+1)7 a' = (xla wn) and x = (xla '-'xn+1)7

(P +ata)” = () a2y 23

i=0 \J

N (m j Br+ oo+ B

- ]go <J> ﬁ%j <51 + ... +6n_1) ( Bi+ ...Bn_2 )
X (51 +52> 28" 2(m—j)

B1 ntl

— m B+ ...+ Bn

N |/;m (51 e Bn> (61 + .t 5n1>"'
X<51;152>$2B.

As for the number of terms in the expansion, for n = 2, (2.2) shows that we
have m + 1 = (mntl) terms. If we assume that, for n, there are (mtg*l) terms in
the multinomial expansion (2.1), according to (2.3) there will be

B0

§=0
terms for n+ 1. That is to say, if indeed we have (";m) terms for n+ 1, the equality
f: j+n—1\ (m+n (2.4)
J S\ m '

Jj=0

must be true for each m > 1.

We prove (2.4) by induction on m.

If m = 1, the left-hand side of (2.4) is (") + (}) = 1 + n, while the right-hand
sideis (") =n+1.

If we assume that (2.4) holds for some m > 1,

mi?(j—kn—l) _ i(j—kn—l) N <m+n>
o J = J m+1
m-+n m-+n m+1+n
= + == 3 (2.5)
m m+ 1 m+1
which is the right-hand side of (2.4), with m + 1 instead of m.
Let us observe that in (2.5) we have used the identity

() 0)-67)
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which is fairly simple to verify.
This completes the proof of the lemma. O

Corollary 2. Given z € R™ forn > 2, and m > 1,
m
<1+|x\2>m: Z < m >( 1t an )...(al+a2>x2a. (2.7)
=0 ar + ... +ap al + ... +ap—1 aq
The expansion (2.7) has (™™ terms
Proof. We begin by writing (2.1) with y € R"*! and 8 € N**! forn > 2 and m > 1.
2m m B+ ...+ Bn ><51+52> 28 Bnir

= x 2.8
g |,6’|§m <ﬁ1 + ...+ 5n> (51 + .o+ Br1 B Y s (2:8)

where y' = (y1, ..., yn) and, as in Lemma 1, 8/ = (81, ..., Bn).
If we take y,4+1 = 1 in (2.8), we have

A2\ m m b1+ ...+ Bn B1+ B2 128’
(1—1—\y\) _|§0<5l+...+ﬁn><ﬂ1+...+ﬁn—1>< o)1 >y '

To obtain (2.7) we only have to write = instead of ¢’ and « instead of /3.
The number of terms in (2.7) equals the number of terms in the sum 3., >7j0=;-

The work done in Lemma 1 shows that this sum is Zog j<m (j H]’.L*l), which, accord-
ing to (2.4), equals ("™™).
This completes the proof of the corollary. O

Remark 3. The coefficients in (2.1), called multinomial coefficients, can be written
in various ways. For instance,

( m > <Ozl + ...+ an1> <O£1 -+ OéQ)
a4+ ... Fop—1 o]+ ..o+ ap—9 a1

B m! (0 + ... + ap—1)! (o1 + a2)!
ap! (a1 4+ .+ a1 ap—1! (a1 + ... + ap—2)! " aslag!
m/! m!
= =, 29
arlasl...an_1lay,! ol (2.9)
Likewise, here is a shorter formula for the coefficients in (2.7):
( m )<a1+...+an> <a1+a2>
o1+ ..t+an ) \ag+ ... tan_1/) o1
B m! (a1 + ... + ap)! (a1 + a2)!
(m—oaqg — .. —ap)! (a1 + .. +ap)ap! (a1 + ... +an—1)! aglas!
! 2.10
 (m—ag — ... —ap)larlas!.ap!” (2.10)
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If we denote Cp, o the expression in (2.9) or (2.10), it is clear that, in each case,
there is a constant C,, , > 0 so that

sup Cm,a = Um,n,

where the supremum is taken over the appropriate values of a. In most cases, this
bound and the number of terms in the expansion is all that matters.

Lemma 4. (Leibniz’s rule) Given functions ¢ and v continuous with continuous
derivatives of order < m for some m > 1, we have, for a € N™ with |a| < m,

o (o) = S (O (950) (80P ,
O () 62:0<5> (0%¢) (0°7w) (2.11)

There are (a1 + 1) ... (a, + 1) terms in (2.11).

Proof. When |a| = 1, we can write 9% = 0., for some 1 < j < n. So, (2.11)
becomes

o” (901/1) = axj (‘101[)) = (axJ 90) Y+ (895]1[1) ’

which is the rule for taking one derivative of a product.
If m > 2, we assume (2.11) to be true for |o| = k with & < m. We can write, for
some 1 < j < n,

0,0 (o) = 0, B; (3) (79) (o)
g) <g> (02,0%) (9°=7w) + ;;‘0 (;‘) (9°¢) (02,07 746).12)

Let us denote o and ' the (n — 1)-tuples that result from removing a; and f;
from « and 3, respectively. Then, we can write (2.12) as

5 () £ (3) (079) o)

g=0 "7 g;=0

A

- (5) > (%) 207) (o)
= (1)+(2).

If we write 8; +1 = ;

-3 ()5 () Ee ey e
B'=0 v=1
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So, substituting 3; for ; in (2.13), we have

e = 32 ()0 (o) ()

g'=0

SAHALEICREE

+6,ZO (g,) 5]-2:31 [(ﬂ Aai 1> + (gj)] (8f;aﬁ’¢) (agjjﬁLlfﬁjao/fg/w) .

J

(Bjai 1) ! <Zj> - <aj6? 1)'

According to (2.6),

So
o o a;+1 i 1 8. g i t1—B; ol
O () = 2 (B) 2 ( ) > (05707 ) (057720 w).
#'=0 ;=0 J

As for the number of terms in (2.11), we only need to remember that the sum
D 0<f<a MOANS D g5 <o e D 0<p, <q,- LNUS, the number of terms in the expansion
is (a1 + 1) ... (o + 1).

This completes the proof of the lemma. O

Remark 5. Let us observe that if |a] < m for some m > 1,

p (3) o
0<p<a \B

for some constant C,,, > 0, independent of a and 3. As in the case of the multi-
nomial expansion, an estimate of the coefficients and the number of terms in the
expansion is, often, all that is needed.

The next two results not only are well known, but also appear in several references
(see, for instance, [27], p. 100, Theorem 1 and Theorem 3). Nevertheless, we are
going to invoke them often, so it will be convenient to include them in this section,
in a suitable form.

Theorem 6. (continuity of an integral depending on a parameter) Let (S, %, 1) be
a measure space and let f : R" x § — C be a function satisfying the following
conditions:
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1. f(x,-): S — C is p-integrable for each x € R™.
2. f(,s):R" = C is continuous at zog € R™, for each s € S.

3. There is a p-integrable function g : S — [0,00) so that |f (z,s)| < g (s) for all
reR" seS.

Then, the function F' (x fs x,8)du (s) is continuous at x.

Proof. Let {x]} > be a sequence in R" converging to zo as j — oo. According to
2), f(xj,s) must converge to f (zg,s) in C as j — oo for every s € S. Moreover,
according to 3), |f(zj,s)| < g(s) for every j > 1. Then, Lebesgue’s dominated
convergence theorem implies that F'(z;) converges to F (zg) in C as j — oco. Thus,
the function F' is continuous at zg.

This completes the proof of the theorem. O

Remark 7. The continuity of a function at a point is a local property. Therefore,
it would suffice to assume in 1) and 3) of Theorem 6 that the assumption holds for
all x in a particular open neighborhood of x.

Theorem 8. (derivative of an integral depending on a parameter) Let (S,%, 1) be
a measure space and let f : R®" x S — C be a function satisfying the following
conditions:

1. f(x,-): S — C is p-integrable for each x € R™.
2. (8%. f) (x,s) exists for some 1 < j <n and for each s € S.

3. There is a p-integrable function g : S — [0,00) so that |(8$]. f) (x,s)‘ < g(s)
forallz e R" s € S.

Then, (05, F) (x) exists and

(00, F) () = /S (90, £) (. 8) dp (s)

for x € R".

Proof. First of all, the function f can be written as fi + i fs, where the functions f;
and fo are real-valued and satisfy conditions 1), 2) and 3). Furthermore, to simplify
the notation, we assume that j = 1 and we write, if n > 1, 2/ = (22, ..., z,).

Now, for x = (x1,...,2,) € R" fixed, we consider every sequence {aj},~,; con-
verging to 1 in R as k — oo, for which ay, # 1 for all k£ > 1. Then, there is

lim f(ak-,l’/,S) —f(.%',S)

k—o00 ap — I,

= (On f) (2,5),
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for each s € S. Moreover, the function

f(ak,.%'/,S) - f($,$)

ap — I

is a p-integrable function of s € S, for a; and x fixed. Thus, for each s € S and
z’ € R*! fixed, the mean value theorem tells us that there are real numbers Y,z
and zj ;, between ay and z1, so that

f(akvxlas) — f(a:,s)

ap — X1

= (axlfl) (yk,:cpx,a 5) +1 (azl f2) (Zk,xpx/a 5) .

Therefore, according to 3),

‘f(ak,x’,S) — f(z9)

ap — I1

<2g(s),

for each s € S and k > 1. Then, Lebesgue’s dominated convergence theorem implies
that there is

lim f s, 8) ~ [ (@:8) () = [ @) @),

k—o0 ar — X1
On the other hand,

/f ak,li 3 f(mas)d,u(s):F(akax/)_F('r)'

ap — I1 ap — 1

Thus, (03, F) (z) exists and

(00, F) (z) = /S (O ) (,5) dp (s)

This completes the proof of the theorem. O

Remark 9. As with continuity, the existence of a partial derivative at a point is a
local property. So, it would be enough to assume in 1) and 3) of Theorem 8 that
the statement holds for all x in a particular open subset of R".

Remark 10. In both, Theorem 6 and Theorem 8, it can be assumed that the
function f is defined on U x S, for some U C R"™ open. Still, in most cases, we will
be working with U = R™.

When the measure space in Theorems 6 and 8 is the Lebesgue measure space on
R"™, we will write dz or dy, etc., as appropriate, instead of du (s).

We are now quite ready to go onto our presentation on distributions.
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3 The spaces D and D’

We begin with a definition.

Definition 11. Let ¢ : R™ — C be a function. The support of ¢, denoted supp (¢),
1s defined as the closure, in R™, of the set

{z eR":p(x) #0}.
That is, © ¢ supp () exactly when ¢ is zero on an open neighborhood of .

Example 12. 1. The support of the sine function is R, since the sine function
is zero only on isolated points.

2. The support of the characteristic function of @@, the set of rational numbers,
is also R.

3. The support of the function

1 ifz>0
Hl(m)_{o ifz<0

is the set {x € R:2 >0}. This function is the one-dimensional Heaviside
function, named after the electrical engineer and theoretical physicist Oliver
Heaviside (1850-1925).

4. Given functions f,g: R" — C,
supp (fg) C supp (f) () supp (9) -

In fact, let us assume that z¢ does not belong to supp (f). Then, there is an
open neighborhood U of xy where f is identically zero. Therefore, f (z) g (z) =
0 for all z € U, which means, by definition, that z¢ ¢ supp (fg).

Let us observe that the inclusion can be strict. For instance if xq,x1 de-
note, respectively, the characteristic function of the rational numbers and the
characteristic function of the irrational numbers, supp (xox1) = &, while

supp (xg) [ | supp (x1) = R"(|R" = R™.

Definition 13. A function ¢ : R™ — C is called smooth if it is continuous and it
has continuous partial derivatives of all orders.

Definition 14. Given a compact set K C R"™, we denote
Dr={¢ :R" = C: ¢ is smooth and supp (¢) C K} .
We also denote

D :U {Dk : K CR" compact} .
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Remark 15. It follows from the definitions that Dx and D are complex linear
spaces.

The functions in D are called test functions. It should be clear that D C LP for
1 <p<oo.

Example 16. The function p : R” — R defined as

_ ) e P if x| <1
T)= 3.1
o(2) { N (31)

belongs to D and supp (p) = {z € R" : |z| < 1}.

The function p is clearly continuous when |z| < 1 and when |z| > 1. If we fix
zo € R" with |xg| =1 and |z| < 1, there is

1
lim e 1-l=? = 0.
T—T0

Thus, p is continuous everywhere. It should be clear that p has continuous
derivatives of all orders when |z| < 1 and when |z| > 1. It only remains to show
that every derivative exists and is continuous at z¢ for |zg| = 1.

We claim that, for x € R" with |z| < 1 and for each o € N, |a| > 1,
-1 —|o| -1
0%p) (z) = ello=1) (W - 1) P <a:; (yg;|2 . 1) ) , (3.2)

where P is a polynomial function, of degree |a|, in the variable (|x\2 - 1) 1, with
coefficients that are polynomial functions in the variable z, of degree < |a|. Let
us observe that the notation 9% assumes a particular order in which the partial
derivatives are taken. In all fairness, (3.2) should be stated in terms of a completely
arbitrary derivative, 8%1,“,@%, for 1 < rq,...,7x, < n. Nevertheless, to keep the
formulas as neat as possible, we will use the notation 9%. So, let us prove (3.2) by
induction on |af. If |a] = 1,

(0n,) (2) = el 07" (2 = 1) 2y = (P07 (0 < 1) T (<2 (o2 1)

Thus, (3.2) holds for || = 1. If we assume (3.2) to be true for |a| = m for some
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(0n, @0) (&) = 0 (1) (laf ~1) 22, <<]:p|2 _ 1)_1> “p (:c; (1 - 1)_1>
el o ((jaf? - 1))“'71 22, P <:c; (1of? - 1)1)
G (P 1)_'0“‘
X {(axjp) <a:; (of? - 1)1) + P <x; (2P - 1)1) 1) (P -1) m]
(N <‘x|2 - 1)—\a|—1
0w (o2 =1) " P (s (je2 —1) "
+(2 o] :Ejzz <x; (<x2( 1)1>> >
+ [(amjp) <x; (2P - 1)1> (e -1) |

— 2z; <|l’|2 - 1)71 P’ (m; <|x]2 - 1>1>}
which is (3.2) for 9,0

Next, if we fix 29 € R™ with |z9| = 1 and if |z| < 1, it should be clear that there

is
: (0%
Jim (9) (2) = 0
for all o € N”.

Finally, we show, by induction on |al, that (0%p) (y) exists and it is equal to
zero, for all |y| =1 and for all @« € N, |a| > 1. The same warning about the use of
the notation 9% applies here.

For y € R™ with |y| =1 fixed and for z1 < 1, there is

-1
/ <z2+\y’|2—1)

. X1 . e\"1

lim M = lim — — 07

rT1—Y1 X1 — Y1 T1—Y1 r1— U

50 (8z,p) (0) = 0. The same holds true for (8,,p) (0).

With the same notation, we assume now that (0%p) (y) exists and it is equal
to zero, for all |y| = 1 and for all @ € N, |o| < m for some m > 1 fixed. Then,
according to (3.2),

(@°9) (1) = el (wf + v - 1>_|a| P (w; (:c% + || - 1)_1> :
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so, there is
aa /
L @) @y
T1—Y1 1 — Y

=0.

Thus, the space D contains non-identically zero functions, which is a surprising
fact, given the constrains placed by Definition 14.

Remark 17. For each K C R" compact, the space Dy is a Fréchet space (see, for
instance, [26], p. 24, Example 27; p. 35). That is to say, Dk is a complete linear
metric space, where the metric is derived from the countable family of norms

lell,, = sup sup [0% (z)],
|ao| < xER™

using the definition

w1 el
d () —;}wun«pwm

Thus, a sequence {p;} j>1 converges to ¢ in Dg as j — oo exactly when, for
each o € N", the sequence {0%¢p; }]21 converges to 9%y uniformly on R™ as j — oo.

We define in D a strong topology as the inductive limit topology of the spaces Dg
for K C R"™ compact. With this topology, the linear space D becomes a complete,
locally convex and Hausdorff topological linear space (see, for instance, [26], Chapter
III, Section 22).

Under the inductive limit topology, a sequence {¢; }j21 converges to ¢ in D as
Jj — o0 exactly when there is a compact set K C R" so that ¢;,p € Dk for all
j = 1 and {p;},5, converges to ¢ in D as j — oo (see, for instance,[26], p. 274,
Example 14). Moreover, a linear functional 7' : D —C is continuous if, and only if,
T : Dx—C is continuous for each K C R™ compact (see, for instance, [26], p. 268,
Corollary 2).

As we pointed out in Remark 15, the space D is included in LP for 1 < p < oo.
Furthermore,

Lemma 18. The inclusion of D in LP is continuous for 1 < p < oo.

Proof. If {goj}j>1 converges to ¢ in D as j — 0o, we have the estimates:

1
s = plls < (310 1y (@) = ¢ (2] ) (meas (1)
z€eR™
for some K C R" compact and all 1 < p < oo, and
loj = @l Lo = sup [p; (z) — ¢ ()]
rER™

This completes the proof of the lemma. O
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Definition 19. We denote D' the topological dual of D. That is to say, D' is
the complex linear space consisting of all the linear and continuous functionals T :
D —C. Such functionals are called distributions.

The action of a distribution T on a test function ¢ is denoted T (@) or (T, ).
When it is important to indicate the duality, we will write (T',¢)p p-

All we have said in Remark 17, allows us to rephrase Definition 19 in the following
equivalent way:

Definition 20. A map T : D —C is called a distribution if it is linear and (T, ¢;) —
(T, ) in C as j — oo, whenever p; — ¢ in D as j — oo.

Let us repeat that a sequence {‘pj}jz1 converges to ¢ in D as j — oo exactly
when there is a compact set K C R" so that ¢;, ¢ € Dk for all j > 1 and {goj}j>1
converges to ¢ in D as j — o0. -

That is to say, in spite of the topological complexity of D, which is a non-
metrizable space ([25], p. 65; [26], Chapter I, Section 3), it behaves in many ways
as it were a metric space, where continuity can be checked using sequences. This is
a very convenient characteristic of the space D, which we will use quite often. For
an exposition of the topological structure of D, which fills in the details left out in
Remark 17, see ([25], Chapter III, Section 1).

Remark 21. Given K; C Ky compact subsets of R", it should be clear that the
identity map from D, into Dk, is continuous. Furthermore, Dy, is a closed linear
subspace of D, .

We now discuss the strong and the weak topologies in D', as well as the weak
topology in D.

Remark 22. In the inductive limit topology of D, a subset B is bounded when it
satisfies the following conditions ([25], Chapter III, Section 2):

1. B C Dk for some K C R™ compact.

2. For each o € N7,

sup sup [0% (z)] < oco.
peB xeR™

Thus, B is a bounded subset of D exactly when B is a bounded subset of the
Fréchet space Dk, for some K C R"™ compact.

Furthermore ([25]. p. 69, Theorem VI), a subset B of D is bounded if, and only
if, for each T € D/,

sup |T' ()| < oo.
peB
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The strong topology in D’ is defined by the uncountable family of semi-norms
([25], p. 71)
1Tl g = sup [T (©)],
peB
where B is every bounded subset of D. With this topology, D’ is a complete, locally
convex and non-metrizable topological linear space ([25], p. 71). Moreover, the
space D with the inductive limit topology is the topological dual of the space D’
with the strong topology ([25], p. 75, Theorem XIV).
By definition, a set B/ C D’ is bounded in the strong topology of D’ exactly when

up sup |T' ()| < oo,

sup [|T|p 5 = s
TepB TeB peB

for each B C D bounded. Theorem IX in ([25], p. 72) provides necessary conditions
and sufficient conditions for B/ C D’ to be bounded. For example, if

sup |T' ()] < oo
TeB

for each ¢ € D, then B’ is bounded.

From the definition of the semi-norms |- g, it should be clear that a sequence
{Tj}j>1(:onverges to zero in the strong topolo;g;y of D' as j — oo if, and only if,
Tj (¢) — 0 as j — oo, uniformly on B for each bounded subset B of D. This form
of convergence is called the strong convergence.

As for the weak topology in D, we can say that it is generated by the family

{T7'(U): T €D',U C Copen}. (3.3)

In other words, a set U/ C D is open in the weak topology if, and only if, it can
be written as an arbitrary union of finite intersections of sets of the form (3.3). That
is to say, it is the smallest topology that makes each 7' continuous. By definition,
every T' € D’ is continuous in the strong topology of D, which is finer, or has more
sets, than the weak topology.

A sequence {goj}j21 in D converges to zero weakly as j — oo exactly when
T (pj) — 0 as j — oo, for each T' € D’. Furthermore, ([25], p. 70), in the bounded
subsets of D, the strong topology of D coincides with the weak topology of D. Since
a bounded subset of D is a subset of D for some K C R™ compact, we conclude that
convergent sequences in the weak topology of D are exactly the convergent sequences
in the inductive limit, or strong, topology of D. Likewise, a Cauchy sequence in the
weak topology of D is also a Cauchy sequence in the strong topology of D. In other
words ([25], p. 70), we can say the following:

Given a sequence {¢;},5, C D, suppose that the sequence {T (¢;)},, converges
in C, for each T' € D’. Then there exists ¢ € D such that T'(¢;) — T (¢) in C as
Jj — o0 and ¢; — ¢ as j — oo in the strong topology of D.
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Let us recall that a functional defined on a topological linear space T is bounded,
by definition, if it maps bounded subsets of 7 into bounded subsets of C. As on a
normed linear space, linear functionals defined on a Fréchet space are continuous if,
and only if, they are bounded. A linear functional 7" : D —C is continuous, that is
to say it is a distribution, exactly when is continuous from Dk to C for each K C R”
compact. Thus, we conclude that a linear functional 1" : D —C is a distribution if,
and only if, it is bounded.

Since the spaces D and D’ with their strong topologies are reflexive, we can use
the functions in D, to construct the weak topology in D’. This topology will be
generated by the subsets of D’ defined as

{90_1<U)14P€D,U§(Copen}.

So, a sequence {7} j>1 converges to zero weakly in D' as j — oo exactly when
Tj (p) — 0 as j — oo, for each ¢ € D.

The strong topology and the weak topology of D’ coincide in the subsets of D’
that are bounded in the strong topology of D’ ([25], p. 74). Moreover, we have the
following result ([25], p. 74):

Given a sequence {Tj},, C D', suppose that the sequence {7} (¢)} ;5 converges
in C, for each ¢ € D. Then, the linear functional T' : D —C defined as T () =
lim; o Tj () is a distribution and T; —;_, T in the strong topology of D’.

Finally, if we view (T, ) as a bilinear functional on D’ x D,

sup  |(T, ¢)| < oo,
TeB el

for each bounded subset B of D and for each bounded subset B’ of D" ([25], p.
73). Furthermore, if {Tj}j21 converges to zero in the strong topology of D’ and
{goj}jZIConverges to zero in the strong topology of D, then (7}, ¢;) —j—o0 0 in C.

Although some of these results are true for filters and nets ([25], pp. 66, 70, 71,
73, 74), in our presentation we will only use sequences.

This concludes the overview of topological matters concerning the spaces D and
D'. It is amply sufficient for our purposes. Still, much has been left unsaid, for
which we refer to [25].

It is time now to discuss our first examples of distributions.
Example 23. 1. Let us fix p with 1 < p < 0o and let

LP

loc

={f:R" = C: xgf € LP for each K CR" compact},

where yx denotes the characteristic function of K. It should be clear that

L} . is a complex linear space.

We consider in L] . the topology defined by the family of semi-norms

If

‘p,K = HXKf||LP7
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for K C R™ compact.

Since it suffices to use a countable covering of R™ by compact subsets, Lf oc 18
a Fréchet space. In this space, a sequence { fj}j>1 converges to f as j — oo
exactly when {XKfj}jzl converges to xx f in LP as j — oo, for each K C R"
compact. Moreover, if 1 < p; < pa < 0o, we have the continuous inclusion
Lp2 C Lpl

loc = loc*

Indeed, given f € L}” and K C R" compact, if pp = oo,

1

Il = ([ 1P )™ < (meas (K% [

while if po is finite,

1 1 L( _ﬂ)
IXKfllpm = (/ |fIP XKXdeU> < (/ | f1P? XdeU> ’ </ XKdﬂC) T
Rn @ \Urn -

11
= meas (K)P1 72 ||xk fll 1ps -

We have used in (1) Holder’s inequality with the conjugate exponents pa/p;
and p2/ (p2 — p1)-
Given f € LI and ¢ € D, Holder’s inequality tells us that fo = ( f Xsupp(sp)) ©

is an integrable function. Thus, we can consider the linear map Ty : D —C
defined as

Ty (¢) = 7 (@) ¢ (z) da.
We claim that T is a distribution. Since T is linear, to prove continuity, it

suffices to use sequences converging to zero. Indeed, if we fix K C R” compact
and if {goj}]Zl converges to zero in Dk as j — 00, we can write,

mwm§téwwmuwx

(% 1.k o3l Lo

< (meas (K)"* || fll, x swp |¢; (@) — 0.
rER? J—00
We have used in (1) Holder’s inequality.

p

Conversely, we say that a distribution 7" is a function, if there exists f € L;_,

for some 1 < p < oo, such that 7" = T. That is,

T = (Trp) = [ f@)o (@i
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for all ¢ € D.

Due to the continuous inclusion L2 C IL”* for 1 < p; < pa < o0, we will

loc = loc
generally assume that f € Lllo .

Thus, when we say that distributions extend the concept of function, we always
mean locally integrable functions.

Strictly speaking, the elements of LP, Lf o and other spaces to be considered,
are classes under the equivalence relation f ~ ¢ if f and g are equal except on a
set of Lebesgue measure zero. Nevertheless, for the purpose of our exposition,
we will always work with functions, that is with class representatives. In
every instance in which we consider distributions of the form T, it will be
straightforward to verify that the matter at hand remains unchanged if we
pick a different representative.

2. Given a € R", we consider the linear map J, : D —C defined as

a () = p(a).
The estimate

100 (#)| < sup |¢ (z)],
reER™

for every ¢ € D, tells us that J, is a distribution. It is named the Dirac
distribution after the theoretical physicist Paul Dirac (1902-1984), co-winner
with Erwin Schroedinger (1887-1961) of the 1933 Nobel prize in physics.

The Dirac distribution is not a function, that is to say, there is no f € L
such that §, = T;. To prove this claim, we assume that there is f € Lllo .
that

1
loc

SO

f(x) ¢ (z)de = ¢ (a),
R

for all ¢ € D. In particular, let us pick the test function j"p (j (z —a)) for
j > 1, where p is defined as in (3.1). Then,

. (@) 3"p (G (x —a))dz = j"p(5(0)) = 5",
f@)p((z—a))de =1,
R”
for all j > 1.

However,

f)p(G(x—a))de
R

[ f@elie-a)d
l7(z—a)|<1

< sup (p(@)) / @) x (@)] — 0,

z€R" (z—a)|<1/j J=o0
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where K indicates the compact set {z € R" : |z — a] < 1} and xx is the char-
acteristic function of K.

Since we arrive at a contradiction, such an f cannot exist.

Liitzen has this to say about the early days of the so-called Dirac function
([18], p. 110): “The d-function must have had a very sad childhood since
neither mathematicians nor physicists recognized it as belonging to their do-
main. If mathematicians used it, it was an intuitive physical notion with no
mathematical reality ... On the other hand, physicists usually considered the
d-function, or the point mass, as a pure mathematical idealization which did
not exist in nature.”

. If we fix a € R" and m = 1,2, ..., the linear map 7" : D —C defined as

T (¢) = (95, 9) (a) (3.4)
is a distribution, since we have the estimate

T ()] < sup (8 0) ()], (3.5)

for every ¢ € Dg, where K C R"” is compact.

. For f € L} and k € R, k # 0, we define the operator dj, as

loc
dy. (f) (x) = f (kz).

IfpeD,

1 x
(Tap(ps9) = Rnf(kw)w(:v)dx=W Rnf(x)90<g>da:

z d
= (Tf(x)vﬁ,f,ﬁ)> = (Tfjl‘/gi@))-

Therefore, given T' € D', we define the linear map dj, as

(@(0).) = (T, d(,;(“”)) .

In particular, if K = —1,

When d_; (T)) = —T, we say that the distribution is odd. If d_; (T') = T, we
say that the distribution is even. In particular, if f € Llloc, T} is odd if, and
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only if, the function f is odd. Likewise, T is even if, and only if, the function
f is even.

It should be clear that dy is even, while Ty, as defined by (3.4), is odd.

Given a bounded subset B of D, the set By = dy, (B) is bounded in D.
Therefore,

1 1 1
ldk (T)lp g = Wzlelg‘(ﬂ ik ()] = ngg (T, )| = R 1Tl g, -
k

So, the linear operator dj, is continuous from D’ into itself.

5. The series ) ;- 0; defines a distribution in D' (R). Indeed, if we fix K C R
compact and ¢ € Dk, there is jx > 1 so that ¢ (j) = 0 for j > jx. Therefore,

JK
Yo || =D e0)| < Crsuple (2)].
i>1 j=1 z€R

Moreover, the sequence {Zl<j<k 5j} converges to >~ d; in D' (R) as

k>1
k — oo. In fact, if we fix a bounded subset B of D (R),

su ) =0
@EI[?)’ ZJ>I€ v (J)‘

for k > kg, according to Remark 22.

6. The work done in 5) shows that the series ) j>101/; defines a distribution in
D’ (0,00). The formula does not define a distribution on R, since the pairing

LIV

Jj=1
is not a complex number if ¢ (z) = 1 on a neighborhood of zero.

Lemma 24. Given ¢ € Dk for some K C R"™ compact and given [ € Lllom the
convolution

[ ee-nsway (3.6

defines a function F': R™ — C that is smooth. Moreover,

n

(0°F) (x) = / (0°¢) (x — ) f () dy, (3.7)
for all « € N*, || > 1.
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Proof. First of all, for € R" fixed, suppy (¢ (r —y)) is a compact subset of R"
which is a translation of K. Thus, the integral (3.6) exists.

Next, we verify the hypotheses of Theorem 6, in the form suggested in Remark
7.

Let us fix an open subset U of R™ with compact closure. For each x € U fixed,
the integral in (3.6) is carried out on a compact subset of R™ which is a translation
of K. Thus, 1) in Theorem 6 holds. If we fix 2y € U, it should be clear, once again,
that ¢ (- — y) f (y) is continuous at xq for each y € R™. So, 2) in Theorem 6 is true.
Lastly, there is a compact subset K7 of R" so that supp, (¢ (z —y)) € Kj, for all
x € U. Thus,

(@ —y) f W) < <uﬂg |s0(2)|> s () F (9]

for x € U and y € R™. This shows that 3) in Theorem 6 is also true. So, the function
F'is continuous on U. Since U is arbitrary, we conclude that F' is continuous on R™.
Let us now fix a € N* with [a| = 1. So, 0% = d,; for some 1 < j < n. We want
to verify the hypotheses of Theorem 8, in the form suggested in Remark 9.
As before, 1) holds for each x € U and all y € R™. It should be clear that

(02, (0 (- =) f () () = (O;0) (x — ) [ ()

exists for each x € U and all y € R™. Thus, 2) holds as well.
Finally,

|(02,0) (—y) f (y)] < (sup

z€ER"

(0.9) 9)]) b ) 7 0,

for x € U and y € R™. That is to say, 3) is also true.

So, (9x,F) (x) exists for z € U. Since U is arbitrary, we conclude that 0, F
exists on R™. Moreover, 0, F' () is given by (3.7) with 0% = 0.

The calculations we just performed show that (8xj cp) (x —y) f (y) satisfies, for
r € U, the hypotheses of Theorem 6, as outlined in Remark 7. Thus, 0, F is
continuous on R".

Likewise, we can verify that d,, ((ij cp) (x—y)f (y)) satisfies the hypotheses of
Theorem 8, in the form suggested in Remark 9, for x € U 1 < k < n. Therefore,
8§k7$].F exists on R™ and

(2 F) @) = [ () =) F )

Continuing in this fashion, we can prove that F' has continuous derivatives of all
orders and that (3.7) holds.
This completes the proof of the lemma. O
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Laurent Schwartz’s Distributions 23

Theorem 25. Given K C R" compact and € > 0, there is a function ¢ € D
satisfying the following properties:

1. 0 < ¢ (x) <1 for all x € R™,
2. ¢(x)=1 forallz € K,

3. supp (p) C e-neighborhood(K) = {zx € R" : d(z,K) < €}, where d(z,K) =
infyer |2 — vyl

Proof. Given the test function p defined in Example 3.1, let
jTL
pi (2) = Lp ()
for each j > 1, where ¢ = fRn p (z) dz. It should be clear that p; is a test function
with integral one and support in the ball {z € R" : |z| < 1/j}.
If xk. denotes the characteristic function of the set K. = £/3-neighborhood(K),
we write

oi(@) = (xx.*p;) (@) = / pj (& — ) dy

= / Xk (x —y) pj (y) dy.
IvI<1/j

Lemma 24 tell us that ¢; is a smooth function. Moreover,

0 < ¢j(2) S/ pi(x—y)dy=1.
Rn
Now, given z € K and y € R",
Thus, for jo > 3/e, z —y € K. when z € K and |y| < 1/jg. So, if z € K,

i (&) = / k. (& — ) pio () dy = / o (y) dy = 1.
ly|<1/j0 Rn

As for the support of ¢j,, let us recall that given 21, 2z € R",
|d(2’1,K) — d(ZQ,K)| S ‘2’1 — 22| .

In particular,
d(zl,K) Z d(zg,K) — ’21 — 2’2’ .

Now, if 21 = 2 — y and 22 = z for = ¢ 2¢/3-neighborhood(K), and |y| < 1/jo,

2¢ 1 €
dz—y,K)>d(z,K)— — - — > -
So, xk. (x —y) =0, and then ¢, (z) = 0.
This completes the proof of the theorem. O
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Remark 26. Theorem 25 illustrates the effect of convolving with the function p;.
It smooths out the discontinuous function xg, yielding a smooth function with
compact support, which is “almost” the characteristic function, of a slightly bigger
set. For this reason, p is called a smoothing, or regularizing, function.

There are versions of Theorem 25 that do not involve compact sets. Here is an
example:

Theorem 27. There is a smooth function ¥ so that 0 < ¢ (x) < 1 for all z € R

and
0 ifx<2

w(‘r)_{ 1 ifz>3

Proof. Given the characteristic function y of the half-line (2 + ¢, 00) for some 0 <
g < 1, we define

¥ (z) = <x*pj><w>—/Rx<y>pj<w—y>dy
= /x(x—y)pj(y)dy,
R

where p; is the one-dimensional version of the smoothing function used in Theorem
25.
According to Lemma 24, the function v; is smooth for j > 1. Moreover,

0<u @< [ pe-ndi=1

for z € R.
Ifx>3and —1/j <y <1/j,

2<3-1/j<zxz—y

so, X (z —y) = 1. Therefore,

Ifx<2and —1/j <y <1/j,
r—y<z+1/j<2+¢/2

for some j = jo. So, x (x —y) = 0 and then, 1, () = 0.
This completes the proof of the theorem. O

Theorem 28. The space D is densely included in LP for 1 < p < oco.
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Laurent Schwartz’s Distributions 25

Proof. Let us recall that continuous functions with compact support are dense in
LP (see, for instance, [21], p. 69, Theorem 3.14). Thus, it suffices to approximate
continuous function with compact support, by functions in D.

If f is such a function, let

T3 @) = (Frpg) @)= [ Fy)ps@=y)dy,

where p; is the function used in the proof of Theorem 25. According to Lemma 24,
fj is a smooth function. Moreover, not only f; has compact support, but supp (f;)
is contained in a fix compact set, independently of j.

Let K be the support of f. We claim that supp (f;) € 2-neighborhood(K). In
fact, if z ¢ 2-neighborhood(K) and y € K,

2<d(z,K) <[z —yl,
so pj (z —y) = 0.
Thus, f; € D for all j > 1. It remains to show that f; — f in LP as j — oo.

First of all, the function f is uniformly continuous, because it is continuous and
it has compact support. Thus, given € > 0, there is jo = jo (¢) > 1 so that

[f(z—y) - (@) <e,

when |y| < 1/j for j > jo, for all x € R"™. So,

i (@) = f ()] =

fl@—=y)pi () dy—f (w‘)/ i (y) dy‘
an

< [ 1e-n-T@lwdy<e
for all z € R™. Thus, ||f; — f||,, < e for j > jo.

15 = Fllpe
This completes the proof of the theorem. O

Remark 29. 1. As a consequence of Theorem 28, given f € LP for 1 < p < oo,
the sequence { f * pj}j21 converges to f in LP as j — oo.
First of all, the function f * p; is smooth, according to Lemma 24, although
will not, in general, have compact support. Furthermore, Young’s convolution
theorem (see, for instance, [29], p. 146, Theorem 9.2; p. 145, Theorem 9.1)
implies that
1 il o < Wl Lo ol = LF Il s -

Thus, f * p; € LP for all j > 1.
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Next, let fr, = xf, where x is the characteristic function of {z € R" : |z| < k}
for K > 1. Then,

If = fxpill e If = fellpe + 1k = froxpill o + 11 (fe = ) * 01l o
2| f _(1J)CkHLP+ka_f(k)*PjHLp- (3.8)
2

IN A

Jj—o0

1) = /M f@Pde — o0,

according to Lebesgue’s dominated convergence theorem. Thus, given € > 0
there is kg = ko (¢) > 1 so that || f — fi,||;» < €. We fix k = ko throughout
(3.8). As we said in the proof of Theorem 28, there is a continuous function g
with compact support such that || fx, — g||;», < €. Therefore,

(2)

< o = 9lle + g — g% pill 1o + 1109 = fro) * pjll 10
< 2 fko —9llpe +llg— g% il o <26+ 1lg — 9% pjll 0 -

Finally, it was shown in the proof of Theorem 28 that ||g — g * pj||,, — 0 as
J — oo.

2. With the notation used in 1), given € > 0 there are kg = ko(¢) > 1 and
jo =Jo () > 1 so that
1o * pjo — [fllp» <€
Indeed,
1w % 05 = Fll o < o pj = Fill o + e = fllo

That is to say, we can approximate functions in LP with test functions, just
by using a truncation followed by smoothing.

Theorem 30. For each 1 < p < oo, the map

P /
Lloc — D

f—)Tf

p

is linear, one-to-one, and continuous in the sense that f; — f in L

implies strong convergence in D’.

as j — oo,

Proof. According to the inclusion result proved in 1) of Example 23, we can assume
that p = 1.

It should be clear that the map is linear from Llloc into D’. So, to prove that it is
one-to-one, given f € L], we need to show that Jgn fpdx =0 for all ¢ € D implies
that f is zero a.e., that is, f (z) = 0 except for x in a set of Lebesgue measure zero.

sk sk sk ok sk ok sk s ok sk sk ok ok sk sk ok s sk sk ok sk sk ok s sk sk sk ok sk sk sk sk ok sk sk sk sk sk sk ok sk sk sk sk ok sk sk sk sk sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk sk ok ok sk ok

Surveys in Mathematics and its Applications 15 (2020), 1 — 137
http://www.utgjiu.ro/math/sma


http://www.utgjiu.ro/math/sma/v15/v15.html
http://www.utgjiu.ro/math/sma

Laurent Schwartz’s Distributions 27

We consider
(fexpj) (z) = - FWe ) p;(x—y)dy,

where p; is the function used in the proof of Theorem 25. For each x € R", the
function ¢ (-) p;j (x — -) belongs to D. Therefore, (fy * p;j) () = 0. Furthermore, as
we have shown in 1) of Remark 29, fo*p; — fo in L' as j — oo. Thus, fy is zero

a.e.. Let us write
R" = | ] By,
k>1
where By = {z € R" : |z| < k}. Theorem 25 tells us that there is ¢; € D so that
¢k (r) = 1 for € By. So, there is a null set N, C By such that f(z) = 0 for
x € B \Nj. Finally, f (z) = 0 except for x in the null set N = [J;»; Ng.
Let { fj}j21 be a sequence converging to zero in L], as j — oo and let B be

a bounded subset of D. That is, B is a bounded subset of D for some K C R"
compact. Then,

sup| [ fode] < 15l 500 1o ()] 100 0,
peB |JR™ Tz€R™
for every ¢ € B.

This completes the proof of the theorem. O

Remark 31. Theorem 30 gives us an opportunity to test some of the properties
stated in Remark 17 and Remark 22.

If {j‘"j}j21 converges to zero in LlloC as j — oo, the family {Tfj }]21 is a bounded
subset in the strong topology of D’. Indeed, if we fix a bounded subset B in the
strong topology of D, there is K C R"” so that B C Dg. Thus,

Ty, (0)| < sup [Ifjll; x sup sup [ ()] < oo.
i>1 peB zeR™

So,

SUp| T, | 5 = supsup [T, (2)] < sup [, 4 sup sup | ()] < oo.
j>1 P21 peB j>1 pEB zER™

Since the strong convergence and the weak convergence, of sequences, coincide
on the bounded set {Tfj }jzl’ the sequence {Tfj }jzl actually converges to zero in
the strong topology of D', a fact that is fairly easy to verify directly. Indeed, as
before, for each bounded subset B in the strong topology of D, there is K C R” so
that B C Dg. Thus,

1751l = s |75, (2] < (2‘&2 sup [ <x>|) 1£3lly ¢ =50 O-
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At the end of Remark 22, we mentioned several properties of the pairing (7', )
seen as a bilinear map from D’ x D into C. Let us illustrate them in the particular
case of (T, ) for f € L}

That B is a bounded subset of LlloC means that for each K C R"™ compact we
have

sup || flly g < oc.
feB
Then, for each bounded subset B of D for each K C R™ compact,
[Ty, )| < I f1l1, 5 sup | ()],
reR™

for f € B and ¢ € B. So,
sup |(Ty, )| < oc.
fEB,pEB
If {f;};5, converges to zero in L} and {p; }j>1converges to zero in the strong
topology of D, then a

[(Ty,00) | < ISily xe Sup 05 (@)] =j—00 0, (3.9)
TER™

where ¢; € Dk for some K C R"™ compact and for all j > 1.
For an arbitrary pairing (7, ¢), we cannot say, generally, anything else. However,
in our particular case, it should be clear from (3.9) that

1. (Tf,¢j) — 0in C as j — oo when f belongs to a bounded subset of Li . and
{oj }j>1 converges to zero in the strong topology of D.

1
loc

2. (Ty,¢) = 0in C as j — oo when {fj};>1 converges to zero in L,. and ¢

belongs to a bounded subset of D.

Definition 32. Given T € D' and an open subset Q of R™, the restriction of T to
Q, denoted T'|S2, is defined as

(T]2) (0) =T (¢),
for all ¢ € D with supp (p) C Q.

Remark 33. The word restriction in Definition 32, should not be taken literally,
since R” is not the domain of T. It really means that the distribution T is being
restricted to the linear subspace of D consisting of those functions ¢ with support
contained in ). Later on, we will explicitly restrict a distribution to a linear subspace
of its domain, thus using the word restriction with its proper meaning.

If D(Q) is the linear space of those functions ¢ € D with supp(¢) C Q, all
we have said in Remarks 17 and 22 applies to D (€2). Thus, 7|2 is a linear and
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Laurent Schwartz’s Distributions 29

continuous functional on D (), or in other words, belongs to D’ (), the topological
dual of D ().
For instance, the function f (z) = 1/ does not define a distribution of the form

Tt on R, because f is not locally integrable on R. However, Ty belongs to D’ (R\ {0})
since 1/x is a locally integrable function on R\ {0}.

Definition 34. A distribution T € D’ is zero on an open subset Q of R™, if T |Q2 =0,
that is, if T (¢) =0 for every ¢ € D(Q).

For instance, the Dirac distribution 4, is zero on R™\ {a}.
Definition 35. Given T1,Ty € D' we say that they coincide on an open subset Q of
R™ if (T1 — To) |2 = 0.

We consider the following question: Suppose that the distribution 7' € D’ is zero
on an open subset €; of R” for ¢ € I, where I is an arbitrary set of indexes. If
Q = Uier i, is it true that T' is zero on Q7. We will answer this question on the
affirmative, but to do that, we will need to “cut up” a test function into pieces that
are still test functions, but with specific properties. The following theorem is the
tool we will use.

Theorem 36. Given K CR" compact and given a finite covering {Qj}1<j<k of K
by open sets, there are functions {O‘j}1<j<k so that o

1. aj € D(Qy) for each 1 < j <k,
2. 0 < aj(z) <1 for all x € R™ and for each 1 < j <k,
3. Zlgjgk aj =1 for each x in a certain open neighborhood of K.

Proof. It should be clear that there is ¢ > 0 and there are compact sets K; so
that the 2e-neighborhood(K;) € Q; for 1 < j < k and the e-neighborhood(K’) C

U Kj. For each 1 < j < k, we select a function ¢; satisfying the conditions
1<j<k
stated in Theorem 25, with respect to the compact set that is the closure of the
e-neighborhood(K;). Then, we define

ar = P,
ar = pa(l—¢1),
az = @3(1—¢1)(L—¢2),...,
ap = pr(l—p1) (1 —p2)...(1—pp-1).
Thus, the function «; satisfies 1) and 2). As for 3), it can be proved by induction
on k that

Zlﬁjgkz aj=1—=(1—=¢1)...(1— ).

So, if # € e-neighborhood(K), it should be clear that ;. a; (z) = 1.
This completes the proof of the theorem. O
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Definition 37. Given K C R" compact and given a finite covering {Qj}1<j<k of K
by open sets, a family {aj}1<j<k of functions satisfying the conditions in Theorem
36 1is called a partition of unity associated with the covering {Qj}1<j<k‘

Theorem 38. Let us assume that the distribution T € D’ is zero on an open subset
Qi of R™ fori € I, where I is an arbitrary set of indexes. If Q = J;c; i, then, T
is zero on ).

Proof. Given ¢ € D (), let K = supp(p). Since {;},.; is a covering of the
compact set K, we can select a finite covering, {Qij }1 <<k According to Theorem
36, there is a partition of unity {a;},; <j<k associated with the covering {Q%
Then,

}léjﬁk’

k
= aje,
=1

where a;p € D (QZ ) Since, by definition, D (QZJ) CD)CDforalll <j <k,

J
we can write
k

T () =Y T (aje),

j=1
which is zero by hypothesis. Thus, 7|2 = 0.
This completes the proof of the theorem. O

Definition 39. The support of a distribution T € D', denoted supp (T), is defined
as the complement of the largest open subset of R™ where T is zero.
Theorem 38 allows us to say that

supp (T) = R”\U {QCR" open:T|Q2 =0}.
Example 40. 1. The support of the Dirac distribution d, is {a}. The support
of the distribution 7" defined in (3.4) is also {a}.
When the support of a distribution is a single point {a}, it is customary to

say that the distribution is concentrated on {a}.

2. If T} is the distribution defined by a locally integrable function f,
supp (Ty) S supp (f) -

Indeed, if zg ¢ supp (f), there is an open set U C R™ so that f(z) = 0 for
every « € U. Then, Ty (¢) = 0 for every ¢ € D (U). Thus, xg ¢ supp (T}).

The inclusion supp (Tt) € supp (f) can be strict. Indeed, if f = xq, the
characteristic function of the rationals, given ¢ € D (R), fR xopdr = 0. Thus,
supp (TXQ) = @. However, as we saw in Example 11, supp (xq) = R.
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Let us observe that the distribution 7y defined by a locally integrable function
f, remains unchanged when f is replaced by a function g equal to f except on
a null set. Thus, supp (T¢) does not change either. Of course, supp (g) may
differ from supp (f).

3. If f:R"™ — C is continuous,

supp (Ty) = supp (f) -

We only need to verify that supp (f) C supp (Ty). If o & supp (1), there is
an open ball B, centered at xg so that

fWey)dy=0
R’ﬂ
for all ¢ € D (B.). If we assume that ¢ € supp (f), there is 1 € B. so that
f(z1) # 0. Since f is continuous at 1, there is ¢’ < ¢ such that f (z) # 0
for x € B./, an open ball contained in B, and centered at x;. The function
¢ (+) pj (x — -) belongs to D (B;) for z € R™. Thus,

Rnf(y)cp(y)pj(w—y)dyzo.

Furthermore, as we have shown in 1) of Remark 29, fo * p; — fo in L' as
j — oo. Thus, fy is zero a.e. on R™. In particular, if we pick a test function
o that is equal to one on B/, we conclude that f is zero a.e. on B., which is
not possible. Therefore, ¢ ¢ supp (f).

Lemma 41. Let T € D' and p € D. If supp (T) () supp (¢) = &, then T (¢) = 0.

Proof. That supp (T) () supp (¢) = & implies that supp (¢) C R™\supp (T). Since
T is zero on the open set U = R™\supp (T') and ¢ € D (U), we can conclude, by
definition, that T (¢) = 0.

This completes the proof of the lemma. O

Remark 42. 1. There is a more general version of Theorem 36 (see [25], p. 22,
Theorem IT), which would give us the following extension result ([25], p. 27,
Theorem IV):

For each ¢ € I, an arbitrary set of indexes, we fix a distribution T; € D’ (Q;),
where (; is an open subset of R™. Furthermore, we stipulate the following
compatibility condition: If Q; (€, is not empty, T; [ (1 Q; = T; 2% () Q5.
Then, if Q = J,.; Q;, there is a distribution, in fact unique, T' € D’ (), so
that T' ‘Qz =1T,.

Roughly speaking, we can “stitch” together an arbitrary bunch of compatible

distributions, by means of a certain partition of unity, obtaining a distribution
that is a unique extension of all the pieces.

icl
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What we said in Remark 33 about the use of the word restriction applies to
the word extension as well.

. Given 1 C Qj open subsets of R" and given a distribution 77 in D' (Qy),

the Hahn-Banach theorem for locally convex and Hausdorff topological linear
spaces (see, for instance, [16], p. 180, Proposition 1) implies that there is a
distribution T in D’ (22) such that T5 |Qy = T3.

Example 43. Sometimes, there is an explicit ad hoc method to extend a particular
distribution. Let us look at three examples.

1. The first one involves the distribution Ty in D’ (R\ {0}) for f (z) = 1/z. Let

us observe that the function 1/x is measurable, but not locally integrable, on
R. Given ¢ € D (R) and given j > 1, let us consider

It should be clear that T; € D' (R) for each j > 1. We claim that (3.10)
has a limit in C as j — oo. In fact, we can assume that supp(¢) C B, =
{zeR: |z| < r} for some r > 1. Then, if 1 < j' < j,

/ p(2) _/ p(2)
r>lz|>1/50 L r>lz|>1/5 L

/ o (x) e
1/j'>|z[>1/5 T

= (1) +(2).

<

dx
e (0)] / b
1/j'>lx|>1/5 &

Since the function 1/x is odd, the integral in (2) is zero. As for (1),

/ (@) =0
1/5'>|a>1/j z

So, there is lim T} (¢) in C as j — oo, for each ¢ € D (R). Let us call the limit
T (¢). Since
/ p)
r>lz|>1/j L

T ()] < 2rsup |¢' (2)
z€eR

zeR J J

< 2sup |y’ (z)] <1,—1> = 0.
7,3 =00

Ty ()| = :

<2 <7~ - 1,> sup | ()

J/ zeR

we conclude that
, (3.11)
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for ¢ € Dp, (R).

Therefore, according to Remark 17 and Remark 22, T belongs to D’ (R). The
distribution T is called the principal value of 1/z and it is denoted pv1/z.

That is,
1
(pv,gp) = lim go(x)dx’
x

Iz Jig>1/; T

for p € D.
It should be clear that pv1/x extends Ty to R, when f (z) = 1/x.
2. In the second example, we consider the distribution Ty in D’ (R\ {0}) for

f(z) = 1/2%. Once again, the function is measurable, but not locally in-
tegrable, on R.

We begin in the same way as in the first example. Given ¢ € D (R) and given

Jj > 1, let us write
x
Tj (#) =/ 4 (2 ) g (3.12)
lel>1/5 T

As before, T; € D' (R) for each j > 1. If supp(¢) € B, = {z € R: |z| < r} for
some r > 1 and if 1 < j' < j,

/ w(f)dx_/ @(f)dx
r>le|>1/§ T r>la>1/5 T

_ _ /
/ @(;v) dx / @ (x) — 0 (0) — ¢ (0) dr
1/j>z|>1/5 % 1/4'>|x|>1/j

12
Lol 2

1722 >1/f T 1/j'>lal>1/j T
= MW+@+3).

<

+1e (0)] + ¢ (0)]

As in the first example, the integral in (3) is zero. Since | (z) — ¢ (0) — z¢' (0)] <
% sup,cr |¢” (x)], we can write

i
z€R J D/ oo

(1) <sup|¢” (z)| <1 - 1) - 0.

Therefore, there is

_ _ /
- P =00 =2 ), 5.15)
7700 Jla>1/j x
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for each ¢ € Dp, (R). As for (2),

dx
—|=40G-4)-
/1/jf>z|>1/j a?

This divergence is unavoidable, so we simply put it aside.

From the estimate

/ p(z) =9 (0) —2¢'(0)
r>lel>1/]

T2

<2 (r — ;) 1sup ‘go" (a:)‘

2 zeR

for ¢ € Dp, (R), we can conclude that (3.13) defines a distribution in D’ (R),
which is called the finite part of 1/z2 and it is denoted fp1/x2. That is,

<fpx12’ (p) — lim p(2) =0 (0) —2¢'(0) .

h 2
I Jz[>1/5 x

and

‘(fp;w)‘ < gsup " ()], (3.14)

z€eR
where p € D (B,).
It should be clear that fp1/x? extends T} to R when f (z) = 1/22%

3. Finally, we consider the distribution Ty in D’ (R\ {0}) for f () =1/ |z|. Once
again, the function is measurable, but not locally integrable, on R. We begin
in the same way as in the first example.

Given ¢ € D (R) and given j > 1, let us write

o p(@)
T]((p)_/|ﬂ>1/j |z| -

As before, Tj € D' (R) for each j > 1. If supp(p) € B, = {z € R: |z| < r} for
some r > 1 and if 1 < j' < j,
/ @(l‘)dx_/ p(),
r>lzi>1/50 |7 r>lz>1/5 |Z]

/ A / p@) =),
Vislels1/5 1] Vizle>1i 1]

= (1) +(2).

<

+1 (0)]

/ dz
1/j/>|2l>1/7 1]
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Since the function 1/ |z| is even,

15 :
/ dz) _ 2/ T om <
1> le>1/5 12| 1j J

This divergence is unavoidable, so we simply put it aside, as we did in 2).

Asin 1),

(1) =

1 1
<2suplf @] (5, -5) = 0
$€R ‘77

[ p@ =0,
137> |e>1/] |z

So, there is
. p(@) = 9(0)

. X
3700 Jrs|z|>1/ |z]

in C, for each ¢ € D (R). Let us call the limit 7" (¢). Since

/ p(z) =9 (0)
r>lz|>1/j 2]

we conclude that

)

<9 <r - 1,) sup ¢ ()

J/ zeR

T ()| < 2rsup ¢’ (2)],
z€R

for ¢ € Dp, (R).

Therefore, according to Remark 17 and Remark 22, T belongs to D’ (R). The
distribution 7 is called the finite part of 1/ |x| and it is denoted fp 1/ |z|. That

1s,
(fp1|,¢> ~ lim p@) =),

|z 500 Jig|>1/; |z|
for p € D.
It should be clear that fp1/|z| extends Tt to R when f (z) =1/|z|.

Remark 44. 1. In Example 43, we could have used ¢ > 0 instead of 1/j for
j > 1, taking the limit as ¢ — 0. But, strictly speaking, we would had been
using a net, while we promised to work only with sequences. Of course, this
is just a minor detail.
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2. The distribution pv1/z is odd, while the distributions fp1/z% and fp1/|z|
are even. Indeed, according to 4) in Example 23, if ¢ € D,

— ® H(— =1/j 5 (—
. i Jja>17 X im0 \ 1y @ e
—o0 1/4
= lim / 2@ 4y / 2@ g ) = tim / @) 4,
J—00 -1/ x 0o xT j—o0 2| >1/; T

< 1 )
= —\pPv,¥ ],
T
while

(i () ) = 0 (=) =9 (0) = (-2) ¢ (0)

; 2
I700 J|2|>1/j v

= <fp;2, s0>

<d_1 < fpl) ,<p) — lim p2) =),

2] J=00 J|z|>1/; |z|
1
= <fp7(/7> .
||

4 The spaces S, S, &, &, D' and D™

and

We begin with a definition.

Definition 45. Let
E={p:R" = C: ¢ is smooth} .

The space & is a complex linear space. We consider in & the topology defined by
the countable family of semi-norms

el .5, = sup sup [(0%) (z)], (4.1)
|| <m xE€By,

for each m = 0,1, ... and each By, = {x € R" : |x| < k} for k > 1.

With this topology, € becomes a Fréchet space. A sequence {goj}j>1 converges to
v in £ exactly when, for each o € N, the sequence {Oatpj}j21 converges to 0% as
J — oo, uniformly on each compact subset of R™.
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Example 46. Let ¢ € D be so that 0 < ¢ () <1 for all z € R™. Moreover let
(1 ifjel <1
w(x)_{ 0 if 2| > 2
Theorem 25 shows how to construct such a function.
Let v () = ¢ (z/j) for j > 1. Then, the sequence {wj}j>1 converges in £ as
j — 0o to the function identically equal to one. a

Indeed, if we fix K C R™ compact, there is jo = jo (K) > 1 so that [¢; (z) — 1| =
0 for z € K and j > jo. Thus, trivially, {¢;} j>1 converges to one uniformly on K,
1

as j — oo.
If we fix a e N*, |a| > 1 and z € K,
x
et (05
1 (0%
< L sup |(0°0) ()] > 0.

- ]'a‘ zeK j—)OO

0% (¢ =) (2)] = 0% (Ygj ()] =

Remark 47. A test function like v in Example 46, is called a cut-off function. When
preserving smoothness is not an issue, the characteristic function of an appropriate
set can be used as a cut-off function. This was done, for instance, when we truncated
an LP-function in Remark 29.

Definition 48. A smooth function ¢ : R™ — C is rapidly decreasing at infinity with
all its derivatives if for each o, € N™,

sup
z€R™

2 (97) (x)‘ < 0. (4.2)

We denote S the complex linear space consisting of those smooth functions that
are rapidly decreasing at infinity with oll its derivatives. The space S becomes a
Fréchet space with the topology induced by the countable family of semi-norms

léllop = sup sup , (4.3)

|a|<a,|B|<bxeR™

o (35 90) ()

for a,b =0,1,.... A sequence {gpj}jZI converges to @ in S exactly when m“@ﬁcpj
converges to x0%¢p as j — oo, uniformly on R™, for each o, 8 € N".

We will refer to functions in S, simply, as smooth functions that are rapidly
decreasing with all its derivatives.

Example 49. 1. The function

2
_ —lal
p(r)=e
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belongs to S§. Indeed, since ¢ is the composition of two smooth functions,
t —etand x — |m|27 it is smooth. Moreover, it should be clear that ¢ is
rapidly decreasing.

As for the derivatives, we claim that

o () (@) = e+ P a), (4.9
where P (z) is a polynomial function of degree |a|.
Indeed, when |of =1,

Oa, (e_mz) (z) = —2z;e 1",
If we assume that (4.4) is true when |a| < k for some k > 1,

0.,0° () (@) = 0, (7" P () = <20, (0) " + (0, P) (a).

Therefore, (4.4) is true for all . Then, it should be clear that all the derivatives
of e~1** are rapidly decreasing.

2. The function )
'l/} (x) — eilxlzeie‘z‘ ,

which is smooth and rapidly decreasing, does not belong to S, since

—lz)? el | . gelzlelzl?
Oz, (1) = —2mj5e o7 giel™ 4 jete® e 2z

is not rapidly decreasing.
Lemma 50. As a consequence of (4.2), there is

2 (%) (@)] =0,

lim sup
I w]>j

for each o, B € N”, or equivalently, there is

i (@6) o] -0

for each a, B € N™.

Proof. Let us fix a, 8 € N* and m = 1,2, .... According to Corollary 2 and Remark
3,

(1 + |x’2)m a (35¢> (a:)‘ = Ivzli:O (m—my — ... jlflyn)!'yl!’ygl...’yn! Z*THe (aﬂgp) (x)‘
< (") sl 0l s
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Thus,
sup |z (8’3@) (a:)‘
|z|>j
—m
< | Cun <m M n> sup sup |22 ((‘)@p) (1:)‘] sup (1 + ]:L“|2)
m [v|[<m zeR™ ][>
1 —m
< |Cmn <m M n> sup sup |z27T* (8690) (1:)‘ <1 + 2> — 0
m ly|<m z€R™ J J—0
This completes the proof of the lemma. O

Lemma 51. Pointwise multiplication by a fized function n € &€ is a linear and
continuous operator from & into .

Proof. 1t should be clear that the operator is well defined and it is linear. Given
p € & and a € N", if @ # 0 we can write, according to Lemma 4,

@ )@ =@ @)@+ ¥ (5) (@)@ (@)@ 1o
0<B<a

If & = 0, we only have the first term in (4.6). Therefore, it suffices to work with
«a # 0. From the estimates

z€By r€By z€By

sup [n) () 9% (¢) (z)] < <Sup\n(xﬂ> sup [0% () (z)]

and

a3 (5) @ )of<c. (m mp

€8k g g<a

(9%n) <x>)> sup sup (977 (),

B<LazeBy

follows the continuity of the multiplication.
This completes the proof of the lemma. O

Remark 52. Let us observe that the pointwise multiplication by a fixed function
n € £ remains well defined and continuous, if considered between other appropriate
spaces, for instance from D into D. It is not well defined, in general, from S into S,
as can be seen by taking, for instance, n (z) = elel’.

Theorem 53. We have the following continuous, dense, and strict inclusions:
D—S—=¢&
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Proof. It should be clear that, as sets, D is included in S and S is included in &.
The inclusions are strict, since, for instance, e~ lel’ belongs to S\D and elel’ belongs
to E\S.

If we fix K C R"™ compact, and «, 8 € N, the estimate

(aﬁ 90) () ‘

x (85@) ()| = sup |z“| sup
zeK z€R™

sup
z€R™

for ¢ € Dg, implies that the inclusion of D into S is continuous.
If we fix K C R" compact, o € N", the estimate

(0°¢) ()]

sup |(9%) ()] < sup

for ¢ € S, implies that the inclusion of § into £ is continuous.

So, we are left to prove that D is dense in S and that § is dense in €. In both
cases, we will use the sequence {1); }j>1 defined in Example 46.

If we fix ¢ € S, we claim that the sequence {¢v; }321, contained in D, converges
to ¢ in §. To prove this claim, we need to show that given a,b = 0,1,..., the
sequence 229” (p (¢j — 1)) (x) converges to zero as j — oo, uniformly with respect
to x € R", for each |a| < a,|B] <b.

If B # 0, using Leibniz’s rule we can write

207 (p (4 = D) (@) = (1) (@) 2" (0% ) () (4.7)
+0<% <f ) 2 (97779) (@) ﬂlﬂ (@) <;”> L (4.8)

If B =0, we only have (4.7) with 8 = 0. Thus, it suffices to consider the case
B # 0. Each term in (4.8) can be estimated as

AT sSup
]Lﬂ Y/ zeRn

As for (4.7), since ¢ € S and ¢ (z) =1 for |z] < j,

2 (9779) ()

sup |(974) (x)] — 0.

zER™ ]—)OO

sup
z€R™

x® (aﬁw) ({L‘)) — 0.

j—00

(¥ —1) (@) (9°¢) (@)] < sup

|z] >3

Hence, we have proved that D is dense in S. To show that S is dense in &, it is
enough to show that D is dense in £. So, let us fix n € £ and let us consider the
sequence {nyY; }j>1, contained in D. According to Lemma 51 and Example 46, the
sequence {771/1]-}].21 converges to n in £ as j — oo.

This completes the proof of the theorem. O
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Lemma 54. If A denotes one of the spaces D,E or S, the operator 0% is linear and
continuous from A into itself. Moreover,

supp (0%¢) C supp (¢) ,
for ¢ € A.

Proof. Let us consider the case A = 8§, the other cases being similar. It should be
clear that the operator 0% is well defined and it is linear. If we fix a,b =0, 1, ...,

o (o

27 (9%) (@)

10%ll,, =  sup sup
[l <a,| 5| <b zeR™

< sup sup
[7/<a,|B|<b+|af zER™

)

which shows that the operator 0% is continuous from § into itself.

Finally, if o ¢ supp (), it means that ¢ is zero on an open neighborhood of
wg. Consequently, each partial derivative d;;¢ must be zero on the neighborhood.
Iterating this process, we conclude that 0%y is zero on that neighborhood.

This completes the proof of the lemma. O

Definition 55. A continuous linear functional T : S — C is called a tempered
distribution.

In other words, a linear functional T : S — C is a tempered distribution exactly
when T (p;) = 0 in C as j — oo, whenever ¢; — 0 in the Fréchet space S as
j — oo.

The complex linear space consisting of all the tempered distributions is denoted
S'. By definition, S’ is the topological dual of S.

Remark 56. 1. According to Theorem 53, if T' € &', then T'|D : D — C belongs
to D’. That is, we can say that a tempered distribution is a distribution in
the sense of Definition 19 or Definition 20.

Since D is dense in S, a tempered distribution is uniquely determined by its
restriction to D.

2. Given a distribution 7" in D', it is not always possible to extend it to a distri-
bution in &’.

For2 example, let us consider the distribution in D’ defined by the function
el*l”. Tt should be clear that T .2 is not a tempered distribution, since, for

instance, the pairing (Telz‘g , 6|I|2> does not equal a complex number.

Furthermore, there is no tempered distribution 7" such that
To) = [ oy
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for all ¢ € D. To prove it, we consider the sequence {6_|x|2¢j} oy where
J>
Y (x) = (x/j) is the function in Example 46.

As shown in the proof of Theorem 53, there is lim;_,, ¢1); = ¢ in §. Therefore,
if such a tempered distribution 7" would exist,

(T, e_|$‘2> = lim (T, e_|x‘2wj) = lim e|x\2€—\x|2w <x> dz
J—00 j—oo Jrn 7
> lim meas (B;)
j—00

where Bj = {x € R" : |z| < j}, which is not possible.

Theorem 57. The space S is continuously included in LP for all 1 < p < o0.
Moreover, the inclusion is dense for 1 < p < oo.

Proof. Given ¢ € S,
1€l oo = sup [ ()]
Tz€R™

Thus, § is continuously included in L*°.
IfpeS,1<p<ocoand m=1,2,..,

lll?, < <f§£ )(1 + IxIQ)mso(x)(p> /Rn (1 + |x12)7mp dz.

-~

(1)

Estimate (4.5) takes care of (1). As for the integral,

/n (1 + ]x\Q) R - Cn/o (L1473 rdr
1

Ch </ r"dr —i—/ (1 —|—r2)_mpdr> < 00, (4.9)
0 1
if m > n/2p.

That S is dense in LP for 1 < p < oo, follows from Theorem 28 and Theorem 53.
This completes the proof of the theorem. O

IN

The following result is a fairly immediate consequence of Theorem 57.

Corollary 58. Given ¢ € S, the functions 0% (xﬂgo) and zP0%p belong to LP for
all 1 <p < oo and for all a, B € N,

Example 59. 1. According to Theorem 57, if f € L? for any 1 < p < oo, the
distribution Ty belongs to &'
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2. If P is a complex polynomial function, P (z) = Zoga\gd cox® with ¢, € C,
the distribution Tp is tempered. Indeed, given ¢ € S,

[ IP@e@ld < |ca|/ 2% ()] da
) |a|=0
< Cp(sup (1+|x! % (x )/ 1+\:c\ mdac.
TER? n

P

(1) 2)
Now, (4.5) takes care of (1), while (4.9) takes care of (2).

3. A function f : R" — C is slowly increasing at infinity if there is a number
k € N such that

[ (x)

sup |—————| < 0.

%
z€R™ (1 + |:c]2)

For instance, a polynomial function P as in 1), is slowly increasing at infinity.
We will refer to these functions, simply, as slowly increasing.
4. In general, if f is a slowly increasing and Lebesgue measurable function, T’ is

a tempered distribution. The verification requires calculations that are very
similar to those used in 2).

5. The distributions pv1/z, fp1/x?, and fp1/|z|, defined in Example 43, are
tempered distributions.

Indeed, given ¢ € S,

/ w(x)dxz/ w(w)dx+/ pl),
lz[>1/j T lz[>2 ¥ 2>z[>1/j ¥

(1) @)

As in 1) of Example 43, there is lim;_, (2) and

/ 7@(:6)7('0(0)0@ §2<2—1,> sup‘go’(:z:)
2>|z|>1/4 T J/ zeR

dx
(D] < sup [zp (z)] pox
z€R |z|>2 T

2)] =

while

kst sk ok sk ok sk s ok sk sk ok ok sk sk ok sk sk sk s ok sk sk sk s sk sk sk ok sk sk sk s ok sk sk sk st sk sk sk ok sk sk sk sk ok sk sk sk s sk sk sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk skok ok sk ok

Surveys in Mathematics and its Applications 15 (2020), 1 — 137
http://www.utgjiu.ro/math/sma


http://www.utgjiu.ro/math/sma/v15/v15.html
http://www.utgjiu.ro/math/sma

44 Josefina Alvarez

As in 2) of Example 43, there is

¢ (x) — ¢ (0) — z¢’ ©),

lim

; 2 X.
I Jo>|x|>1/5 Z
Therefore,
p / g0(;”)6133 (4.10)
le[>1/5 T
_ _ /
< / so(gﬂ)dx +/ ¢ (x) 90(02) 2¢'(0) ;.
lz[>2 L 2>[z[>1/j x
dx 1
< swlp@)l [ Sroswl @] (2-1),
z€R |z|>2 T zeR J

where fp in (4.10) indicates the finite terms in the integral.
Finally, there is

Jim p@)—9©),
700 Jos|z[>1/j |z]
S0,
fp/ p(2)
|z|>1/5 2]
/ AP I / p(2) —»(0)
|| >2 |z| 2>|x|>1/4 |z|
dx , 1
< suplze (x) —2+2sup‘<p ()| (2-=).
zeR lz|>2 & z€R J

6. With the same work done in 5) of Example 23, we can prove that the series
> j>1 €J25j defines a distribution 7" in D' (R). However, T is not a tempered
distribution, since the pairing

k

-2 2
22|
E el dj,e =k,

J=1

does not have a limit in C as £k — oo. Furthermore, there is no tempered
distribution 7" such that

— Uy
T|D = ijle 5.
To see it, we only need to follow the proof of 2) in Remark 56.
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The proof of the next result should be pretty straightforward, after the numerous
estimates we have done on functions in the space S.

Theorem 60. 1. Given ¢ € &, the following statements are equivalent:
(a) p €S.
(b) For each polynomial function P (x) and each o € N", there is Cpgo > 0
so that

Sup 0% (P () ¢) ()| < Cpa-
TER™

(c) Given o € N* and r € R, there is Cy,r > 0 so that

sup (1 + |x\2) (0%) (x)‘ < Cqp-
TER™
2. The formulas
sup  sup 0% (x'B cp) (a:)‘
|a|<m,|B|<l z€R™
and ,
sup sup [ (14 J2?) " (0%%) ()]
|a| <m xzER™

define families of semi-norms that are equivalent to the family of semi-norms
given by (4.3).

Definition 61. The linear space consisting of all the linear and continuous func-
tionals T : £ —C is denoted E'. By definition, £ is the topological dual of £.

According to Theorem 53, given T' € &', the restriction T : S—C is a tempered
distribution. Moreover, T is uniquely determined by its values on D. Furthermore,
we have the following result:

Theorem 62. The space £ can be identified, as a linear space, with the linear
subspace of D' consisting of distributions with compact support.

Proof. Let
K={T e€D": supp(T) is compact} .

We will prove that the restriction operator r : & — D', defined as r (T') = T'|D,
is a bijection between £ and K.

Let us begin by showing that r (£') C K.

Given T € &', let Ty = T|D. If T1 does not have compact support, for each
k > 1 there is ¢ € D so that supp (pr) C {z € R" : |z| > k} and T (¢r) # 0. We
can assume that 77 (¢r) = 1 for all & > 1.

skesk sk ok sk ok ok s ok sk sk ok ok sk sk ok sk sk sk s ok sk sk sk s sk sk sk ok sk sk sk s ok sk sk sk sk sk sk ok sk sk sk sk ok sk sk sk s ok sk sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk skok ok sk ok

Surveys in Mathematics and its Applications 15 (2020), 1 — 137
http://www.utgjiu.ro/math/sma


http://www.utgjiu.ro/math/sma/v15/v15.html
http://www.utgjiu.ro/math/sma

46 Josefina Alvarez

The sequence {¢j};~, converges trivially to zero in € as k — oo. Hence,
T1 (¢r) = T (1) must converge to zero in C as k — oo, which is a contradiction.
So T} € K. It should be clear that r is linear.

Next we show that the restriction map 7 is injective from &’ into K.

Given ¢ € &, according to Theorem 53 there is a sequence {¢p; }j21 in D so that
©;j = pin € as j — co. Now, given T € &', if r (T') = 0, we have

(T2 0)er e = Jim (T, )1 e = lim (r(T), 5)p p =0,

since (r (1), ¢j)pr p = 0 for every j > 1. Thus, T'= 0.

Let us observe that the subscripts indicate, as mentioned in Definition 19, the
duality used.

To prove that r is surjective, we will define a linear map e : K — &’ such that
r o e is the identity map on K.

Given T € IC, we pick a function o € D so that o = 1 on an open neighborhood
of supp (T'). Then, we define the linear functional 75 from £ into C as

Ta (p) =T (o) .

First, we claim that 75 € £’. In fact, if p; — 0in £ as j — oo, it should be clear
that aqp; — 0in D as j — oo and therefore, Ts (¢;) =T (agpj) = 0in C as j — oo.

Moreover, the definition of T5 is independent of « satisfying the stated conditions.
Indeed, if o, € D are equal to one, each on an open neighborhood of supp (T,
we can say that supp (T') () supp ((a — B) ¢) = @, for ¢ € £. Therefore, Lemma 41
implies that T' ((a — B) ¢) =0 or T (ap) =T (Bp).

So, the map e is well defined. It should be clear that e is linear and that r o e is
the identity map on .

This completes the proof of the theorem. O

Remark 63. When we refer to T' € £’ as being a distribution with compact support,
we will always mean in the sense of Theorem 62.

Example 64. 1. According to 1) in Example 40, the distributions d, and 77"
belong to &’.

Moreover, if a function f has compact support and belongs to Lf o for some
1 < p < oo, Ty belongs to &'

2. Given a sequence {a; }j21 converging to zero in R as j — oo, the series

2

Jj=1

%
j2
defines a distribution 7" in &' (R).
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Indeed, if ¢ € £(R) and K C R is compact,

Sa a;
S o]l - 1S E < (S5 ) sl @,

>1 =1 g1 ) weK

[\

which shows that T' € £ (R).

Moreover, if a = sup;~4 {|a;|} and supp (¢) C {z € R: x| > a + 1}, it should
be clear that (T, ) = 0. Therefore, supp (T) C [—a — 1,a + 1].

Lemma 65. Let T € D' and let ¢ € E. If supp (T) () supp () is a compact set K,
the pairing (T, ) can be defined.

Proof. Given € > 0, let a € D be so that o (z) = 1 for x in the e-neighborhood(K)
and supp (o)) C 2e-neighborhood(K).

Then, ap € D and we can write (T, ) pip-

We only need to show that the pairing does not depend on the function « sat-
isfying the stated conditions. In fact, if 8 € D is another function like o, we claim

that supp (T) () supp (o — B) ¢) = 2.
Indeed,

N

(R™\e-neighborhood (K)) ﬂ supp (p)
R™\ (Sum? (T) (") supp (90)) () supp ()

= ((]R”\supp (7)) U R™\supp (90)) m supp ()
S (R™"\supp(T)).

Thus, according to Lemma 41,

(T, (@ = B) @)prp = 0

This completes the proof of the lemma. O

supp (o — ) )

N

Remark 66. In Lemma 65 we can use, for instance, open balls centered at zero, as
neighborhoods of the intersection.

Remark 67. A subset B of £ is bounded when, for each K C R™ compact and for
each a € N,

sup sup [(0%¢) (z)| < oc.
peBxeK

In the space £ we consider the dual topology, also called strong topology, induced
by the uncountable family of semi-norms

1Tlgr g = sup [T (¢)], (4.11)
peB

sk sk sk ok sk ok ok s ok sk sk ok ok sk sk ok sk sk sk ok sk sk ok s sk sk sk ok sk sk sk s ok sk sk sk s sk sk sk ok sk sk sk sk ok sk sk sk s sk sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk sk ok ok sk ok

Surveys in Mathematics and its Applications 15 (2020), 1 — 137
http://www.utgjiu.ro/math/sma


http://www.utgjiu.ro/math/sma/v15/v15.html
http://www.utgjiu.ro/math/sma

48 Josefina Alvarez

for all the bounded subsets B of £. With this topology, £ is a complete, locally
convex and non-metrizable topological linear space ([25], p. 89). We will always use
this topology in &’.

Let us observe that, although Theorem 62 identifies £, as a linear space, with
the linear subspace K of D/, the topology of £ is different, in fact it is finer, than
the topology induced by D’ in K ([25], p. 89).

Still, according to Remark 22, the bounded subsets of D are also bounded in £.
So, if {T}},-, converges to zero in £ as j — oo, the sequence {r (7})},,, converges
to zero in D’ as j — oo.

From (4.11), it should be clear that a sequence {T}} ., converges to zero in the
strong topology of £ as j — oo if, and only if, T} (¢) — 0 as j — oo, uniformly on
B, for each bounded subset B of £. That is to say if, and only if,

sup [T (¢)| — 0

wEB Jj—oo
for each B C £ bounded. This form of convergence is called the strong convergence.
Moreover, the space £ with the topology induced by the semi-norms (4.1), is the
topological dual of the space & with the strong topology ([25], p. 90). Thus, £ and
E" are reflexive. Let us point out that the strong topology in & coincides with the
inductive limit topology induced by the spaces

Ex ={T €& :supp(T) C K},

for K C R™ compact ([25], p. 90).
The strong, or dual, topology of the space S’ is defined in a similar manner.
First, we observe that a subset B of S is bounded exactly when, for each «, 5 € N,

sup sup |z (3'890) (:c)‘ < 0.

pEB zeR™

We consider in &’ the topology induced by the uncountable family of semi-norms
1Tls 5 = sup [T (#)]
peB

for all the bounded subsets B of S. We will always use this topology in &’. With
this topology, S’ becomes a complete, locally convex and non-metrizable topological
linear space, for which S is the topological dual ([25], p. 238). Thus, S and S’ are
reflexive.

A sequence {Z}}jZIConverges to zero in the strong topology of &’ as j — oo if,
and only if, T (¢) — 0 as j — oo, uniformly on B, for each bounded subset B of S.
That is to say if, and only if,

sup [Tj ()| — 0
wEB j—o0
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for each B C S bounded. Once again, this form of convergence is called the strong
convergence.

This brief account of the strong topologies in £ and S’ will suffice for our purpose.
For more on these matters, we refer to ([25], Chapter III, Section 7) and Chapter
VII, Sections 3 and 4).

Theorem 68. If p; is the function defined in the proof of Theorem 25, the sequence
{ij }j>1 converges to &g in E' as j — oo.

Proof. Let us fix a bounded subset B of £. Then, for ¢ € B,

/pj@)so(x)dx—so(m\ < /H L A@e@ Ol
" z|<1/j

< Cpsup sup sup [(Oz¢) ()] pj (x) x| d
peB 1<I<nzeK lz|<1/j

Cn
= ““sup sup sup |(9,) (@)] — 0,
J peB1<i<nzeK Jj—roo

where K C R"” is compact.
This completes the proof of the theorem. O

Theorem 69. Given 1 < p < oo, the map

rw = &
f —)Tf

1s well defined, linear, and continuous.

Proof. If p € S, we have, for p = oo,

L 1@l @lde < 1l sup [(14122) "o @) [ (1+1a) " dn < o0
R T€R”™
for m > n/2.

If1<p< oo,

/ If (2)]|p(x)]dx < sup <1+\:L’| ‘/ 1+\x!> dx

R Tz€eR™

< sup |(1+]2?)" @(x)‘llfllm (1+1P) || <o
r€R™ La

for mq > n/2, where ¢ is the conjugate exponent of p.
Therefore, the map is well defined. It should be clear that it is linear.
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As for the continuity, if we fix a bounded subset B of S, the calculations done
above and Corollary 2, imply that

ITfllsr 5 < Crmpan [ fllLp sup sup  sup [z%¢ (z)].
PEB |a|<2m x€R™

So, the map is continuous.
This completes the proof of the theorem. O

Before going onto the spaces D™ and D™’ we prove the following characteri-
zation of D'

Theorem 70. Given a linear functional T : D —C, the following statements are
equivalent:

1. T is a distribution.

2. For each compact subset K of R"™, there is mx € N and Cg ,m > 0 so that

IT (p)| < Crm sup sup |0% (z)|, (4.12)

|a|<m g z€ER™
for all p € D

Proof. Let us assume that the linear functional 7' : D —C does not satisfy (4.12).
This means that there is a compact subset K of R™ such that for each C' > 0 and
m =1,2, ..., there is ¢ € Dk so that

T (¢)| > C sup sup [0% ()] .
|a|<m zeR™

In particular, if C' = m, there is ¥, € Dx satisfying

T (Ym)| > m sup sup 0%, (z)].
|a|]<m xz€R™

Let
(o

P = T
1T (¥m)|
Given 3 € N, if m > |6],

1
85gpm (:v)‘ < sup sup [0%m, ()| < — — 0.
|a|<m z€R™ m j—oo

sup
z€R™

That is to say, the sequence {¢m},,~; converges to zero in D as m — co. How-

ever, by construction, T (¢,,) = 1 for all m. This shows that T is not a distribution.
So, we have proved 1) = 2).
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Conversely, if T': D —C is a linear functional satisfying (4.12), let us see that
T € D'. That is to say, let us see that T' is continuous in the strong topology of D.

In fact, if {501'}]‘21 converges to zero in D as j — oo, then ¢; € Dy for some K C
R™ compact. Moreover, for each a € N", the sequence {(0%p;) (z)} j>1 converges to
zero uniformly for z € R™ as j — oo. Thus, according to (4.12), -

T ()] < Ckm sup  sup [(9%¢;) (z)] — 0.

|a|<mp z€ER™ j—oo

So, T is a distribution.
This completes the proof of the theorem. O

Definition 71. When mg in (4.12) can be chosen independently of K, we say that
the distribution T has finite order < m. If this is not the case, we say that the
distribution has infinite order.

Example 72. According to Example 23, the distribution 7 defined by a locally
integrable function f, and the Dirac distribution d,, both have finite order equal to
Zero.

According to (3.5), the distribution 7" has finite order < m. Actually, the order
is m.

Indeed, let P (z1) be the polynomial function z]* and let « be a function in D
satisfying the following conditions: 0 < a(x) < 1 for all x € R", a(x) = 1 when
|z] <1/3 and «(z) = 0 when |z| > 1/2. Then, for j > 1,

(T", P (i (1 —a1))a(j (- —a)) =j"ml
If we assume that the order is m’ for some 0 < m/ < m, we can write,

jrmt < G sup sup |[0%(P (5 (1 —a1)) (7 (- = a))) (z)]

|a|<m/ z€R™

< Cui™ sup sup |07 (P(1—a)al—a))
la|]<m’ |z—a|<1/2
for all 5 > 1, which is not possible.

Estimates (3.11) and (3.14) show, respectively, that the distribution pv 1/x has
finite order < 1, while the distribution fp1/2? has finite order < 2. Actually, pv1/z
does not belong to D) and fp1/z? does not belong to D',

Nevertheless, it is quite satisfactory to have just an upper bound for the order
of a distribution of finite order.

The distribution 7™ shows that there are distributions in D’ of arbitrarily large
finite order. There are also distributions of infinite order.

Indeed, for ¢ € D (R), let us consider the formal series

> oW (k). (4.13)

k>1
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We observe that if ¢ € Dk (R) for a fixed compact set K C R, there is kg > 1

so that
™ k)= > " (k).

k>1 1<k<kp

Therefore, the series is well defined in D (R). Moreover,

> o™ (k)] < sup sup|p® ()
= 1<k<kj z€R

)

for every ¢ € Dg (R). Hence, (4.13) defines a distribution 7" in D’ (R).

Let us assume that T has finite order < mg. We fix kg > mg and we consider
again the test function P (j (-1 —a))a(j(-—a)) for m = ko, a = ko and j > 1.
Then,

i*ko! = (T,P(j (1 —ko)) (i (- — ko)))

Cimgg™ sup  sup 0% (P (-1 — ko) @ (- — ko)),
|a|<mo |z—ko|<1/2

IN

which it is not possible for all j > 1.

Definition 73. We denote D™ the linear subspace of D' consisting of those dis-
tributions that have finite order < m.

Definition 74. Let D™ be the linear space of those functions ¢ : R" — C with

compact support, that are continuous and have continuous derivatives of order < m.

For m =0, the functions in DO are continuous functions with compact support.
If K CR" is compact, let

Dg?l): {cp e D™ : supp (@) C K} .

Then,
D) — U {D%n) K CR" compact} )

)

The linear space Dg;n becomes a Banach space with the norm

[l = sup sup |(9%¢) (z)|.
|a|<m z€R™

As in the case of D, the space D™ becomes a topological linear space with the
inductive limit topology of the spaces D};n) for K C R™ compact. As usual, the
topological dual space D™ is given the dual or strong topology.

However, the spaces D™ and D™ are not reflexives ([25], p. 75).
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Lemma 75. The space D is continuously and densely included in D) for all
m=20,1,....

Proof. That the inclusion is continuous, follows from Definition 74.

As for the density, given ¢ € D™ let @j = ¢ * pj, where p; is the function used
in the proof of Theorem 25.

It should be clear, from Lemma 24, that ¢; € D. Moreover, if m > 1, 0%p; =
(0%p) * pj, for |a| < m. Furthermore, we can see, as in the proof of Theorem 28,
that supp (¢;) is contained in an open neighborhood of supp (¢) for all j > 1.

Thus, to show that the sequence {ij}j>1 converges to ¢ in D™ it suffices to
show that ¢; (z) — ¢ (x) uniformly with respect to = in R™ as j — oo.

lpj(z) —p ()] =

/ .w(x—y)pj(y)dy—w(x)/ p; (y) dy
lyl<1/j

lyl<1/j

< /w o (& —y) — 0 (@)] p; () dy.

Since ¢ is uniformly continuous, because it is continuous and it has compact
support, we can say that given € > 0, there is jo = jo (¢) > 1 so that

lp(z—y) —¢(2)] <¢,

when |y| < 1/j for j > jo, for all z € R™. So, |p; () — ¢ (z)| < e for all z € R™.
This completes the proof of the lemma. O

Lemma 76. For each K C R"™ compact, the operator 0% is linear and continuous
from Dgn) into Dgn—lal); form=1,2,..., and |a| < m.

Proof. According to Lemma 54, it should be clear that the operator is well defined
and it is linear.
As for the continuity, if we fix K C R™ compact,

sup  sup |(8°T7¢) (z)| < sup sup [(87p) (z)|,
fy|<m—a] seR® fy|<m zeR

for all p € Dg(n). Thus, the operator is continuous.
This completes the proof of the lemma. O

Theorem 77. The space D™ can be identified, as a linear space, with the linear
subspace D™ of D',

Proof. According to Lemma 75, given T € D™ the restriction r (T') = T'|D defines
a linear map from D) into D’. We will show that r is a bijection between D™
and D'(™).
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To begin with, we claim that given T' € D) the linear map 7} = T |D belongs
to D'(™) . That is to say, 11 satisfies 2) in Theorem 70. Indeed, if this is not true, as
in the proof of Theorem 70, we could find a compact subset K of R" and a sequence
{j};51 In Dk so that 1

sup sup [(0°;) (2)] < -,
|a| <m zER™ J
while (71, ¢;) =1 for all j > 1, which is a contradiction. Thus, Ty € D’ (m),

Let us see that the map r is a bijection. That r is injective, follows from the
dense inclusion of D into D™, In fact, given ¢ € D™ there is sequence {e; }j21
in D that converges to ¢ in D™ as j — co. Then, if T € DM/ T () converges
to T'(¢) in C as j — oo. Moreover, if 71 = 0, it means that T (¢;) = T1 (¢j) =0
for all j > 1. Thus, T (¢) = 0. Since ¢ is arbitrary, we conclude that 7' = 0.

To prove that the map r is surjective, it suffices to show that it has a right
inverse.

Let e be the extension map defined on D™ as follows:

Given T' € D'™) by definition, T satisfies (4.12) with the same m for every
compact subset K of R".

Now, given ¢ € D™ let {ij}jzl be a sequence in D converging to ¢ in D™

as j — oo. Then, pj,¢ € Dg’l) for some K C R" compact and ¢; — ¢ in D%’l) as
j — oo. It follows from (4.12) that the sequence {T (¢;)} 5, is a Cauchy sequence

in C, since

T (p;) = T (x)| < Cr sup sup [(9% (5 — k) (x)] — 0.

|a|<m z€R™ J—roo

Let e (T) (¢) = limj_o T (¢;j). We claim that this limit does not depend on the
approximating sequence. Indeed, if {v; }j>1 is another sequence in D converging to

¢ in D™ as j — oo,

T (@) =T ()| < Cry sup sup (0% (p; — ) (x)] — 0.

o] <m z€R™ Jj—o0

Moreover, e (T') belongs to DM In fact, it should be clear, by the definition,
that e (T") is a linear functional. As for the continuity, since

T ()| < Cm sup sup [0% (¢) (z)],
|| <m zER™

taking the limit on both sides as j — oo, we get

(e (T)) ()] < Cm’K\S|u<p Sup 0% () ()]

for each ¢ € D%n). So, e (T) € D™V
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Finally, let us see that 7 o e is the identity on D/(™).
Given T € D'™ and ¢ € D, we take @; = ¢ for all j > 1 as approximating
sequence. Thus,

((roe) (1)) (p) =7 (T)(p) =T (p).

This completes the proof of the theorem. O
The following result is an immediate consequence of Theorem 77.

Corollary 78. A distribution T has order zero exactly, when it can be extended to
a linear and continuous functional from D©) into C.

Remark 79. According to Definition 74 and Theorem 70, a linear functional T :
D(™) 5 C is continuous exactly when, for each K C R" compact, there is Cmx >0
so that

T (¢)| < Cm,x sup sup [9% (p) (z)],
|a| <m zER™

for each ¢ € D%n).

Remark 80. As in Remark 67, let us observe that the bounded subsets of D are
also bounded in D). Therefore, if {Tj}j>1 converges to zero in D™ as j — oo,
the sequence {r (7})},., converges to zero in D’ as j — oco.

There is a very interesting connection between distributions of order zero and
measures. Indeed, certain linear and continuous functionals on D can be repre-
sented as integrals with respect to certain measures. The result that guarantees this
connection between functionals and measures is the Riesz-Markov-Kakutani the-
orem, named after the mathematicians Frigyes Riesz (1880-1956), Andrei Markov
(1856-1922), and Shizuo Kakutani (1911-2004). Starting with Riesz’s version, set on
R, Markov and Kakutani formulated increasingly general versions of the theorem,
which is, in the end, true on a locally compact Hausdorff topological space. For our
purposes, it will suffice to work on R”, and we will do so.

We begin with a few definitions.

Definition 81. Let (R", B) be the Borel measurable space. A measure p : B — [0, o0
is called a Borel measure if u(K) is finite for every K C R™ compact.

Definition 82. A Borel measure p is reqular if given A € B,

p(A) = sup{u(K): K C A compact}
= inf{pu(U): ACU open}.

Remark 83. According to ([7], p. 206, Proposition 7.2.3.), a finite Borel measure
is regular.
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Definition 84. Given T € DO we say that T is positive if T (@) is real and
non-negative for every o € DO that is real and non-negative.

Now, we state, on R™, the Riesz-Markov-Kakutani theorem.

Theorem 85. Given T € DO positive, there is a unique regular Borel measure p
so that

T (¢) = / pdj,
for every o € D).

For a detailed and self-contained exposition of this theorem in its general version
see, for instance, ([19]; [7], p. 209, Theorem 7.2.8).

The result published by Riesz in 1909, became the first of many Riesz represen-
tation theorems, that although could differ greatly from one to the other, all had as
ultimate goal, to provide a concrete description of a topological dual. An excellent
reference for the historical evolution of this matter is [9].

Example 86. 1. In general, the distribution T} with f € Llloc, is given, by defi-
nition, by the signed measure fdz. Thus, by extension, we can say that T} is
a signed measure that is absolutely continuous with respect to the Lebesgue
measure. When f is real and non-negative, fdx : B — [0, 00| is a regular Borel
measure.

2. The Dirac distribution 4, is associated with the finite measure p, : B — [0, 00)

defined as
1 if acA

““(A):{ 0 if a¢A

This means that

da () = / pdjig,

According to Remark 83, u, is a regular Borel measure. The fact that ¢, is
not defined by a locally integrable function, means that u, is not absolutely
continuous with respect to the Lebesgue measure.

In the sense of Theorem 85, we say that measures generalize the concept of
function.

3. Let us consider the linear functional T’ defined on D (R) as

T(w)—R/Rw(w)dx,
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where R fR is the Riemann integral. It should be clear that 7' is positive.
Furthermore, we have the estimate

1T ()] Sigglw(ﬂf)ll(f),

where [ (I) is the length of an interval in R containing the support of . So, we
conclude that T e DOV (R). As it happens, the measure associated with 7" is
the Lebesgue measure on R. Thus, Theorem 85 provides a way of constructing
the Lebesgue measure without using outer measures.

Remark 87. The positivity assumption in Theorem 85 is necessary. Indeed, if we
consider, on R,

oo 0
T(ga):R/O cpdx—R/ wdz,

we have that 7' € DO (R). However, it should be clear that there is no measure
associated with 7" in the sense of Theorem 85.

Based on Example 86, we state the following definition:
Definition 88. The functionals in DO are called Radon measures.

Although the use of the word measure in this definition might seem a little far
fetched, Schwartz goes actually farther, stating that ([25], p. 17) “Today, it has
become indispensable to define a measure p as a linear and continuous functional
on DO, Tt is from this functional () that we will identify, when necessary, the
countably additive function of sets p (A).” Let us add that this approach had been
advocated by the Bourbaki school.

Remark 89. Definition 88 explains why the Dirac distribution is usually called
Dirac measure.

We end this section with a density result.

Theorem 90. The linear space C [z] of complex polynomial functions in x = (x1, ..., Tp)
s dense in £.

The proof of this theorem necessitates some preliminary work, which we take up
now.
The function
W (z,t) = _ e~lal? /et
) )
(4rct)™/?
where c is a positive real number, is a solution of the heat equation, or diffusion
equation,

(Opu) (z,t) — c(Au) (z,t) =0,
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for (z,t) € R™ x Ry. Moreover, it satisfies the distributional initial condition

lim W (x,t) ¢ (x)de = ¢ (0), (4.14)

t—0t Rn

for each ¢ € D). The first statement can be verified by a straightforward calcula-
tion. The second statement uses the properties listed in the lemma that follows.

Lemma 91. The following statements are true:
1. W (z,t) >0 for every (z,t) € R™ x Ry.
2. Jgn W (z,t)dz =1 for all t > 0.

3. For each § > 0 there is

lim W (z,t)dx = 0.

t=0% Jiz|>6

Proof. Tt is fairly obvious that 1) is true. As for 2), let us observe that, according
to Example 49, the function W (-,t) € S for each t > 0. Thus, the integral exists,
according to Theorem 57.

Since
- 1 2
Wz, t) o (x)dx = /exl/40tdxl,
Rn @ 8)e (@) ll_Il (47Tct)1/2 R
to prove 2) it will suffice to show that
B 7 (4.15)
(471'075)1/2 R ‘ S '

which we will do by a well known argument, that uses polar coordinates in R2. In
fact, if we denote I the integral in (4.15),

1 2 1 2
2 —x /4ct — 4t
"= ((4m)1/2/Re / dx) ((47T0t)1/2/Re " dy)

2r ™ re~ T /At g — L /OO (—2ct) ie_T2/4‘3t =1.
0 d'f’

dmet Jo 2t

Since I > 0, we conclude that I = 1.
Finally, let us prove 3). By the change of variables x/v/t = y, we can write

1 1
L / o lal?fact g, . / o2 /4c g,
(4met) || >6 (4mc) lz|>6/v/%

S el /et gy (4.16)

(4me)™? Jwi<s/vi
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Let {tk}k21 be a non-increasing sequence in Ry with ¢ — 0 as k — oo and let
Xk be the characteristic function of {y eER: |yl < 5/\/5} Then, we can apply the
monotone convergence theorem to the sequence

1 122 /de
fe (2) = xx (2) W@ |z|? /4ct

Therefore, (4.16) goes to zero as t — 0F.
This completes the proof of the lemma. O

Remark 92. The distributional initial condition (4.14) can be verified as follows:
Using 1) and 2) in Lemma 91,

- W (x,t) o (z) dx — ¢ (0) = - W (2, 1) (¢ (z) — ¢ (0)) dz.

By continuity, given € > 0 there is §. > 0, so that |z| < J. implies |p (z) — ¢ (0)] <
€. Hence,

W(x,t>so<x>dx—so<o>}szsup|sa<x>r W (e, t) da + e,

R z€R™ ||>de

for all t € RT. Using 3) in Lemma 91, we can write

W(x,tm(x)dx—so(m' < (25w ol +1)=

R" Z‘ER”

for t > t..

Remark 93. The function W (x,t) defines on DO) a linear integral operator by
means of the convolution

LW ey tew)dy
The function W (z — y, t) is the kernel of the integral operator and it is called the
Gauss-Weierstrass kernel, or the heat kernel. It is name after the mathematicians
Carl Friedrich Gauss (1777-1855) and Karl Weierstrass (1815-1897). Since we will
use W (z,t) as an approximation tool, we assume that the parameter ¢ is one.
Moreover, we take ¢t = 1/j for j > 1. Then, the function W (z,t) becomes

0" e
Wi (x) = ym e .

We are now ready to prove Theorem 90.
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Proof. We fix ¢ € £, K CR" compact and m = 0,1, .... We select a function a € D
such that 0 < a(z) <1 for all x € R", a(z) = 1 for x in the #/2-neighborhood of
K for some 0 < 6 < 1, and supp (o) C f-neighborhood of K. Let ¢ = ayp and let us
fix § € N" with |8] < m.

(Wi 0%e) @)= (0%0) @] < [ W) |(8%) (@ =) = (9%0) ()] dy.

RTL
Since 981 is continuous on R™ and it has compact support, it is uniformly
continuous. Thus, for each € > 0 there is d. 3 > 0 depending on ¢ and f3, so that
|(0%) (x —y) — (0%) (2)| < & for ly| < bc 5.
By taking 0. ,,, = inf {d. g : |3| < m} and using Lemma 91, we have

(W) +0%0) (@) - (070) (@) =< e+ 2 sup (07v) @) /IMM W; (y) dy
< (1e2ap|(e) o)

if j > jem.-
Let us observe that (9°¢) (z) = (0°¢) (z) when z € 6/2-neighborhood(K). So,

we can write
(0%) <x>]) :

sup sup ‘(W] * 85¢> () — (8&0) (x)‘ <|1+2 sup sup
IBl<m zeK |B|<m zER™
for j > jem. Let us fix jo > jem.
The kernel Wj, (x — y) can be represented by the series

. k
o\ (B [ =y
Wi e =) = (12) y k! )

k>0

that converges absolutely for every x,y € R™.

Let Ky be the closure of the #-neighborhood of K. If x € K and y € Ky,
then  — y belongs to a compact subset K’ of R". Therefore, the series converges
absolutely and uniformly on K x Ky, as well as each of its term-by-term partial
derivatives. So, given m € N, there is N}, ., > 1 so that

.\ Kk
(0w, ) (@ — ) - (ﬁ)/i <_,f, ) (1o )| <<
k

for [3] <m and N > Nj, .. Since

(GBI/VjO) * ) = Wi, * <3B¢)
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(Wjo * 852/)) (x) — /K

S = (2

)
< meas (K0) ( sup [0 (0] ) =

IGR"

S

IN

for N > Nj, ... We fix N > max (Njgm,m)
According to Lemma 1,

% k! 2y k! & 295\ 1y 2ve—i
|z -y :Zm(fﬁ—y) :ZMHZ<18>%QS :
Iv|=k ly|=k s=11,=0

Therefore,

N
/KG (ﬁr)m i\f; (_;;)55 <\iﬂ - y!%) b (y) dy
K
(lj> Z fyl!_k_:.!%! ﬁ gi <2ZZS> </K€ Y2 (y) dy) o° <xlss> ’

k=0 ' lv|=k s=114=0

which is a polynomial in = of degree 2N — m.
This completes the proof of the theorem. O

5 The derivative of a distribution

Given T € D', we want to define n distributions, called the n partial derivatives of
T with respect to the variables x1,...,z,. We will do it in a way that extends to
distributions the notion of partial derivative of a function. In other words, if T = T’
for f continuous with continuous partial derivatives, the distribution j-th partial
derivative of T' will be Tp, ;.

So, let us begin with this case and let us assume, to simplify the notation, that
7 = 1. Then, given ¢ € D,

(Tore) = [ @an@o@a
/Rm </OO (O, f) (21,2") @ (1,) dm) da/,  (5.0)

—00
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where we have written, as usual, x = (z1,2’). Let us observe that for 2’ fixed, the
function ¢ (z1,2’) = 0 for x; outside a finite interval. Thus, using integration by
parts on x1, the integral in (5.1) becomes

- [ () (Or, ) (z) da.
Rn

So, we can write
<T3z1f7 30) = - (Tf7 8$190) .

If instead of T we consider a distribution 7' € D’, the functional

D — C

Y — - (Tv 6951 90) (5'2)

is well defined and it is linear. Moreover, if {¢; }j>1 converges to zero in D as j — oo,
it should be clear that {axlcpj}jZI also converges to zero in D as j — oo. Thus,
(Tf,02,5) — 0in C as j — oo. Hence, the functional (5.2) belongs to D’. In
general,

Definition 94. Given T € D' the distribution

D — C
o = —(T,0,9)
is called the j-th partial derivative of T' and it is denoted 0., T, for 1 < j < n.

Remark 95. The process of computing partial derivatives of a distribution can go
on indefinitely. Thus, in this sense, distributions are smooth. Moreover, since given
¢ €D,

Ony, (0z,0) = Ou; (O, 0)
for 1 < j, k < n, it follows that the result of differentiating a distribution repeatedly,
does not depend on the order in which we take the partial derivatives. Therefore,
given o € N", we can write

(0°T, ¢) = (-1)1(T, ),

for all p € D.

So, we can see the usefulness of the notation 0%, when differentiating a distribu-
tion.

Let us observe that given a continuous function f with enough continuous partial
derivatives, we have, integrating by parts,

3an — T@af7

where, on the left-hand side, 0% indicates the partial derivative in the sense of
distributions, while, on the right-hand side, 0% indicates the partial derivative in
the classical sense.
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Example 96. 1. The distribution 7" defined in 3) of Example 23 is equal to
(=1)" 91 0,.

2. Given the locally integrable function In |z| defined on R, we claim that

d 1
%T‘lmﬂ = p’U;. (53)
Indeed, given ¢ € D (R),
d .
(foTiere) == [ nlah ' @do=—tim [ nlal) ¢/ (o) do
x R I Jlz|>1/5
For j > 1 fixed, we write
-1/ 0o
/ (In|z|) ¢’ (z) dz = / (In (—z)) ¢ (x) dx + / (Inz) ¢ (z)dx
|z[>1/j —00 1/j

(1) @)

and we integrate by parts. Then,

0m()e(4)-f 2
@=-n(3)e(5)- //OO 0wy,
Thus,
Loz = w()6C) ()L, %
¥

- _i 8 G) @0 /x|>1/j iﬂf) o

for some 6; between 1/j and —1/j.

So,
d 1
d$ J—00 |$\>1/j X X

3. Next, we claim that
d 1 1
) = —fp—. 5.4
I <pvx> 3 (5.4)

while

kst sk ok sk ok sk s ok sk sk ok ok sk sk ok sk sk sk s ok sk sk sk s sk sk sk ok sk sk sk s ok sk sk sk st sk sk sk ok sk sk sk sk ok sk sk sk s sk sk sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk skok ok sk ok

Surveys in Mathematics and its Applications 15 (2020), 1 — 137
http://www.utgjiu.ro/math/sma


http://www.utgjiu.ro/math/sma/v15/v15.html
http://www.utgjiu.ro/math/sma

64 Josefina Alvarez

In fact, given ¢ € D (R),

/
<d <pv1> ,gp) = — lim L(x)da:.
dx T 70 J)z|>1/54 X

For j > 1 fixed, we write

/ @’(x)dx_/l/j w’(x)der/o" ¢ @,
w>1 @ o @y @

(1) @)

and we integrate by parts. Then,

0 ()

) 1 *® oz
<2>=—w(.>+/ (@) 4.
J 1j
Therefore,

=i (e () 0o (5)) + L, 0

where r > 1 is such that supp (p) C {x € R: |z| < r}.

and

Following Example 43, we write

_ _ /
/ 90(;6) dr — / ¢ (x) @(02) 0z,
r>lz|>1/5 T r>|z|>1/4 T

dzx dzx
0N - S O)
r>lo|>1/5 T2 r>lz|>1/5 T

d
Lo
r>lz[>1/5 %

e [ o) (i tei) =2e00).

2
>lz|>1/5 L

As in Example 43,

while

Then,

Joos = (0 (5) o) =3 (e (55) )

p(2) =9 (0) ¢ (O)z
* /r>|z>1/j x?

NN A A P p(x) =9 0) ¢ (O)z
i (0;) J< j>s0 (77])+/T>|$|>1/j 5 dx,

x
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where 0 < 0,m; < 1/j.

So, taking the limit on both sides as j — oo we get, according to Example 43
1 AT / / 1

Thus, we have proved (5.4).

4. Let us consider the function |z| defined on R . Integrating by parts,

<ij|x,gp> = /ioa:gol(x)dx—/ooo:cgo’(x)da:
_ _/0 go(m)d,x+/ooog0(x)dm.

—00

That is to say,

d
%T]x\ = ngn(x)y (55)

where sgn denotes the sign function, defined as

1 if >0
sgn (@)=Y 1 ¢ s<o

Let us observe that the choice of value at x = 0 does not matter. Moreover,
the derivative, in the distributional sense, of T}, is the distribution associated
with the classical derivative of |z|, which exists for x # 0.

5. Next, we calculate %ngn(z). Since

/0 ¢ @de— [ @) do =20(0).

—0o0

we have

d

%ngn

(@) = 200. (5.6)
That is to say, the jump at zero of the function sgn results in a derivative
equal to a multiple of the Dirac measure dg, where the factor is equal to the
height of the jump.

A similar behavior can be observed in the next example.
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6. Let H, be the n-dimensional Heaviside function,

- 1 if TLlyeeey Ty > 0
Hy () = { 0 otherwise

Then,
Oz, ...03, TH, = dp. (5.7)

Indeed, given ¢ € D, if we integrate on x1, then zs, etc., we have

(—1)"/0 /0 (Opy -0, ¢) (z) dxy...dxy = ¢ (0).

7. Given k = 1,2, ..., we calculate d_; (5(()k)>, where Jg is the Dirac distribution

concentrated on {0} C R and 5(()k) is the derivative of &y, of order k.
k
(a1 (567).0) = DF e =)™ (0)
= M (0) = (50, so(k))

Or,
a1 (67) = (=1)* .

Therefore, the distribution 5(()k) is odd when k is odd, and it is even when k is
even.

8. In general, if T is an odd distribution in D', 9,,T is even. If T is an even
distribution in D', d;,T is odd.

In fact, let us assume that 7" is odd. Given ¢ € D,

(d-1(95,T),0) = = (1.0 (0 (=) = (T. (0;0) (=)

= (d,1T7 8%.(,0) :) - (T’ 8%'90) (j) (8%'T’ 90) :

—~

When T is even, we only need to move the negative sign from the right-hand
side of (1) to the right-hand side of (2), to conclude that 9,,T is odd.

Remark 97. It should be clear that Ty, and T}, are even distributions, while
Tsgnz is odd.

According to 2) in Remark 44, the distribution vp 1/, is odd, while the distri-
bution fp1/x?is even.

Therefore, (5.3), (5.4), (5.5), and (5.6), are all illustrations of 8) in Example 96.
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Theorem 98. If A denotes one of the spaces D', &', or S, the operator O is linear
and continuous from A into itself. Moreover, given T € A,

supp (0°T') € supp (T') .

Proof. For instance, we will work in the case A = &', the other cases being similar.
According to Lemma 54, it should be clear that 0% is well defined and linear from
S’ into §’. So, given T' € 8’ and given a bounded subset By of S,

10°T ||s: g, = sup [(0°T) (p)| = sup [T (0%¢)|
pEB pEeBL
< sup [T (p)| = 10°T |5 g, »
pEB2

because, according to Lemma 54, the operator 9% maps bounded subsets of S into
bounded subsets of S. Thus, the continuity is proved.

As for the support of 90T, if xy ¢ supp(T), by definition, there is an open
neighborhood V' of zy such that T (¢) = 0 if supp (¢) C V. According to Lemma
54, supp (0%¢) C V, so

T (%) =0=(-1)"1(8°T) (¢).

Therefore, xo ¢ supp (0°T).
This completes the proof of the lemma. O

The following result is an immediate consequence of Theorem 98.

Corollary 99. If A denotes one of the spaces D', £', or 8, a convergent sequence
T;} .~ € A can be differentiated term by term without altering its convergence.
JJ5>1

Theorem 100. The operator 0% is linear and continuous from D™ into Dm+al),
form=1,2, ..., and |a| < m.

Proof. By Lemma 76, it should be clear that the operator is well defined and linear

from D™ into DHal’ If T € D™’ and ¢ belongs to a bounded subset B; of
(m+lalf)
Dy, ,

10°T | pemtiaty g, = sup [(O“T, @) pomtialy pimtial)
p€EBL
= sup (T,aa%’)p(mw,mm)‘-
p€eBL

Lemma 76 tells us that 9%y belongs to a bounded subset By of D) when ¢
belongs to a bounded subset B; of Dgﬂﬂa‘). Thus,

sup (T, 0%¢) p(my pmy| < sup (TW)D(m)/,D(m)‘ = [Tl pomy p,.

pEB PeEBy

This completes the proof of the theorem. O
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That a function f has a partial derivative with respect to, say x1, at a point x,
means that there is

f(xr 4 hy,2") — f(x)

= (00, f) (2) -
Now, if h = (h1,0) and 7_j, is the translation operator

T (f) (@) = f(z+h),

we can write

Tn(f) (z) = f(2)

Jim T = (00 f) (@)
With the obvious meaning, we have, in general,
T (f) (2) - f(2)
1 = : .
lim, . (O, f) (@)

It is possible to obtain the same result for a distribution, if we extend the above
notation. In fact, it should be clear that the operator 75, defined as
() (x) = ¢ (z —h)

is linear and continuous from D into itself. Thus, we can define the translation
operator 7_j, on D’ as

(T-r (T) ) = (T, 7 () , (5.8)

which results from a simple change of variables when T is defined by a locally
integrable function. Since 7, maps bounded subsets of D into bounded subsets of
D, the operator 7_j, is continuous from D’ into D’.

Theorem 101. There is

W (T)-T
i D=L
h—0 hj J
where the limit is taken with respect to the strong topology of D’.

Proof. For T € D', let B’ be the subset of D’ defined as

Now, for ¢ € D fixed and 0 < |h;| < 1, we write

<W(ZJ—T’¢> _ <T, W) , (5.10)
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Let us observe that Th(f# € Dk for some K C R" compact independent of h.

Moreover,

goTh (w)—w@) _ T (9%) () — 0% (x)

= — (chaago) ),
for some 0 between x — h and x. So,

sup sup \axjaago ()] < 0.
0<|h;|<1 z€ER™

Thus, according to Remark 22, the subset of D

{Th (p) — w}
h; 0<|h;|<1
is bounded in D. Therefore,

(T )| 2

sup -
J 0<|hj|<1

0<|h;|<1

(27 e

According, again, to Remark 22, B’ is a bounded subset of D’. Therefore, the
strong and the weak topology coincide on B’. Thus, we are left to show that

Tp(T)-T
( hj 7¢> ﬂ:;)(axfruw)'

for each ¢ € D.
Since 0%p has the same properties as ¢, it will be enough to prove that

h(p) — ¢
T (z) hjo —0z;¢ (z)

in C, uniformly with respect to = € R™.

T_n(p) — ¢

n, (@) + 0,0 (¥) = —(On,0) (0) + 0,0 ()

= (¢) @l

for some & between x and 6. Finally,

sup [TELZ2 ) 4 0, (@) < sup |(22,0) (@] 11— 0.
This completes the proof of the theorem. O
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A similar result can be proved for T' € &’ and for T € &'.

One of the early goals of the theory of distributions was to be able to take any
number of derivatives of a continuous function. The following result tells us that, in
the end, distributions fit pretty tightly into that initial goal.

Theorem 102. (for the proof, see [25], p. 82, Theorem XXI) Given T € D' and
given an open and bounded subset ) of R™, there is a continuous function f : Q — C
and a number m € N such that

8nm
Dot Doy

n

TQ = Ty

on D (Q).

Remark 103. Theorem 102 shows that every distribution restricted to an open and
bounded subset of R™ has finite order. Since there are distributions of infinite order,
the assumption “Q2 is bounded” cannot be dropped.

Theorem 104. (for the proof, see [25], p. 239, Theorem VI) Given T € S', there
1s an slowly increasing and continuous function f : R™ — C and an n-tuple o € N™
so that

T =0Ty

on S.
Remark 105. In view of 2) in Example 59, Theorem 104 justifies the name tem-

pered, given to the distributions in &’. Let us observe that Theorem 104 and Theo-
rem 100 imply that every tempered distribution has finite order.

Remark 106. According to Theorem 77 and Theorem 100, the equality (5.3) allows
us to say that pv% has order < 1, which is the optimal result. Likewise, (5.4) implies
that fpg%2 has order < 2, which is also optimal. However, (5.5), (5.6) and (5.7) do
not yield optimal results.

Theorem 107. Let T € & and let U C R™ be an open and bounded neighborhood
of supp (T). Then, there is a finite number of n-tuples o and a finite family {fo},,
of continuous functions fo : R™ — C, so that supp (fo) C U and

T =Y 0Ty,

on €E.

Proof. According to Theorem 62, if § € D (U) is equal to one on an open neighbor-
hood of supp (T'), by definition we have

(T7 90) = (T7 990) »
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for all p € €.
Furthermore, in view of Theorem 102, there is a continuous function f: U — C
and an n-tuple 3 so that
T = 0°Ty
on D (U).
Since supp (6¢) C U,

(T,09) = (07T, 00) = (1)) (13,07 (69))

Theorem 4 implies that

T = OIS (7) (2. (0) @)
=0
B
B - 2
- <—1>'5;0<7) [ 1@ (270) @) @) ()

B
= Z (_1)|5+7| <§> 87T(3B*79)f7 2

=0

for every ¢ € £.
This completes the proof of the theorem. O

Remark 108. Theorem 107 shows that every distribution with compact support
has finite order. However, 1) in Example 96 shows that there is not m € N so that
g C D/(m)

Theorem 109. (for the proof, see [25], p. 93, Theorem XXVIII) Let T € &' and let
us assume that T' has order < m. Then, T (¢) =0 if p € £ and (0%p) |supp (T)) =0
for |a| < m.

Using Theorem 109, the result that follows characterizes those distributions in
&’ that are concentrated on a point.

Theorem 110. Given T € &', the following statements are equivalent:

1. The distribution T is concentrated on {a}.

2.

T= > a0,

la|<m

for some m € N and ¢, € C.
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Proof. Tt should be clear that 2) = 1). Conversely, if T" has order < m, given ¢ € £
we write its Taylor expansion about a as

o) = 3 POy
ja<m

+ Y mojl (/01(8%)(a+8($—a))d3> (z —a).

|a|l=m+1

Let .
va) = ([ @0 ats@-ayas).

0
for || = m + 1 fixed. It should be clear that ¢, € £. Given g € N with |5 < m,
(@ (@-areate) = X (0)ar (- e (7 700)

e <8
= 0.

r=a

Therefore, Theorem 109 implies that (7, (z — a)® ¢q (z)) = 0. Then,

g = 3 PO g ap
la]<m

o] <m
This completes the proof of the theorem. O

Theorem 111. (see [25], p. 54, Theorem III; for the proof, see [25], p. 53, Theorem
II) Let f : R — C be a continuous function. Let us assume that f' exists a.e. and
that it is equal to a locally integrable function g. Then, if f is the indefinite integral

of g,

d
—Tr=1T,.
dl’f g

Corollary 112. The distribution Ty, is tempered.

Proof.

% (xln|z| — z) = In|z|
for x # 0, where xzIn|z| — z, defined as zero for x = 0, is a slowly increasing
continuous function. Therefore, x In |x| — = defines a tempered distribution.

In view of Theorem 98, %Tz In|z|—z Delongs to S’
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According to Theorem 111,

d
%Tx Injz|—z = CZj1n|ac|7

so the distribution T, is tempered.
This completes the proof of the corollary. O

The following theorem extends to distributions a result well known for functions.

Theorem 113. Given T € D' (R), % = 0 if, and only if, T is the distribution
defined by a comstant function.

Proof. If T' =T, for some constant function c,

dT, B dp -
<d$’(p> - C/]R dx (.’IJ) de = 07

since the function ¢ has compact support.
Conversely, given a fixed function « in D (R) with integral one, we can write
¢ € D(R) as

p = cp—a/ch(x)dx—i-a/Rw(x)d:v
= w1+a/R<p(fr)drv,

where

/Rgol (z) dz = 0.

{QOED(R):/Rgo(az)daz:O}

- {gpep(mg);/m gp(t)dteD(]R{)}. (5.11)

—00

We claim that

If o € D(R), then supp (¢) C [a,b] for some a,b € R. Therefore, for all z > b,

/:cp(t)dt:/abgo(t)dt.

0—/R<p(x)dx—/abg0(t)dt.
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/;go(t)dt—/axcp(t)dt—o

for x > b. Likewise, it should be clear that

| ewa-o

—00

So,

for every = < a.
Conversely, if [* ¢ (t)dt € D (R), there is b € R so that

/_zo@(t)dtZO,

for every = > b. As a consequence, [, ¢ (z)dz = 0.
Therefore, we have proved the equality (5.11).
Then,

(T.g) = (T.¢1)+(T,a) /R o (z) du

_ (T, % (/:; o1 (1) dt)) + (T, )
- <T’7 / OO w1 (t) dt) + (Tir.a), #) »

where T(7 ) is the distribution defined by the function identically equal to the
complex number (7', ). Therefore,

T =Tra)-
This completes the proof of the theorem. O

The search for primitives of a distribution goes hand in hand with the calculation
of derivatives. Schwartz’s book dedicates quite a bit of space to this subject (see
[25], Chapter II, Sections 4-6).

6 Tensor product, convolution product, and multiplica-
tive product, of distributions

As we did in the previous section with the derivative of a distribution, we will define
each of these products in such a manner as to agree with the usual definition, when
considering functions.
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6.1 Tensor product

We begin with the tensor product of two functions.

Definition 114. Given f : R™ — C and g : R™ — C, the pointwise multiplication
f(xz)g(y) defines a new function from R™ x R™ into C, denoted f ® g and called
the tensor product of f and g.

Lemma 115. Given f: R" = C and g : R™ — C,

supp (f ® g) = supp (f) x supp(g) -

Proof. If (zg,y0) € supp (f ® g), by definition, there is a sequence {(a:j,yj)}j>1 in
R™™ so that (z;,y;) — (zo,y0) as j — oo and f (z;) g (y;) # 0 for all j > 1. Then,
it should be clear, again by definition, that xg € supp (f) and yo € supp (g).

Conversely, if (zo,y0) € supp (f) X supp (g), there are sequences {xj}j>1 and
{yj}j21 converging to x¢ and yo, respectively, as j — oo, so that f(z;) # 0 and
g (y;) #0 for all j > 1.

Therefore, the sequence {(x;,y;)};-, converges to (zo,yo) as j — oo and (f ® g) (x5, y;) #
0 for all j > 1. So, (x0,y0) € supp (f ® g).

This completes the proof of the lemma. ]

Remark 116. Definition 114 can be extended, associatively, to functions f; : R™ —
C for 1l =3,4,... as

(1®fo®.® fii1)® fi=(fila) fa(b)...fic1(y)) fi(2).

Example 117. The n-dimensional Heaviside function H,, defined in 6) of Example
96, is the tensor product of n one-dimensional Heaviside functions Hy,, ..., Hy, (see
Definition 11).

H,=H; ®..% H,,.

In order to extend Definition 114 to distributions, we need to work simultane-
ously with test functions having different domains and acting on different variables.
Therefore, it is convenient to indicate D, D, and D, ,, the space of test functions
defined on R™, R™, and R™ x R™, respectively.

For the purpose of defining D (R™ x R™), Lllo . (R™ x R™), etc., or whenever it is
convenient, we may identify R x R™ with R"**™,

Definition 118. Let X,Y, Z be topological linear spaces. A bilinear map F : X X
Y — Z is hypocontinuous if it satisfies the following conditions:

1. It is separately continuous. That is, F (x,-) : Y — Z is continuous for each
x € X fized, and F (-,y) : X — Z is continuous for each y € Y fized.
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2. For every bounded set X CX, the linear map F (x,-) : Y — Z is continuous,
uniformly on z € X.

3. For every bounded set Y CY, the linear map F (-,y) : X — Z is continuous,
uniformly on y € Y.

Remark 119. Condition 2) in Definition 118 says that the family of linear maps
{F (z,-)},cx is equicontinuous.

Likewise, condition 3) in Definition 118 says that the family of linear maps
{F (- y)} ey 1s equicontinuous.

The notion of hypocontinuity is stronger than separate continuity and weaker
that continuity.

For more on hypocontinuity, see ([26], pp. 107 and 300).

Definition 120. Given k = 0,1, ..., let £¥) be the complex linear space consisting
of those functions @ : R™ — C that are continuous and have continuous derivatives
of order < k. The space E¥) is a Fréchet space with the topology defined by the
countable family of norms

1€l B, = sup sup [(0%¢) ()],
|a|§kw€Bl

where By = {x € R" : |z| <1} forl=1,2,... and k is fized.

Theorem 121. (/25], p. 112) The map

(fr9) = foyg

is bilinear and continuous from E, x &y into €, and it is bilinear and hypocontinuous
from Dy x Dy into Dy, and from &ﬂ’“) X D?(Jk) mnto D,gf).

Let us observe that when the functions f and g in Definition 114 are locally
integrable on R™ and R™ respectively, the tensor product f ® g is locally integrable
on R™ x R™.

Thus, given ¢ € D, ,, Fubini’s theorem tells us that

(Trog,0) = Aanmf(w)g(y)w(x,y)dxdy

= [ ([ swewna) @i
= [ ([ r@e@i) s
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We claim that these iterated integrals can be written, in the sense of distributions,
as

(T(f®g)’ SD) D! Day = (Tf(az)a (Tg(y)7 2 ($7 y))’D{J’Dy)

T,y
= (Tg@)a (Tr(a)> (=, y»mm)

First of all, for each 2 € R™, the function ¢ (x,-) is smooth and supp (¢ (z,-)) is con-
tained in the projection of supp (¢) onto R™. Thus, ¢ (z,-) € Dy, so (T, ¢ (z, ~))D§Dy
is well defined for each x € R™. Likewise, (T, ¢ (,y))
y € R™.

According to Theorem 6 and Theorem 8, the functions

Azx) = (Ty, ¢ (x, '))Dgpy

D! D,

D!, D,

prp, 18 well defined for each

and
() = Tr ¢ (9)p,p,
are smooth. Moreover, if supp (¢) C K, compact subset of R™ x R™, the support
of A is included in K7, the projection of K onto R". In fact, if x € R™\ K1, then
(z,y) € (R® x R™)\K for every y € R™. Therefore, A (z) = 0. Since K; is a
compact subset of R", we conclude that A € D,. Likewise, 1) € D,.
Let us observe that if ¢ has separated variables, that is ¢ (z,y) = a () B (y),
a € D, and 8 € Dy, we have
(Tf®g7 SD)D/

z,vaE;y - (Tf7 a)DIZDI (T97 IB)D;./DQ ’
Our goal is to prove that all these statements remain valid when, instead of
Ty and Ty, we consider a pair of arbitrary distributions. To this end, we need the

following result:

Theorem 122. The linear subspace of D, , consisting of finite linear combinations
of functions with separated variables is dense in Dy .

Proof. Let us fix ¢ € D,,. We can assume that there are compact sets K1 C R"
and Ky C R™ so that supp (¢) C K; X Ky. Moreover, let k, k" > 1 be so that, for
some € > 0,

e-neigbordhood (K1) x e-neighordhood (K?)
{z eR":|z| <k} x{yeR™: |yl <k}

C
C {(z,y) eR"xR™: |(z,y)| <K'}

According to (4.1) and Theorem 90, given I = 0,1, ..., there is a sequence {P;} .-,
of complex polynomial functions such that {8”]33-}].21 converges to 0%p as j — 00,
uniformly with respect to (z,y) € By and o € N" with |o] < L.

Now, let 91 € D, and 2 € D, be test functions satisfying the following proper-
ties:
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1. 0 < ¢ ()
supp (1) C

2.0 < o(y) <1forally €e R™ t9(y) =1 for x € e/2-neigbordhood(K3),
supp (12) C e-neigbordhood(K>).

< 1 forall x € R" 9y (z) = 1 for € £/2-neighordhood (K1),
e-neigbordhood(K).

Then, the sequence {7/11¢2Pj}j21 converges to 0% as j — oo, uniformly with
respect to (z,y) € K1 x Ko and o € N with || <.

Furthermore, it should be clear that, for each j > 1, the function ¢ () ¥9 (y) P (z,y)
is a finite linear combination of functions with separated variables.

This completes the proof of the theorem. O

Remark 123. According to Theorem 53, D, is dense in S, , and in &, . Therefore,
Theorem 122 implies that the linear subspace of D, , consisting of finite linear
combinations of functions with separated variables is dense in S, , and in &, .

Theorem 124. Let T € D, and S € D,

1. If ¢ € Dy, the function A (x) = (Sy, ¢ (2,Y))p, p, ls well defined and belongs
Y

to Dy. Likewise, the function v (y) = (Tu, ¢ (2,y))prp, is well defined and
belongs to D,.

2. The maps

© — (Tx, (Sy, ¢ (x, y))D;DJD;DI o

and
o (S (Terp @)y, ), (6.2)
belong to Dy .

(72 (S0 @)y, ) (6.3)

for all p € Dy .

- (S (Tas 0 (@ 9)),, )

DD 2

Proof. For z € R" fixed, the function y — ¢ (z,y) has compact support contained
in the projection onto R™ of supp (p). Moreover, it should be clear that it is
smooth. Therefore, the function A is well defined. If {z;} j>1 converges to x in R"
as j — oo, the sequence {¢ (z;,-)},5, converges to ¢ (z,-) in Dy as j — oo. Thus,
A(zj) = X(z) in C as j — co. So, A is continuous on R™. With the notation used
in Theorem 101,

Az +h) = A(z) ¢z +hy) -y
hy <Sy’ >D;,Dy .
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Let us show that there is

h—0 h1

= (8901 50) (x> ) (6'4)

in Dy for each z € R™. If we fix k = 0,1,..., f € N* with 8| < k and h € R with
h| <1,

p x ,Y) — 5 xZ,
(8@/90) ( +h ?2)1 (8 ‘P) ( y) B (8113590> (x,y) _ (8113590> (H,x',y) — (8113590> (x,y)

= (%00) (€' 0) 0 ).

where 6 belongs to the segment with end points 1 and x1 + hy, while £ belongs to
the segment with end points € and z;. Thus,

(35s0) (€ +h,y) = (3590) (z,y)
h1

— (00,08 (2.9)
< sup sup  [(0%) (z,y)| | |0 — 1] — O,
|| <k+2 (z,y) ER? xR™ h—0
where o € N**™_ Since

(9)¢) @@ +h.y) = (%) (2.9)
h1

SUPPy C Ko,

where K3 is a compact subset of R™, we conclude that (6.4) is true.

In the same way, using induction on the order of the partial derivatives of A\, we
conclude that A € D,.

With the obvious change of notation, we can prove in the exact same manner
that the function v is well defined and it belongs to D,. Thus, we have shown that
1) is true.

Moreover, for each § € N* and each v € N™,

(03) 1= (5 (2 ).,

and

(@) (y) = (T, (9] p) (a, y))ppx :

Let us now prove that the map (6.1 belongs to Dgw. To begin, it should be clear
that it is linear. So, it remains to prove that it is continuous on D, ,. According
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to Theorem 70, it suffices to show that it satisfies (4.12). That is to say, that given
K CR"™ x R™ there is [ € N and Ck; > 0 so that

‘ (TI, (Sy, o (=, y))D;Dy)D;CDz ‘

< O swp swp (90 (o)
1B]+7|<lKk (z,y)ER? xR™

for all ¢ € Dy 4.

In fact, let K; be the projection of K onto R™. According to 1), the function
A(z) = (Sy, ¢ (x,y)) belongs to Dy k,. Since T' € D, Theorem 70 implies that there
is l1 x, € Nand Ck, 1, > 0 so that

(TS0 ogn, ) | < oy s sy

|,B|§l17K1 reR™

P ((5y> ¢ (z, y))DLDy)‘

(50 (98¢) @.w)

DD,

= Ck,;, sup sup
|BI<l1, Kk, zER™

Dy Dy

For every x € R", the function (6590) (x,y) belongs to Dy k, where K> is the
projection of K onto R™. Since S € D;, there is Iy x, € N and Cg, j, > 0 so that

‘ (Tm, (Sy, ¢ (z, y))pfyDy)

D! D,
< Gt o [(0255) ]
181<l1, K, (z,y)ER™ xR™
[vI<l2, K,

Thus, condition (4.12) is satisfied, so the map (6.1) belongs to D, . In exactly
the same manner, with the obvious change of notation, we can verify that the map
(6.2) also belongs to D, . So, we have proved 2).

As for 3), it should be clear that the equality (6.3) is true when ¢ is a finite linear
combination of functions with separated variables. Then, Theorem 122 implies that
(6.3) holds for every p € D .

This completes the proof of the theorem. O

Remark 125. Statement 1) in Theorem 124 is a distributional version of Theorem
6 and Theorem 8.

Corollary 126. Given T € D,, and S € D,, there is a distribution W € D, such
that

W.@)p,  p,, = (T )pp, (5, 8)pyp,

when ¢ (z,y) = a(x) B (y) for o € Dy and B € Dy. Moreover, W is unique.
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Proof. Either one of (6.1) or (6.2) proves that W exists. As for the uniqueness, it
follows from Theorem 122.
This completes the proof of the corollary. O

Definition 127. Given T € D}, and S € D,;, the distribution W is called the tensor
product of T and S, denoted T ® S.

Remark 128. According to Theorem 124 and Corollary 126, the distribution T® S
can be defined as the map

2 — (Tma (Syv 2 (may))D;Dy)D/D

or the map

() — (Sy, (TJHQO (:U?y))'D;Dw)fD/'D ’
y=y

for every ¢ € Dy y.
Let us observe that

(T®S,¢) = (Tx7(Sy790(x7y))D’yDy)D/

sz
= (S0 (To @)
y=y

for all ¢ € D, 4, which can be interpreted as a Fubini’s theorem for distributions.
In what follows, we will not label the pairings, unless it is necessary for clarity.

Theorem 129. Given T € D and S € Dy,
supp (T ® S) = supp (T') x supp (S) (6.5)

and
o1 (T®S) =0T ®d)S, (6.6)

for all B € N" and for all v € N™.

Proof. If © € supp(T), and y € supp(S), let Uy C R™ and Us C R™ be open
neighborhoods of x and y, respectively. Then, U = Uy x Uy C R™ x R™ is an open
neighborhood of (z, ).

Furthermore, let oy € D, (U1) and ay € D, (Usz) be such that (T, aq) # 0 and
(S,a2) #0. Thus, (T® S, a1 ® az) # 0. So, (x,y) € supp (T @ S).

Conversely, if (x,y) € supp (T ® S), there is an open neighborhood U C R™ x R™
of (z,y) and a function ¢ € D, so that (T'® S, ) # 0.

Since (T'® S, ¢) = (T, (Sy, ¢ (x,y))), we conclude that T is different from zero
on the test function (Sy, ¢ (z,y)) € D, (U1), for some open neighborhood U; C R"
of . Thus, z € supp (T).
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Using the representation (T'® S, ¢) = (Sy, (Tw, ¢ (x,y))), we conclude, in the
same manner, that y € supp (T'). Thus, we have proved (6.5).
As for (6.6), according to Theorem 124, if ¢ € D, ,,

(020 (T2 5) ) = (-1)N (T@S 020, ¢)

This completes the proof of the theorem. O

Remark 130. Definition 127 can be extended to distributions 7; € D' (R™) for
I =3,4,.... The resulting product is associative. That is, we can insert a parenthesis
anywhere. For instance,

(Mohe.0T)eT = (.. ®1T)
= hieoh®..®(T-10T),

etc..

The following result is an immediate consequence of (6.5) and Theorem 62.
Corollary 131. If T € & and S € £, the tensor product T ® S belongs to &, ,
Theorem 132. (for the proof, see [25], p. 110, Theorem VI) The map

(1,8) -T®S

k)/

for

is bilinear and continuous from D, x Dy into D, ,, from D « D(k) into Dy
k=0,1,..., and from &, x &, into &, .

Remark 133. It should be clear that the construction of the tensor product given
in Theorem 124, can be extended to distributions 7', S in S'.

Example 134. 1. Given a = (ai,...,a,) € R", the n-dimensional Dirac mea-
sure 4,4, as defined in 2) of Example 23, is the tensor product of the n one-
dimensional Dirac measures dg,, ..., dq,, -

S0 = 04, @ ... ® O, -
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2. Ifg=(1,...,1) e N* and 0 = (04, ..., 0,),

BTy, = (00,TH,,)® . ® (02, Th,, )
= 0o, @ ... ®dg, = do-

3. The tensor product can be used to extend a distribution defined on a linear
subspace. Indeed, let T € D' (R") and let & be the Dirac measure on RF.
Then, it should be clear that the map

D (R™+F)
¢

C

N
= (T ®0d0) () = (T, ¢ (2,0))

is a distribution in D’ (R™%).

4. There is a version of 3) for Radon measures.

Indeed, if T' is a Radon measure on R", let up : B, — [0, 00] be the unique
regular Borel measure that Theorem 85 associates with 7'. Furthermore, ac-
cording to 2) in Example 86, let o : By — [0,00) be the measure associated
with the Dirac measure dg. Remark 83, tells us that pg is regular.

Let pup X po : By, X B, — [0, 00] be the regular Borel measure that Theorem 85
associates with T ® 4.

Let us recall that if B, By, and B, 4} are the Borel o-algebras on R™, R*, and
R™** | respectively, the product c-algebra B, x By, is equal to B, .

The measure pur X pg is defined as

n

(ur X po) (A) = / xa (z,0) dur,

where x4 is the characteristic function of A € B, x By.

Therefore, pup X pg, called the regular Borel product of T and dg ([7], p. 245),
is an extension to R™ x R¥ of pr.

Let us observe that pp x ug : By — [0,00] and the Lebesgue measure A, yx
on R™*F restricted to B,yx, are mutually singular.

Indeed, if X" = {(z,0) : € R"}, then A\, % (X,,) = 0and (ur X po) (R”*k\X") =
0.

Finally, for ¢ € D (R"™*),

T @) ()= [ o@0)dur.
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6.2 Convolution product

According to Young’s convolution theorem (see, for instance, [29], p. 146, Theorem
9.2 and p. 145, Theorem 9.1), if f,g € L', the convolution f x g € L. Thus, given
¢ €D,

Trpd) = [ (29 @@
_ /( f(x—y)g(y)dy><p(x)dw
AL
/ £ (@) 9 () o (@ + ) dady, (6.7)
R xR

Since f (z) g (y) € L* (R™ x R™), (6.7) can be interpreted as the (L', L°°) pairing

(f®g.e@+y) 1

Given T, S € D', we would want to define the convolution T x S as

(T®S,¢(x+y)), (6.8)

for ¢ € D. Unfortunately, (6.8) is not defined as a (D', D) pairing, as shown in 1)
of the lemma that follows.

Lemma 135. Given ¢ € D,

1. If ¢ is not identically zero,

suppay (¢ (x+y) 2 {(z,y) ER" xR 12 +y = a with ¢ (a) #0}. (6.9)

Since the right-hand side of (6.9) consists of affine subspaces of R™ x R™, (6.9)
implies ¢ (x +y) has compact support when, and only when, ¢ is identically
zero.

suppzy (¢ (z+y)) = {(z,y) ER" xR" 1z +y € supp (¢)} . (6.10)

Proof. By definition of support of a function, supp,, (¢ (x +y)) contains all the
points (x,y) where the function is not zero. So, (6.9) is true.

If (z0,y0) does not belong to the right-hand side of (6.10), by the continuity
of the map (z,y) — x + y, there are open neighborhoods U and V of zy and yp,
respectively, such that

U4+V CR" xR\ {(z,y) e R"" xR": x+y € supp(¢)}.
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Then, ¢ (z+1y) is zero on U x V, from which we conclude that (xg,yo) ¢

suppz,y (¢ (z +y)).
Conversely, if (xo,y0) does not belong to the left-hand side of (6.10), there are

open neighborhoods U and V' of xg and yg, respectively, such that
U+V C(R" X R") \suppzy (¢ (x+y)).

Therefore, ¢ (x +y) = 0 for all (z,y) € U x V. In other words, ¢ (z) = 0 for
every z in the open subset U+V of R". So, (xg,yo) does not belong to the right-hand
side of (6.10). Thus, we have proved 2).

This completes the proof of the lemma. O

Remark 136. When the intersection of supp (T ® S) and supp,, (¢ (x +y)) is
compact, the pairing (T'® S, ¢ (z + y)) can be defined as in Lemma 65. The next
result provides an example of this situation.

Theorem 137. Given T, S € D', let us assume that at least one of them has compact
support.

1. We can define the pairing (6.8) as a distribution in D', which is denoted T * S
and it is called the convolution of T and S.

supp (T x S) C supp (T') + supp (S) .

Proof. Let us say that T has compact support. Then, given ¢ € D, we claim that
supp (T'® S) () suppzy (¢ (z + y)) is compact.
Indeed, let us recall that supp (T ® S) = supp (T) x supp (S). It should be clear
that the intersection is a closed subset of R™ x R™. Let us prove that it is bounded.
There are C; > 0 and Cy > 0 so that |z| < C) for x € supp (T') and |z| < Cy for
z € supp (). Then, if (x,y) € supp (T ® S) () suppz,y (¢ (x +y)), we have

1/2

2 2

@o)l = (J2P+ 1) " < lal + Iyl
< 2|z|+ |z +y| <20 + Co.

Therefore, Lemma 65 implies that the pairing (T'® S, ¢ ( 4+ y)) can be defined,
using an appropriate cut-off function o € D (RQ").

Let us show that the pairing defines a distribution in D’. It should be clear that
it is linear on .

As for the continuity, let {903'}]‘21 be a sequence converging to zero in Dy for
K C R™ compact. Let

Bi={(z,y) € R" x B" : ()| < 1}
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be so that
supp(T®S)ﬂ{(x,y) ER"xR":2+ye K} CB.

According to Remark 66, we can choose o« € D (RZ") so that a(x,y) = 1 for
x € By and supp (a) C Bg;.

Then, ap; € D (R?") and we can write (T ® S, a (z,y) ¢; (z + y)), for all j > 1.

It should be clear that {ap;} j>1 converges to zero in Dg,; (]RQ”). Thus,

(T® S, a(zx,y)p; (x+y))jjw0

in C. So, we have proved 1).
To prove 2), let us observe that the set supp (T")+supp (S) is closed in R" because
supp (S) is closed and supp (T) is compact. If
U =R"\ (supp (T) + supp (S)),

let o € D (U) and let o € D (R?") be a cut-off function as in 1). We claim that

supp (T @ ) () suppey (a (z,9) ¢ (z +y)) = 2.

Indeed, if there is (xg,yo) in the intersection, we would have xo € supp(T),
yo € supp(S) and xg 4+ yo € supp (p), which is not possible, according to 2) in
Lemma 135.

Then, according to Lemma 41, (T * S, ¢) = 0. Thus, we have proved 2).

This completes the proof of the theorem. O

Remark 138. 1. Under the hypotheses of Theorem 137, if we fix a compact set
K C R", it should be clear that we can choose the cut-off function « (z,y)
independently of ¢ € D.

2. Iterating the process in Theorem 137, we can define the convolution of n
distributions, when at least n — 1 of them have compact support.

Example 139. 1. Given T € D/,
(T * b0, ¢) = (Tar, (do,y, ¢ (x +9))) = (T, )

for p € D.

2. More generally, given a € R",

(T 0a,0) = (T Bays p(x+9)) = (T (- +a))

(:) (T7 T—a (90)) = (Ta (T) ) ()0) :

We have used (5.8) in (1).

So, the translation operator, acting on a distribution, can be expressed as a
convolution.
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3. Since the sum of two compact sets is compact, the convolution product defines
a structure of commutative algebra on &', having dy as the unit.

4. Given a e N" and T € D/,
0T = (0°T) x 6 =T * (0%0y) -
Thus, a distributional derivative can be written as a convolution.

5. More generally, if P (X) is a complex polynomial, we can perform the formal
substitution
X =(X1,..,Xpn) = 0= (0nyy-esOn, ) -

Then, P (0) becomes a linear differential operator with constant coefficients,
for which
PO)T = (PO)T)xbo=T = (P(9)d)-.

Theorem 140. (for the proof, see [25], p. 157, Theorem IV and Theorem V)

1. The map
(T,S) —>T=%S

is bilinear and continuous from &' x &' into £'.

2. The map
(1,8) - T=x*S

is bilinear and hypocontinuous from £ x D' into D’.
Theorem 141. Given T € &', the map

D — C

e = (T, [zge(-+y)dy) (6.11)

defines a distribution in D’. Furthermore,

(T,/nso(- + ) dy> = /n (Tw,p (z+y))dy (6.12)

for all p € D.

Proof. According to Theorem 6 and Theorem 8, the function
= [ e(+ydy
R
is smooth. Thus, (6.11) is well defined. It should be clear that it is linear.
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As for the continuity, if ¢; — 0 in Dk as j — oo for K C R" compact, let 6 € D
be a cut-off function that equals one on an open neighborhood of supp (T"). Moreover,
let K1 be a compact subset of R™ such that for z € supp (6), supp, (¢; (x +y)) C Ky
for all j > 1.

Then, for each o € N", there is Cy o, > 0 so that

o2 (00 [ wrternan)| =

Thus,

0 (6(x) 5 (x +)) dy‘

<8ﬂgpj> (m)‘ — 0.

j—o00

R”

IN

Cy,ameas (K1) sup sup
B<a zeR”

<T,9 ) /Rn 0;i (- +y) dy) iThe ¥

As for (6.12), according to Theorem 107 and Theorem 8, we can write

<T,9(‘)/nw(‘+y)dy) = (;3“Tfa79(‘)/ﬂgn¢(‘+y)dy>
= S [ @ ([ aeweer i)

(0% R™

- e [ ([ m@eowet i)

07

-/ <Z<—1>'“' Ty, 95 (0 (w)so(fv+y))) dy

67

This completes the proof of the theorem. O

So far, we have defined the convolution 7" * S assuming that at least one of the
distributions T" and S has compact support. We will see now that T % .S can be
defined under weaker assumptions.

We begin with the following two results, which are due to Janos Horvath.

Theorem 142. ([16], p. 383) Let us fix two closed sets E,F C R™. Then, the
following statements are equivalent:

1. For every compact set K C R"”, the set
(Ex F)({(z,y) ER"xR": 2 +y € K} (6.13)
18 a compact subset of R™ x R".
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2. For every compact set K C R", the set
E((K-F) (6.14)
is a compact subset of R™.

Proof. To prove 1) = 2), let zy belong to (6.14). Then, g € E and there is
Yo € F so that xo 4+ yo € K. Therefore (x0,yo) belongs to (6.13), which is compact,
by hypothesis. There are compact subsets K; and Ks such that the set (6.13) is
contained in K x Kj. So, zyg € K7, which implies that (6.14) is compact.

Conversely, if (xg,y0) belongs to (6.13), we have that g € E, yo € F and
zo+yo € K. Therefore, 2y € E and it also belongs to K —F since xg = (x¢ + yo0) —Yo-
On the other hand, yp € F and it also belongs to K — (E() (K — F)) since yg =
(w0 + yo) — zo-

That is to say,

(ExF)[({(x,y) ER"xR":z+y € K}

c [Eﬂ(K—F)] X [Fﬂ(K— (Eﬂ(K—F)m. (6.15)

Since both sets in the cartesian product (6.15) are compact, we conclude that
(6.13) is compact. Thus, 2) = 1).
This completes the proof of the theorem. O

Corollary 143. ([16], p. 384)

1. The set E(\ (K — F) is the projection of the set (6.13) onto R.
2. The set F'(\(K — E) is the projection of the set (6.13) onto Ry.

3. The set E((K — F) is compact if, and only if, the set F(\(K — E) is com-
pact.

Proof. By definition, if zg € E() (K — F), there is yo € F so that (zg,y0) € E X F
and xg + yo € K. Thus, (x,yo) belongs to (6.13).

Conversely, if xg belongs to the projection of (6.13) onto RY, there is yp € R™ so
that (z9,y0) belongs to (6.13).

Therefore, g € F, yo € F and x¢+ 1y belongs to K. So, xg € K — F also. Thus,
we have proved 1).

The proof of 2) is similar, reverting the roles of E and F'.

As for 3), if E( (K — F) is compact, the set (6.13) is compact by Theorem 142,
and its projection onto Rj must be compact as well.

Conversely, according to Theorem 142, it suffices to show that if F'( (K — E) is
compact, the set (6.13) is compact also.
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So, if (9, yo) belongs to (6.28), yo € F and (xg + yo) € K, that is, yo € K — E.
Moreover, zp € E and it also belongs to K — (F()(K — E)), since xg =

(2o + ¥0) — yo- So,
(ExF)({(z,y) ER"xR":z+y € K}
C [K— (Fﬂ(K—E))} X [Fﬂ(K—E)]. (6.16)

Since both sets in the cartesian product (6.16) are compact, we conclude that
(6.13) is compact and therefore, E () (K — F) is compact.
This completes the proof of the corollary. O

We now use Theorem 142 and Corollary 143 to prove the following result:

Theorem 144. If T and S belong to D', let E = supp (T), F = supp (S).
Moreover, let us assume that the equivalent conditions 1) and 2) in Theorem 142
are true for these particular choices of E and F .
Then, if we fir K CR™ compact, the pairing

(Te x Sy, ¢ (z +y)) (6.17)

can be defined, for every ¢ € Dy, in any of the following three ways: Using an
appropriate cut-off function o (z,y) € D (R2”), using an appropriate cut-off function
0 (x) € Dy, or using an appropriate cut-off function n(y) € Dy. Moreover, all three
definitions coincide.

Proof. By Lemma 65, we know that (6.17) can be defined as
(To x Sy, (@,9) ¢ ( +Y))py w1y D, , (6.18)

where a (z,y) € D (R?") is a cut-off function a (z,y) € D (R*") that equals one on
an open neighborhood of the set (6.13).

Moreover, Lemma 65 also shows that the pairing does not depend on the function
« satisfying the stated condition.

Next, let us pick a cut-off function 6 (z) € D, that equals one on an open
neighborhood of the compact set E () (K — F). We define (6.17) as

(T x Sy, 0 (x) ¢ (z+ y))DnggJ,Dz,y . (6.19)

Then, (6.19) does not depend on the function 6 (z) satisfying the stated condi-
tion.
Indeed, if 0; (z) is another function like 6 (z), we claim that

(ExF) ﬂ supp[(0 (z) — 61 () p(x+y)| =2 (6.20)
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for all p € Dg.

In fact, if (zo, yo) belongs to the set in (6.20), according to 4) in Example 12,
belongs to supp (0 — 01) as well as it belongs to E, while yp € F and z¢ + yo € K.

However, since 6 (x) —6; (z) = 0 for z in an open neighborhood of E( (K — F),
xo cannot belong to E() (K — F'), which is a contradiction.

Therefore, (6.20) is true and, according to Lemma 41,

(Tw % Sy, (0 () = 01 (2)) ¢ (2 + )y sy ., =0

for all p € Dg.
If we pick a cut-off function 7 (y) € D, that equals one on an open neighborhood
of the compact set F'() (K — E), we define (6.17) as

(T x Syan(y)‘ao(x‘f'y))pgcxpépw,y . (6.21)

If 1 (y) is another function like 7 (y), we claim that

(Ex F)(Vsupp[(n(y) —m (1) ¢ (x + )] = 2. (6.22)

for all p € Dg.

Indeed, if (zg,y0) belongs to the set in (6.22), then yo belongs to supp (n —n1)
and to F, while xy € E and z9+yo € K. This means that yo belongs to F'() (K — E).
However, yo cannot belong to F'() (K — E) because n(y) —n1 (y) = 0 for z in an
open neighborhood of E( (K — F).

Therefore, (6.22) holds and

(To % Sy, (0 (W) =m ) (@ +¥)py oy p,, =0

Yy

for all p € D.

Let us see that (6.18) and (6.19) are equal. To that effect, we pick a cut-off
function « (z,y) € D (RQ") that equals one on an open neighborhood of the set
(6.13). We also pick a cut-off function 0 (z) € D, that equals one on an open
neighborhood of the compact set E () (K — F). We claim that

(E x F)()supp[(a(z,y) — 0 () ¢ (x +y)] = 2. (6.23)

Indeed, if (zo,y0) belongs to (6.23), then xy € E, yo € F, xo + yo € K, and
(x0,90) € supp (a(z,y) — 6 (x)). In particular, (zo,y0) € E()(K — F). But, ac-
cording to 1) in Corollary 143, E'() (K — F) is the projection of (6.13) onto R”.

Therefore, o (z,y) — 0 (x) = 0 for all (x,y) in an open neighborhood of (xo, yo).

So, (z0,yo) cannot belong to supp (a (x,y) — 0 (z)). Thus, (6.23) holds and

(To x Sy, (o (2,9) = 0 (2) ¢ (& +9))p, xpy p,, =0

sk sk sk ok sk ok ok s ok sk sk ok ok sk sk ok sk sk sk s ok sk sk ok s sk sk sk ok sk sk sk s ok sk sk sk s ok sk sk ok ok sk sk ok sk sk sk ok sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk skok ok sk ok

Surveys in Mathematics and its Applications 15 (2020), 1 — 137
http://www.utgjiu.ro/math/sma


http://www.utgjiu.ro/math/sma/v15/v15.html
http://www.utgjiu.ro/math/sma

92 Josefina Alvarez

for all p € Dg.
Finally,

(E x F)(Ysupp (@ (z.y) =1 (y) ¢ (z + y)] = 2,

because, according to 2) in Corollary 143, F'( (K — E) is the projection of (6.13)
onto Ry.
This completes the proof of the theorem. O

Remark 145. Under the hypotheses of Theorem 144, the pairing (T, x Sy, ¢ (z +y))
defined in any of the three equivalent ways, is a distribution in D’, denoted T * S.

In fact, an examination of the proof of Theorem 137, will show that it only uses
the compactness of the set supp (T'® S) () suppey (¢ (x +y)).

Thus, it applies to the present situation, using an appropriate cut-off function
a(x,y).

Theorem 144 implies that the same conclusion holds, when using any of the other
two ways of defining the pairing.

Theorem 146. Given T and S in D', let us assume that the equivalent conditions
1) and 2) in Theorem 142 are true for E = supp (T), F = supp(S). Then,

1. The convolution product of T and S is commutative. That is to say,

TxS=5xT.

supp (T S) C supp (T') + supp (S) . (6.24)

3. Given o € N,
O (T+S)=(0°T)*S=T=%9“S.

Proof. To prove 1), we fix a compact subset K of R™. Let 6 (x) be a cut-off function
that equals one on an open neighborhood of the compact set E () (K — F') and let
1 (y) be a cut-off function that equals one on an open neighborhood of the compact
set F( (K —E).

Then, if ¢ € Dy,

(T * S,0) < (T, % 8,0 (2) 1 (y) 0 (x +9)) -

Proof. According to 3) in Theorem 124,
(Te x Sy, 0 (@)n(y) ¢ (z+y)) = (To,0(x) (Sy,n(y) ¢ (x+y)))
= (Sy,n(y) (To, 0 (z) 0 (x +y))).

Let us recall that E() (K — F) is the projection onto R? of the set (6.13), while
F( (K — E) is the projection onto R of the set (6.13).
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Thus, 6 (x) n (y) is a cut-off function that is equal to one on an open neighborhood
of the set (6.13).
Moreover, the set

(FxE)(){(y,2) ER"xR":y+z € K}, (6.25)

is contained in (F((K — E)) x E((K — F).
Therefore, the cut-off function 7 (y) 6 (x) is equal to one on an open neighborhood
of the set (6.25). So,

(Sy;n () (T, 0 () 0 (z+y)) = (SyxTu,n(y)0(z)p(y+x))

L (ST, p)

and we have proved 1).

To prove 2), we begin by showing that the set E + F' is closed.

Indeed, if zg belongs to the closure of E + F, there is a sequence {(z;,y;)};5, s0
that {x; + yj}jzl converges to zp as 7 — 0o. Let K be the set consisting of zy and
the points (z;,y;) for all j > 1. The set K is compact.

Therefore, Theorem 142 and Corollary 143 hold for K. In particular, x; belongs
to the compact set E() (K — F) for all j > 1. Therefore, there is a subsequence
{xj, }~, converging to some a € E as k — co.

So, xj, + y;, converges to zp as j — 00, and consequently, the subsequence
{yjk}k>1 C F must converge in F' as k — oo. Since it converges to zgp —a as j — oo,
we conclude that zg —a € F.

That is to say, 29 = a + (20 —a) € E+ F. So, we have proved that E + F is
closed.

Now we are ready to prove (6.24).

If xy ¢ E+ F, there is an open neighborhood U of x( so that U C R"\ (E + F).
If p e D(U),

(E x F)()suppzy (¢ (z+y)) = 2.

Indeed, if (z1,y1) belongs to the intersection, we must have x; € E, y; € F and
x1+y1 € supp (). That is, 1 +y1 € (E+ F) () (supp (¢)), which is not possible.
Thus, we have proved 2).

Finally, according to (6.6),

(0°T) S,9) = ((0°T), ® Sy (@ +y)) = (To @ (9°8),, ¢ (x +))
for all p € D. O
This completes the proof of the Theorem. O

kst sk ok sk ok ok s ok sk sk ok ok sk sk ok sk sk sk ok sk sk sk s sk sk sk ok sk sk sk sk ok sk sk sk s sk sk sk ok sk ok sk sk ok sk sk sk s sk sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk skok ok sk ok

Surveys in Mathematics and its Applications 15 (2020), 1 — 137
http://www.utgjiu.ro/math/sma


http://www.utgjiu.ro/math/sma/v15/v15.html
http://www.utgjiu.ro/math/sma

94 Josefina Alvarez

Remark 147. As shown in Theorem 137, if at least one of T',S € D’ has compact
support, given ¢ € D, the condition

(supp (T') x supp (S)) ﬂ suppzy (¢ (z +y)) is compact, (6.26)

holds.
However, there are other instances when (6.26) is true. For example, let us
assume that supp (T') and supp (S) are both contained in the region

Fo={zeR":21>a1,..,2, > an}

for ay, ..., a, fixed.

Then, for ¢ € D, condition (6.26) holds. In fact, since the set in (6.26) is always
closed, we only need to prove that it is bounded.

If (z,y) belongs to the set in (6.26), then z;,y; > a; for all j. Moreover, there
is C' = Cyypp(p) > 0 s0 that |z; +y;| < C for all j. Therefore, a; < z;,y; < C — a;
for all j.

The distribution Ty, associated with the n-dimensional Heaviside function H,
defined in 6) of Example 96, is an example of this situation.

Remark 148. Theorem 144, Remark 145, Theorem 146, and Remark 147 can be
adapted, in an obvious way, to distributions in D’ (m),

Remark 149. An obvious extension of (6.13) to [ closed sets, would allow us to
extend Theorem 144, Remark 145, Theorem 146, and Remark 147, to [ distributions
T,...,T; € D', under the appropriate assumption.
The definition
d
(T T Y (M@ ®T.,0(a+..+2)

produces an associative operation ([16], p. 390, Proposition 8).
However, let us consider, on R, the distributions 77, %, and Tp,, where T}
is the distribution defined by the function identically equal to one and Hj is the

one-dimensional Heaviside function. Then

while

dzx

Thus, the fact that in each parenthesis one of the distributions has compact
support, is not enough to guarantee associativity.

Let us observe that the natural extension of condition 1) in Theorem 142, to the
supports of these three distributions, is that the set

(Rx {0} x [0,00)) (V{(2,,2) €ER® 1z +y+ 2 € K}

is compact for each K C R compact, which is not true.

Tl* (*TH1> :T1*50:T1.
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6.3 Multiplicative product

It would be natural to try to define the multiplication 7" - .S of two distributions
T,S € D' in such a way that Ty - Sg = T4, when f and g are locally integrable
functions.

Unfortunately, we can see very quickly that this approach does not work, since
the multiplicative product of two locally integrable functions is not always locally
integrable, so it does not always define a distribution.

However, the multiplicative product of a locally integrable function by, say, a
smooth function, will always be locally integrable. So, we can attempt the following
approach:

Given a distribution T' € D’ and a distribution T}, defined by a function a € &,
we set

(Ta - T,0) € (T a0),
for ¢ € D.

It is customary to say that we multiply 1" by the function «, denoting the result
as oI or, equally, Tc.

The following result shows that the proposed definition of T is correct.

Theorem 150. 1. For a € & fized, the map

D — D
P —  ap

1s well defined, linear, and continuous.

2. The map
D — C
¢ — (T ap)
is a distribution in D',
Proof. 1t should be clear that the map in 1) is well defined and it linear.

As for the continuity, if we fix K C R” compact and we fix an n-tuple g € N”,
according to Lemma 4,

sup
z€eR™

0 (ap) (x)| < Cysup sup |(97a) (@) sup sup [(079) (2)],  (6.27)
y<BzeEK Y<BzeR™

for all p € Dg.
Therefore, 1) is true.
It should be clear that the map in 2) is linear, so let us prove that it is continuous.
If {¢;} ;51 converges to ¢ in D as j — oo, according to 1), the sequence {ap;}
converges to ap in D as j — oo. So, we have proved 2).
This completes the proof of the theorem. O

Jj=1
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Remark 151. Since the map

ExD — D

(p) — ap (6.28)

is bilinear, an extension of the estimate (6.27) will show that the map (6.28) is
hypocontinuous, according to Definition 118.
In fact, if we fix K C R™ compact and we fix an n-tuple g € N,

9% (ag) (@)]

IN

Cs|(07a) (2)|[(07¢) (2)|

Cs sup sup |(07«) (x)|sup sup [(07p) (z)]
[v1<|8| z€ By y<B zER™

Cs llelip), 5, sup sup [(97¢) (2)]
Y<BzeR™

IN

for all ¢ € Dg, where [|af|5 p, is defined as in (4.1).

Corollary 152. 1. Ifa €D, orif T € &', the distribution oT belongs to £ and
supp (aT) C supp (o) ) supp (T) .

2. The multiplicative product of I distributions of which at least I—1 are functions
in &, is well defined and it is associative and commutative.

Proof. To prove 1), we fix zg in R™\ (supp () () supp (T')). Then, there is an open
neighborhood U of z( that does not meet (supp (o) () supp (T)).
Therefore, if ¢ € D (U),

supp (awp) () supp (T) € supp () [ ) supp () [ ) supp (T) = 2.

So, (T, ap) = 0.

The proof of 2) follows from the fact that the multiplicative product of complex-
valued functions is associative and commutative.

This completes the proof of the corollary. O

Remark 153. The crucial point in defining the multiplicative product is that a test
function ¢, multiplied by «, still has to be a test function.
Therefore, there must be a balance between properties of o and properties of ¢.
So, it should be clear that Theorem 150 and Corollary 152 apply, with the obvious
modifications, if '€ D) and o € £(™) as given by Definition 120.

Theorem 154. (for the proof, see [25], p. 119, Theorem III) The multiplica-
tive product is a bilinear and hypocontinuous map from & x D' into D' and from
EM) 5 DM into DMV
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Example 155. As an illustration, we collect here a few additional properties of the
multiplicative product, plus a few examples.

1. The partial derivatives of a multiplicative product are calculated with the usual
rule. That is, in whatever duality the product o1 is defined,

B
0% (aT) = <5 ) () 3P T (6.29)
=0 K
Indeed, if 9% = Oy, for some 1 < j < n,
(Oz; (@T),0) = —(T,a0s,) = = (T, 0x, (ap) = (9;1) ¥)
— (a0, o) + ((90,0) T.)
while

0,,0° (aT) = 26:(5)0% (o)

=0 N7

~ (8

> (7> ((axj 0a) 07T + (07 ) Oy, 85_7T) :
=0

Since the exact same calculation done in Lemma 4) applies here, we obtain
(6.29).

2. Given a € &, B € &, T € D, and S € D,
(a(z) @B (y) (Te @ Sy) = (aT), @ (BS), .

According to Theorem 122, to verify this identity we only need to check it on
test functions of the form o1 (z) @2 (v).

((01), @ (89), .01 (@) 02 ) = ((@D), 01 @) ((8S), .2 ()
(., a( > 1)) (80,8 () 92 (1)
(Tw ® Sy, (o (z) ® B (y)) 1 (x) 2 (y))
(0 (@) ® B (1) (T © 5,), 01 (2) 92 (1)) -

3. Given o € &,
ady = a (0) do.

Therefore,
9% (ady) = a (0)9” (&),
for all g € N™.
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4. For I,k € N and ¢ € D' (R),

(4. 0) = (-1 ()" 0

B 0 if 1>k
Tl (=D)FeED ) i 1<k

Therefore,

1 o(k) 0 if 1>k

5y = -

=% { (D) s i 1<k

5.
1
x <pv> =1. (6.30)

x

Indeed, given ¢ € D,

1
<a; <pv> ,go) = lim zp () dx
X J—00 |x\>1/] X

= / ¢ (z)dx = (T1, ¢ (z)),
R™

where T} denotes the distribution defined by the function identically equal to
one.

Actually, pv1/x is the only odd distribution that satisfies (6.30).

In fact, if there are two distributions, 7" and S, so that x (T'—.S) = 0, then
T — S must be concentrated on {0}. Indeed, if ¢ € D (R\ {0}),

(T—S,(p):(x(T—S),§>:O.

According to Theorem 110,

T-5=Y ady.
k=0

Then,

0=z(T-9)= Z Ck xd(()k) =— Z ckéék_l).
k=0 k=1
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If ¢ € D (R) is equal to one on a neighborhood of zero

<_ Z ck(s(()k_l)a xlgo) = Cl41,

k=1

for I =0,...,m — 1. Therefore, ¢z, =0for 1 <k <m,orT — S =cody. If T
and S are both odd, since it should be clear that dg is an even distribution,
the constant ¢y must be zero.

Theorem 156. GivenT € D' and o € &, let us assume that supp (T') and supp (Ty,) =
supp («) satisfy the equivalent conditions 1) and 2) in Theorem 142.
Then,

1. The pairing (T % T, ) is well defined as a distribution in D', for every ¢ € D.
2. The pairing (Ty,a (y — x)) can be defined for each y € R™ fized.

3. The function
y—= B = (Tr,a(y — 1))
belongs to .

T*T,=1Tg
on D.
Proof. The set

supp (T) () (K — supp (c))
is compact for every K C R™. Therefore, Theorem 144 tells us that we can define

the pairing (T, ® Sy, ¢ (x +y)) as
(TCE ® Ta(y)7 0 (.Z') 2 (CB + y))D,

Yy

Dy’

where § € D is a cut-off function equal to one on an open neighborhood of supp (T') () (K — supp («)).
So, 1) is true.
Then,

(T8 T 0@ o+ )y o, = (T8 ([ atv-0pwa))

(0r).. ([ at-sewa))

= /n ((0T), o (y — @) ¢ (y) dy

- [ @o@at-mewds 631
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where, in (1), we have used Theorem 141 for the distribution 07'.

Thus, 2) is true as well.

To prove 3), let us first observe that given yg fixed, the cut-off function 0 (z) can
be defined independently of y in an open neighborhood of yy. Therefore, we can
prove that the function 3 (y), defined as

B(y) = (T, 0 (z) a(y — x))

belongs to £ using the work done in 1) of Theorem 124.
Finally, according to (6.31),

TTop) = [ (Tub@aly-a)edy

= B(y) e (y)dy.
R’ﬂ
So, we have 4).
This completes the proof of the theorem. O

Remark 157. Theorem 156 is the distributional version of Lemma 24. The function
B (y) is called a regularization, or smoothing, of the distribution 7.

Let us observe that defining the pairings (T * Ty, ¢) and (T, (y — x)) using a
cut-off function that only depends on x, simplifies the proof of Theorem 156.

Remark 158. Given 9 € D (R), the convolution (pv1/x) x T, is well defined.
Moreover, it can be written as

lim Y (y)

J20 Jjz—y|>1/; T =Y

dy, (6.32)

for each x € R.

Indeed,
<<pv;>*Tw7¢) = <pv;,4¢(y)w(w+y)dy>
~ (w1 [0G-00@)

M /R (p”glc"”z —x)) o (2) dz,

for every ¢ € D (R), where we have used in (1) Theorem 156.

The formula (6.32) can be extended to ¢ in LP (R) for 1 < p < oo, defining a
linear and continuous operator from LP (R) into itself. This operator is called the
Hilbert transform after the mathematician David Hilbert (1886-1943).
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The Hilbert transform plays a fundamental role in harmonic analysis. Among
other things, it is a foremost example of a class of operators called singular integrals,
defined and studied by Alberto P. Calderén (1920-1998) and Antoni Zygmund (1900-
1992).

Moreover, (6.32) can be written as

/R /R @ (;vlwy(y) i,

when (supp (¢ (2) ¥ () N {(z,y) ER* 1z =y} = 2.
This formula is just a tiny example of a spectacular result due to Schwartz [23],
that basically says that for every linear and continuous operator 7 from D;J into D,

there is a distribution 7' € D, , such that

(T (%), ‘P)Dé,px =(T,o@¢)p Dy

z,y’

Roughly stated, in the sense of distributions, every linear and continuous oper-
ator is an “integral” operator.

We saw an example of a classical integral operator in Remark 93.

The article [1] gives an overview of these matters. For an in depth presentation,
we refer to the excellent original sources cited therein.

Theorem 159. We have the following continuous and dense inclusions

E — D
D — &

Proof. It should be clear that the inclusions are well defined by means of identifying
« and Tp,.

If {o;} ;5 converges to zero in € and ¢ € B, a bounded subset of Dg for K € R"
compact,

< meas (K)sup sup | (x)|sup |a; (z)] — O.
peB xER™ zeK J—r00

[ @@

As for the density of the inclusion, given T' € D', we consider the sequence

{T=T)} 5,
Let us observe that, for K C R"” fixed, the set

(supp (T') x supp (ij)) ﬂ{(x,y) ER"xR":z+ye€ K}

is contained in a compact set that does not depend on j, for all j > 1. Therefore,
the cut-off function # can be chosen independently of j.
According to Theorem 156, T'* T, = Tp, with ; € £.
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Theorem 68 and 2) in Theorem 140, imply that the sequence {ng }j>1 converges
to T * dg in D’ as j — oo. -

Finally, T' % 69 = T, as shown in 1) of Example 139.

Since the space D is the inductive limit of the spaces Dy, the inclusion D — &’
will be continuous if, and only if, ([26], p. 268, Corollary 2) the inclusion Dx— &’
is continuous, for all K C R™ compact.

Let {O‘j}jzl be a sequence converging to zero in Di as j — oo. Given B, a
bounded subset of &,

[ @@

< meas (K)sup sup | (x)| sup |a; (z)] — O.
peBxeK z€R™ J—0

Let us show that the inclusion is dense.

As before, we consider the sequence {T * T, }j>1. In this case, the function £
defined in 3) of Theorem 156, belongs to D. -

Theorem 68 and 1) in Theorem 140, imply that the sequence {Tf;j }j>1 converges
to T*d0y=T in & as j — oo. -

This completes the proof of the theorem. O

Remark 160. According to Theorem 53, D is dense in £. Therefore, we can say
that D is dense in D’.

So far, we have worked with factors that are, except for one, smooth functions,
or functions that are continuous and have a certain number of continuous partial
derivatives. Can we do better than this?

The first answer, for the negative, was given by Schwartz ([24]). Roughly speak-
ing, Schwartz’s impossibility result, in one of its versions, says the following:

It is not possible to define on D’ x D" an associative and bilinear operation -, not
necessarily commutative, so that

1. The unit is the distribution 77 defined by the function identically equal to one.

2. The operation - extends the multiplicative product of distributions Ty and Ty
defined by continuous functions f and g. That is,

Ty T, = Ty,.

3. The operation - extends the standard multiplicative products

1
(pv > z = 1,
x

xdy = 0.
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Indeed, if such operation existed, it would have to satisfy, in particular,

0 = <pvi>'($50)

= ((n2)o)

= T - 00 = o,

which is not possible.

Schwartz also observed that it is not possible, either, to have an associative
bilinear operation - satisfying 1), 2), and Leibniz’s rule

Oy, (T 5) = (05, T) - S +T - (0, 5)

Therefore, a multiplicative product and a notion of partial derivative cannot
coexist with the Dirac distribution.

In [6], Jean-Francgois Colombeau defined a multiplicative product on D’ by im-
mersing D’ in an associative quotient algebra. The multiplicative operation on the
algebra extends the multiplicative product TtT, = T}, when f and g belong to
&. However, it does not extend the multiplicative product when f and g are only
continuous.

There are also multiplicative products defined, at least in special cases, by means
of regularizations [2].

The subject of how to multiply distributions, leads naturally to the subject of
how to divide distributions (see [25], Chapter V, Sections 4 and 5). We will briefly
touch upon it, later on.

In this section, we have not considered the spaces S and &’. Indeed, their rela-
tionship with the convolution product and the multiplicative product is so special,
that it merits to have its own section.

In the meantime, we are pretty much done with the basics of distribution theory
which we set to present.

For much of the remainder of this article, we will study the Fourier transform of
distributions, as a fundamental application of all we have seen so far.

We begin with a refresher section that has definitions and properties pertaining
to the Fourier transform on the spaces L' and L?. The material we are about to
discuss, besides being of great interest on its own, will prove useful when we attempt
to define the Fourier transform of a distribution.

Let us mention that the Fourier transform is named after the mathematician
Joseph Fourier (1768-1830).
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7 The Fourier transform on L' and L? (part I)

We start with a definition.

Definition 161. Given f € L', we define the Fourier transform of f, denoted f or
Ff], as

n

FI© = [ s, (71)
where x€ = x1€1 + ... + xpén.

It should be clear that the integral in (7.1) is well defined.
Let us recall that given h € R", we defined the translation operator 7, as

7 (f) (x) = f (z — h).

The proof of the following result reduces to changing variables in (7.1).

Theorem 162. Given f € L', h€ R" and k € R, k # 0,

FlnI©) = ™FIf1(),
FIrEN© = nrin(3)- (7.2

Remark 163. As an immediate consequence of (7.2), the Fourier transform of an
odd integrable function is odd, while the Fourier transform of an even integrable
function is even.

Moreover, if f € L' is odd,

. 2mixé _ —2mix€
G B O e L

= 1 f (z)sin 2mx€ dx.
Rn

while, if f € L' is even,

e271'ix§ + e—271'i:t§

G B O e L

= f (z) cos2mx€ dx.
R”l

Definition 164. We say that a function f : R™ — C vanishes at infinity if there is

lim f(z)=0. (7.3)

|z|—o00
It should be clear that all the functions in D or in §, vanish at infinity.
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Definition 165.
Co={f:R" = C: f is continuous and vanishes at infinity} .

The space Cj is a complex linear space, that becomes a Banach space with the
sup norm.

Lemma 166. The following statements hold:

1. BEvery function in Cy is uniformly continuous.

2. The space D is dense in Cy.

Proof. We begin with 1).

If f € Cp, let us fix ¢ > 0. Then, there is r = r. > 0 so that |f (z)| < ¢ for
|z| > 7. On the other hand, the function f is uniformly continuous on the compact
set B, = {x € R": |z| < r}. Therefore, if x,y € By, there is 6 = 6. > 0 such that

[fx)=fyl<e

if |z —y| <.
Furthermore,
|f (@)= fWI<|f @] +1f ()] <2
if ||, [y > r.

So, we have proved 1).

To prove 2), we fix f € Cy. Given € > 0 there is r > 0 so that |f (z)| < & for
|z| > 7.

Let o € D be a cut-off function that is equal to one on B, = {x € R™ : |z| < r},
it is zero for |z| > 2r, and it is between 0 and 1 everywhere. Then,

(1 —a(@) f(@)] <<

for all x € R™.

Let f; = (af) * pj, where p; is the function used in the proof of Theorem 25. It
should be clear, from Lemma 24, that f; € D.

Thus, to prove that the sequence {f;} j>1 converges to f in Cy, it suffices to show
that f; () = a (z) f (z) uniformly with respect to z in R™ as j — oo.

[fj (2) —a(x) f(2)] =

lyl<1/j

IN

/ la(z—y)f @ —y) -9 @) p; () dy.
ly|<1/5
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Since «af is uniformly continuous, we can say that given € > 0, there is jo =
Jo,e > 1 so that

la(@z—y) f(z—y) —alx)f(z)<e
when |y| < 1/j for j > jo, for all x € R™.
So, |fj () — a(z) f (x)| < e for all x € R™. Finally,

i (@) = f(@)] <[f; (@) — (@) f(@)] +|(1 - a(@)) f(2)] <2

for j > jo and for all z € R™.
This completes the proof of the lemma. O

Theorem 167. 1. The Fourier transform F is a linear and continuous operator
from L' into Cy.

H]:HLl,cO =1,

where [|-[| 1 ¢, indicates the operator norm.
3. The image F [Ll] is a proper linear subspace of Cy.
4. The image F [Ll] is a dense linear subspace of Cy.

Proof. To prove 1), let us begin by proving that given f € L', F [f] is a continuous
function. We fix § € R and let {{;},., be a sequence converging to § in R" as
Jj — oo.

Then, the sequenge { fR" e2miTE; f (az)}jzl converges pointwise to e2miago f(z) in
C as j — oo and ’ezngjf(x)‘ = |f (x)| for every j > 1.

Therefore, Lebesgue’s dominated convergence theorem implies that {F [f] (§;)};5,
converges to F [f] (§) in C as j — oo. So, F [f] is continuous on R™.

To prove (7.3), we begin with a few observations.

First of all,

IF IO < A1l e (7.4)

for all £ € R™, so F [f] is bounded on R™.
Moreover, if { f;} .., converges to f in L' as j — oo, the sequence {F [f;] (€} 51
converges to F [f] (fj_in C, uniformly on &, as j — oo. -
Furthermore, suppose that, for each j > 1, there is lim¢| o F [f;] (§) = 0.
We write

IFUTOI< | FIf18) = F )]+ |F ] ©)-
(1) (2)

Therefore, given € > 0,
M <fi=flp<e
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for .7 > jO,z—:-
If we fix j > jo. in (2), there is M. > 0 so that

(2) <e
for || > Mj..
Finally,
IF 1) < 2¢
for || > Mj..

So, it only remains to find such a sequence {f; }j>1'

We select linear combinations of characteristic functions of rectangles, which are
known to be dense in L.

If R =[a1,b1] X ... X [an,by], with a; < b; for every 1 <[ < mn,

b TIX _ e2mib§y _g2miarg; .
F Napoi)) &) = Jo TSy = S—me i G #£0
o b — ay it g =0

Therefore,

Fxrl ©) =[] F [Xapg] &) |
=1

&|l—o0

It should be clear that the map f — F[f] is linear. As for the continuity, it
follows from (7.4). So we have proved 1).

To prove 2), we consider the characteristic function of the cube Q = [—1,1]".
We have
IxQllpr = 2"
Moreover,

1 e2miwy _ sin2wv
7 [X[fl,l]} (€) = { o S5—du =2 i v #0

2 1 if v=0
Therefore,
‘ xel|l _
2n i
and
sup |F [X—fﬂ ({)’ =1.
£€Rn 2
In view of (7.4), 2) is proved.
We postpone the proof of 3) and 4) until Section 9. O

Remark 168. It is not known how to characterize explicitly the complex linear
space F [Ll].
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Theorem 169. 1. Given f € ™) for some m = 1,2, ..., we assume that O“f
belongs to L' for all « € N™ with |a| < m. Then,

F10*f1(€) = (=2mig)" F [f1(£) - (7.5)

2. Suppose that the functions f and |z|™ f are integrable, for some m > 1. Then,
F [f] belongs to £ and

(O F [f]) () = F [(2miz)® f1(£) (7.6)
for |a| < m.

Proof. To prove 1), let us begin by showing that (7.5) holds for 9% = 9,,. Moreover,
to simplify the notation, let us assume that j = 1.
Let {a;},~, be an increasing sequence in R going to oo as [ — oo, and let {b;},5,
be a decreasing sequence in R going to —oo as [ — 0o. So, a; < b; for [ large enough.
With the usual notation, we first integrate by parts on the variable .

b
/ 21y On, f (xl, :I}/) dxq

ap

b; )
= f (bl,x/) —f (al,x/) — 2m'§1/ eZrimt g (xl,x/) dxq.

ap

Therefore,

o by .
/ 627mz & (/ 627rm:1§1 a$1f (xl, x/) dl‘l> dl‘/
Rn—1 a;
_ / 1 eQﬂix’g’f (bla xl) da’ — / e?ﬂia}’f’f (al,lt/)
R7—

Rn—1

(1) (2)
+ (=2mi&) F [f](£) -

We claim that each of the terms (1) and (2) converges to zero as | — oo, for

particular sequences {a;};~; and {b;};~.
Let - N

F(x)= /]R"—l ‘f (a:l,x’)‘ dx’.

According to Fubini’s theorem, the function F' is defined a.e. and integrable on
R. Therefore, for each [ = 1,2, ... fixed, the set

{a:l >0 F(21) > }}

has finite measure.
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So, we can find an increasing sequence {bl}l21 going to oo as | — oo, so that
F (b)) < 1/1 for every I.
Since the set

{$1<0:F(1‘1)>}}

has also finite measure, there is a decreasing sequence {a; },~, going to —oco as | — oo,
so that F'(a;) < 1/l. Moreover, a; < b for [ large enough.
Finally, for these particular sequences,

(W[ +1@)] < F(b) + F (ar) <

~| D

— 0.
=00

If we assume that m > 2, since 9 f belongs to L' for all & € N" with |a| < m—1,
we can repeat what we just did, with 0% f instead of f, for |a] <m — 1.

This completes the proof of 1).

To prove 2), we observe that given s € N, s <m,

: F@) i <1
IR N

So, the function |z|® | f (z)] is integrable as well. If g, ---Og, is any partial deriva-
tive of order s < m,

]agll...a&h (ezmﬁ) f (x)‘ - ‘(gml)ll . (2miz )

forly +... 4+ 1, = s.
Since

| (@)

1/2
= (2n)° (:L’%ll z?f”)

< Chslzl?

’(2#1’:51)11 .. (2mizy)

for some Cp s > 0, we conclude that 9g, '“6£zh (62“"’35 ) f (z) is integrable as a function
of z.
According to Theorem 6 and Theorem 8, F [f] belongs to £™) and (7.6) is true.
So, we have proved 2).
This completes the proof of the theorem. O

Remark 170. Theorem 169 says that derivability of f translates into F [f] going
to zero faster at infinity. It also says that integrability of |x|™ f (z) for increasing
values of m, implies that F [f] has continuous partial derivatives of higher order.

Definition 171. Given f € L', we define the conjugate Fourier transform of f,
denoted F [f], as

FUNEQ = [ s (@) do. (r.7)
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Remark 172. 7
Flf)=F[f], (7.8)
where * denotes the complex conjugate of the function -.
Therefore, F has the properties stated in Theorem 167. Moreover,

F0"f1(8) = (2mig)* F [£1(£)
and
(0°F [f]) (&) = F [(=2miz)" f](£) ,
under the hypotheses of Theorem 169.

Let us observe that when we talk about the Fourier transform, or the conjugate
Fourier transform, we mean the transform of a fixed function as well as the operator
from one space into another.

We now enounce two classical theorems, which of course have classical proofs.
However, we will postpone their proofs until we define the Fourier transform in the
context of distributions. At that time we will able to prove them, using results from
the theory of distributions.

Theorem 173. If the functions f and f are both integrable,
F [ﬂ = f a.e.
Theorem 174. The linear and continuous operator
F:L'— F[L'] CC

1s injective, in the sense that given g € F [Ll] there is f € L', uniquely determined
a.e., so that F [f] = g.

Remark 175. 1. If the integrable function f does not belong to Cp, Theorem
173 implies that f is not integrable. Therefore, F [Ll] g L.

2. According to 1), the operator F~ ! : F [Ll] :— L' coincides with F only on
FL'NL.

We now move on to the Fourier transform on L?. For clarity, we will denote F;
the operator we are about to define. Since L? is not contained in L', we can only
use (7.1) when f € L' (L%

Theorem 176. The linear operator
I'NI—s & 12 (7.9)
1s well defined and

IF 1l e = llll 2
for every p € S.
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As we did with Theorem 173 and Theorem 174, we postpone the proof of Theo-
rem 176.

With Theorem 176 in hand, the definition of F3 is just a straightforward appli-
cation of the following, well known, extension principle:

Theorem 177. Let X be a normed linear space, let'Y be a Banach space, and let X
be a dense and linear subspace of X. Then, given a linear and continuous operator

XX, 5 Y
there is one, and only one, linear and continuous operator T : X — 'Y such that
1. T|Xy, =1T.
2 Tl xy = Mllx, y
Theorem 178. There is a unique, linear, and continuous operator
2 B3
that extends (7.9). Moreover,

I F2 [f]ll2 = [ £l (7.10)
for every f € L.

Remark 179. 1. Theequality (7.10) is named Parseval’s identity after the math-
ematician Marc Antoine Parseval (1755-1836).

Parseval’s identity shows that F» is an isometry of L? into itself.

2. In the same way as with F5, we can define the extension Fs of the conjugate
Fourier transform, which also satisfies

Ffl=Ff],
by virtue of the extension principle.
The proof of the following two results will be given in Section 9.

Theorem 180. The operators Fo and Fo are isomorphisms of L? onto itself, and
they are inverse of each other. Moreover, they preserve the scalar product in L?.
That is to say,

o) Y / F@g@is = [ Falf O Tl

(1) Jrn

Y Folf) Falgl) e (7.11)
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Equality (1) is named Plancherel’s identity, after the mathematician Michel

Plancherel (1885-1967).

Theorem 181. Given f € L' L?,

Flfl = Ff] ae..

Remark 182. 1. Strictly speaking, F» and F, operate between two different

copies of L%, which are L2 and Lg.

That is to say, the graph of F», and the graph of 73, are subsets of L2 x Lg,
which, in physics terms, is called the phase space, where x is associated with
position and £ is associated with momentum. From the mathematics point of
view, we will always identify the variables x and &.

The definition of the operator F : L' — Cp, by means of an integral, is
straightforward. However, it presents two difficulties: How to characterize the
image and how to compute the inverse.

On the other hand, the definition of the operator F» requires more labor, by
means of the extension principle. However, once that is done, none of the
difficulties described before exist. In that respect, we could say that the L2-
theory of the Fourier transform is more symmetrical, perhaps more elegant,
than the L'-theory.

3. Once Theorem 181 is proved, we will be able to remove the sub-index from
Fa.

We begin to study these matters in the next section.

8 The Fourier transform on S and &’

If we fix f € L', the function ]?, being continuous, defines a distribution in D’.

IfpeD,
ndr= [ ( [ i dy) o (¢) da

(TPSO)D’,D - / f
_ /< 2 ) do) £ 1) dy
[.#0

y.

fD

Although the integral (1) is well defined, it does not provide a pairing (T¢, )1/ 1-

To see why, we begin with the following result:
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Lemma 183. The statements that follow are true:

Y
627r7Lacz: Z (27”:1:) za) (81)

|
aeN" @

for allx e R™, z € C".

2. The series (8.1) converges, absolutely and uniformly, for x in each compact
subset of R™ and z in each compact subset of C™.

Proof. To prove 1) we write

for x € R"and 2z € C", fixed.
According to Lemma 1,

) ' |
(‘TZ)J = ('7?121 + ...+ xnzn)J — Z ixaza‘

a!
|la=j
Therefore,
@2mi) (2mi)’ I (2miz)®
5O = 3 T 7 R 5 T
— J! = J! ~ a! al
Jj= 7= la|=j aeN

So, 1) is proved.
For 2), let us assume that |z;| < R and |z;| < R/, for R,R' >0 and 1 < j <n.

(2miz)® | @miz)
- = z
2 | > =
aenn | @ a0 >01=1 o
n . n
_ (2miz)™ 4, 2rR)™ Lo
= 11> P <1I o R (8.2)

Since each of the n series in (8.2) converges, we have proved 2).
This completes the proof of the lemma. O

Lemma 184. If ¢ € D, the function @ has an extension ® to C" that is an entire
function, that is to say, it is a holomorphic function on C™.
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Proof. The integral

/ eQm’zﬁ(p (l’) dr
supp(¢p)

is still defined if we substitute & for the variable z € C™.
According to Lemma 183,

; 1
P (2) = / ™) (z) dr = Z — (/ (2miz)® ¢ (x) d:n) 2%,
supp(p) : supp(¢p)

o
a>0
This completes the proof of the lemma. O

As an immediate consequence of Lemma 184, the smooth function ® (§) = & ()
cannot have compact support, unless it is the identically zero function. Therefore,
although the integral (1) suggests that given T € D', we might attempt to state the
definition

j;, ) - T,A ’ )
< @D,p ( ‘P)D,D

this is not possible.

One of Schwart’s great achievements was the realization that the space S, which
he defined, is a natural domain for 7 and F>. On &, both operators have all the
good features and none of the inconveniences. Schwartz also observed that the L!
and the L? theories, as well as, in general, the LP-theory for 1 < p < oo, can be
seen as part of the theory of the Fourier transform on the space S’ of tempered
distributions.

Theorem 185. The operator

s 5 s

is well defined, linear, and continuous.

Proof. Since S C L', given ¢ € S, F [p] is defined by means of an integral, as in
(7.1).

It should be clear that the map ¢ — F [¢] is linear.

Moreover, according to Corollary 58 and Theorem 169,

& @ Fle)©)] = |¢Flemna 1)
= @0 PF [0 (2rix)* 1)) (0)|.
Therefore, after using Leibniz’s rule, we have, as in the proof of Theorem 57,
HCFADIG]

—m
< Copmn s swp 17 @) )| [ (1+1a) " d,
7 <a nl<b zeRn Rr
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for m > n/2 and for appropriate a,b € N.

Thus, we have proved that F [¢] € S and that the Fourier transform is continuous
from S into itself.

This completes the proof of the theorem. O

Remark 186. From (7.8), it follows that Theorem 185 also applies to the conjugate
Fourier transform.

Theorem 187.
FlFlPl]l=¢ (8.3)

and
FFlell = ¢, (8.4)

for every p € S.

Proof. If we assume that (8.4) is true, using (7.8),

FIFW =F [Fid| =FIFpll =%

So, let us prove (8.4). What we need to show is that

oW = [ g

_ / ) < / it (z) dx) d, (85)

for every ¢ € S and for all y € R™.
The difficulty is, of course, that we cannot change the order of integration in
(8.5). However, given ¢ € S, the double integral

/ 2@y, <§> ¢ (x) dxd€ (8.6)
Rn xR J

exists for each 7 > 1 and equals

[ ey (f) 5(0). (8.7

With the change of variables z — u/(j +y) and £ — jv, the integral (8.6)
becomes

/ 2TV (1) (u + y) dudv = @(u) @ (u + y) du.
R" xR" J R g

That is to say, we have the identity

Lermu ()o@ = [ e () (55)
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for all p, ¥ € S.
Using Lebesgue’s dominated convergence theorem, we can take the limit on both
sides of (8.8 as j — oo, to get

b (O) F[F[ell () = ¢ () - ¥ (u) du.

Therefore, we will have proved (8.4), if we find a function ¢ € S so that ¢ (0) =1
and

O (u) du = 1. (8.9)
R

We claim that all the requirements are fulfilled by the function

¥ (@) = el

According to Example 49, the function ¢ belongs to S. Moreover, 1 (0) = 1.

If we were to prove that 12 = ¢, then taking ¢t = 1 and making a change of
variables in 2) of Lemma 91, we would have (8.9).

So, we set

g (&) = (¢).

Since ¢ (0) = 1, to prove that 12 = ¢ we only need to verify that 0, g is identically
zero, for all 1 < j < n.

O,9(6) = 2m&e™ P (€) + 0, (¢)

= TG (©) (ot~ 2my) = 0,

where we have used, in (1), Theorem 8.
This completes the proof of the theorem. O

Given T' € &', Theorem 185 implies that the pairing (7', F [¢]) 5/ s is well defined,
and it is a distribution in S’

Definition 188. Given T € §’,

(FT],¢) = (T, Fle) s s - (8.10)

Likewise,

(? [T 790) o (T7? [@])3/’5 . (8.11)

Theorem 189. 1. The operators F and F are linear and continuous from S’
into itself.
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and

for every T € S'.

Proof. It should be clear that the maps (8.10) and (8.11) are well defined, and are
linear from &’ into itself.

Let us prove that F is continuous from &’ into itself.

If B is a bounded subset of S, according to Theorem 185, the image F [B] is a
bounded subset of S.

Therefore,

IF[Tlls s = sup[(FI[T], )| = sup|(T, F[g])|
peB peB

= sup ”THS',J-‘[B] :
peB

A similar estimate holds for F.
So, 1) is proved.
The proof of 2) follows immediately from Theorem 187.

(FIFITN, @) = (T.F [Fld]) = (T, 9)

for all ¢ € S, and similarly for F.F.
This completes the proof of the theorem. O

Theorem 190. Given f € L', there is

lim e 2 (¢) de = f,

J=o0 Jig|<j

in the sense of S'.
That is, for ¢ € S,

<? {ij-ﬂa)} ’90) - f(z) ¢ (z)dz,

j—o0 Jrn
where x; denotes the characteristic function of {£ € R: [¢| < j}.
Proof. For j > 1 fixed,
F 7 = r F — n —2mixé
(F [%—f(f)] ’90) € F &) Fle] (§)dE e f©) </n e o (x) dm) de
= / ) / TG () T () @ () dadg = /]R X O F©OF el ©)de.
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Lebesgue’s dominated convergence theorem tells us that there is

Jm [ G OFOFR©d = | FOFEd
= (137 14l)
= (FFITy],¢) = (T}, ).
This completes the proof of the theorem. O

Remark 191. Theorem 190 expounds the statement made in 2) of Remark 175.

9 The Fourier transform on L' and L? (part II)

We begin with the following result:

Lemma 192. Given f € L',
FTy) = T%, (9.1)

in the sense of S'.

Proof. First of all, each side of (9.1) is a tempered distribution.
So, for p € S,

(t70) = [ F@e©@as= [ ([ esas)oee

Since the double integral

/ " / AT () i (€) dandg

exists, Fubini’s theorem implies that the iterated integrals are equal.
That is to say,

/n (/ne%z‘mff(x)dx) (&) de = /n </n€2mx£9@(f)d5> £ () da

= Ty, Flgl) = (F[T¥],9) -
This completes the proof of the lemma. O

Remark 193. Similarly, we can show that, given f € L',

F Iy = TFp,
in the sense of S'.
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We are now ready to prove Theorem 173.
Proof. According to Lemma 192 and 2) in Theorem 189,
T = F |T7| = FFT4]) = T,

in the sense of &'.
In particular,

(I%Tﬂv@) = (T}, ¢),

for ¢ € D.
Therefore, Theorem 30 implies that
F [ﬂ = f a.e..
This completes the proof of the theorem. O

We go onto proving 3) and 4) in Theorem 167

Proof. To prove 3), we will exhibit a function in Cy that cannot be the Fourier
transform of any function in L'. The example is taken from ([4], pp. 7-8).

We begin with a general observation, that follows from Remark 163.

Given f € L' (R) odd, and given 0 < r < R fixed,

R 7 R o) :
[T ([ o)
r r 0
00 R .
([ )
00 2rxR L3
= 22'/0 f(x) </2 Sl;ydy> dx.

It is a classical application of the theory of residues (see, for instance, [11], p.160),
that the integral [ *:¥dy converges. Indeed,

y
oo
/ smydyzz.
o Y 2

R
/ siny dy
ro Y

which implies that there is C' > 0 independent of r and R, so that

R
/ smydy‘ <C.
r Yy

Therefore, there is

lim
r—0t,R—00

9
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Let us now consider the function G (t) that is the odd extension to R of the
function

As a consequence,

< Clfllpr-

Lif 0<t<e
g(t)_{ Lo t>e
It should be clear that the function G belongs to Cp (R).
According to 4) in Example 23, Remark 163, Lemma 192, and Theorem 173, if
there is a function f € L' (R) so that F[f] = G, the function f must be odd.
Indeed, f is odd if, and only if, T is odd. Likewise, F [f] is odd if, and only if,

Ty is odd. Finally, Ty = F |T5].
Given 0 < r < e < R, we claim that
Eat
/ &dt — 0.
T

t r—0t,R—o0

Indeed,

R e R
G (t) dt dt e—r
/r t “ /r e +/e tint e T n(inB)

Therefore, there is no odd function f in /I\/l (R) such that ]/i: G.

Given f € L' (R"™!) odd, the function f (£) G (t), where f denotes the Fourier
transform on R"~!, provides an example on R”.

Now, we are ready to prove 4).

According to 2) in Lemma 166, given f € Cy, there is a sequence {f;}
converging to f in Cy as j — oo.

Theorem 187 implies that

21 €D

FIFIH =1
for all j > 1.
Hence, f; belongs to F [Ll] for all j > 1.
So, we have proved 4) in Theorem 167.
The proof of the theorem is, therefore, complete. O

Next, we prove Theorem 174.

Proof. Suppose that there are fi, fo € L! so that F[fi1] = F [f2] in Co.
Then,

0=F T | = FF I pl =T g

Again, Theorem 30 implies that f; = f2 a.e..
This completes the proof of the theorem. O
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We move to the Fourier transform on L?. We begin with the following result:

Lemma 194. Given p,¢ € S,

This completes the proof of the lemma. O
We prove now Theorem 176.
Proof. It should be clear that the linear operator
I'N2es 5o

is well defined.
Moreover, if we use Lemma 194 with ¢ = @, and Theorem 187,

IF[P)I72 = (@,8)2 = (0, F [@)) 12 = (#,)72 -
This completes the proof of the theorem. O

Let us prove Theorem 178.

Proof. According to Theorem 177, it only remains to prove (7.10).
Given f € L?, let {cpj}j>1 be a sequence in S converging to f in L? as j — oo.
Theorem 176 implies that

IF il 2 = llesll 2

for every j > 1.

Therefore,
172 e = Jim 17 sl o = Jim gl = ISl
This completes the proof of the theorem. O

Next, we prove Theorem 180.
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Proof. Given f € L? let {gpj}j>1 be sequence in S converging to f in L? as j — oo.
Then a
Fo[Fo[f]] = lim F[Flpj]] = lim ¢; = f.
j—00

J—00

Likewise,

F[RIfl] =7

for every f € L?.
As for the preservation of the scalar product, given f,g € L?, let {‘Pj}jzl and
{@Dj}j21 be sequences in S converging in L? to f and g, respectively as j — oo.

Then, if we use Lemma 194 with ¢ = ¢; and 9 = @, and the continuity of the
scalar product,

(F2lf], F2lgl)e = Jim, (F2 5], Fa [¥5]) 2
This completes the proof of the theorem. O

Finally, we prove Theorem 181.

Proof. Given f € L' L?, let {goj}j>1 be a sequence in S converging to f in L? as
J — 00. According to Theorem 69, there is lim;_, Tr(p;) = Trypp in S’. Therefore,

Tr = Jim F[T,,] = F(Ty] = Tryp

in §'.
Thus,
Fo lf] = Flf] ae.
This completes the proof of the theorem. O

According to Theorem 69, if 1 < p < oo, given f € LP, the distribution T
belongs to S’. Therefore, F [Ty] is well defined in the sense of S’.

Theorem 195. Given 1 < p < 2 fized, iof f € LP, there is g € L2, where q is the
conjugate exponent of p, so that F [Ty] =Ty,.
Moreover, there is Cp > 0 so that

9lLa < CpllfllLo - (9.2)

Remark 196. 1. Theorem 195 is one of several theorems known as Hausdorff-
Young theorem. They are named after the mathematicians Felix Hausdorff
(1868-1942) and William H. Young (1863-1942).
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2. Theorem 195 is optimal in the sense that if p > 2, there is a function f € LP
for which F [T¥] is not defined by a function g in L9 ([8], p. 263).

3. The optimal constant in (9.2) is
C, = p"/ P g=1/20)

([5], p- 94).

4. For a thorough discussion of the Hausdorff-Young theorems, from a historical
point of view, see [3].

10 The interaction of the Fourier transform with the
tensor product, the convolution product, and the
multiplicative product

We begin with the following result:
Theorem 197. Let T € S; and S € S,

1. The tensor product T ® S belongs to S;,y.

2.
Faoy Ty ® Sy = Fu [To] @ Fy [Sy], (10.1)

in the sense of Sy,

Proof. According to Theorem 124, T ® S belongs to D, . To prove that it is a
tempered distribution, we use Theorem 104, and various properties of the tensor
product.

T®S = (0°Ty) @ (9°T,) = 020] (Tyeq) - (10.2)

Since f : R® — Cand g : R™ — C are slowly increasing and continuous functions,
f(x) g (y) is an slowly increasing and continuous function from R™*™ into C. So, 1)
is proved.

The function e?™*¢ has separated variables, so, 2) should be quite expected.

Indeed, to prove 2), it suffices to test each side of (10.1) on functions of the form

¢ (§) ¥ (n), for p € D¢ and ¥ € Dy,

(Foa [T @S]0 ©vm) = (To®8,3@)v(y

This completes the proof of the theorem. O
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Next, we prove a result known as Peetre’s lemma, named after the mathematician
Jaak Peetre (b. 1935).

Lemma 198. Given £,n € R" and r € R,

(1+162) <27 (14 mP) (141 - )" (103

Proof. The change of variables x = 1 and y = £ — 1 reduces (10.3) to the equivalent
form

(14 2+ y|2>T <ol (1+ |33|2>T (1+ |y|2>m . (10.4)
We have
(1+ |a:+y|2) = 1+ {(x+y,x+vy)
= 14z +|yl* + 2(z,y),

where (-, -) is the usual scalar product in R™.
Since
2(z,y) < 2|yl < |2 + |yl

we can write

Lt fof +yP +2(@,y) < 1420 + 20y < 2 (1+ 2l + |yl +[2l” lyl?)

_ (1+ |x|2> (1+ \y|2).

Therefore, we have (10.3) for r > 0.
We can write (10.3), for r > 0, as

2\ " 7] 2\ " 2 |7|
(1+mP) " <2 (1+1gP) " (1+1e-nP) (10.5)
So, with the exchange & — n and n — &, (10.5) is (10.3), for r < 0.
This completes the proof of the lemma. O

Theorem 199. The following statements hold:

1. The map
SxS§ — S

(o)) — @x¢
1s well defined, bilinear, and continuous.

2. The multiplicative product

SxS —- S
(p,0) — v

1s well defined, bilinear, and continuous.
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Proof. Given ¢, in § and given m € N, if |a] < 2m, and g € N, Theorem 6,
Theorem 8, Lemma 4 and Lemma 10.3, imply

2 (0 (o5 0)) (@)
< s ((1+127)"](97¢) @) sup (14 1o =of?)" 0 @)

X /n (1 + |x\2)7l dy

2 (%) (@) sup - sup [ () (2)].

|a| <2m+-21 z€R™

< C’m,n,l sup sup
|a|<2m zeR™

for I > n/2.

Therefore, p *x ¢ € §, and the map is continuous. It should be clear that it is
bilinear.

Thus, we have proved 1).

To prove 2), we invoke again Lemma 4.

|2 (07 () (2)] < Csup sup 2707 () sup sup [074 ()],
y<B zeR™ v<B zeR™

which shows that ¢y € S and that the map is continuous. It should be clear that
the map is bilinear.
This completes the proof of the theorem. O

Lemma 200. Given ¢, in S,
FloFW)] = Flel*v, (10.6)

FleF Wl = Flel . (10.7)

Proof. To prove the first identity we observe that

FleFwl o) = [ @ ([ e i) ac

= / 9 ( / eI () dw) dg.

Since ¢ (£) 9 (x) is integrable on R?", we can exchange the order of integration,
to obtain

/ (@) ( / neQ’f“y—”%@)dm) € = | Y@ Flly-o)de
= (Flel*9)(y).

The proof of the second identity is similar, if we replace F with F.
This concludes the proof of the lemma. O
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Remark 201. 1. If we substitute F [¢] for ¢ in (10.6),

Fley] = Flel « Fy],

while substituting JF [¢] for ¢ in (10.7),
F o] = F o] = F[¥].
2. If we replace ¢ with F [¢] in (10.7), we obtain
FIFL Fll = *y. (10.8)
Then, taking the Fourier transform on both sides of (10.8), gives us
Flel FlYl = Flpxy].
3. If we substitute F [¢] for ¢ in (10.6),
F[Flel FW]] = ¢ * . (10.9)
Therefore, taking the conjugate Fourier transform on both sides of (10.9),

Flol Fl] = Fle*].

That is to say, F and F, as operators on S, act between the algebras (S, *) and
(S,-), where - denotes the multiplicative product.

Theorem 202. Given f,g in L',

Flfxgl = FIlfIFlg],
Flf+gl = FIfI1Flgl.

Proof. Let {gpj}jzl and {wj}j21 be sequences in S converging, respectively, to f
and g in L' as j — oo.
Then, Young’s convolution theorem (see, for instance, [29], p. 146, Theorem 9.2;
p. 145, Theorem 9.1), implies that there is lim;_,oc ¢j *9; = f*x g in L.
According to Theorem 167 and Remark 201,

Flf xg] =jli_§gof[<ﬁj * 1] Zjﬁlgo (F lp5] F 5]) = FIf1 F [g]

in Co.
The proof of the other identity is similar, replacing F with F.
This completes the proof of the theorem. O

kst sk ok sk ok ok s ok sk sk ok ok sk sk ok sk sk sk ok sk sk sk s sk sk sk ok sk sk sk sk ok sk sk sk s sk sk sk ok sk ok sk sk ok sk sk sk s sk sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk skok ok sk ok

Surveys in Mathematics and its Applications 15 (2020), 1 — 137
http://www.utgjiu.ro/math/sma


http://www.utgjiu.ro/math/sma/v15/v15.html
http://www.utgjiu.ro/math/sma

Laurent Schwartz’s Distributions 127

Remark 203. Theorem 202 shows that the Fourier transform is a homomorphism
from the algebra (L', ) into the algebra (Co,-).

We have said numerous times that properties of the Fourier transform hold,
perhaps with very obvious changes, for the conjugate Fourier transform. We will
say it no more.

Theorem 204. If T € & and S € S', the convolution T x S belongs to S’.

Proof. We know already that T * S is well defined as a distribution in D’. To prove
that it can be extended to a distribution in §’, we will use Theorem 104 and Theorem
107.

Therefore, in the sense of D',

TxS = (Z@ana) «0°Ty,

where the functions f, are continuous with compact support, and the function f is
continuous and slowly increasing.

So,
TS => 0" (Ty, «Ty).
Given ¢ € D,
(Ty, * Ty ) = 2 @ Ti) 0 (2 +Y) = (Trae), (Trey) 0 (z +Y)))

- /fa ( ()90(93+y)dy>dfc=/Kfa(w)(/Supp(@)f(z—x)so(Z)dZ>d:r,

where K is a compact subset of R containing the support of f, for all a. Since the
double integral exists, we can write

@170 = [ ([ fe@re-0)p)a:
= [ ar D@

Theorem 6 implies that the function f, * f is continuous. Moreover, we claim
that it is slowly increasing.

Indeed, since the function f is slowly increasing, according to 3) in Example 59,
there is m € N and C,,, > 0 so that

£ (=) < C (1412 = al?)
for all z € R™.
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Therefore, Lemma 198 implies
1+ 122) " (/s o [ (14122 fa(@) (14 12— 2?) f(z—2)d
(1) e @ < 2 [ (1510) " fa @) (1412 =) £z~ 2) da

e

L
So, fa * f defines a tempered distribution.
Finally,
TS => 0" (Ty,.s) (10.10)
[e%
inS'. O

Definition 205.
On ={g €& : 0% is slowly increasing for each o € N"} .

Example 206. Every polynomial function P (z) belongs to Oyy.
Moreover, for each z € R™, the function e?™¢ also belongs to Oyy.

Remark 207. Let f € Oyy.

1. The map
S - S
p — fy
is well defined, linear, and continuous.
2. The map
s - &
T — fT

is well defined, linear, and continuous.

The verification of these statements uses estimates we have performed quite a
few times, so we will omit it.

Let us recall that, according to (5.8),
(T—h (T) 790) = (Ta Th (‘,0)) 5
where
() (z) = ¢ (x — h).
Moreover, according to 4) in Example 23,

(1)) = (1.2,

In particular, if K = —1,
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Theorem 208. 1. Given T € §' and h € R",
Flra ()] = S F 1],

where e*™ M F [T signifies the multiplicative product of the tempered distribu-
tion F [T] by the function e*™s in Oy,

2. GivenT €S8 andk eR, k #0,

Flde (7)) = ey (F T,
In particular,
(Fld-1(D)],¢) = (T, F gl (—)) = (F 1], ) (10.11)

3. If T €S is odd, F[T] is also odd. If T is even, F [T] is also even.
4. GivenT € &,

FoT) = (—2mi&)* F[T7],
OFIT) = F[2mix)*T). (10.12)

Proof. The proof of these statements is straightforward and it will be omitted. How-
ever, the interpretation of (10.11) merits a few words.

If the distribution T were defined by an odd function f, say in L', then, according
to Lemma 192, Remark 193, and Remark 163,

FT5] = Tz = Trineo = ~Trine-
Therefore, if T' is an odd distribution, the identity
—F (1)) = Fld-1(T)] = F[T]

should be interpreted as saying that F [(7')] is odd.
Likewise when T is even.
This concludes the proof of the theorem. O

Lemma 209. Given T € &', the pairing (Tz,e%ixf)g ¢ defines a function g (§) in
O 7

Proof. Tt should be clear that the pairing defines a function g (§), for & € R™.
To prove that it belongs to Oy, we use Theorem 107, obtaining

<Z 8ana(z)7 e2m’m£> — Z (_1)|a\ (27ri§)o¢/ eQm'gvgfa (x)

= > (=D Erie) fa (@) (10.13)

«
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According to 2) in Theorem 169 and 1) in Theorem 167, the function E belongs
to £ Co.

Moreover, given v € N", 97 (};) = F[(2mwiz)” fa] belongs to Co.

Finally, there is m € N so that, given 5 € N,

97 (2ri€)" 72 (©)) ] = Connssup 2o fullo (1+16F)"

Therefore, the function (10.13) belongs to Ojy.
This completes the proof of the lemma. O

Theorem 210. Given T € &', F[T] is the tempered distribution defined by the

function (Tg, 62’”'15)8, Py

Proof. It should be clear that F [T] € S'.
Then, given ¢ € S,
Firlo) = (1] o)
= (Z 804Tfa(§), /Rn 627rix§(p (ac) dm)
= S [ o[ o) de
- K Rn

= S [ ([ o)

o

— Z/n <8O‘Tfa(€),62”xf) o (x)dzx
= ((Z 8ana(§)’€2Wix£> ’90> = (T(T&emg),@).

«

This completes the proof of the theorem. O

Remark 211. Lemma 209 and Theorem 210 give a small part of the so-called
Paley-Wiener theorem, named after the mathematicians Raymond E. A. C. Payley
(1907-1933) and Norbert Wiener (1894-1964).

The theorem is as follows (see [13], p. 21, Theorem 1.7.7.):

1. Given T € &', the following statements are equivalent:
i
(a) T € & and supp(T) C {z € R": |z| < R}.
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(b) F[T] is defined by a function g € Oyy.
Moreover g extends to C™ as an entire function G that satisfies

|G (2)] < O (1+|2))" I G,
for some C; N > 0, where Im (2) denotes the imaginary part of z.

2. Given T € &', the following statements are equivalent:

(a) T is defined by a function ¢ € D with supp (¢) C {z € R" : |z| < R}.
(b) F[T] is defined by a function g € S.

Moreover, g extends to C™ as an entire function G.

Furthermore, for each N > 0 there is C'y > 0 such that

|G (2)] < Cn (1+ |2])~N e FimE,
Example 212. 1.
F [1] = o,
since F [do] = (50,96,62“”5) =1.
2. According to 5) in Example 59, pv 1/x is a tempered distribution.

Therefore, we can compute its Fourier transform.

Let us recall that we showed in 5) of Example 155 that pv 1/z is the only odd
distribution satisfying the equation 7 = 1.

So, according to 1) and (10.12),

So=F[]=F [g; <pvi>} — (2mi)"! d“rc[l]”’i].

Xz

Using 5) in Example 96,
4 dF [pv%] 1d

@) g T

Therefore, Theorem 113,implies
1
F [pvx] = T sgn(e) + C,

for some C € C.

Since F [pv1/z] is odd according to 3) in Theorem 201, and miT
odd, the constant C' must be equal to zero.

So,

gn(z) 18 also

1
— = ) .
7: [pvx] ﬂ—zzsgn(f)
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3.

It is not always possible to calculate the Fourier transform of a distribution,
even of a simple one, by naive methods. Here is an example:

According to Corollary 112, T, |, is a tempered distribution, so, we can con-
sider its Fourier transform.

Using 2) in Example 96,

. d 1 .
—2milF [Tnje)] = F {dxz]n” =F [pU:E] = TiTsgn e)-

Therefore,

—2F [Tinjal] = Tagnie)
and 1 1

F [Tinje] —§ng2(s> = —§Tﬁ,
on R\ {0}.
According to 3) in Example 43,
1 1
F Tnac = _7fp7 + T 5
[ In| |] 27 7] 0

where Ty denotes a distribution concentrated on {0}.

Theorem 110 implies that

1,1 “
F[Tugal] + 500 = D cndy”.
2Pl T &

Since F [TmM] and fpﬁ are even distributions, 7) in Example 96 implies that

1 1 k
F [l = =300+ 22 adt
k even
Schwartz arrives at the result
1 1
F [ﬂn\md = _ifpm - (C+ 11’1271’) do,

where C is the Euler’s constant, as a particular case of fairly technical calcu-
lations ([25], p. 258).

Theorem 213. Given T € £ and S € S,

F[T«S]=F[T|F[S], (10.14)

in the sense of S'.
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Proof. Remark 207, Lemma 209 and Theorem 210 imply that the right-hand side of
(10.14) is well defined as a tempered distribution.

Furthermore, 1) in Theorem 189 and Theorem 204, imply that the left-hand side
of (10.14) is a distribution in &'.

According to (10.10), we can write

FIT 8= 3 F 077 (Tyup)| = 3 (~2mi€)* FITy, +T,].
Given ¢ € S,
Fironlo= [ ([ fwae-na)eede

Since the double integral exists, we can write

/n < - Jfa (y)g(f—y)dy> 3 (€)de

/ fo (4) 9 (€ — ) dy (€) dyde

/n/n o (y+ 2)dydz

- /nwﬁmwﬂﬁfkm”ﬂ@sz
= | Jal) (FIT], ™ (@) dy

- (. ([ ) o)

= (Flfal FTl, ),

where we used in (1) the change of variables y — y and { — 2z =§ —y.
This completes the proof of the theorem. O

Remark 214. Theorem 213 is a particular case of a beautiful result, due to Schwartz
([25], Chapter VII, Section 5; Chapter VII, Section 8):

There is a space O, of distributions called rapidly decreasing distributions, of
which £’ is a linear subspace.

The space O, consists of those distributions that can be convolved with all the
tempered distributions, while Oy is the space of functions that can be multiplied
by all the tempered distributions.

With suitable topologies placed on Of and Oy, the Fourier transform F and
the conjugate Fourier transform F, become isomorphisms between O and Oy that
are inverses of each other.

Moreover, given T' € O, and S € &,

F[T 8] = FIT| F[S]
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in the sense of &', while given f € Oy and S € &,
FfS] = FlTy+ 5],
in the sense of §'.
Remark 215. According to 1) in Example 139,
Txdg=T

for T € D.
That is to say, dp is a unit for the convolution product.
Let us observe that the convolution product on S does not have a unit.
Indeed, if there is ® € S so that

px® =9
for all p € S, taking the Fourier transform on both sides, we will have
PP =0.
If p = e‘”'z‘Q, we conclude that the function ® must be identically one. This is
a contradiction to Theorem 185.

Remark 216. With the notation introduced in 4) of Example 139, let us fix a linear
differential operator P (J) with constant coefficients.
Given T € &', we can write

F[P(d)T] = P (~2ni€) F[T)

in the sense of S'.
Then, the formal expression

~

5
P (—27i&)

f

becomes a formal solution of the equation P (9)T = S.

Schwartz conjectured [22] that every tempered distribution can be divided by
a non identically zero polynomial, and that the division should have at least one
solution that is a tempered distribution.

This conjecture was confirmed by Lars Hormander (1931-2012) in [12], and by
Stanistaw Lojasiewicz (1926-2002) in [17].

As a consequence, every linear differential operator P (0) with constant coeffi-
cients has a tempered fundamental solution. That is, a solution of the equation

P(9)T = do.
Therefore, if T is a tempered fundamental solution for P (), a solution of the

equation P (0)T = S, for suitable distributions S, is given as T x S.
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Remark 217. There are functions, such as e®l, which do not define tempered
distributions because they grow too fast at infinity.

However, using a different space of test functions, it is possible to define, in the
sense of appropriate distributions, the Fourier transform of such functions [10].

We end with the words of George B. Dantzig (1914-2002): “The final test of a
theory is its capacity to solve the problems which originated it.” (from the preface
of his book Linear Programming and Extensions, Princeton University Press 1963).

Undoubtedly, Schwartz’s theory of distributions, with its generalizations and
extensions, passes Dantzig’s test.
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