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This chapter includes the following sections:
Distributions.

Convolution.

Fourier transform of functions.
Extensions of the Fourier transform.
Laplace transform.

P.D.E.s with constant coefficients.

I e

A glance at system theory.

This is just a draft.
The symbol [Ex| means that the proof is left as exercise. [] means that a proof is missing.

1 Distributions

The theory of distributions was introduced in the 1940s by Laurent Schwartz, who provided a thorough
functional formulation to previous ideas of Heaviside, Dirac and others, and forged a powerful tool
of calculus. Distributions also offer a solid basis for the construction of Sobolev spaces, that had
been introduced by Sobolev in the 1930s using the notion of weak derivative. These spaces play a
fundamental role in the modern analysis of linear and nonlinear partial differential equations.

We shall denote by Q a nonempty domain of RY. The notion of distribution rests upon the idea
of regarding any locally integrable function f :  — C as a continuous linear functional acting on a
topological vector space T (£2):

T (0) ::/Qf(x)v(x)dx Vo € T(Q). (1.1)

One is thus induced to consider all the functionals of the topological dual 77(2) of T(€2). In this way
several classes of distributions are generated. The space T (€2) must be so large that the functional T
determines a unique f. On the other hand, the smaller is the space T (2), the larger is its topological
dual 77(€2). Moreover, there exists a smallest space T (2), so that 77(€2) is the largest one; the elements
of this dual space are what we name distributions.

In this section we outline some basic tenets of this theory, and provide some tools that we will use
ahead.

Test Functions. Let Q2 be a domain of RY. By D(£2) we denote the space of infinitely differen-
tiable functions €2 — C whose support is a compact subset of €2; these are called test functions.

The null function is the only analytic function in D(2), since any element of this space vanishes
in some open set. The bell-shaped function

o) )X [(W - 1)—1] if |z < 1,
e {0 if [z] > 1 (1.2)

belongs to D(RY). By suitably translating p and by rescaling w.r.t. z, nontrivial elements of D(2)
are easily constructed for any €.

For any K CC  (i.e., any compact subset K of ), let us denote by Dx(Q2) the space of the
infinitely differentiable functions {2 — C whose support is contained in K. This is a vector subspace
of C*(Q), and D(Q) = UgccqPr(2). The space D(2) is equipped with the finest topology among
those that make all injections D (2) — D(2) continuous (so-called inductive-limit topology). This
topology makes D(2) a nonmetrizable locally convex Hausdorff space. |]



A set A C D(Q) is open in this topology iff A N Dk () is open for any K CC 2. Here we shall
not study this topology, and just characterize the corresponding notions of bounded subsets and of
convergent sequences, which suffice for our purposes.

A subset B C D() is bounded in the inductive topology iff it is contained and is bounded in
D () for some K CC Q. [] This means that

(i) there exists a K CC Q that contains the support of all the functions of B, and
(ii) Sup,ep SUpP,eq |D(x)| < +oo for any o € NV,

As any convergent sequence is necessarily bounded, the following characterization of convergent
sequences of D(12) should be easily understood. A sequence {u,} in D(QQ) converges to u € D(QQ) in
the inductive topology iff, for some K CC Q, up,u € D () for any n, and u, — w in Dg (). This
means that

(i) there exists a K CC 2 that contains the support of any u, and of u, and
(ii) supyeq | D*(un — u)(z)| — 0 for any o € NV,

For instance, if p is defined as in (1.2), then the sequence {p(- — a,,)} is bounded in D(R) iff the

sequence {a,} is bounded. [Ex]

Distributions. All linear and continuous functionals D(2) — C are called distributions; these
functionals thus form the (topological) dual space D’(€2). For any T € D'(2) and any v € D(Q) we
also write (T, v) in place of T'(v).

Theorem 1.1 (Characterization of Distributions)

For any linear functional T : D(Q2) — C, the following properties are mutually equivalent:
(i) T is continuous, i.e., T € D'(Q);
(i) T is bounded, i.e., it maps bounded subsets of D(2) to bounded subsets of C;
(iii) T is sequentially continuous, i.e., T'(v,) — 0 whenever v, — 0 in D(Q);

(i)

VK CcC Q,3m e N,3C > 0: Vv € D(Q),

supp(v) C K = [T(v)| < C|H|12x sup |[D“v| . [ (1.3)
al<m g

(If the latter condition is fulfilled, one says that 7" has order m on the compact set K. It should
be noticed that m may depend on K.)

Here are some examples of distributions:

(i) For any f € Li (), the integral functional

loc
Ty v /Qf($)v(:c) dz (1.4)

is a distribution. The mapping f ~ T} is injective, so that we can identify L (£2) with a subspace
of D'(Q).

(ii) Let u be either a complex-valued Borel measure on €2, or a positive measure on §2 that is finite
on any K CC ). In either case the functional

Ty:v /Qv(:c) du(x) (1.5)

is a distribution, that is usually identified with p itself.
(iii) Although the function x +— 1/x is not locally integrable in R, its principal value (p.v.),

1
(pv. =,v) == lim %@ 4w e DR) (1.6)
T e—0 |z|>e T




is a distribution. For any v € D(R) and for any a > 0 such that supp(v) C [—a,a], by the oddness of
the function x — 1/ we have

1 _
(p.v. —,v) = lim </ de+/ v(0) dx>
z e—0+ e<|z|<a x e<lz|<a T

. o(z) = v(0)

=0t Je<|z|<a €T

dx.

This limit exists and is finite, since by the mean value theorem

/5<m|<a ”(55);”(0) &

Notice that the principal value is quite different from other notions of generalized integral.

(iv) For any z¢ € Q (C NV) the Dirac mass 6, : v — v(xg) is a distribution. [Ex] In particular
dg € D,(R).

(v) The series of Dirac masses > o, 85, /n? is a distribution for any sequence {,} in Q. [Ex]

(vi) The series Y 2 | 0, is a distribution iff any K CC € contains at most a finite number of
points of the sequence {z,}. [Ex| (Indeed, if this condition is fufilled, whenever any test function is
applied to the series this is reduced to a finite sum.) So for instance

§2amﬂgx|v’] Ve >0.

Y 6 €DR), D b1y € D'R\{0}), but > by & D'(R).
n=1 n=1

n=1
We equip the space D'(2) with the sequential (weak) convergence: for any sequence {7},} and any
T in D'(Q),
T,»T nD(Q) o To(v)—>T YveDQ). (1.7)

This makes D'(£2) a nonmetrizable locally convex Hausdorff space. |]

Proposition 1.2 If T,, — T in D'(Q) and v, — v in D(Q), then T,,(v,) — T'(v). []

Differentiation of Distributions.
We define the multiplication of a distribution by a C°°-function and the differentiation ! of a
distribution via transposition:

(fT,v) := (T, fv) VT € D'(Q),Vf € C(Q),Vv € D(Q), (1.8)
(DT, v) := (=1)I*lT, D*) VT € D'(Q),Yv € D(Q),Ya € NV . (1.9)

Via the characterization (1.3), it may be checked that DT is a distribution. [Ex] (Actually, by
(1.3), the operator D® may just increase at most of |a| the order of T on any K CC €.) Thus any
distribution has derivatives of any order. More specifically, for any f € C°°(Q2), the operators T'— fT
and D® are linear and continuous in D'(Q). [Ex]

The definition (1.8) is consistent with the properties of LL (). For any f € L (), the definition

loc loc

(1.9) is also consistent with partial integration: if 7' = T}, (1.9) indeed reads

/[Do‘f(x)]v(m) dr = (-1)'6%'/ f(x)D%(z)dex Vv e D(Q),Ya e NV,
Q Q

(No boundary terms appears as the support of v is compact.)

In this section we denote the distributional derivative by D, and the classical derivative, i.e. the pointwise limit of
the difference quotient, by D%, whenever the latter exists.



By (1.9) and as derivatives commute in D({2), the same applies to D’(Q), that is,
D% o DPT = DT = Do DT VT € D'(Q),Va, € NV, (1.10)
The formula of differentiation of the product is extended as follows:

Di(fT) = (D;f)T + fD;T

, | (1.11)
VfeC®(Q),VI e D'(Q), fori=1,..,N;
in fact, for any v € D(Q),
(Di(fT),v) = —(fT, Diw) = —(T, f D) = (T, (Dif)v) — (T, Dy(fv))
= ((Dif)T,v) +(DiT, fo) = ((Dif)T + fDiT,v) .
A recursive procedure then yields the extension of the classical Leibniz rule:
po(rm) = 3 (§) 0 n oo
BLa B (1.12)

Vf e C®(Q),VT € D'(Q),Ya e NV . [Ex]
The translation (for Q = RY), the conjugation and other linear operations on functions are also easily
extended to distributions via transposition.

Comparison with Classical Derivatives.

Theorem 1.3 (Du-Bois Reymond)

Let f € C%Q) andi € {1,...,N}. Then D;f € C°(Q) (possibly after modification in a set of vanishing
measure) iff f is classically differentiable w.r.t. x; in the whole Q, and D;f € C%(Q). In this case
Dif = D;f in Q. []

The next statement applies to €2 :=]a, b|, for —co < a < b < 400.
First we remind the reader that

a function f € L'(a,b) is absolutely continuous iff

g e LMab): f(x) = f(y) + / “g©)de  Va,y elabl

This entails that f’ = g a.e. in ]a,b[. Thus if f € L'(a,b) is absolutely continuous, then it is a.e.
differentiable (in the classical sense) and f’ € L'(a,b). A counterexample is provided by the Heaviside
function H:

H(z):=0 V<0 H(z):=1 Vz>0. [Ex] (1.13)

DH = 0 a.e. in R, but of course H is not (a.e. equal to) an absolutely continuous function. Notice
that DH = §g since

(DH,v) /H ) Du(x Dv( )dx = v(0) = (dp,v) Vv e D(R).

Theorem 1.4 A function f € Ll(a b) is a.e. equal to an absolutely continuous function f, iff Df €
LY(a,b). In this case Df = Df a.e. in]a,b[. []



Henceforth all derivatives will be meant in the sense of distributions, if not otherwise stated. We
shall denote them by D¢, dropping the tilde.

Support and Order of Distributions. A distribution 7' € D’(Q) is said to vanish in an open
subset  of Q iff it vanishes on any function of D(2) supported in 2. Notice that, for any triplet of
Euclidean domains 21, 9, Q3,

UL = (Tl)lg, =Tlg, YT eD (). (1.14)

There exists then a (possibly empty) largest open set A C €2 in which 7" vanishes. [Ex| Its complement
in € is called the support of 7', and will be denoted by supp(7).

For any K CC €, the smallest integer m that fulfills the estimate (1.3) is called the order of T in
K. The supremum of these orders is called the order of T'; each distribution is thus of either finite
or infinite order. For instance, the functions in L{ .(2) and the Dirac mass are distributions of order
zero. [Ex] The distribution D% is of order |a| for any a € NV, and the distribution p.v. (1/z) is of
order one in D'(R). [Ex] On the other hand, > 2, D"4, is of infinite order in D’'(R).

The next statement easily follows from (1.3), and establishes a strict relation between support and
order.

Theorem 1.5 Any compactly supported distribution is of finite order.

The converse statement fails: a counterexample is provided by > 7 a, D"d,,, for any sequence
{ap} in C and for any sequence {z,} that belongs to any K CC Q at most for a finite number of
points. (E.g., {zn} =Nif Q =R, {z,} = {1/n} if @ =R\ {0} but not if @ =R.)

The Space £(2) and its Dual. In his theory of distributions, Laurent Schwartz denoted by
E(Q) the space C*(Q), equipped with the family of seminorms

[v| ko := sup |D%(x)] VK cC Q,Ya € NV,
zeK

This renders £(2) a locally convex Fréchet space, and induces the topology of uniform convergence of
all derivatives on any compact subset of Q: for any sequence {u,} in £(2) and any u € &,

u, »u  in E(N) <

sup |[D*(u, —u)(z)| = 0 VK cC Q, VYaeNV. (1.15)
reK
Notice that
D(Q) C £(2) with continuous and dense injection (1.16)

(namely, D(2) is a dense subset of £(€2)). This may be checked via convolution with a sequence of
regularizing kernels

pu(z) = Cylp(nz)  with C,, = [pn p(nz)dz and p as in (1.2),n. (1.17)

[Ex] We may then identify the (topological) dual space £'(2) with a dense subspace of D'(Q2), and
equip it with the induced convergence. For any sequence {T},} and any T in £'(Q2), thus T, — T in
£(Q) iff T, — T in D'(2). By (1.16) it follows that

T,—T in&'(Q) & T,(v)—=Tw) Yve&).E] (1.18)

Theorem 1.6 £'(Q2) may be identified with the subspace of distributions having compact support.



We just outline a part of the argument. Let T € D'(Q2) have support K CC Q. For any v € £(Q),
multiplying it by xx and then applying the convolution with a regularizing kernel p (see (1.17)),
one may construct vy € D(Q) such that vg = v in K. [Ex] One may thus define T(v) by setting
T(v) = T(v), and this determines a unique 7' € £'(€2). Compactly supported distributions may
thus be identified with some elements of £'(Q). The surjectivity of the mapping T +— T is less
straightforward.

The Space S of Rapidly Decreasing Functions. In order to extend the Fourier transform
to distributions, Laurent Schwartz introduced the space of (infinitely differentiable) rapidly de-
creasing functions (at co): 2

S(RN) ::{v € C*® :Va,B e NV, 28D e L°°}
={veC™ :Va € NV Vm e N, (1.19)
lz|™" D% (z) — 0 as |z| — +oo}.

We shall write S in place of S(RN ) This is a locally convex Fréchet space equipped with either of
the following equivalent families of seminorms ||

[0]a,s == sup [#"D%(x)|  a,5 €NV, (1.20)
z€RN
V] = sup (1+|z]*)™|D%(z)|] meN,aeNV. (1.21)
z€RN

For instance, for any 6 € C* such that 0(z)/|z|* — +o0 as |x| — +oo for some a > 0, e @) € S. By
the Leibniz rule, for any polynomials P and @, the operators

ur— P(x)Q(D)u, u— P(D)[Q(z)u] (1.22)
map S to S and are continuous.

The Space S’ of Tempered Distributions. We shall denote the (topological) dual of S by &’.
Similarly to what we saw for £(2), it is easily checked that

D C S with continuous and dense injection.[Ex] (1.23)

We may then identify the (topological) dual space &’ with a dense subspace of D', and equip it with
the induced convergence. For any sequence {T,,} and any 7" in §’'(f2), thus

T,—-T inS & T,(v)—>Tw) WYWweS. (1.24)

Here are some examples of tempered distributions:

— Any compactly supported distribution.

— Any f € LP with p € [1, +o0].

— Any function f such that |f(z)| < C(1 + |z|)™ for some C' > 0 and m € N.

— Any function of the form f(x) = p(x)w(z), p being a polynomial and w € L'. [Ex]
On the other hand L\ _is not included in &', not even for N = 1. E.g., e 1¥l ¢ &'

loc

Theorem 1.7 The following applies for X equal to any of the spaces D(2), D'(QY), £(Q), £'(N), S,
S':

(i) The space X is sequentially complete.

(ii) A subset of X is sequentially relatively compact iff it is bounded. []

*Laurent Schwartz founded the theory of distributions upon the dual of three main function spaces: D(Q), £(f)
and S(RY ). The two latter ones are Fréchet space, at variance with the first one; the same holds for the respective
(topological) duals.

||

2
Notice that this does not subsume any monotonicity property; e.g., the nonmonotone function e™'*!" sin x is an element

of S(R).



For instance for X = D’(Q), this means that for any sequence {T,,} in D'(Q):

(i) if T}, (v) is a Cauchy sequence for any v € D(Q), then {7},} converges.

(ii) {7, } has a convergent subsequence iff the sequence {7, (v)} is bounded for any v € D().
The next statement conveys information on the structure of distributions.

Theorem 1.8 For any T € D'(Q), and for any o € NN there exists f, € C°(Q) such that any

K CC Q intersects the support of just a finite number of fos, and T =3 D fq.
If T has finite order, then the functions f, can be selected so that only a finite number of them

does not vanish identically. []



2 Convolution

Convolution of L'-Functions. For any measurable functions f,g : RN — C, we call convolution
product (or just convolution) of f and g the function

(f*9)( /f x — for a.e. z € RY, (2.25)

whenever this integral converges (absolutely) for a.e. . (We write [ ...dy in place of [ ... [px ... dy1...dyn,
and omit to display the domain R".) Note that

supp(f * g) C supp(f) + supp(g). [Ez] (2.26)

If A and B are two topological vector spaces of functions for which the convolution makes sense, we
set Ax B:={fxg:f€A ge B}, and define A - B similarly.

Proposition 2.1 (i) L' « L' C L, and
If *glle < Ifllellgle  Vfge Lt (2.27)

(ii) Lt * LY, C L  and3

comp loc’

Hf *QHL1 (K) < HfHLl K—supp(g) )HgHLl

N (2.28)
VK cc RN Vfe L}, Vg Lcomp
Moreover Liomp * Liomp C L(I:om
(iii) For N =1, L} (RT) x L1 CRY) C L (RT). * For any f,g € L}, (RT),

Y flx—vy)g(y)dy  for a.e. x >0
(f »g)(x) =  Jo [ = v)9®) (2.20)

0 for a.e. z <0,
If = gllroary < Il llgllzro,an VM > 0. (2.30)

The mapping (f,g) — f * g is thus continuous in any of these three cases.
Proof. (i) For any f,g € L', the function (RV)? — C: (z,y) — f(2)g(y) is (absolutely) integrable,
and by a change of integration variable we get

//f dzdy—/ flz —y)g(y) dy dz.

By Fubini’s theorem the function f xg:z — [ f(z — y)g(y) dy is then in L'. Moreover

£l = fao| [ £ =gt dy
< / / (@ —y)llg(w)| dudy = / / FOlle)] dzdy = [ fllp gl

(ii) For any f € Li and g € LCOInp7 setting Sy := supp(g),

loc

(f*g)(x /fx— (y)dy for a.e. z € RV,

3By Liomp we denote the space of the functions v € L' that have compact support.
4 Any function or distribution defined on RT will be automatically extended to the whole R with value 0. In signal
theory, the functions of time that vanish for any ¢ < 0 are said causal. This class is thus stable by convolution.



Moreover, for any K cC R,
1 * gl / |z — 9)g(y)] dy
= [ a / Dldz < 1fll-s, gl -

The proof of the inclusion L{,,, * Léomp C Léomp is based on (2.26), and is left to the Reader.

(iii) Part (iii) can be proved by means of an argument similar to that of part (ii), that we leave to
the reader. O

Proposition 2.2 L', L! and L}

comp loc(
algebras (without unit ) In particular,

T), equipped with the convolution product, are commutative

fxg=gx*f, (fxg)xh=fx(gxh) ae inRY

(2.31)
v(fvga h) € (L ) (Lloc X Liomp X Liomp)

If N =1, the same holds for any (f,g,h) € L} (RT)3, too.

Proof. For any (f,g,h) € (L')3 and a.e. z € RV,

/fx— dy—/f gz —2)dz = (g* f)(z);
[(f * g) = h](z)
= [ <)@ hta = 2)dz = [dz] Fw)ac ~ ) dy b 2)

- / / F@)a(z — (@ — ) — (= — y)) dz dy

~ [ay 1) [ gha—y - t)as
— [l W~ y)dy =1+ (g 4 1)),

The cases of (f,g,h) € (Lo X Liomp X Léomp) and (f, g, h) € L (RT)? are similarly checked. O

loc comp

It is easily checked that (L', %) and (L*,-) (here “” stands for the pointwise product) are com-
mutative Banach algebras; (L, -) has the unit element e = 1. On the other hand, (S,x*) and (S, ")
are commutative algebras without unit.

Convolution of LP-Functions. The following result generalizes Proposition 2.1.

Let a vector space X over a field K (= C or R) be equipped with a product * : X x X — X. This is called an

algebra iff, for any u,v,z € X and any A € K:

(1) ux(v*z)=(ux*xv)*z,

(ii) (u+v)*xz=uxz+v*xz, zx(utv)=zxu+zx*v,

(iii) AM(u*v) = (Au) * v = u * (Av).

The algebra is said commutative iff the product * is commutative.

X is called a Banach algebra iff it is both an algebra and a Banach space (over the same field), and, denoting the
norm by |-,

(iv) lus oll < Jlullloll for any u,v € X.

X is called a Banach algebra with unit iff

(v) there exists (a necessarily unique) e € X such that |le|| =1, and ex u = u* e = u for any u € X.



e Theorem 2.3 (Young) Let
p,q,T € [1,400], p g t=14,"16 (2.32)
Then: (i) LP x LY C L" and
If*gllr < \fllzellglliea  VF € LP,Vg € LY. (2.33)
(i8) Ly, Liomy C L, and

1F* gllzr )y < 1Nl Lo ac—suppan 191 2o

£ (2.34)
VK CCR vf € Lloc>vg € Lloc
Moreover L¥omp * Liomp C L%,
(iii) For N =1, L} (R*)« L% (RY)C Ly (RT), and
% T <
1f *gllzrony) < 1 llzeo,an)llgllLao,an (2.35)

VM >0,Yf e L} (RT),Vge L] (RY).

The mapping (f, g) — f * g is thus continuous in any of these three cases.

Proof. (i) If p = +o00, then by (2.8) ¢ = 1 and r = 400, and (2.33) obviously holds; let us then
assume that p < 4+o0o0. For any fixed f € LP, the generalized Minkowski inequality V.3.4’ and the
Holder inequality V.3.2 respectively yield

I£<gl = || [ @ = vt as],, < I7lslols Voe L',
1f * gllLee = ess sup/f(w )9 dy < | fllllgllr Vg eL”

(p~' + (p')~! = 1). Thus the mapping g — f * g is (linear and) continuous from L' to LP and from
LY to L. By the Riesz-Thorin Theorem (see below), this mapping is then continuous from L7 to L"
and inequality (2.33) holds, provided that
1 6 1-90 1
3]0, 1]: - =-
0.0k £ =7+

1-4

9
P T p 00
—1

As the latter equality yields § = p/r, by the first one we get p~ ' +¢ ! =1+ 7!

(ii) For any f € L, and g € LY., setting S, := supp(g),
(f=g)( / flx— converges for a.e. x € RV,

If r = 400 then p = ¢ = 1, and we are in the situation of part (ii) of Proposition 2.1; let us then
assume that r # 4o00. For any K cC RY, denoting by x K,g the characteristic function of K — S, we

have
I£ <ol = | \ / £ - y)g(y) dy

/Umf ©— y)gy) dy

As xr4f € LP, by part (i) the latter integral is finite.
(iii) Part (iii) can be proved by means of an argument similar to that of part (ii), that we leave to
the reader. O

dzx

dx.

SHere we set (4+-00)™" := 0.

10



Theorem 2.4 (Riesz-Thorin) Let 0, be nonempty open subsets of RN. For i = 1,2, let p;,q; €
[1,400] and assume that
T: LPY(Q) + LP*(Q) — LT (Q) + L= () (2.36)

s a linear operator such that
T : LPi(Q) — L%(Q) is continuous. (2.37)
Let 0 €]0,1[, and p := p(0), q := q(0) be such that

1 0 1-6 1 0 1-0
b b1 D2 q q1 q2

Then T maps LP(Q) to L1(Y), is linear and continuous. Moreover, if the constants My and My are
such that

ITfllpas oy < Mill fllpri)  Vf € LP() (i = 1,2), (2.39)

then
IT fllzagry < MIMI7O flloey  VF e LP(Q). [ (2.40)

By this result, we one may regard LP(9)(Q) as an interpolate space between LP'(Q) and LP?(Q).
This is actually the prototypical example of the theory of Banach spaces interpolation.
For any f: RN — C, let us set f(z) = f(—z).

Corollary 2.5 Let

D,q,s € [1,+o0], pl4g s t=2 (2.41)
Then:

V(f,g9,h) € LP x LT x L*,

(f*g)-h, g-(f*h), f-(g=h) €L, and (2.42)

[rxgrn=[g-Fenm = [1-a+

\v/(f)gu ) (Llc;omp X quoc X Liomp)
V(f.g,h) € L}, (RT) x L, (RF) x L, (RT).

loc comp

The same holds also

(2.43)

Proof. For any (f,g,h) € LP x L1 x L?, by the Young theorem f x g € L" for r as in (2.32). By
(2.41) then r—1 4+ 571 =1, and (2.42) follows.
The remainder is similarly checked. |

Let us next set 73, f(z) := f(x + h) for any f:RY — C and any x,h € RV,

Let us denote by C°(RY) the space of continuous functions RN — C (which is a Fréchet space
equipped with the family of sup-norms on compact subsets of RY), and by CS(RN ) the subspace of
CO(RY) of functions that vanish at infinity.

Lemma 2.6 As h — 0,

wf — f in CY, Vf e, (2.44)
wf—f in LP,Yf € LP, Vp € [1,40o0]. (2.45)
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Proof. As any f € CY is locally uniformly continuous, 7 f — f uniformly in any K cC RY; (2.44)
thus holds. This yields (2.45), as C is dense in LP for any p € [1, +o0[, cf. Theorem V.3.8. O

By the next result, in the Young theorem the space L™ may be replaced by L>® N C?, and in part
(i) also by L> N CY.

Proposition 2.7 Let p,q € [1,+0o] be such that p~* +q~' = 1. Then:

frgeC®  W(f.g) € (L x LY U (Lh, x LY. (2.46)
frgeC’  V(f,g)e Ll (RT)x L] (RT) ifN=1, (2.47)
(fxg)(x) >0 as |z|] > +oo V(f,g) € LP x L1, Vp,q € [1,+c]. (2.48)

Proof. For instance, let p # 400 and (f,g) € LP x LY; the other cases can be dealt with similarly.
By Lemma 2.6,

It 9) = (£ g)lu= = [ 17 +h =) = fle =l do]

< |lmnf — fllzellgllLe — 0 as h — 0;

(2.49)

the function f * g can then be identified to a uniformly continuous function.

Let {fn} C LEomp and {g,} C Ldomp be such that f, — f in L? and g, — g in L9. Hence f, * g,
has compact support, and f,, * g, — f * g uniformly. This yields the final statement of the theorem.
O

It is easily seen that if either p or ¢ = +oo then (2.48) fails.

Convolution of Distributions. By part (i) of Proposition 2.1, for any (f,g) € (L{, xL") U (L!'x
Llloc)7 f*xge Ll . For any ¢ € D then

loc*

[ a@ew s = [[ 16~ vowe dedy = [[ 19wt +y) dudy, (2.50)

and each of these double integrals equals the corresponding iterated integral, by Fubini’s theorem.
This formula allows one to extend the operation of convolution to two distributions, under analogous
restrictions on the supports. Let either (7,.5) € D'x&’) U (£’ xD’), and define

(T % S,v) == (T, ({Sy, p(x +y))))- (2.51)

(By this notation we mean that in the bracketed term x is just a parameter, and the duality pairing
just involves the variable y.) This is meaningful, since

Se& (SeD, resp) = (Sy,px+y))eD (€&, resp.). [Ex] (2.52)

For N =1, if T € D'(R"), then (2.51) also makes sense.

On the other hand, one cannot write (T3S, ¢(z + y)) in the duality between D'(RY x RY) and
D(RN xRY), since the support of the mapping (z,y) — ¢(z + y) is compact only if ¢ = 0.

The following properties hold: The convolution commutes and is associative; thus (&', %) is a
convolution algebra, with unit element dg.

Here are some further properties:

D'x& cD, Ex&cé, (2.53)
S'x&cd, SxS'ceENS, (2.54)
Sx& CS, SxS' cé, (2.55)

and in all of these cases the convolution is separately continuous w.r.t. each of the two factors.

12



3 The Fourier Transform in L!

Integral Transforms. These are linear integral operators that typically act on functions R — C,
and have the form

(a(6) = ) (Tu)(€) = /R K&, n)u(z)ds  VECR, (3.1)

for a prescribed kernel K : R? — C, and for any transformable function . © The main properties of
this class of transforms include the following: N

(i) Inverse Transform. Under appropriate restrictions, there exists another kernel K : R? — C
such that

/R R(x,O)K(6,y)dE = bo(z —y)  Va,y R, (3.2)

Denoting by R the integral operator associated to K , we thus have RTu = u for any transformable w.

(i) Commutation Formula. Any integral transform is associated to a class of linear operators
(typically of differential type), that act on functions of time. For any such operator, L, there exists a
function, L(s), such that

TLT ' = L(s) (this is a multiplicative operator). (3.3)

By applying T, an equation of the form Lu = f (for a prescribed function f = f(t)) is then transformed
into L(§)u(§) = f(§). Thus u = f/L, whence uw = R(f/L). This procedure is at the basis of so-called
symbolic (or operational) calculus, that was introduced by O. Heaviside at the end of the 19th century.
The first of the transforms that we illustrate is named after J. Fourier, who introduced it at the
beginning of the 19th century, and is the keystone of all integral transforms. In the 1950s Laurent
Schwartz introduced the space of tempered distributions, and extended the transform to this class.
This transform allows one to reduce linear ordinary differential equations with constant coefficients to
algebraic equations, and this has found many uses in the study of stationary problems. This is useful
for applications, and is also an important tool in functional analysis, as we shall see in Chapter X.

The Fourier Transform in L'. We shall systematically deal with spaces of functions from the
whole RY to C. We shall then write L' in place of L'(R"Y), C? in place of C°(R"), and so on. For
any u € L', we define the Fourier transform (also called Fourier integral) @ of u by 8

u(§) := (27r)_N/2/ ey (z) da VéE € RY, (3.4)
RN
N
here & -z := ). &,
Proposition 3.1 Formula (3.5) defines a linear and continuous operator
F:L' =Y uw

3.5
||| L < (27r)*N/2Hu||L1 Yu € Ll.[Ex] (3:5)

(By C? we denote the Banach space CpL>.)
Thus 4, — @ uniformly in RY whenever u, — u in L'. In passing notice that [ul/ e~ =
(2m)~N/2||u) 11 for any nonnegative u € L', as in this case

@l < (2m) "2 ull 1 = T(0) < [l .

Apparently, no simple condition characterizes the image set F(L").

"To devise hypotheses that encompass a large number of integral transforms is not easy may not be convenient. In
this brief overview we then refer to the Fourier transform. We are intentionally sloppy drop the regularity properties,
that however are specified ahead.

8Some authors introduce a factor 2 in the exponent under the integral, others omit the factor in front of the integral.
Our definition is maybe the most frequently used. Each of these modifications simplifies some formulas, but none is able
to simplify all of them.
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Proposition 3.2 For any u € L', ?

v(z)=ulz —y) = 0()=e V() vy € RY, (3.6)

v(z) =™ Mu(z) = (&) =u(€ —n) vn € RY, (3.7)

v() =u(A72) = 0(E) = |det A[i(A*€) VA RN, det A#£0, (3.8)
v(z) =u(z) = B = (=g, (3.9)

u is even (odd, resp.) = U is even (odd, resp.), (3.10)

u is real and even = U is real (and even), (3.11)

u is real and odd = u is imaginary (and odd), (3.12)

u is radial = U is radial. (3.13)

[Ex]
Henceforth by D (or D; or D*) we shall denote the derivative operator in the sense of distributions.
Lemma 3.3 Let j € {1,..,N}. If p,Djp € L' then [pnx Djp(x)dz = 0.

Proof. Let us set

p(x) :=exp ( - [2I* ) if || <1, p(x):=0 if|z[>1
' 1—|z|? ’ ' -
pn(x) == p(%) Ve e RV, Vn e N.

Hence p,(z) — 1 pointwise in RY as n — oo, and

1
[ Dsetlon@ras] = | [ o@Dipu(a)da] < Ll - 1ol
RN RN n
Therefore, by the dominated convergence theorem,

Djp(x)dr = lim [Djp(2)] pn(z) dz = 0.

RN n—oo RN
O
e Proposition 3.4 For any multi-index oo € NV,
u,Ddue L' = i°len = (D) e P, (3.14)
w,z®u € L' =  Dgu=(—i) (2 € CY. (3.15)

Proof. In both cases it suffices to prove the equality for any first-order derivative D; = 9/0x;; the
general case follows by induction.
(i) As

Djle™* u(x)] = —igze " u(z) + e Dyu(z),

the integrability assumptions entail that D;[e~®%%u(x)] € L. It then suffices to integrate the latter
equality over RY, and to notice that [x Dj[e~®*u(z)]dz = 0 by Lemma 3.3. Finally (Du) € Cp,

9For any A € RNQ, we set (A%);; := Aj; for any ¢,j. For any z € C, we denote its complex conjugate by z. We say
that u is radial iff u(Az) = u(x) for any x and any orthonormal matrix A € RN’ (i.e., with A* = A™1).

14



by Proposition 3.1.
(ii) Denoting by e; the unit vector in the jth direction, we have

A(E + te;) —a(E) / emilEtte) o _ g-iea
t RN t

u(z) dx

:/ W o =i(E+te;/2)a sin(tz;/2)u(z) dz.
RN 2

Passing to the limit as ¢ — 0, by the dominated convergence theorem we then get D;u(§) =
—i(z;u)(€) for any ¢. By Proposition 3.1, this is an element of CY. O

Corollary 3.5 Let m € Ng.
(i) If D&u € L* for any o € NY with |a| < m, then (1 + |€])™u(€) € L.
(i3) If (1 + |z|)™u € L', thenu € C™. [Ex]

In other terms:
(i) the faster u decreases at infinity, the greater is the regularity of w;
(ii) the greater is the regularity of u, the faster u decreases at infinity.

Proposition 3.6 (Riemann-Lebesgue)
For any v € L', u(¢) — 0 as |£| — +o0, and U is uniformly continuous in RY .

Proof. For any u € L', there exists a sequence {u,} in D such that u, — w in L'. By part (i)
of Corollary 3.5, u,(§) — 0 as || — +oo. This holds also for 4, as @, — @ uniformly in RV by
Proposition 3.1.

(In alternative, by direct evaluation of the integral one may check that the assertion holds for
the characteristic function of any N-dimensional interval [a1,b1] X -+ X [an,by]. It then suffices to
approximate u in L' by a sequence of finite linear combinations of characteristic functions of N-
dimensional intervals.)

As @ € CP, the uniform continuity follows. O

Theorem 3.7 (Parseval)
The formal adjoint of F coincides with F itself, that is,

/ ﬂvdx:/ uvdx Vu,v € L. (3.16)
RN RN

Moreover, ~
uxve LY, and (uxv) = 2m)N?G0  Vu,ve L' (3.17)

Proof. By the theorems of Tonelli and Fubini, for any u,v € L' we have
[ iy =2 [ @) dedy = [ty
RN RN xRN RN
as well as, via the change of integration variable z = = — y,
(weof(©) = (2m) ™2 [ e — g)oty) dody
RN xRN

= (27T)N/2/ e 2mE )y (2) dz/ e ™Yy (y) dy
RN RN

= (2m)2a(€)v(6).
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We now present the inversion formula for the Fourier transform. First let us introduce the so-called
conjugate Fourier transform:

F)(z) := (2m)~N/? /R N 2Ty (E)dE Yo e LY (3.18)

Clearly this has analogous properties to the operator F.
Theorem 3.8 For anyu € L' NC°NL>®, ifu € L' then
w(z) = F@)(z)  VzeRV. (3.19)

Proof. Let us set v(x) := exp(—|z|?/2) for any € RY. A calculation based on integration along
paths in the complex plane shows that 9(¢) := exp(—|¢|?/2) for any & € RY. [| By the Tonelli and
Fubini theorems, we have

W (€)™ de = (2m)N/2 u(y)e EYp(£)e’®
[ @@ s = @me [ e raeee ayag
_ / w(y)oly — ) dy — / w(e + 2)8(2) de.
RN RN

Let us now replace v(€) by v-(§) := v(ef), for any € > 0. By (3.8), 0:(2) = e Mo(e712), and via a
further change of variable of integration we get

[ i@ is = [ e+ epaway

RN

As u is continuous and bounded, by the dominated convergence theorem, as € — 0 we get

v U(€)es® de = u(x v .
©0) [ a@esds = uto) [ 5wy
As v(0) =1 and [pn 0(y) dy = (2m)N/2, (3.19) follows. O

By Proposition 3.1, the regularity assumptions of Theorem 3.8 are actually needed, as u = F (ﬁ)
However, by a more refined argument one might show that (3.19) holds under the only hypotheses
that u, 7w € L'. (Of course, a posteriori one then gets that u,u € Cy.)

By Theorem 3.8, F(u) = 0 only if u = 0; hence the Fourier transform L' — Cl? is injective. Under
the assumptions of this theorem, we also have

() =a(—z) VreRN. (3.20)

£

We recall that B(0, R) denotes the closed ball in RY with center at the origin and radius R.

Theorem 3.9 (Paley-Wiener)
For any u € C®(RY) and any R > 0, suppu C B(0,R) iff F(u) can be extended to an analytic
function CN — C (also denoted by F(u)) 10 such that

CRIZ()|

YmeN,3C >0:Vze CV [F(u)](z)|§(§'m

I (3.21)

10A function CV — C is called analytic iff it is separately analytic with respect to each variable. For any z € CV, we
set |z| = (Zivzl |zi\2)1/2 and Z(z) = (Z(#1), ...,Z(2n)) (the vector of the imaginary parts).
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This extended function F(u) : CV — C is called the Fourier-Laplace transform of u.

Overview of the Fourier Transform in L!. We defined the classic Fourier transform F : L' —

C,? and derived its basic properties. In particular, we saw that

(i) F transforms partial derivatives to multiplication by powers of the independent variable
(up to a multiplicative constant) and conversely. This is at the basis of the application of the Fourier
transform to the study of linear partial differential equations with constant coefficients, that we shall
outline ahead.

(ii) F establishes a correspondence between the regularity of u and the order of decay of u at
0o, and conversely between the order of decay of u at oo and the regularity of w. In the limit case of
a compactly supported function, its Fourier transform can be extended to an entire analytic function
cN = C.

(iii) F transforms the convolution of two functions to the product of their transforms (the
converse statement may fail, because of summability restrictions).

(iv) Under suitable regularity restrictions, the inverse transform exists, and has an integral
representation analogous to that of the direct transform.

The properties of the two transforms are then similar; this accounts for the duality of the statements
(i) and (ii). However the assumptions are not perfectly symmetric; in the next section we shall see a
different functional framework where this is remedied.

The inversion formula (3.19) also provides an interpretation of the Fourier transform. (3.19)
represents u as a weighted average of the harmonic components x — €€®. For any ¢ € RV, 1(¢) is
the amplitude of the component having vector frequency & (that is, frequency &; in each direction x;).
Therefore any function which fulfills (3.19) can equivalently be represented by specifying either the
value u(z) at a.a. points z € RY, or the amplitude () for a.a. frequencies ¢ € RY. (Loosely speaking,
any non-identically vanishing u € D has harmonic components of arbitrarly large frequencies.)

The analogy between the Fourier transform and the Fourier series is obvious, and will be briefly
discussed at the end of the next section.

4 Extensions of the Fourier Transform

Fourier Transform of Measures. The Fourier transform can easily be extended to any finite
complex Borel measure p on RY, simply by replacing f(x)dz with du(z) in (3.5). In this case one
speaks of the Fourier-Stieltjes transform. Most of the previously established properties holds also
in this case. For instance, transformed functions are still elements of C’g and fulfill the properties of
transformation of derivatives and multiplication by a power of x. The Riemann-Lebesgue theorem
(Proposition 3.6) however fails; e.g., 8 (&) does not vanish as |{| — +o0. For instance, the transform
of the Dirac measure at the origin is the function identically equal to (27)~"V/2, that is, 50 = (2m)~N/2.

Fourier Transform in S&. For any uw € D, by Theorem 3.9 w is analytic; hence © € D only if
u = 0, namely v = 0. Thus D is not stable by Fourier transform. This means that the set of the
frequencies of the harmonic components of any non-identically vanishing v € D is unbounded. This
situation induced L. Schwartz to introduce the space of rapidly decreasing functions S, cf. Sect. 1,
and to extend the Fourier transform to this space and to its (topological) dual. Next we review the
tenets of that theory.

Proposition 4.1 (The restriction of ) F operates in S and is continuous. Moreover, the formulae of
Proposition 3.4 and Theorem 3.7 hold in S without any restriction, F is invertible in S, and F~' = F

(cf. (3.19)). [Ea]

The first part is easily checked via repeated use of the Leibniz rule, because of the stability of S w.r.t.
multiplication by any polynomial and w.r.t. application of any differential operator (with constant
coefficients). Actually, S is the smallest space that contains L' and has these properties. [Ex]
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The next statement extends and also completes (3.17).
Proposition 4.2 For any u,v € S,
uxv e S,  (uxv) = 2m)N?UT  in S, (4.1)
wesS, (w)=2n)"V?Ux0 inS. (4.2)

Proof. The first statement is a direct extension of (3.17). Let us prove the second one. B
It is easily checked that wv € S. By writing (3.17) with u and v in place of v and v, and F in
place of F, we have
F(asv) = (2m)N2F (@) F@) = (2m)N uw.

By applying F to both members of this equality, (4.2) follows. O
Fourier Transform in 8’. Denoting by F7 the transposed of F, we set
F=[F:8-=8. (4.3)
By Theorem 1.6, F7 = F; hence F = F*, that is,
(F(T),v) :==(T,F(v)) WYveSVIeSs. (4.4)

As S is dense in &', cf. Proposition VIII.6.2, F is the unique continuous extension of the Fourier
transform from S to S’.

Henceforth we shall use the same symbols F or” for the many restrictions and extensions of the
Fourier transform. We shall thus write F(T), or T, in place of F (T).

Proposition 4.3 F can be uniquely extended to an operator which acts in S’ and is continuous.
Moreover, the formulae of Proposition 3.4 and Theorem 3.7 hold in S without any restriction, F is
invertible in S, and F~' = F. [Ex]

For instance, for any v € D we have
pr ({11ET ) p = pi(T, 1% 0) p = p (T, [0 Vp
O (T (~D)D)p = p (DT, 5)p = p ((D°T) ,v)p.

As D is a dense subspace of S, we conclude that

ielgeT = (DeTy e 8 VT € 8’ Va e NV, (4.5)
Proposition 4.4 For anyu € S and any T € S,

wT €8, (uxT) = 2m)N?aT indS, (4.6)

ul € &, (WT) = 2m) N?uxT  in S (4.7)

Theorem 4.5 ForanyT € & and any € € RY, f(f) = o(T, e ™) ¢. This expression can be extended
to any € € CN, and is an analytic function.

(This extends the Fourier-Laplace transform of the previous section.)

Proof. For any € > 0, let us define the mollifier p,, as in (1.17), and set (T'xpy,)(x) := (Ty, pn(r—Y))
for any 2 € RY. (The index y indicates that T acts on the variable y; here z is just a parameter.)
This yields T % p, — T in &', hence also in &’ as £ C &’ with continuous and dense injections.
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Therefore R
(Txp:) =T in S’ (4.8)

On the other hand, as T % p, € € and [pn pn(x) dz = 1, we have
(T paf(©) = 2m) 2 [ T s p) o) o
RN

=R [T o ) dody
X

= (2m) NAT, [ oy do) = (T,

and this is an analytic function of £. As e — 0, p,,(£) — 1 uniformly on any compact subset of RV,
Therefore ~ ‘ ‘
(T # pu) (&) = (Ty, e )pu() = (Ty,eY)  in S,

By (4.8) we then conclude that f(f) = (T, e 2™&Y) for any £ € RY, and this function is analytic. O

Theorem 4.6 (Paley-Wiener-Schwartz)
For anyT € 8’ and any R > 0, suppT C B(0,R) iff F(T') can be extended to an analytic function
CN — C (also denoted by F(T)) ' such that

Im e Ny, 3C >0:Vze CV  |[F(D)](2)| < CA + |z))mefHF@L ] (4.9)

Fourier Transform in L?. As L? C &', any function of L? has a Fourier transform. Next we
study the restriction of F to L? and show that it is an isometry.

e Theorem 4.7 (Plancherel)
wel? & auel? Vu e S'. (4.10)
The restriction of F to L? is an isometry:
lalle = llullys — Vue L. (4.11)

Moreover, for any u € L2,

(271')_N/2/ e Ty(z) dr — U(€) in L?, as R — 4o0. (4.12)
]_R’R[N

Therefore this sequence also converges in measure on any bounded subset of RY; it also converges a.e.
in RV, as R — 400 along some sequence which may depend on w.
Proof. For any u € S, we know that u € S. Moreover, by (3.16) and (3.20),

/ |ﬂ\2d:u:/ ﬁﬁdac:/ u/ﬁ\d:v:/ u(:v)ﬁ(—x)dx:/ wi dx
RN RN RN RN RN
:/ u|? dz.
RN

Therefore, as S C L? with continuity and density, the restriction of F to L? is an isometry with
respect to the L?-metric. Hence F maps L? to itself.

1A function CV — C is called analytic iff it is separately analytic with respect to each variable. For any z € CV, we
set |z| = (Zivzl |zi\2)1/2 and Z(z) = (Z(#1), ...,Z(2n)) (the vector of the imaginary parts).
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In order to prove (4.12), for any R > 0 and any = € R, let us set yg(z) := 1 if |x;| < R for
i=1,...,N, and xgr(z) := 0 otherwise. Then uxr € L' N L? and uxg — u in L?. Hence, by (4.11),

(27?)_N/2/] iy e Ty () dr = (27T)_N/2/]R e Ty (z)xp(x) dz

N

= (uxr)(§) — u(§) in L2.
O

Remarks. (i) We saw that in any Hilbert space H the scalar product is determined by the norm:
2(u,v) = ||u+ v||? — |Jul|?> — ||v]|? for any u,v € H. (4.11) then entails that

/ w(z)3(z) dz = / W@ de Vuve L2 (4.13)
RN

RN

(ii) The representation (4.12) is more general:
/ e 2Ty (2) de — T(E) inS’, as R — +oo,Yu e S’ NLL.. (4.14)
]_RvR[N

The above argument also allow one to generalize the inversion Theorem 3.8.
(iii) The Lebesgue-integral representation (3.5) is meaningful only if u € L. Anyway it may be useful
to know of cases in which the (extended) Fourier transform maps functions to functions. We claim
that, for any p € [1,2], any function u € LP can be written as the sum of a function of L' and one of
L?, ie.,

PcL'4+1?>  vpell,2]. (4.15)

Indeed, setting x := 1 where |u| > 1 and x := 0 elsewhere, we have uxy € L', u(l —x) € L? and
uw=uyx +u(l—x). 2 Therefore, as F : L' — L> and F : L? — L2,

Fu) = Flux) + Flu(l —x)) € L® + L*  Yue LP,VYp € [1,2]. (4.16)

Thus F(u) is a regular distribution, although it may admit no integral representation.
This is made more precise by the following result, which is a direct consequence of the classic
Riesz-Thorin Theorem 2.4.

Theorem 4.8 (Hausdorff-Young) 13
Letpe [1,2],p :==p/(p—1) ifp > 1, and p' = 0o if p = 1. Then (the restriction of) F is a linear and
continuous operator LP — L¥. More precisely, for any u € LP we have @ € L' and ||i ., < |Jul| s

Proof. As F is linear and continuous as an operators L' — L® and L? — L?, it suffices to apply the
classical Riesz-Thorin Theorem 2.4. O

Because of the symmetry between the definitions of the direct and inverse Fourier transform, see
formulas (3.5) and (3.19), the results that we established for F in § and in &', in particular Theorems
4.1 and 4.7, hold also for F~1.

We claim that F does not map L? to L? for any ¢ # p’. Let u € LP be such that F(u) € L9. For
any A > 0, setting uy(z) := u(Ax) for any z, by (3.8) we have F(uy) = )\_N]:(u)l/)\; hence

[ F(un)llze /\_N”]:(“)l/A”Lq _ \N(=141/q+1/p) | F () La (4.17)
|uxllLe l|luxl| e l|ull e

and this ratio is uniformly bounded w.r.t. A iff ¢ = p'.

12Similarly one can show that L? C L? + L" whenever 1 < ¢ < p < r < o0.
13We set co™! := 0.
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Overview of the Extensions of the Fourier Transform. At first we noticed that the Fourier
transform (3.5) has an obvious extension for any complex Borel measure u; loosely speaking, this is
just defined by replacing u(z)dx by du in the definition (3.5). By the Paley-Wiener theorem, D is
not stable under application of the Fourier transform. However, F maps the Schwartz space S to
itself; this allowed us to extend F to S’ by transposition. We also saw that F is an isometry in L?
(Plancherel theorem), that in this space F admits an integral representation as a principal value, and
that F is also linear and continuous from L? to LP/®*=1) for any p € |1,2].

Finally, we saw that the Fourier series arise as Fourier transforms of periodic functions.

Note: The Fourier transform is a homomorphism from the algebra (L', ) to the algebra (L>°,-)
(here “” stands for the product a.e.), and is an isomorphism between the algebras (S,x*) and (S, -);
cf. (3.17).

5 The Laplace Transform

At variance with the Fourier transform, this transform is especially relevant for the study of evolution
problems. In particular the Laplace transform allows one to reduce initial-value problems for ordinary
differential equations with constant coefficients to algebraic equations. This includes equations as
simple as u/(t) = au(t) (a € R), whose solution indeed reads u(t) = Ce~% for any C € C; this is not
even a tempered distribution, so that it cannot be treated via Fourier transform.

In the applications, this theory is also known as operational calculus.

In this section we just deal with spaces of functions defined on R, rather than RY as for the
Fourier transform; as above, we then write L' in place of L!'(R), and so on. The Laplace transform
acts on complex-valued functions defined on positive reals, (or equivalently, defined on the whole R
and assumed to vanish in R™). We then extend this definition to a class of distributions. At variance
with the Fourier transform, in either case this transform yields functions of a single complex variable.

Laplace Transform of Functions. We define:
the linear space of the (Laplace) transformable functions

Dp:={uell,:u=0ae in R ,3Iz eR: {e " u(t)} € L'}, (5.1)
the abscissa of (absolute) convergence
Ao(u) :==1inf {s e R: {e"*u(t)} € L'} (€ [~o0,+0o0|) Yu € Dg, (5.2)
the half-plane of (absolute) convergence
Crow) = {5 € C:Re(s) > A\o(u)} Vu € Dp, (5.3)

and the (unilateral) Laplace transform (or Laplace integral)
L(w)](s) = / eStu(t)dt Vs € Cy,u),Vu € Dy. (5.4)
R

In this section we shall often write u := L(u). If A\q(u) = —oo then the halph-plane Cy,,) coincides

with the whole plane C; this is the case e.g. for u(t) = e " H(t). * On the other hand u(t) = e!” H(t)
is no elements of D,. Moreover,

VYu € Dg, if 3M € R such that u(t) #0 YVt > M, then

Aa(u) = lim sup M. [Ez] (5:5)

t—4o00

1 We still denote by H the Heaviside function.
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The Laplace integral (5.4) clearly converges absolutely for any s € Chau) (namely, the modulus of
the integrand is integrable). Indeed it is promptly seen that if Re(s) > Aq(u) then e *tu(t) decays
exponentially as ¢ — +00, so it is integrable on R. On the other hand, if Re(s) < Ay(u) then e *tu(t)
is unbounded for ¢ large enough, thus it is not integrable.

Other formulations allow for the simple convergence of the integral. There exists also a bilateral
Laplace transform, in which the input function is not assumed to vanish in R™; in this case the region
of convergence is a (possibly degenerate) strip parallel to the imaginary axis.

Here are some simple examples. For any w > 0 and any sy € C,

u(t) = H(t) = A(u) =0, u(s)=1/s,

u(t) =t"H(t) = A(u) =0, u(s)=nls""!(VneN), (5.6)
u(t) = (sinwt)H(t) =  A(u) =0, 7U(s)=w/(s®+w), '
u(t) = e H(t) = A(u) =Re(sg), u(s)=1/(s— so).[Ex]

The next result is a direct consequence of the definition of the Fourier and Laplace transforms,
and illustrates how they are strictly related.

Proposition 5.1 For any u € D,
{e™u(t)} € L',

Vi + iy € Cy (4. 5.7
L)) +iy) = VIR[F(e D)) S et &7)

Conversely, for any u € L",
M) <0 = [F@E) = ——[L@)i€) VEER  [Ea] (5.8)

Ver

The case of A(u) = 0 is somehow delicate: as u € L', [F(u)](¢) exists for any ¢ € R, but one
cannot write [£(u)](i€). Thus [£(u)](z + 2miy) need not converge to [F(u)](y) as z — 0.

By (5.7), the Laplace transform may be regarded as the Fourier transform of a function which has
preliminarily been damped down by means of a suitable real exponential factor. On the other hand, in
(5.8) the one-dimensional Fourier transform is represented as the restriction of the Laplace transform
to the imaginary axis (times the conventional factor (2m)~1/2).

Next we display some basic properties of the Laplace transform of functions. They easily follow
from the definition; because of Proposition 5.1, most of them may also be derived from the analogous
properties of the Fourier transform.

Proposition 5.2 For any u € D,
(i) u(s) — 0 as Re(s) — +oo;
(i) u is bounded in the half-plane {s € C : Re(s) > A}, for any A > Ag(u). [Ex]

The statement (i) means that u(s,) — 0 for any sequence {s,,} in Cy, ) such that Re(s,) — +oo,
thus independently of Im(s,,).

The function @ need not be bounded in the whole half-plane {s € C: Re(s) > A(u)}. For instance,
A(H) =0 and H(s) = 1/s is unbounded in Cy = {s € C : Re(s) > 0}.

Proposition 5.3 For any u € D,

~ _ —toss
o) mult—tg) = V=) (5.9
Vs € C/\a(u)7 Vo > 0,

v(s) = u(s — s0)

v(t) = e*otu(t = 5.10
() ) Vs € Cx,(u)+Re(so0)s VS0 € C, (5.10)

B(s) = la(f)

v(t) =u(wt) = w \w
Vs € (Cw)\a(u)7 Yw > 0.
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For any u,v € Dy,
UKV

£, Ag(uxv) <max{A,(u),\,(v)},
v 1 Crax{he(w) e (v)} -[ET]

m
:>b

(5.12)

—

uU*v =
Proposition 5.4 (i) For any u € D,

tu(t) € D, Aa({tu(t)}) = Aa(w),
u is holomorphic in Cy, ), (5.13)

tu(t)(s) = —@(s) Vs € Cxu)
(ii) For any u € Dg, if Du € Dy then
Du(s) =st(s)  V¥s€CrwNCrpuw- [ (5.14)

By Du we denoted the derivative of u in the sense of distributions, and by @'(s) the classical
derivative of . Note that lim;_,o+ u(t) = 0 whenever Du € D. We shall see that the case where the
latter condition fails is satisfactorily covered by the Laplace transform of distributions.

In part (ii) the assumption Du € Dy cannot be dropped. For instance, for both u(t) = t~Y/2H(t)
and u(t) = sin(e!” — 1)H(t), uw € Dz but Du & Dy.

In several cases the transformed function may be extended by analyticity to a larger domain than
Ci,(u)- Nevertheless it represents the Laplace transform, and thus benefits from the corresponding
properties, just in that half-plane.

Corollary 5.5 (i) For any u € D,
{[yu(r)dry € Dz, Aa({Jy ulr)dr}) = Aa(u),
¢ _u(s) (5.15)
[E({fo u(T) dT})]( = Vs € Cy,(u) \ {0}.
(ii) For any u € D,
if {u(t)/t} € Dg, then Ag({u(t)/t}) = Aa(u), and

[L({u(t)/t})](s) = lim / T)dr Vs € Cy,qu)- (5.16)

The latter limit coincides with the generalized integral f U u(7) dr, which might not converge abso-
lutely. The statements (5.15) and (5.16) respectively follow from (5.14) and (5.13). [Ex]

Inversion of the Laplace Transform. Let us fix any u € D, and set
paly) = [ () dt = () + i) E VIR (®)]0)
R
Vo > A\g(u),Vy € R.

By Theorem 3.8, formally we then have

1 1 .
“yt) = —[F 1 {x t:/”ym d vt €R.
e "u(t) m[f fez)D]() = 5 ¢ Pa(y) dy €
This yields the Riemann-Fourier formula for the inversion of the Laplace transform:
1 4
u(t) = o / eTEW L) (x +iy)dy Vit e R, Ve > A(u),Vu € Dy, (5.17)
R
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which sometimes is also written as
1 z+iR .
t) = — s d
u(t) = Jim o [ e )(s) ds
1 xr+100
= —p.0. / e [L(u)](s) ds.
X

271 ico

(5.18)

The above argument shows that this integral does not depend on the abscissa z.
Laplace Transform of Distributions. Next we extend this transform to a class of distributions.
First we define:

the linear space of the (Laplace) transformable distributions °
Dy :={T €D :supp(T) CRY, Iz e R: {e "'T(t)} € §'}, (5.19)
the convergence abscissa
MT) :=inf{z eR: {eT(t)} € §'} (€ [~00,+0]) VT € D, (5.20)

and define the half-plane of convergence Cy(r) as in (5.3). For any T € D/, we intend to give a
meaning to a formula like (5.4), with the integral replaced by a duality pairing that we are tempted
to write as B

[L(T)](s) :=(T(t),e™") Vs e Cyrp). (5.21)

But e~%! & D, so that this pairing is meaningless in the duality either between D’ and D, or between
S’ and S. In order to provide a correct definition, we notice that the function ¢ — e=%! and all of its
derivatives decay exponentially as t — +o00. (The behavior for t — —oo is immaterial, as the support
of T is confined to RT.) We then choose any

¢ €C™ suchthat (=1inRT, infsupp(¢) = —1. (5.22)

For any T' € D), and any s € Cy(7), let us select any = € ]A(T),Re(s)[. As {e™'T(t)} € S’ and
{e=G=2)((1)} € S, we may set

[L(T)](s) = s (e~ T(t), e (t))s Vs € Capy, VT € D (5.23)

This value depends neither on x € |A\(T"), Re(s)[ nor on ¢ (as ¢ =1 in supp(7)).

Note that here we made no reference to absolute convergence: we replaced the Laplace integral
(5.4) by a duality pairing, and in this case it has no meaning to speak of absolute convergence. The
operator £ extends the Laplace transform of functions as defined in (5.4). Henceforth we shall omit
the tilde, and write £(T'), or T, in place of L(T).

Here are some basic examples:

Bo(s) =1, Dkéy(s)=s*  VseC,VkeN,

- (5.24)
da(s) =€ Vs € Cq,Va € R.
Any sequence {T},} C D/ is said to converge to T' € D/, in the sense of D', iff
JreR: x> XNT), z>XT,) Vn, (5.25)
e T, (t) — e ®T(t) inS'. '
By (5.23), this entails that
To(s) = T(s) Vs € C:Re(s) > AT). (5.26)

The next statement may be compared with Proposition 5.2.

50f course, Dz # (D)’ (the latter one has no meaning).
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Proposition 5.6 For any T € D/,
(i) T is analytic in Cy),
(ii) T has at most polynomial growth:

IM,m eN:Vs€Cypy  |T|<M(1+][s)™ (5.27)

Conversely any function that fulfills these properties is the Laplace transform of one and only one
TeD,. []

At variance with what we saw in Proposition 5.2 for the Laplace transform of functions, for T' € D/,

T (s) need not vanish as Re(s) — +00;

for instance we just pointed out that D*dy(s) = s* for any s € C and k € N. As Proposition 5.1
carries over to distributions, this is consistent with the Fourier transform of distributions; e.g., go =1
identically in C (actually, A(6y) = —oc), and F(8p) = 1/4/27 identically in R. Proposition 5.3 and the
first part of Proposition 5.4 also carry over to D)., whereas the second part of Proposition 5.4 must
be amended as follows.

Proposition 5.7 For any T € D',
T e D, & DT e Dp. (5.28)
Moreover, if this condition is fulfilled, then
ANDT) <NT),  DIT(s)=sT(s) Vs Cyq.] (5.29)

It may occur that the (distributional) derivative Du of a transformable function w is not trans-
formable as a function, although by the latter statement wu is necessarily transformable as a distribution.
An example is provided by the function

u(t) =sin(e” —1)H(t) € Dy —

.2 2 (5.30)

Du(t) = 2te"cos(e” —1)H(t) € D\ Dy.
Actually, the function u is bounded, hence Laplace transformable. On the other hand, for any s €
C, the function ¢ — e **Du(t) fails to be absolutely integrable. [Ex] Nevertheless, by the latter
proposition, if Du is regarded as a distribution then it is transformable.

A Glance at Operational Calculus. The Laplace transform may be used for the analysis of
initial-value problems, like

i anu™ = f(t) vt € [0,T) (T > 0)
n=0 (531)
u™(07) (:= lim u(")(t)) =u

Jim, " forn=0,...,m—1,

for any integer m > 0 and prescribed ag, ..., @y, (With @y, # 0), ud,...,ud,_; € C, and f € C°([0,T7)).
Here we search for a solution v € C™([0,T]), and by u(™ we denote the nth classical derivative of
u. The functions u and f are both defined just in the interval [0, T]; we extend them into Laplace-
transformable functions (thus with support confined to R™), that we do not relabel.

We shall use the next result.
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Proposition 5.8 Let m be an integer > 0, and w € D, be such that u|g+ € C"™(RT). Then

n—1
u™(s) = s"u(s) — > s" B0
2 632

Vs > M := max{\(u), ... \(u"" )}, forn=1,.. m.

E.g., u/(s)=st(s) —u(0F), u’(s) = s¥i(s) — su/(0") — u(0F).
Proof. We shall still denote by D the derivative in the sense of D'(R). Notice that, for any w € D/,
such that w|g+ € C1(RT),
Dw = w' + w(0")dy in D'(R).

(n—1)

For any n € {1, ...,m}, selecting w = u in the latter formula we have

Du™ =™ 4y V(0F)g,  in D'(R).

Applying the Laplace transform (in the sense of distributions), we get

sum=D(s) P2V pun=1)(s)

—

= u™(s) + uD(0%) §o(s)  for Re(s) > M,

that is, as 56 =1,

u®(s) = su=1(s) —u™ D (O%) for Re(s) > M.
By applying this formula iteratively, (5.32) is easily derived. O

Let us come back to the problem (5.31), set

m m n—1
p(s) := Z aps”, ®(s) = Z ay Z s”_l_zug,
n=0 =0

n=0 —

and denote by sy, ..., Sy, the (not necessarily distinct) roots of the polynomial p(s). By Proposition
5.8, the initial-value problem (5.31) is then transformed into the single algebraic equation

~

p(s)u(s) = ®(s) + f(s) for Re(s) > max{A(u), \o(f)}. (5.33)
Its solution reads
_ o), fl»
als) = p(s) - p(s (5.34)
for Re(s) > M := max { Jmax {Re(s:)}. Aa f)}.

By applying the inverse Laplace transform to both members and (5.12), we then get

w=r! @(j))) s <p(15)> ff Veelo,T). (5.35)

The first of these addenda only depends on the initial data and on the differential operator via
the characteristic polynomial p(s); this represents the free answer of the system that is represented
by the equation (5.31). The second addendum depends on the forcing function f and on p(s); this
represents the forced answer of the system.

Notice that £71(1/p(s)) € C™ IRT is the solution of the problem (5.31 corresponding to ug =
..=u™ 1 =0and f = 6. This is called the fundamental solution of that problem.
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6 P.D.E.s with Constant Coefficients

In this section we briefly illustrate the use of the Fourier transform in the analysis of P.D.E.s with
constant coefficients set on the whole RV .

Differential Operators with Constant Coefficients. Any polynomial P(n) of N complex vari-
ables of degree m is canonically associated to a linear differential operator P(D) (D := (0/01, ...,0/0N))
with constant coefficients of order m, and conversely:

= > cn® = P(D):= Y caD” (6.1)

|| <m |a|<m

with ¢, € C for any a € NV and € CV. This establishes an isomorphism between the linear space of
polynomials over CV with complex coefficients and that of linear differential operators with constant
complex coefficients. P(n) (n € CV) is called the characteristic polynomial of the differential
operator P(D). On the other hand, the polynomial P(i¢) (¢ € RY) is called the symbol of P(D),
and is an element of S’. Moreover, if ¢ € C! is such that P(iDg(x)) = 0 for any x € RY | then the
manifold {x € RY : p(z) = 0} is called the characteristic manifold of the operator P(D).

In this section we show how the Fourier transform exploits this isomorphism.

Proposition 6.1 For any polynomial P(n) with complex coefficients,

P(D) = F ' P(i€)-F]: S — S, (6.2)
P(D)=F[P(i¢)-FT]: 8 — S (6.3)

In particular
P(D)& = (2m) " VPF[P(i€)] (€ &'). (6.4)
Proof. By Proposition 3.4 and by its extension to &', F[P(D)u] = Fu for any u € S, and
similarly for any 7' € §’. (6.2) and (6.3) are thus established. (6.4) follows by selecting u = Jp in
(6.3). ]

Remarks. (i) By Proposition 4.2

P(D)u = F~U[P(i€)-(Fu)(€)] = (2m) V2(FP(i&)])xu  VueS. (6.5)
(ii) May this equality be extended to T' € &'? Actually, [P(i€)] € S’ so that F~[P(i¢)] € &, but
the convolution between arbitrary elements of &’ need not exist. However &'« &' C &', [] so that

P(D)T = FHP(i€)(FT) ()] = 2m) V2(FHP(i))«T VT €€ (6.6)

Thus, although P(D) operates in both spaces S and &', we are able to represent it in terms of
convolution just in S and &'

(iii) Because of the symmetry of the representation of F and F !, their role may be exchanged.
In (6.4) and in the final equality of (6.5) and (6.6), F may thus be replaced by F~!; the same applies
to other formulas of this section. O

Lemma 6.2 If P(n) is a polynomial with complex coefficients such that
P(i€) #0 VEeRY, (6.7)

then 16
v P& w:8§ 8,8 = 8. (6.8)

Notice that P(i¢)~! = 1/P(i€).
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Proof. Notice that |P(i§)| — +oo as |§| — 400, and the same holds for all derivatives of P(i&).
Therefore
P(i&)"t e c™®n L™, (6.9)

and (6.8) follows. [Ex] O

The previous properties may be applied to the study of linear P.D.E.s with constant coefficients that
are set on the whole RY. Let us fix a differential operator P(D) # 0 (i.e., not vanishing identically),
a function f € S, and consider the equation

u€sS, PD)u=f inS. (6.10)

By applying the Fourier transform to both sides of this differential equation, we see that it is equivalent
to the algebraic equation

ues,  PEOuE) =f¢  inS. (6.11)
If (6.7) is fulfilled, then by Lemma 6.2 the latter equation is equivalent to
a(¢) = P(ig)"'f(§) S (6.12)
Therefore, for any f € S, (6.10) is equivalent to
uw=FPGE)FE)] i (6.13)
Let us now assume that f € &’ and consider the equation

TeS, P(D)T = f in §. (6.14)

~

If (6.7) is fulfilled, this yields the analogous of (6.11) and (6.12) in S’. By (6.9), P(i&)"1f(¢) € &, so
that
T =F P36~ f(€)] inS. (6.15)

We have thus proved the next statement.

Proposition 6.3 Let P be a nonconstant polynomial of N complex variables. If P(i&) # 0 for any
£ €RY, then
PD) ' =(F PG NF):S—=S and S = S, (6.16)

and both operators are continuous.

Remarks. (i) Still assuming that P(i¢) # 0 for any ¢ € RN, by (6.9), P(i¢)~! € S’. By (6.5)
then

P(D)~'f = (F7'[P(i&)~']F(f))

@ VRGO ) e VFES. (617

(ii) As P(i¢)~! € &’ and 8’ &' C &', the same formula holds for any T € £'. (However we are not

able to extend it to T € S§'.) 0
For instance, 17
N N
P)=1->n7 <= PD)=I1-) Di=I-A inSandS. (6.18)
j=1 j=1

"In passing notice that I — A : v — v — Av is a linear operator, but 1 — A : v — 1 — Av is not.
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As P(i€) = 1+ |€|> # 0 for any & € RY, by Proposition 6.3 we infer that
w=F 1+ 7] = @m) NEF A + €)Y« f (6.19)

is the unique solution in S (in &', resp.) of the equation u — Au = f, for any f € S (f € &', resp.).

A similar conclusion does not hold for P(D) = —A; indeed in this case P(i) = |¢|?, so that
P(i€) = 0 for & = 0. Similarly, it fails for P(D) = D; — A, as, denoting by ¢ € RV*! the conjugate
variable of (z,t), P(i§) = 0 for £ = 0.

Remark. So far we used the Fourier transform, and thus restricted ourselves to the spaces S and
S’. More caution is needed when dealing with these equations in D’. For instance, Tychonov pointed
out that the Cauchy problem

Dyu— D?u =0 in R, for t >0

6.20
u(-,0) =0 in R (6.20)
has a nontrivial solution u € D"\ §":
ua,t) = 3 g (t) 22/ (2n)!
2 621
for gt)=e V" Vt>0, gt)=0 Vt<O0.
O
As &' xD' Cc D,
P(D)u = P(D)[6o * u] = [P(D)d] xu € D’ Vu e D, (6.22)
that is,
P(D) = [P(D)é&] * as a continuous operator D' — D’. (6.23)

Thus any differential operator (with constant coefficients) may be represented as the convolution
with a distribution supported in {0}.

Pseudo-Differential Operators. The formulae (6.2) and (6.3) also read as identities between
operators:

P(D) = F~'[P(i&)F] = (2m) VA (FH[P(i€)])*

/ / (6.24)
S—S and & — §'.

More generally, in this way one may define the pseudo-differential operator P(D) in S also for
nonpolynomial functions P, provided that (at least) P(i€)S’ C S&’. For instance, one may define any
positive power and certain negative powers of the Laplace operator P(D) = — Zé\le D]z = —A, which
is associated to the polynomial P(i€) = |£|?. For any s > 0, let us set

(—A)*u = FU[EPF(u)] €S VYueS,Vs>0. (6.25)
As we already pointed out S’ * &' C &’; moreover F~1(|¢]*) € &, since [£]* € S’. Therefore
(=A)2u = 2m)N2F (e )xue S Vues. (6.26)
Still for any s > 0, one may also set

(=A)*2T = 2m)NPFEY(E)P)«T VT e & (6.27)

29



These definitions may be extended to any s € | — N, 0], since in this case the function £ — [|® is
an element of L{ N &’. For any s € | — N, 0[, one may show that

Ses > 0: FUER) = el ¢V (€ SN LL); ] (6.28)
one may then also reformulate (6.27 ) as '®
(=A% = F7L([¢]*)*u (= cs|x]*(s+N)*u) es Yu € S. (6.29)

The latter formula also applies if u is replaced by any T' € £, as S’ x &' C §'.
In conclusion,

(=A)2. &8 58 VYs>—N; (6.30)

one may also check that this operator is linear and continuous.

A similar statement applies to any power of the operator I — A, as (1 + |£])¥/? € S’ whence
FQ + [€])¥/?] € 8 for any s € R. [Ex] The (in general nonintegral) order of a pseudo-differential
operator P(D) is defined in terms of the asymptotic behavior of the function P(i§) as || — +00. For
instance (I — A)*/? has order s, for any s € R.

The Fundamental Theorem. An operator P(D) is said to be elliptic iff its principal part (i.e.,
the sum of the terms of leading order) vanishes only at the origin of CV. This class includes e.g. the
operator (—A)™ + ﬁ(D) for any m € N and any polynomial P of degree lower than m. Any elliptic
operator is of even order. [Ex]

The next theorem is one of the great achievements of the theory of linear differential operators
with constant coefficients.

Theorem 6.4 (Ehrenpreis-Malgrange-Hormander)

Let P be a nonconstant polynomial of N complex variables, and Q be a convex domain in RN . Then:
19

P(D)E(QY) =E(Q), (6.31)
P(D)DR(Q) = DR(), (6.32)
P(D)D' () =D'(Q)  (Ehrenpreis-Malgrange), (6.33)

(D) (6.34)

D)S'=8"  (Hérmander).
If P(D) is elliptic, then (6.31) and (6.32) also hold for nonconvex domains. []

For any of these four equalities the inclusion “C” is trivial and holds for any domain €2; the element
of interest lies in the inclusion “D”, which corresponds to the surjectivity of the operator, namely the
existence of a solution of the P.D.E. (6.10) (or (6.14)).

Remarks. (i) The equalities (6.31) — (6.34) are of the form P(D)X = X, for various selections of
the space X. This entails X C P(D)~'X, but not X = P(D)~'X, since P(D) need not be injective.
For instance:

— in general P(D)7'€ ¢ €. E.g., if P(D) = D? — D2, the wave equation P(D)u = 0 has solutions
u ¢ &€ (u may even be discontinuous!).

— in general P(D)~!S" ¢ S’. Actually, for certain operators the equation P(D)u = 0 has a
nontrivial solution v € D'\ &’. The Tychonov function (6.21) provides an example for the heat
operator in a single space dimension.

'8 This holds also for s < —N, provided that the function g(z) = \m|7<S+N> (¢ LL.) is replaced by a reqularization,
namely by a distribution 7' whose restriction to R™ \ {0} coincides with g.
By D) (Q) we denote the subspace of distributions of finite order.
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(ii) Obviously P(D)E'(2) C £'(Q), but this inclusion is strict. For instance, for N = 1, Q = R,
P(D) = D and f = xjo,1| (the characteristic function of the interval ]0, 1[), the solutions of the equation
Du = xj0,1| simply read u(z) = fox X)o,1[(8) ds + constant for any = € R, and have linear growth at
infinity. Consistently with (6.32) and (6.34), they are elements of D= N'S’, but not of £’. Similarly,
one may see that

D) ¢ P(D)D(R2), S() ¢ P(D)S(Q). [Ex] (6.35)

E.g., no harmonic function has compact support. O

Fundamental Solutions. Let P(n) be a polynomial of N complex variables of degree m, as in
(6.1). A distribution F € D’ is called a fundamental solution of P(D) iff

P(D)E=6  inTD. (6.36)

By (6.34), P(D) has at least one fundamental solution in £ € §’. For such a E we may apply

the Fourier transform, getting P(i{)E = 1. If P(i¢)~' € L] then clearly E = P(i{)™!; otherwise the

distribution E is a regularization of the function P(i&)~!. 20

Proposition 6.5 If P is a nonconstant polynomial of N complex variables, then no fundamental
solution E of P(D) has compact support.

Proof. Let us assume that F has compact support. By the Paley-Wiener-Schwartz Theorem 4.6, E
is then an entire function. By applying the Fourier transform to the equation P(D)E = ¢y, we get
P(iﬁ)ﬁ] =1 for any ¢ € RV, and this equality may be extended to any £ € CV. But E = P(i€)~ ! is
an entire function only if P is a constant, because any other polynomial has roots in C¥. a

Next we see that any nontrivial operator P(D) has a fundamental solution in any bounded domain
2, and that this allows one to construct a solution of the equation (6.14) for any f € &’.

Proposition 6.6 Let P be a nonconstant polynomial of N complex variables. Then:
(i) there exists a fundamental solution E € D NS’;
(i) Ex: & — 8, and
P(D)E+T)=T VT €&, (6.37)
(iii) let Q be a bounded domain of RY. For any f € LY(Q), setting fo := f in Q and fo := 0
outside €2, we have
P(D)[(E * fo)la] = f in D'(Q),Yf € L(Q). (6.38)

Proof. (i) As 6o € D=NS’, by (6.32) and (6.34) the equation P(D)E = dy has a solution E € DNS’.
(i) As 8’ & ¢ §' [ and E € &, it follows that E x f € &' for any f € &'. Moreover, by the
differential properties of the convolution,

PD)YE*T)=[P(D)E|*T =6 +T =T. (6.39)
(iii) As fo € &, by (6.37) we have P(D)(E * fy) = fo in & (RY). 2! (6.38) then follows. O

The next two results respectively deal with the existence and the uniqueness of the solution of the
equation (6.14). Let us first set

en(w) 1= €7 vn € CN vz e RY,
Zp = {¢€RY: P(ig) = 0}, (6.40)
Yp:= span of {e¢: { € Zp} (C L™).

20 As we saw in Section ??, this is a distribution on R" whose restriction to € := {£ € RY : P(i£) # 0} coincides with
the function P(i€)™" (which is an element of Li,.(€)). Although the regularization is never unique, we shall see that the
fundamental solution is unique iff P(i€) # 0 for any £ € RY.

2n other terms, Ex is a right inverse of the operator P(D) : &' (RY) — &'(RY). (It is also a left inverse.)
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(Notice that 0 € Zp, by definition.) Let P be a nonconstant polynomial of N complex variables.
By the fundamental theorem of algebra, the equation P(in) = 0 has at least one root n € CV. As
len(z)| = |e*| = "M@ the distribution e, has exponential growth iff n ¢ RY. Thus &, € S iff
n € RY; this corresponds to €y € L. The next statement is then easily established.

Proposition 6.7 Let P be a nonconstant polynomial of N complex variables. Then:

(i) Xp coincides with the kernel of P(D) in S'. [Ex/

(ii) The set of all fundamental solutions of P(D) in S coincides with the affine space E + Xp,
where E is any fundamental solution in S'. [Ex/

Proof. For any T € ', P(D)T = 0 iff P(z’f)T = 0, that is, the support of 7" is included in Zp. This
means that 7" is in the span of {d¢ : { € Zp}, that is, T' € Xp. Part (i) is thus established. Part (ii)
easily follows. |

Remarks. (i) As we pointed out, there exists € CV such that P(in) = 0. The kernel of P(D) in
D’ thus includes ¢, so that the fundamental solution is not unique in D’

(ii) However this kerned may not be reduced to the span of {¢, : n € C, P(in) = 0}. For the heat
operator in a single space dimension, an example is provided by the Tychonov function (6.21). O

Although the fundamental solution is not unique in D’, next we see that it may be unique in S’.

Proposition 6.8 Let P be a nonconstant polynomial of N complex variables. Then:

(i) The restriction of the operator P(D) to S’ is injective (in particular, there is at most one
fundamental solution in S') iff P(i€) # 0 for any & € RV,

(ii) If P(i€) # 0 for any € € RN, then F~Y(P(i€)~') € S, and this is the unique fundamental
solution of P(D) in S'.

Proof. (i) Note that for any v € S’
P(Dv=0 <& P@i&)o()=0 VéeRY & 7 issupported in Zp.

Therefore v = 0 is the only solution v € &’ of the equation P(D)v = 0 (namely, P(D) is injective in
S iff Zp =0, i.e., iff P(i€) # 0 for any & € RV,

(ii) By Lemma 6.2 P(i¢)~! € 8’ N L>, whence F~1(P(i¢)~!) € S'. This is a fundamental solution
of P(D) in &', and the uniqueness was established in part (i). O

Remark. If P(i¢) = 0 for some ¢ € RY, then P(D) has either no locally integrable fundamen-
tal solution or more than one. This depends upon the multiplicity of those roots and on N. For

instance, for any m € N, the polynomial P(i¢) = |{[*™ is the symbol of the elliptic operator
P(D) = (=327 D)™ = (=A)™. As

P(i&) =" =0 < €=0 (with algebraic multiplicity 2m),

it is promptly checked that P(i¢)~1 € S'NLL . iff 2m < N (if 2m > N then P(i€) ™! must be replaced
by a regularization). Therefore:

— If 2m < N then (—A)™ has a fundamental solution E € &' N L] .. For any polynomial Q(z)
of degree < 2m, E = E+ Q(z) (€ &'N Ll ) is also a fundamental solution (By the next proposition,
there is no other fundamental solution in &’).

— If 2m > N then (—A)™ has no fundamental solution in L] .
Thus, for instance, the operator (—A)™ has a locally integrable fundamental solution in R? iff

m = 1.

Proposition 6.9 Let P be a nonconstant polynomial of N complex variables of degree m. If P(i§) # 0
for any & € RNV \ {0}, then any solution u € S of the equation P(D)u = 0 is a polynomial of degree
at most m.

32



Proof. The Fourier transform of the equation P(D)u = 0 reads P(i€)u = 0 in §’. By the assumption
on P, this entails that the support of the distribution @ is confined to {0}. By a classical result of
the theory of distributions, u is then of the form u(z) = >, /<¢caa®, for some ¢ € N and suitable
constants c,. It is easily seen that £ < m. O

This statement generalizes the classical Liouville theorem of complex analysis which states that any
bounded entire holomorphic function is constant. The latter is indeed easily retrieved by recalling that
the real and imaginary parts of any holomorphic function are harmonic, and then applying Proposition
6.9 to P(D) = A. [Ex]

This theorem also applies e.g. to the heat operator P(D) = D; — A,.

Fundamental Solutions of Cauchy Problems. Next we fix a linear differential operator P(D)
with constant coefficients, fix any u® € £ (RY), and consider a Cauchy problem of the form

Dyu + P(Dox)u =0  Vt>0 61)
u(-,0) =u
(we still set & = (21, ...,xx), so that (z,t) € R¥*!). For the moment we do not specify either the
regularity that we require for u, or the meaning of the initial condition.
We call a mapping £ : Rt — D/(RY) a fundamental solution of the Cauchy problem
associated to the operator D, + P(D,) iff
(i) E: Rt — D'(RV) is differentiable, namely,

t— (E(t),¢) is differentiable in R*,Vyp € DRY), (6.42)

__ (ii) denoting by E the distribution that is obtained by extending F with vanishing value for ¢ < 0,
FE is a fundamental solution of the operator Dy + P(D,) in RV*! that is

DyE + P(Dy)E = §(4.~(0.0) (= 0umo @ d1—0) in D' (RNV*Y). (6.43)

Analogously, the Cauchy problem (6.41) may be reformulated as the search for a mapping u : R*™ —
D'(RY) such that, denoting by @ the distribution that is obtained by extending E with vanishing value
for t < 0,

Dyii + P(D,)u = u’ @ 81— in D/(RVH). (6.44)

This equation is solved by the distribution
(e, t) = B x (u* @ 81-0) = (B(x —y,1),u’(y)), (6.45)

which indeed has support confined to RY x R*. [Ex]
This definition of the fundamental solution of the Cauchy problem may easily be generalized to
equations of higher order in time. [Ex]

Examples of Fundamental Solutions. The construction of a fundamental solution may not be
trivial. Here we just indicate some simple examples.

(i) The Heaviside function (denoted by H) is a fundamental solution of the derivative D in R. By
Proposition 6.7, all fundamental solutions of D are of the form H + ¢, with ¢ € R.

(ii) For any C € C, the function E(x) = x(H(x) 4+ C) is a fundamental solution of D? in R. By
Proposition 6.8 all fundamental solutions of D? are of the form E(z) + ax + b, for any a,b € C. [Ex]

(iii) The rotational invariance of the Laplace operator A suggests that the equation AE =
might have a radial solution E(x) := ¢(r) (r := |z|). By representing the Laplace operator in radial
coordinates, we have

N -1
r

@' (r) + P(r)=0  ¥r>0 (inRY).
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Prescribing the appropriate singular behaviour at the origin, a direct calculation shows that the
following functions are fundamental solutions of the Laplace operator:

lz|[/2 Yz e RN\ {0}, if N =1,
E(z) = (log|z|)/(2r) Vo € RN\ {0}, if N =2, (6.46)
— 22N/ [(N - 2)wy] Vo e RN\ {0}, if N >2;

here wy is the (N — 1)-dimensional measure of the unit sphere of RY. By Proposition 6.8 the
fundamental solution of A is unique up to the sum of polynomials of degree not larger than one;
that is, the kernel of this operator in &’ consists of those polynomials.
(iv) The function
E(x,t) = (dmt) "2 exp (—|x|?/4t) vt >0 (6.47)

is a fundamental solution of the heat operator D; — A, in RY x R* in the above sense. By Proposition
6.8 the fundamental solution of this operator is unique up to an additive constant; that is, the kernel

of D, — A, in S’ consists of the constant functions. 22
(v) Let us define the three functions
H(ct — |z 0 if |z|>ct
(e, = 2D _JO i el 2
2c (2¢) if |z < et
H(ct — |z 0 if |x|>ct
Bty = la) N (6.48)
21/ (ct)? — |z|? @m\/(ct)? — |2]?) if |z| <ct
do(|z| — ct)
E t) = ————=
3(@,1) dret

for any ¢ > 0 and respectively for any z € R}, x € R?, z € R3.

For ¢ =1,2,3, Ej is a fundamental solution of the Cauchy problem for the wave operator D? —c*A
in RxR*; By this we mean that, in analogy to what we saw above for first order equation, denoting
by E the distribution that is obtained by extending E with vanishing value for ¢t < 0,

L(D)E; = 8(z.1=(0.0) in D' (RY). (6.49)

7 A Glance at Systems Theory (For Signal Processing)

In signal analysis 2> and other branches of engineering, some of the above results are used in the
framework of the theory of systems with a language different from that of functional analysis — thus
without referring to function spaces, and with attenuated mathematical rigor.

Filters. A system, that may represent a technical device, acting on time-dependent signals (i.e.,
functions of time) is represented by a filter (i.e., a linear operator) L : u +— f. Here we just deal with
linear single input — single output (SISO) systems. This filter may be represented, e.g., by a linear
ODE: P(t,D)u = f, or inversely (and this is a typical situation) by the solution of a Cauchy problem
for an ODE; other filters are represented by multiplication by a constant, by time-differentiation, by
time-integration, by time-translation, and so on. An important class consists of the filters L that are
translation-invariant (or time-invariant); by this we mean that, setting pru(t) := u(t — 7) for any
t, T €R,

L(p;u) = prLu  for any admissible input u and any 7 € R. (7.1)

22In passing note that the kernel of this operator in D’ is larger; e.g., it contains the function €=t for any a € R.
23Here is a classical reference: A. Papoulis: Signal analysis. McGraw-Hill, New York 1977
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For instance, if L = P(t, D) this property is fulfilled iff the coefficients of P are constant (i.e., L =
P(D)).

Convolution Filters. Henceforth we shall assume that dg is an admissible input for the system, i.e.,
0o 1s in the domain of L. Let us set

h(t,7) = [L(pr0)](t) = [L(8)](1) Vi, T eR. (7.2)

As u = (0;(-),u(r)) (that is, u = 0 * u), for any admissible input u we have

(Lu)(t) = [L(do * w)](t) = [L{S-(), u(r))](t) = (h(t, T),u(T)). (7.3)

In general the latter need not be a convolution. However, if he filter L is time-invariant, then setting
h = Ldg (7.2) reads )
h(t,7) = h(t — 1) Vt, 7 € R.

In this case the outcome of (7.3) is a convolution:
(Lu)(t) = [L(0o * w)](t) = (h(t =), u) = [(Ldo) * u](?) (7.4)

for any admissible input u (consistently with common practice in this theory, we do not specify the
regularity properties). Thus L = (Ldy)+*; accordingly, L is called a convolution filter.

Transfer Functions. By (7.3), the response of the system is determined by the response Ldy to
the unit impulse §g. In this section we shall denote by ~ the Laplace transform. Ldy and fé\o are
respectively called the transfer function in time and the transfer function in frequency (or the
spectrum) of the system L.

Henceforth we shall restrict ourselves to time-invariant filters, and shall restrict ourselves to
Laplace-transformable signals (defined for a.e. t). In these systems signals may conveniently be rep-
resented either as functions of time or (via Laplace transform) as functions of frequency. For any
admissible input u, we have

Lu = L(dg xu) = (Lép) xu < Lu=Ldyu; (7.5)

the first formula holds for a.e. time ¢, the second one for a.e. frequency w (assuming that these are
regular distributions). Hence

\ZZ!Z = ]fé\g\Q [u]*  for a.e. frequency w. (7.6)

If ue L2, [|u(w)?dw = [ |u(t)|?dt is interpreted as the power of the signal u; the mapping |@|* is
accordingly called the power spectrum of the signal, and |Ldy|? is called the transfer function of
the energy (both are functions of the frequency). The formula (7.6) may then be restated as follows:

“the power spectrum of the response equals the product of the transfer function of the
energy by the power spectrum of the input.”

Filter Compositions. A filter L may be constructed e.g. by combining two filters L1, Lo in parallel
(in series, resp.). This means that L = L; + Lo (L = Ly o Lo, resp.), and entails
L= [Ll(SO + Lgdo] * (L = (L150) * (LQ(SO)*, resp.) in time, (77)

and, whenever L, Ly are convolution filters,

Do = Iy + Lofo (L0 = Exdy - Ly, wesp.) in frequency. (7.9
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There are further ways to construct filters. For instance, a feedback system is represented by a mapping
f — g that is implictly defined by the equation

g=Li(f+ La(9)) in time, (7.9)

L; and Lg being linear filters. Let us assume that L; and Lg are convolution filters, set H; := L;(dp)
(1 = 1,2), and also assume that H;Hs # 1 for any frequency w. By applying the Laplace transform
to this equation we get

M) 7, wwec (7.10)

§=H(f+H3), ie 9w =g

We conclude that the feedback system defines a convolution filter, and that its transfer function in
frequency is H = %
1412

Fundamental Relation. The next statement establishes a fundamental relation between a filter, its
transfer function, and sinusoidal signals (i.e., exponential functions with imaginary exponent). Let us
first set
£u(t) = et Yw e C,Vt € R.
By the next statement, any time-invariant linear system acts on each frequency of the input
independently of the other ones. In other terms, the system may modify the amplitude and shift the
phase of any input €, but it cannot modify its frequency.

Theorem 7.1 Let ® be a subspace of S’ such that 5y,e, € ® for any w € C, and L : P — P bea
time-invariant linear system. Any e, is then an eigenfunction of L, and the spectrum Lég(w) is the
corresponding eigenvalue. That is,

L(zw) = Loo(w) 2 in time, Yw € C. (7.11)
Proof. For any w € C,

(L)) = LG )0 = [(230) x2u)(0) = [ [Lan)(r)et dr
" (7.12)
= [ILalneerar e = Thw) euft) Ve R
R

In several cases one may take ® = S’.

Note that, in a linear time-invariant system, the input frequency has not changed, only the ampli-
tude and the phase angle of the sinusoid has been changed by the system.
Differential Filters (ODEs). For these filters we retrieve some known results. After (6.11), if
L = P(D) then

Loo(§) = P(i€) do(€) = P(i€). (7.13)
Hence Ly = F~1(P(i€)), so that we retrieve (6.37):
Lu= (L) xu=F Y(P>i€))xu < Lu= Ldyu= P(ié)a. (7.14)
Moreover, the transfer function of the energy of L = P(D) is ]fé\g\Q = | P(i¢)|?:
|Luf? = |LéoPlaf* = [P(i€)[* [a]> i frequency. (7.15)
For any ¢ € R, &, is an eigenfunction of any differential filter L = P(D) = > ¢, D", and corresponds
to the eigenvalue Ldo 719 P(i&) = 30" o cn(i€)™. In this case (7.11) is reduced to the obvious formula

Z cn D"t = Z cn(i€)"™ et (7.16)
n=0 n=0
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