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Introduction : why distributions ?

The notion of a distribution arose during the twentieth century as a powerful tool in the study of partial
differential equations. Important contributors are J. Leray, S. Sobolev and L.Schwartz, who gave the
formal definition. Here are three simple motivations for introducing distributions.

Deriving non differentiable functions

In differential calculus, one encounters immediately the unpleasant fact that not every function is
differentiable. The purpose of distribution theory is to remedy this flaw. Recall that, given a function
f on an open interval I of R, the derivative function f’ is defined as

fa) — i L) (@)

h—0 h

as soon as this limit exists at every point x € I. Let us mention a classical elementary application of
this notion. If f’ exists, f is a nondecreasing function on [ if and only its derivative f’(x) > 0O for
every x in I. However, there are many examples of non decreasing functions such that f’ cannot be
defined on the whole of I. A typical example is the Heaviside function,

1 if x>0

H(z) =
0 if <0

Of course, H admits a derivative at every point z # 0, and this derivative is 0. But this is not
sufficient to conclude that H is nondecreasing, since the derivative of —H enjoys the same property !
It is therefore necessary to extend the derivative in a way which takes into account the discontinuity of
H or —H at x = 0. In fact, to every locally integrable function f, we shall associate a mathematical
object — a distribution — called its derivative, with the property that f is nondecreasing if and only if
its derivative is nonnegative as a distribution .

Fourier series

In his famous memoir Théorie analytique de la chaleur (1822), Joseph Fourier introduced, for every
“reasonable” 27 periodic function f , the coefficients

1 27

cn(f)zg ; (x)e ™ dx, ne€Z
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and stated that
“+o00

fl@)= > ealf)em™.
n=—oo

Throughout the nineteenth and the early twentieth century, many mathematicians tried to give a
general meaning to this statement. Though it has been proved by Dirichlet if f is a C! function,
a striking observation of Kolmogorov is that there exists locally integrable functions f such that the
above Fourier series is divergent for every x € R ! However we shall see that the above series is
convergent is a different sense. In fact, we shall define, for every general mathematical object called
a 27— periodic distribution u, a sequence of Fourier coefficients such that the corresponding series is
always convergent in the sense of distributions, and so that its sum is always u. Furthermore, the
derivative of u can be obtained by summing the series of derivatives, which is the reason why Fourier
introduced this remarkable tool.

Electrostatics

If f is a function on R3 which represents a charge distribution, the Poisson equation
—Au=f

is satisfied by the corresponding electric potential u. If f is smooth enough - say C'— and small
enough at infinity, — say it cancels outside a ball — one can prove that there exists a unique C?
solution u of this equation which goes to 0 at infinity. Moreover, u is given by the formula

1 f)
u(@) = 4 /]R3 |z — y| @y -

However, the latter formula has a meaning for instance if f is just bounded and cancels outside a ball,
though w is nomore C? in that case. It is therefore tempting to look for an interpretation of the Poisson
equation in this case. Furthermore, in Physics, charge distributions can be more general, say supported
by surfaces, curves, points, dipoles... In all these cases, the latter formula makes sense, so what is
the meaning of the Poisson equation ? In fact it is possible to interpret Poisson equation in all these
cases, in the sense of new mathematical objects called distributions. This context of Electrostatics is
precisely the historical origin of the word “distributions”.
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Chapter 1

Distributions in one space dimension

This chapter is devoted to basic calculus of distributions. We have chosen to begin with distributions
of one variable to explore the basic ideas of the theory. That way, the reader has not to cope at the
same time with several variables calculus.

1.1 Background on differential calculus

We recall here elementary facts about smooth functions of one real variable.

A smooth function on an open interval I C R is a function ¢ : I — C whose derivatives of any
order o', ", ..., o) exist and are continuous on I. A linear combination of smooth functions is
a smooth function, and we denote C*°(I) the vector space of smooth functions.

If o € C*°(I), and J is an open subset of I, the function defined on J by = — () is a smooth
function on J, that we denote |, This function is called the restriction of ¢ to J.

It is true that the product of two smooth functions is smooth, and we have the so-called Leibniz formula

k
k . s
(prip2) ™ =3 < .>s0§])<p§k ),

=0
A smooth function ¢ : I — C satisfies the Taylor formula

(x — xo

(z — $0)k (k) ) ! m,_(m+1)
Voo €1, p(z) =Y P (o) + (L—s)"¢ (zo + s(x — xo))ds,
! 0

k=0

m
— m!
that one can prove integrating by parts the last term on the right.

Exercise 1.1.1 Prove Hadamard's lemma: if ¢ € C°([) satisfies p(zg) = 0, there exists a
function ¢ € C*°(I) such that p(z) = (x — zo)¥(x) for any x € I.
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1.1.1 Support of a continuous function

If f is continuous on I, and J is an open subset of I, we say that f vanishes on .J if it vanishes at
any point of J, or, equivalently, if f|J is the null function.

Definition 1.1.2 Let f : I — C a continuous function. The support of f is the complementary
of the union of all the open sets in I where f vanishes. This set is denoted by supp f.

Note that the support of f is a closed set. It is also the closure of the set of x € I such that f(z) # 0.
The following characterization is often useful:

xo ¢ supp f <= 3V neighborhood of x( such that fiy =0.

Exercise 1.1.3 Show
supp(f1.f2) C supp f1 N supp fo.

Are these two sets equal?

Of course, if p € C°°(I) vanishes on an open set J C I, all its derivatives vanish as well on .J, and,
therefore, for all integer &,
supp o™ C supp .

1.2 Test functions

Let I be an open interval of R.

Definition 1.2.1 We denote by D(I) = C§°(I) the vector space of functions which are C*>
on I, and whose support is a compact subset of I. Equivalently, a smooth function belongs
to D(I) if it vanishes outside some segment [a,b] C I.

If J is an open subinterval of I, one may identify a function ¢ € D(J) with the function ¢ € D(I),
defined as
o(x) =p(x) forx e J, @(x)=0forzel\J.

Indeed, ¢ is smooth and with compact support on I for ¢ € D(J). On the other hand, a function
¢ € C5°(R), can be identified with its restriction ¢|, € D(I) for any open interval I that contains its
support.

Lecture Notes, Fall 2019 Patrick Gérard



CHAPTER 1. DISTRIBUTIONS IN ONE SPACE DIMENSION 9

Exercise 1.2.2 Let f and ¢ be two functions in € L!(R). Show that the convolution f * ¢ of f
and ¢, given by

fro@ = [ 1= ety
is defined almost everywhere, and is an L! function.

Suppose moreover that ¢ € C§°(R), show that f * ¢ is smooth. At last if f is also continuous,
show that
supp f * ¢ C supp f + supp .

Answer: First of all, f * ¢ is an almost everywhere defined and L' function. Indeed, using Fubini’s
theorem for non-negative functions,

/If*so rda:</ (@ — y)p(y) | dydz
< / o(y)( / (@ — y)ldz)dy < [l | fllo: < +oo

Therefore f * ¢ is finite almost everywhere, and belongs to L.

Suppose now that ¢ is smooth with compact support. Changing variable we have

[ /f —y)dy.

Thus f *  is also smooth thanks to the Lebesgue theorem, since

- the function = — f(y)e(x — y) is smooth for all y, and

R (fwe—y) = fy)e™(x—y),

- we have the domination

@)™z —y)| < |f(y)|sup|p®] € L.

Eventually suppose that f is continuous. If §é supp f -+ supp g, then for any y € supp f, x — y does
not belong to supp ¢, thus

[ /f —y)dy = 0.

It is not immediately clear that D([) is not reduced to the null function. One knows for example that
the only compactly supported analytic function on R is this null function, due to the principle of isolated
zeroes. However,

Proposition 1.2.3 The set D(I) is not trivial. More precisely, for every g € I and r > 0 such
that [xg — r, 29 + 1] C I, there exists @z, € C°°(I) such that supp(@g,,r) = [xo — 7,20 + 7).

Lecture Notes, Fall 2019 Patrick Gérard
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Proof.— First of all, the function ¢ : R — R given by

{ et ast > 0,

Plt) = 0 ast <0,

is smooth on R. Indeed, it is easily seen to be C*° on R*, with (*)(£) = 0 for t < 0. On the other
hand, for ¢ > 0, one can prove by induction that

vk e N, o (t) = B, (1) e/t

where Py, is a polynomial of degree 2k. Therefore, for any k > 1, gp(k)(t) —~0ast — 0T, so
that ¥~V (t) is C* on R. Now let zg € I, and r > 0 such that [xg — r,zo + 7] C I. We denote
Pror L — R™ the function given by

Pror(x) = (r* — & — xo[?).
This function is smooth, with supp ¢4, » = [€o — 7, 2o + 7]. In particular it belongs to D(I). O

As a matter of fact, we can even prove the

Proposition 1.2.4 Let I C R an open set, and a segment [a,b] C I. There exists a function
1 € D(I) such that

i) v =1on [a,b],
i) Ve € I () €[0,1].

Such a function is called a “plateau function” - from the French word plateau, which means a flat, high
region. The usual English name for such functions is “cut-off” functions.

Proof.— First of all, we prove that, for every a < (3, there exists x4, € C*(R) such that
i) Xa,g=0o0n]—00,a],
i) Ve € R, xa,p(x) € [0,1],
iii) Xa,8 =1on [, 400l

Let @z, .» € C°(R) be the function defined above with

S a+ b B«
0 — 2 ) - 2 .
Then it is easy to check that
T
( ) f—oo 90I07T(t) dt
Xap\T) = ~Toc 1 .,
fjoooo ‘Pwo,f’(t) dt

satisfies the required properties.
Coming back to [a,b] C I, select a’,b’ € I such that ' < a < b < '. Then just choose

V(2) = Xa,a(T)(1 = Xp,p (7))

Lecture Notes, Fall 2019 Patrick Gérard



CHAPTER 1. DISTRIBUTIONS IN ONE SPACE DIMENSION 11

Proposition 1.2.5 (Partitions of unity) Let ¢ € C5°(). Assume Iy,..., I, are open subinter-
vals of I such that
supp(p) C L1 U---UI, .

Then there exist ¢1 € C3°(11), ..., ¢n € C°(Iy), such that

p=@it+ Tt

Proof.— We start with an elementary observation.

Lemma 1.2.6 (“Shrinking lemma”) Under the assumptions of Proposition , for every
compact subset K of I such that

Kchu---ul,,
there exist segments [a1,b1] C I1,. .., [an, by] C I, such that

K C]al, by [U cee U]an, bn[ .

We proceed by induction on n. For n = 1, K is a compact subset of the open interval I;, hence
there exists a segment [y, $1] C I such that K C [aq, 1]. For instance, one may choose a; =
minsupp(y) , B1 = maxsupp(y). Then just choose a1,b; € I such that a; < a1 < 1 < by.
Assume the result is true for n — 1 with n > 2, and prove it for n. Consider

K =K\I,.
Then K’ is closed and included in K, hence it is a compact subset of I, and
K/C]lu-"UIn_l .

Applying the induction assumption, there exists segments [al, bl] c,..., [an_l, bn_l] C I,,—1 such
that
K’ C]al, b1[U ce U]an_l, bn—l[ .

Now consider the compact subset
K" =K\ (Ja1,b1[U- - Ulan—1,bp-1]) C I .
Applying the result for n = 1, there exists a segment [a,, b,] C I,, such that
K" Clan, by .

This yields
K C]al, bl[U oo U}an, bn[ ,

as announced.
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Let us come back to the proof of Proposition [L.2.5. Let [a1,b1],...,[an,by] be as in the lemma.
Choose plateau functions ¢ € C§°([1), ..., ¢¥n € C§°(Iy) such that 101 = 1 on [a1, b1],....00, = 1 on
[an, by]. We define

1 = i,
Y2 = (P¢2(1 - 77/}1) )
$n = @@Z}n(l_@bnfl)---(l_wl) .

Then 1 € C3°(1h),. .., on € C§°(1),, and

o—(p1+-+on) = o1 -1 —Pa(l =t1) = = (1 —thp_1) ... (1 — 1))
= (1 =¢1)(I =t = = Pp(L = thp_1) ... (1 —2))
= (1 =v1)... (L =)
= 0.

Indeed, by construction, (1 —11) ... (1 —1,) is identically 0 on [a1, b1]U- - -U[an, by], which contains
the support of . O

1.2.1 Convergence in D(/)

The natural notion of convergence for continuous functions is that of uniform convergence, since it is
the simplest one for which the limit of a sequence of continuous functions is continuous. For smooth,
compactly supported functions, the correct notion is given by the next definition.

Definition 1.2.7 Let (y;) be a sequence of functions in D(I), and ¢ € D(I). We say that
(¢4) tends to ¢ in D(I) (or in the D(I)-sense), when

i) There exits a segment [a,b] C I such that supp¢; C [a,b] for all j.
i) Forall k € N, |]g0§k) — 0| := sup |g0§k) — | = 0asj = +oo.

In that case we may write
=D — lim ;.

j—+oo

Remark 1.2.8 Notice that, under the conditions of the above definition, we always have supp(y) C
[a,b].

Exercise 1.2.9 Let ¢ € D(R), and, for ¢t # 1, denote by v, € D(R) the function given by

_ p(tz) — p(x)
() = —-1

Show that the family (¢;) converges in D(R) as ¢ tends to 1.
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1.3 Definitions and examples

1.3.1 Definitions

Definition 1.3.1 Let / C R an open subset, and 7" a complex valued linear form on D(I).
One says that T is a distribution on I if, for every segment [a,b] C I,

3C > 0,3m € N,V € C5°(I) with supp ¢ C [a,b] , |T(¢)| < C Z sup |¢(].

am

We denote by D'(I) the set of distributions on I, and for T' € D'(I), ¢ € D(I), we denote
(T, ¢) :=T(¢p).

Proposition 1.3.2 A linear form T on D(I) is a distribution on I if and only if T'(¢;) = T'(¢)
for any sequence (;) of functions in D(I) that converges to ¢ in the D(I)-sense.

Proof.— Let 7" be a distribution on I, and (¢;) a sequence in D(I) which converges to ¢ in D([).
There is a segment [a, b] C I such that suppy; C [a,b] forall j € N, and suppy C [a,b]. There
exist C' > 0 and m € N such that

Vi € C(I), with suppt) C [a,b], |T()] < C > sup|p(@)].
a<m
In particular, for any j € N,

T(;) — T()| = IT(0; — )| <C D sup o\ — @],

a<m
Therefore T(goj) — T(go) as j — 400, and we have proved the only if part of the proposition.
Suppose now that for any sequence (i) of functions which converges in D(I), we have T'(p;) —

T(yp), where ¢ =D — lim ©j. Suppose that the linear form 1" is not a distribution, that is

Jla,b] C I,VC > 0,Vm € N,Jp € C3°(€2) with supp ¢ C [a,b] such that |T' ()| > C Z sup |p(@)].

a<m

Then for any j € N, choosing C' = m = j, there is a function ¢; € C3°(I) such that supp ¢; C [a, D]
and

T(;)] > 5> suplel®].

a<j

Let ¢; € C3°(I) given by ¢; = ¢;/|T(¢;)|. One has |T' ()| = 1, with supp); C [a, b] and

D —limy; =0,

Lecture Notes, Fall 2019 Patrick Gérard
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since for all j > «,

(0% (0% 1
sup [ < 3 sup [Y] < 5

asy

This is a contradiction, since one should have T'(¢;) — 0. O

Remark 1.3.3 As a set of continuous linear forms, D/(I) is of course a vector space on C: if
Ty, Ty € D'(I) and Ay, A2 € C, then \; T} + A\oT5 is the distribution given by

<)\1T1 + )\2T27 SO> = )\1<T17 ‘P> + >\2<T27 SD>

For T € D'(I), we may also denote T or T* the distribution given by

Then, any distribution T can be written T' = T} + 1415 where T7 and T5 are real distributions, that
is such that (T, ) € R for any real-valued function . Indeed, this relation holds with
1 - 1 _

Re(T) and Tp = (T — T) = Im(T).

=
[
21
S
+
=)
I

1.3.2 Distributions defined by locally integrable functions

1f f € L (I), the function f is integrable for any € D(I), and

Tr:@ — /If(:v)go(:n) dx

is a linear form. Moreover, if [a,b] C € is a segment of I, for any ¢ € C5°(I) supported in [a, b], one
has

I Tr(o) < Nl L (ae) sup lel,
which shows that T’ is a distribution on 1.

As a matter of fact, one can identify L} (I) to a part of D'(I), that is identify f with 7. This is the
content of the

Proposition 1.3.4 The linear map
feLi(l)— Ty €D(I)

is one to one.

Remark 1.3.5 The statement f = g for f,g € L..(I) should be understood in the sense of
classes for the equivalence on functions : f ~ g if f(z) = g(z) a.e. In other words, if f is a locally
integrable function, Ty = 0 if and only if f = 0 almost everywhere. However, in the special case
f € C°(I), this is equivalent to f = 0 everywhere. Indeed, the only open set with zero Lebesgue

measure is the empty set.
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Proof.— Assume Ty = (. It is enough to prove that f = 0 on every segment of I, or equivalently
that ¢ f = 0 for every ¢ € C§°(I). Let p € C§°(R), non negative, supported in [—1, 1], and such that

/Rp(x)d:rzl.

pe(w) = ép (E) :

3

Consider, for every € > 0,

so that the integral of p. is 1, and p. € C5°(R) is supported in [—¢, €].

Lemma 1.3.6 Let g € L'(R). Then the convolution product
Je = g * Pe

converges to g in L'(R) as ¢ tends to 0.

Indeed, we have

l9e() — g(2)] < \ / 9(y)pe( — y)dy — g(x)

< ‘ [ st =2tz -

g — gllzr < / ( / 9z — e2) — g(x)|ple)d2) dz < / p(2) 7229 — gll1dz,

/|gm—sz o)\ pl2)d

Then by Fubini-Tonelli,

where 7,9 denotes the translation of the function f given by 7,9(z) = g(x — a). The result is then a
direct consequence of the dominated convergence theorem, taking into account the continuity of the
translations in the LP spaces for p € [1, 00[, that is, here,

|29 — gllp — 0ase — 0.
Indeed we have the domination

7e29 — gl p(2) < 2[lgll1p(2).

Coming back to the proof of the proposition, we have
(1) pela) = [ F0Ipe ~ g)dy = Ty, pele — ) =0,

since y — ¥ (y)p:(z — y) belongs to C§°(I). Applying the lemma to g = ¥ f € L', we conclude
W f =0in L', which completes the proof. O
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1.3.3 The Dirac mass
For xg € I, we denote by d,, : D(I) — C the linear form given by

dzo () = (20)-

For any function ¢ € C§°(I), one has

|02 ()| < sup ],
so that 5950 is a distribution on . It is called the Dirac mass at xg.

The Dirac mass at x( cannot be defined by a locally integrable function f. Indeed, otherwise we would
have, for any function ¢ € D(I) such that zo ¢ supp ¢,

(o) =0 = / f(@)p(x)d.

so that f = 0 a.e. by Proposition [L.3.4. In particular, for a plateau function 1) such that ¥ (zg) = 1,
we would have

1 = (o) = (Tp, ) = /fw —0,

which is a contradiction.

1.3.4 A distribution involving an infinite number of derivatives

Let I =]0, 1]. Consider a sequence (z,,) of points of ]0, 1| converging to 0 as n tends to infinity. Let
(an) a sequence of complex numbers. For every ¢ € C5°(I), we claim that

(T, ) = Z angp(”) (@)
n=0

defines a distribution on I. Indeed, let a < b be points in ]0, 1] such that supp(¢) C [a, b]. Then there
exists an integer IN such that, for every n > N, x,, < a, so that

0 N
> ™ (@) = D ane™ ()
n=0 n=0
is well defined. For the same reason, if @), tends to ¢ in C§°(I), then, for N large enough,
N N
(T, 00) = Y any” (wn) = Y ane™(@n) = (T,0)
n=0 n=0

Notice that it is crucial that (:Un) does not have an accumulation point in I, otherwise sequence (an)
should satisfy quite stringent conditions !
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1.3.5 Cauchy’s principal value of 1/x

Let us consider the linear form 1" : C5°(R) — C given by

T(p) = Iim/ de.
=0t Jigj>e T

This limit exists for any ¢ € C§°(R). Indeed, for such a function, we have

/ G F /+dex+/_€Md$
lz|>e & e r —o ¥

L [Tt el e,
€ T e—=0 Jo €T

X .

where we have used that the function

p(x) = p(=x)

rzeR—

is C'°° and compactly supported.
Now we show that the well-defined linear form 7" is a distribution on R. Let ¢ € C§°(R) . Then
T)— p(—x
‘w ) = ¢ >‘ < el
T

and, if supp p C [—A, A],

/+°° pl@) —p(=z)
0

< 2Asuply|.
x

This shows that 7 satisfies the estimate in Definition [L.3.1. It is important to notice that the constant
C in the estimate is here 24, that does indeed depend on the support of P.

This distribution is called (Cauchy’s) principal value of l/x, and we denote it by

(L) oy [ [T el

There are many other examples of extensions of functions near a singular point (Hadamard finite
parts,...)

1.4 Derivatives of distributions

This section introduces one of the most important operation on distributions, namely the derivative.
In order to understand the definition below, let us notice that, if f € Cl(I), a simple integration by
parts yields

Vo € C(I), (Tp, ) = /1 f@)pla)ds = - /I f(@)¢ (2)dx = —(Ty, ')

This suggest the following definition.

1. In French, it is called “valeur principale de 1/:15”, hence denoted as vp (i)
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Proposition 1.4.1 Let 7' € D'(I). The linear form on D(I) defined by

p = _<T7 30/>

is a distribution, that we call the derivative of T, and that we denote by T".

Proof.— Let [a,b] C I be a segment, and C' > 0, m € N the constants given by the fact that
T € D'(I). For p € C3°(I), supported in [a, b], we have

(T o) = (T, ) < C Y supl™ ™ < Y suple!®)],

a<m a<m+1
which shows that 7" is a distribution. O

Of course the above calculation gives immediately

Proposition 1.4.2 If T = Ty with f € C!(I), then T" = T}..

The next examples are much more interesting.

Example 1.4.3 Let H : R — C denote the Heaviside function, namely H(z) = 1g+(z). The
function H belongs to LL.(R), and we can denote T = Ty the associated distribution. For
p € G (R),

+oo
(T ¢) = (T, ) = — /0 o (x)dz = (0),
so that T}, = do.

Example 1.4.4 Let f € L. (I) and a € I. Consider

loc

Flz) = /If(t) dt .

A classical application of the dominated convergence theorem claims that F' is continuous on I.
In particular, F'is locally integrable. We claim that

Proposition 1.4.5
Tép = Tf .

Proof.— Introduce, for every t € I,

Iqy={zecl:x<t}, Isy={zel:z>t}.
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Let us compute, for every ¢ € C3°(1),

Tr) = e =- [ ([ o) o) as

= / ( f(t) dt> o' (z) dx —/ ( (@) dt) o' (x)dx .
I<a \/]zal Isa \/]az]

Let us apply the Fubini theorem to both integrals in the right hand side. Notice that, if the
support of ¢ is included into [, 8] with a € [a, (], the integrand of both integrals is supported
by [, ] X [, ] and is bounded by

[F )1l ()]

which is integrable on [«, 5] X [a, B]. Hence the Fubini theorem allows us to interchange the
orders of integration. This yields

Ty = [ g0 (/ e i) ar- [ G (/ KC da) a

- / f(t)gp(t)dt-l—/ f(t)p(t) dt
I<a I>a
_ /I F)p(t)dt = (Ty, ) -

O

Remark 1.4.6 (Going further than Lebesgue !) Lebesgue proved that F' is almost everywhere
derivable, with a derivative equal to f. However, the almost everywhere derivation does not allow
to recover the initial function. There exist continuous functions with almost everywhere derivative
equal to 0 on [0, 1], which are not constants on [0, 1]. This uncomfortable phenomenon does not

happen with distributional derivatives, as we shall see below in Proposition [1.4.8.

Example 1.4.7 Let f € L} (R) be the function given by f(z) = In(|z|), and T =T} € D'(R) be

loc
the associated distribution. We want to compute T"; it seems reasonable that 7" is related to the

function = — 1/, but this one is not in LL_(R). However, let ¢ € C§°([—A, A]). We compute

loc

(T, )

— nlx| o' (z)dz = — lim "(2) In(|z|) dx
/R' 2] ¢ () | /Wso( D

e—0

e—0 T

= lim / #(w) dz + lim (¢(e) — p(—¢€)) In(e)
|z|>e e—0
and the second limit in the right hand side is 0, since ¢ is smooth. We conclude that
T =pv(1/z),

as introduced in the previous paragraph.

The only functions with an identically null derivative on an interval are constant functions. For distri-
butions, the same result holds true.
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Proposition 1.4.8 If T' € D'(I) satisfies 7’ = 0, then T is associated with a constant function.

Proof.— We start the proof by a remark that may be useful in other contexts. A function ¢ &€ Cé’o(I)
is the derivative of a function ¥» € C3°(I) if and only if [, ¢ = 0. Indeed, if ¢ = ¢’ for ¢ supported
in [a,b] C I, then

/I@(x)d:c = /ab W (z)dz = [Y(2)]2 =0 .

Conversely, if fI ¢ = 0, the function ¢ : = +—> fm]—oo o] go(t)dt is compactly supported, with support
included in any compact interval containing that of ¢, and satisfies w’ = .

Now let x € C§°(I) a function such that [, x = 1. For ¢ € C5°(I), we have

Y = @1 + @2 with <P1=<P—(/<P>Xa and(ﬂzZ(/@)%
I I

and (T, ) = (T, ¢1) + (T, p2). Since [; ¢1 = 0, there exists ¢ € C3°(I) such that 1 = ¢’. Thus

rph =@+ ([o) mn =+ ([o) @n=c [o= o,

where C' = (T, x) is a constant, independent of . O

Note that Proposition says in particular that the derivative of a regular distribution associated
to a constant function is null. Therefore, the above statement is an equivalence. Another important
consequence is

Corollary 1.4.9 Let f € L} _(I). The distributions T € D’'(I) such that

loc

T =Ty
are given by T' = T, where
x
F(x) = f@)dt+c,acl,ceC

a
Proof.— Let a € I and .

Fi(z)= [ f(t)dt

a

By Proposition [1.4.5, Ty, =Ty =T'. Then just apply Proposition toT —Tp,. O

Using arguments from the proof of Proposition [L.4.8, we can establish the surjectivity of the mapping
T — T on D'(I).
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Proposition 1.4.10 If S € D'(I), there exists T' € D'(I) such that 77 = S.

Proof.— The identity 77 = S is equivalent to
VQO € D(I) ) <T7 §0/> = _<Sv @) .

In view of the beginning of the proof of Proposition [1.4.8, this imposes the value of T’ on test functions
1 on I such that

Ydr =
I

/dezl.
1

Fix x € D(I) such that

Given ¢ € D(I), we define

This defines a linear mapping

such that
supp[P(¢)] C supp(t) U supp(x) -

Consequently, if 1, converges to ¢ in D(I), then P(v,,) converges to P(v) in D(I). Therefore we
can define T' € D'(I) by

Vip € D), (T, ) = —=(S, P(¥)) .

Since P(¢") = ¢ for every ¢ € D(I), this completes the proof. O

Since 1" is a distribution, it can be derivated. Iterating this idea, one can define the successive
derivatives T'®) of T for all k € N. This means that distributions can be derivated at all order, with
the formula

(T®), @) = (~1)H(T, ™).

For instance,

(05, 0) = (=1)* " (o) .

1.5 Product by a smooth function

Following the same approach as for defining the derivative of a distribution, we introduce the following
definition.

Proposition 1.5.1 Let 7' € D'(I), and f € C>°(I). The linear form

o= (T, fo)

is a distribution, and we denote it fT.
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Proof.— Suppose (y;) is a sequence of functions in C3°(I), that converges to 0 in the D(I)-sense.
There is a segment [a,b] CC I such that supp ¢; C [a,b] for all j, which implies supp fy; C [a,b]
for all j. Moreover, for any o € N,

(fo)@ =3 (g) 8) o),

BLa

so that if we denote

M = maxsup | fP)],
B [a,b]

we see that

sup (i) @) < MY (g) wup ]

BLa

Since each of the terms in the sum tends to 0 as j — +00, we have (f¢;)(® — 0inD(I). Therefore,
since T'is a distribution, (T, f¢;) — 0. Proposition shows that f7 is a distribution on I. O

Exercise 1.5.2 For f € C(R?), show that fdy = f(0)do.
Exercise 1.5.3 For f € C*°(R%) and g € L} (R?), show that fT, = Ty,.

Exercise 1.5.4 Show that zpv(l/x) = 1.

Exercise 1.5.5 For f,g € C*(R%), show that f(¢T) = (f9)T.

As for the product of two smooth functions, there is a Leibniz formula for the product of a distribution
by a function. We leave the proof of the following result to the reader.

Proposition 1.5.6 For f € C*>°(I), and T € D'(I), we have

Va e N, (fT) = Z <g> fB) pla=p),

L a

Our next statement in this subsection is an important converse of the elementary identity

(x —20)dz, =0.

Proposition 1.5.7 Let xg € I and let T' € D'(I) such that
(x —20)T=0.

Then there exists a constant ¢ € C such that T" = cdy,.
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Proof.— Let x € C§°(I) such that x(z9) = 1. For every ¢ € C5°(I), we write, by Hadamard’s
lemma,

partitionsofunityp(x) = (xg) + (z — x0)(z) , ¥ € C(I),
= planxta) + (o= o) (24 ) 1 0(0)

= p(xo)x(z) + (z — z0)0(2) ,

where 0 € C°°(I) from the explicit expression, and 6 is compactly supported since ¢ — ©(zp)X is.
We infer

(T, ¢) = (T, x)¢(x0) + ((z = 20)T,0) = (T, x) (o) ,
whence T' = cdy, with ¢ := (T, x). O

Example 1.5.8 Here is an example of a linear first order differential equation with non regular
solutions. Let us look for solutions 7' € D'(R) of

2T +T=0.

By the Leibniz formula, this equation is equivalent to

(zT) =0.
Using Proposition , this is equivalent to
T =1,

for some ¢; € C. Since ¢1 pv(1/z) is a solution of this equation, we get equivalently
1
w(T—clpv <>> =0.
x
Finally, using Proposition , we obtain the general solution of this differential equation,

1
T =cipv <x> + 99 (01,02) € Cc?.

Notice that existence of non smooth solutions — in this case, all of them except 0 — is due to
the fact that the coefficient of the highest derivative cancels at some point of the interval.

Finally, we use elements of the proof of Proposition to prove the surjectivity of the mapping
T (x—x0)T on D'(I).

Proposition 1.5.9 Given S € D'(I) and ¢ € I, there exists T' € D'(I) such that

(x —x0)T =S .

Remark 1.5.10 Of course, if xg & I, the statement trivially holds.
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Proof.— We proceed similarly to the proof of Proposition [L.4.10. Indeed, (z — x¢)T = S reads

Vo € D(I) ) <Ta (:L‘ —l’o)gﬁ) = <Sv SO> )

which, in view of Hadamard’s lemma, imposes the value of 1" on test functions which vanish at xg.
As in the proof of Proposition [1.5.15, let x € C5°(I) such that x(zo) = 1. For every ¢ € D(I), we
define

— €T T 1
Q) (x) = Y&~ Ylaox(@) _ 19 e+ (= )00) — ) e+ (1= ] de

r — X0

This defines a linear mapping @ : D(I) — D(I), with the properties

supp Q(%) C supp(¢)) U supp(x) ,

and, if ¥, converges to v in D(I), then Q(1,) converges to () in D(I). We can then define
T € D'(I) by
Vip € D(I) , (T,9) = (5,Q¥)) -
Since, for every ¢ € D(I),
Q(x —z0)p) = ¢,

the proof is complete. O

Exercise 1.5.11 Prove that, for every S € D'(I), there exists T' € D'(I) such that

2" +T =285

Corollary 1.5.12 If 2y € I and m is a positive integer, the mapping T € D'(I) — (z—xo)™T €

D'(I) is surjective, and its kernel is the m-dimensional vector space generated by 65(5]0), for

j=0,1,...,m—1.

Proof.— We proceed by induction on m. The case m = 1 has been solved in Propositions and
[[.5.7. Assume m > 2 and that the statement is true for m — 1. The surjectivity of the mapping
T eD'(I)— (x—x0)™T € D'(I) follows immediately from the similar property for m — 1 and from
Proposition [L.5.9. As for the kernel, the identity

(x —x0)™T =0
is equivalent to
m—2 .
(r —xo)T = Z cj(sé]o) .
=0

Let us find an explicit solution to the above equation. For this, we need the following lemma.

Lemma 1.5.13
(x — xo)égﬁ) = —kéggil) .
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Indeed, for every test function ¢, we have
((z = 20)0), @) = (=) (& = 20)p) ) (o) = (=1)* kD (wo) = k(6 Y, ) .

Coming back to the proof of Proposition [L.5.12, we have

m—2 e

(= 20)T = —(x —z0) Y _ —2-0+

— 5 +1

7=0
and applying Proposition to the distribution

m—2 s
TN 9 56+

completes the proof. O

Using the above corollary, one easily obtains the following result.

Corollary 1.5.14 Let P be a non identically zero polynomial function. Then the mapping
T eD(I)~ PT €D'(I)

is surjective, and its kernel is the vector space generated by

54

where a describes the zeroes of P inside I, and j = 0,1,...,m(a) — 1, m(a) denoting the
multiplicity of a as a zero of P.

We leave the easy proof to the reader.

Finally, we solve a (very simple) differential equation in D’(R).

Proposition 1.5.15 Let I C R be an open interval, and a € C°>°(I). The distributions in D’(I)
that satisfy the differential equation
T +alT =0

are exactly the C! solutions, that is the regular distributions Ty with f 2 — Ce=4(®) for some
constant C' € C, where A is primitive of a in I.

In other words, the distribution solutions of this differential equation coincide with the classical solu-
tions. Notice that this is not always the case if the coefficients of the highest derivative vanishes —

see example below.

Proof.— Let A be a primitive of a on I. For T' € D'(I), we have, using Leibniz formula,

(eAT) = ae'T 4+ AT = (T’ + aT).
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Thus
T +aT =0 <= () = 0= AT =To =T = e Tp = Tp,-a.

O

Exercise 1.5.16 Solve in D'(I) the inhomogeneous equation 7" + a1 = f, for f € LL.(I).
Furthermore, prove that, if S € D(I), there exists T' € D'(I) such that

T +aT =S5 .

1.6 Restriction and support

1.6.1 Definitions

Definition 1.6.1 Let 7' € D'(I), and J C I an open subinterval of I. The restriction of T to
J is the distribution T); € D'(J) defined as

VQ)O € D(J) ) <ﬂJ790> = <Ta£> )
where ¢ denotes the extension of ¢ by O on I'\ J.
We say that 7" vanishes in J if T}; = 0.

Let us state without proof the following elementary properties of restriction with respect to derivation
and multiplication by a smooth function.

/ /
(M) =T, (fT)y = fuT)s -
As a first application of this important notion, let us state a very useful result.
Proposition 1.6.2 Let (I,,),cn be a sequence of intervals in I such that I,, =|ay, by], [an, bs] C

1,11 for every n, and
Un=r.

neN

Suppose we are given for every n € N, a distribution T}, on I, such that
Then there exists a unique distribution T on [ such that

VHGN,TI‘[n:Tn.
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Proof.— The key of the proof is the following elementary fact. For every segment [a, b] included in I,
there exists n such that [a, b] C I,,. Indeed, from the assumptions, the sequence (an) is decreasing,
tending to the left extremity of I, while the sequence (bn) is increasing, tending to the right extremity
of I. This fact is also a consequence of the Borel-Lebesgue property for the compact set [a, b].

If such a distribution T" exists, for every ¢ € D(I), there exists n such that supp(g@) C I,, and
therefore we should have

<Ta 4,0) = <Tn390> .

This proves the uniqueness of T', and suggests a way of constructing it. Indeed, given ¢ € D(I),
the assumption 15,11, = 1), implies that, for every n such that supp(y) C I, the quantity (T, ©)
does not depend on n. We can therefore define

(T, ) = (Tn, ¢)

for every such n. This clearly defines a linear form on D(I). Furthermore, if ¢; converges to ¢ in
D(I), then there exist n such that,
Vi, supp(p;) C I, .

Therefore
<T7 (Pj> = <Tna (Pj>
and, because T, is a distribution on I,,, (T', ¢;) tends to (7', ¢). O

Let us state a first consequence of Proposition [L.6.2.

Corollary 1.6.3 Let f € C*°([) admitting only finite order zeroes in I, namely, if f(a) = 0,
there exists m > 1 such that f(™)(a) # 0. Then the mapping T € D'(I) — fT € D'(I) is
surjective.

Proof.— If f(a) = 0 and m is the smallest integer such that f(™)(a) # 0, the Taylor formula yields

(x —a)™

f(z):m

/%1—®m4ﬂm@+¢@—a»ﬁ.
0

From the continuity of f(m), we infer that there exists an open interval J, C I containing a such that
f(x) # 0 for every x € J, \ {a}. If [a, (] is a segment of I, we conclude that the compact set of
zeroes of f in [a, B] is covered by the family of open intervals .J,’s, hence - from the Borel-Lebesque
property — by a finite subfamily of J,'s, hence this set is finite. Consequently, in ]a, B[, we can write

f=Pyg,

where P is a polynomial and g is a smooth function which does not have any zero in |a, 3[. Conse-

quently, the mapping
T € D'(Ja, B]) = fT € D'(Jov, B)

is surjective, and its kernel consists of finite linear combinations of Dirac masses in zeros of f in ]a, [
and of some of their derivatives. In particular, any distribution in this kernel is the restriction of some
distribution on I, the product of which with f is 0 on 1.
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Let us now construct a sequence ([,;,),cn as in Proposition [L.6.2. Let S € D'(I). In view of the above
observation, there exists Ty € D’(Ip) such that fir,To = S1,, and there exists T1 € D'(Iy) such

that f|[1T1 = S|11. Denote by TI,O the restriction of T3 to Iy. Of course,
firo(Tho —Tp) =0,

and from the above observation, there exists U; € D’(I) such that U1|Io = Tl,o—To and f|1l U, =0.
If we set
=Ty —-U; € D/(Il) R

we observe that
Ty, =To, finTy= 9,

By induction, we can therefore construct, for every n € N, a distribution T}, on I,, such that
Totvr, =Tn s fi,Tn =81, -
Applying Proposition [L.6.2, there exists T' € D’(I) such that, for every n, Ti;, = Tn. Consequently,
Vn € N, (fT)r, = fir,Tn = Sy1,, »
hence, by the uniqueness part of Proposition [L.6.2, we conclude that

fT=S5.

We now introduce a crucial notion.

Definition 1.6.4 The support of a distribution 7" € D’'(I) is the complement of the union of
all the open subintervals on which the restriction of T" is 0. We denote it by supp T

Notice that supp T is closed, and the following characterizations are convenient.

e x0 ¢ supp T if and only if there is an open neighborhood .J of x( such that T|J =0.

e z9 € suppT if and only if for any open neighborhood .J of x(, one can find ¢ € C5°(J) such
that (7', p) # 0.

Example 1.6.5 i) Let T = §p. If J is an open interval that does not contain {0}, then
(T, ) = p(0) =0 for any ¢ € C§°(R) such that suppp C J. Thus suppT C {0}. On the
other hand, if J is an open subinterval that contains 0, we can find a plateau function
over [—r, 7] in C3°(J), and for this function we have (T, 1)) = ¢(0) = 1. Therefore we have
0 € suppT and finally suppT = {0}.
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ii) If T =Ty for some f € C°(I), with I an open interval of R, we have

suppT =supp f ={x € I, f(z) # 0} .

Indeed, suppose that xo ¢ supp f. There is an open neighborhood J of x such that fi, =0.
For ¢ € C3°(J), we have thus (T, ) = 0, so that Ty vanishes on J, and x¢ ¢ suppT}.
Conversely, if g ¢ supp Ty, there is a neighborhood J of x( such that, for all p € C5°(J),
we have [ fodz = (T}, ¢) = 0. We have seen in Proposition that this implies f =0
in J, thus z¢ ¢ supp f.

jii) If T =T}y for some f € L} (I), the same argument leads to

loc

supp(f) = {zo € I,¥r > 0,meas{z € [zg — r,zo + 1|, f(x) # 0} > 0} .
1.6.2 Some properties

Lemma 1.6.6 Let I C R be an open set, and T' € D'(I).

i) For k € N, suppT®*)  suppT.

if) For f € C>(I), supp fT C supp f NsuppT.

Proof.— Let z¢ ¢ suppl’. There exists a neighborhood V' of x( such that for all ©» € C3°(V),
(T, ) = 0. Butif o € C3°(V), 1 = ) € C§°(V), thus

<T(k)a (,0> = (_1)k<Ta (P(k)> = 0.

Therefore xg §é supp T(k), which proves /). Now we prove the second point. If xg g:‘ supp f Nsupp T,
xq either belongs to (supp f)¢ or to (suppT')¢. In the first case, there exists a neighborhood V' of
xo such that f|, = 0. For ¢ € C3°(V'), we have (fT,p) = (T, fp) = 0, thus zo & supp(fT).
In the latter case, there exists a neighborhood V' of x such that, for all v» € C3°(V), (T,¢) = 0.
For ¢ € CSO(V), fe is a smooth function, which vanishes out of a compact set included in V. Thus

(fT,p) = (T, fe) =0, and zo & supp fT. -

The following result is fundamental.

Proposition 1.6.7 Let ¢ € C5°(I) and T € D'(I). If supp NsuppT = 0, then (T, ¢) = 0.

Proof.— Let ©* € supp p. We have, by assumption, x §é supp T', thus there is an open subinterval
J, containing & on which 1" vanishes. From the covering of the compact subset supp ¢ with the open
sets J,, one can extract a finite covering

n
supp ¢ C U S
j=1
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By Proposition [L.2.5, one can find ¢; € C3°(Jy;) for j = 1,...,n such that

p=@1+-tn.

Therefore

<T’ Q0> = Z<T’ CPj> =0.

=1
O

Caution: one may have ¢ = 0 on supp T and (T, ¢) # 0. For example, this is the case for T' = 56
and ¢ € C§°(R) such that ¢(0) = 0, ¢'(0) = 1.

An immediate consequence of Proposition is the following important fact.

Corollary 1.6.8 The only distribution with empty support is 0.

We conclude this section by the important characterisation of distributions 1" € D’(I) supported by a
point.

Proposition 1.6.9 Let 7' € D'(I), with T'# 0, and xy € I. If suppT C {z¢}, there exists
m € N and m + 1 complex numbers a; for 0 < k < m such that

m

T=3 aps).

k=0

Proof.— We write the proof for xg = 0. Let [a, b] be a segment of I containing O in its interior, and
X € C5°(Ja, b[) a plateau function above a smaller segment containing 0 in its interior. Since T is a
distribution, there exist C' > 0, m € N such that

Vi € C5°(1), suppt C [a,b] = [(T,4)| < C Y sup |,

laj<m

and from now on we denote by m the smallest integer for which this property holds. For any function
@ € C§°(I), since supp(p — x) NsuppT = (), we have

(T, o) = (T, xp) + (T, — xp) = (T, xp)-

Since supp(xy) C [a,b], we have

(T, @) ST, xe)l < C ) supl(xe) ™).

laj<m

At last, the Leibniz formula gives

sup | (x) | = sup |(x¢) @[ < C Y sup )],
0. i lad)
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Q

We first claim that, if ¢ € C§°(I) s

tisfies w(k)(O) 0 for every k < m, then (T, ¢) = 0. Indeed,
let x be a plateau function on [—%,

|, with supp(x) C [~1,1]. For & > 0 small enough, set

@) =x(%) .

3

D[

Since ¢ — X< vanishes in a neighborhood of 0, we have

(T, ) = (T, x=90) -

By the Taylor formula and the assumption on ¢

p(x) = 2" ()
for some ¢ € C3°(I). Hence

x x
xee(@) = x (Z) e (@) = o (2) w(a) |
where we introduced the notation p(y) = y™*!x(y) . By the Leibniz formula, we have

(D))" < 2

sup sup

hd <
k<m <z

gm

and therefore

(T0)| = (T, xe)] < C sup sup Ixep®| < CBe .

As ¢ tends to 0, we obtain

(T,p)=0.

Let us now study the general case of ¢ € CSO(I). Applying the Taylor formula, we have

k
x
o) = Y- 1M e (@) + 7(2),
k<m
where g9 > 0 is small enough so that [—&, 9] C I, and r € C5°([) satisfies
r0)=0, a<m.

We can therefore apply the above statement to r, and get

Tk

(Top) = > ¢M(ONT, 1 Xeo (2))-

k<m

k
This is precisely what we have claimed, if we set a; = (T, 77 X<,)-
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1.7 Sequences of distributions

1.7.1 Convergence in D’

Definition 1.7.1 Let (7)) be a sequence of distributions in D’(I). We say that (T}) converges
to T' € D'(I) when, for any function ¢ € C§°(I), the sequence of complex numbers ((Tj, ¢))
converges to (T, ¢). In this case, we write T; — T in D'(I).

Example 1.7.2 If (f;) is a sequence of locally integrable functions on I such that, for some
f € Lloc( )

Vg, b C T, /|f] ()| dz — 0 ,

then
T.—)Tf

in D'(I). Indeed, for every test function ¢ on I with supp¢ C [a,b],
(Ty;,0) = (T, ) Z/Ifj(x) dﬂs—/f

b
(T, 0) — (Tp, 0| < sup ()] / 1F(2) — f(z)] da

which tends to 0 as j tends to the infinity.

so that

Notice that a special case of this is the following situation. The sequence f; converges to f almost
everywhere on I, and there exists a locally integrable function h on I such that sup;|f;| < h
almost everywhere on I. Indeed, the connection to the above condition of L! convergence is
provided by the dominated convergence theorem.

Example 1.7.3 Let p € L*(R) such that [ p(z)dz = 1, and (p.) the sequence of functions
defined by

pe() =7 p(2).

We also denote (1%.) = (T}, ) the associated family of distributions. For ¢ € C5°(R), we have

(T, ) = /R pe()p()da = /R p(y)eley) dy.

By the dominated convergence theorem, (T;, p) — ¢(0) as € — 0. Therefore the sequence (7,,)
converges to 0 in D'(R).

Exercise 1.7.4 Let (f;) be a sequence of L! functions on I such that
sup/|fj\dx < o0, /fjdx —c, supp(Tfj) Clro—¢j,x0+¢e5], €5 —0.
J JI I

Prove that
Tfj — C(SIO .
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Exercise 1.7.5 Let

6% if z €]0,¢]
fe(@) == ifae]—e0
0 if |z| > ¢
Prove that
T Y
fe Ejo) 0
Exercise 1.7.6 Let .
fa(x) = 21 e>0
Prove that .
T -
Je s—>—>0 PV <ac>
in D'(R).

The operations that we have defined on distributions are continuous with respect to the notion of
convergence. More precisely,

Proposition 1.7.7 If (T}) converges to T in D'(I), then

i) Forany k € N, (T](k)) converges to 7).
i) For any f € C>(I), (fT;) converges to fT.

iii) For any open subinterval J C I, (1})|J converges to Tj;.

Proof.— Let ¢ € C3°(I). We have clearly
(0T, 0) = (=), 0%0) = (-1) (T, 0%) = (9°T. ),

and
([T, 0) =Ty, fo) = (T, fo) = (fT, ).

The last statement is trivial. O

Exercise 1.7.8 Show that if (f;) converges to f in C°°([), in the sense of the uniform convergence
of all derivatives on every compact subset, then (f;T") converges to fT" in D'(I).

1.7.2 The Uniform Boundedness Principle

Let us motivate the main statement of this paragraph by the following questions.

 Assume that, for a sequence (7)) of distributions, and for every ¢ € D(I), the sequence
((Tj, %)) has a limit L(¢). This clearly defines a linear form L on D([). Is it true that L is a
distribution ?
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e Assume T — T in D'(I) and f; — f in C°°(I) in the sense of the uniform convergence of all
derivatives on every compact subset, does it imply that f]TJ — fT ? In order to to prove such
a result, we write

(fiTj,0) = fT, ) =Ty, (f; — o) + (s, fo) — (T, fop) -

The second term in the right hand side tends to 0 in view of the assumption. In the first term,
we notice that 1); = (f; — f)¢ converges to 0 in D(I), but it is seems difficult to conclude that
(Tj,4;) — 0 without a bound on the action of T} which is uniform with respect to j.

We state below, without proof, an important theoretical result, which is a “distributional version” of
the Banach-Steinhaus theorem, and which provides such a uniform bound.

Proposition 1.7.9 Let (7)) be a sequence in D'(I), and [a,b] C I a segment. If, for any
function ¢ € C5°(I) with support in [a, b],

sup [(T}, )| < +0o0,
J

then there exists C' > 0 and m € N, independent of j, such that

Vo € C°(I), suppp C [a,b] = [(Tj,¢)| < C Z sup (@]

la<m

As a consequence, we get the following somewhat surprising result.

Corollary 1.7.10 Let (7)) be a sequence of distributions on I. If, for all functions ¢ € C§°(I),
the sequence ((T},y)) converges in C, then there exists a distribution 7' € D’'(I) such that
T; — T in D'(I).

Proof.— Let T : C;°(I) — C be the linear form given by

T(p)= lim (T}, ¢).

j—+oo

We want to show that 7' is a distribution. So pick a segment [a, b] C I . Proposition ensures that
there is a constant C' > 0 and a natural number m such that, for any ¢ € C3°(I) with supp ¢ C [a, b],
we have

(T o) <C > sup|el)].

o] <m
Then we can pass to the limit ; — 400, and we get the required estimate. O

The second motivation can also be addressed successfully. The proof is left to the reader.
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Corollary 1.7.11 Let (7)) be a sequence of distributions on I which converges to T in D'(I).
Then, for every sequence (1);) which converges to v in D(I), we have (T},1;) — (T,%). In
particular, if f; — f in C°°(I) in the sense of the uniform convergence of all derivatives on
every compact subset, then f;71; — fT.

A proof of the uniform boundedness principle as well as other applications will be given in the next
chapter.

1.8 An introduction to Sobolev spaces

In this section, we give a short overview of some functional spaces, introduced by the Russian mathe-
matician Sergei Sobolev (1908-1989), which allowed to solve differential equations in a wide context.
Here we concentrate on a very special case in one variable. A more general presentation will be
provided in the next chapters.

1.8.1 Generalised derivatives.

Definition 1.8.1 Let I be an open interval of R, and let u € L. (I). We shall say that
u admits a generalised derivative if there exists f € L'loc(I) such that, in the sense of
distributions in I,

T =Ty .

The element f € L. (I) is then unique, is called the generalised derivative of u, and is denoted
by f =1

Notice that uniqueness of f immediately follows from Proposition , and that the notation f = o
is precisely made for leading to following generalised integration by parts formula, which is nothing
but a reformulation of T}, = T,

Vo eCio(I), /u(x)go’(x) dx = —/u’(x)np(af) dx .

I I
From Corollary [1.4.9, we infer the following useful statement.

Proposition 1.8.2 Assume u € L} _(I) admits a generalised derivative u’ € L} _(I). Let 29 € I.

loc
Then there exists ¢ € C such that

u(x) = /; u'(t)dt+c ae.

0

In particular, u is almost everywhere equal to a continuous function.
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Notice that, as a consequence of the Proposition [L.8.2, if the generalised derivative u’ of u turns out
to be a continuous function, then u is a ct function, and «/ is merely its derivative in the usual sense.

1.8.2 The Sobolev space H'(]).

Definition 1.8.3 Let / be an open interval of R. We denote by H'(I) the subspace of
u € L?(I) which admit a generalised derivative v’ € L%(I).

We endow the space H'(I) with the following inner product,

(1.8.1) (u,v) g1 = /Iu’(x)v’(a:) dx + /Iu(a:)v(a:) de, uwe HY(I), ve HY(I) .

The following proposition shows how the notion of convergence in D’(I) is useful in this context.

Proposition 1.8.4 Endowed with the inner product (.8.1]), the space H'(I) is a Hilbert space.

Proof.— Let (u;) be a Cauchy sequence in H(I) for the norm associated to (.8:1]). This precisely
means that (u;) and (u) are Cauchy sequences of L2(I). since L?(I) is a Hilbert space, there exist
u,v in L2(I) such that

Uj = U, UG v

in L2(I). Since the convergence in L?(I) implies the convergence on L!(]a, b[) for every segment
[a,b] C I, we infer that, in D'(I),
Tuj — Ty, Tu; — T, .

But, by definition of a generalised derivative, and using the continuity of derivation for the convergence
of distributions,
/ /
Tu; = Tuj — 1T, .

This implies T,, = T, in other words u admits v as a generalised derivative, v’ = v € L?(I), which
means that u € H'(I) and
wj —u, uy =

This precisely means that u; tends to u in H*(I). Hence H'(I) is a complete normed vector space.
O

1.8.3 The special case of a bounded interval

In this section, I =Ja, b], a,b € R, is an open bounded interval. In this case, we get more information

from Proposition .
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Proposition 1.8.5 If u € H'(]a,b[), then u is almost everywhere equal to a continuous function
on [a, b], and we have the Sobolev inequality,

[ullzee < Cllullpr

where C' is a constant depending only on b — a.

Proof.— We start from the identity in Proposition [L.8.2,

u(x) :/: u'(t)dt +c ae.

0

since L?(Ja,b[) C L'(Ja,b[), we infer that the right hand side has a limit as  tends to a and as
tends to b. Hence u is almost everywhere equal to a continuous function on [a, b]. Furthermore, by
the Cauchy-Schwarz inequality,

/ u'(t) dt‘ <Vb—al|2
y

Consider

By the Cauchy-Schwarz inequality,

On the other hand,

w(z) = 1y = bia/:w)—u(y))dy: bia/: ([a’(t)dt) dy

1 b
(o)~ maf < 5 [

—a

Therefore

x
/ u'(t) dt’ dy < Vb—allu||2 .
Yy
Summing up, we obtain

e < flu = mullzee + [mal < (0= a)™?|lull gz + (b = ) 2 o|| 2 < Cllul g -

Our next step is the introduction of an important closed subspace of H'(]a, b[).

Definition 1.8.6 We denote by H}(]a,b[) the closure of C5°(Ja,b[) in H*(I).

Recall from Proposition that u + u(a) and u +— u(b) are continuous linear forms on H'(]a, b[).
A remarkable fact is that H{ (Ja, b[) can be characterised by these linear forms.
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Proposition 1.8.7 Given u € H!(]a,b[), u belongs to H}(Ja, b)) if and only if u(a) = u(b) = 0.

Proof.—Since elements of H!(]a, b[) are continuous functions on [a, b] and the H' norm controls the
L norm on |[a, b] from Proposition [L.8.5, any element u of the H' closure of test functions can be
uniformly approximated on [a, b] by test functions. This immediately implies u(a) = u(b) = 0.

Conversely, consider u € H*(]a, b) such that u(a) = u(b) = 0. For ¢ > 0 small enough, we consider
a function x. € C§°(I), supported into [a 4 €,b — €], and such that x. = 1 on [a + 2¢, b — 2¢], with

the estimate 1
el =0 (2)

as € — 0. An example of such a family of functions is
r—a b—=x
Xe(2) = X X :
15 €

X(t):{()if t<1

1if t>2.

where x € C®(R) satisfies

Then we claim that x.u — u in H'(Ja,b[) as ¢ — 0. Indeed, x.u — u in L?(]a, b[) by dominated
convergence, and

(xeu)" = xet' + xLu .
We are therefore reduced to proving that x.u — 0 in L?(]a, b[). We have

, 1 a+2e ) b ) %
HXEUIIL2§0<> ( [ @Rt [ ) dx) ,
€ a b—2¢e

and, fora < x < a + 2¢,
u(a) +/ u'(t) dt' = / u'(t) dt‘

< Vi ( / " \u/<a:>12da:)é ,

with a similar inequality on [b — 2¢, b]. Finally,

a+2¢e b
Ixtullz2 < O(1) </ ' (2))? da —i—/b

—2e

u(z)] =

1
2
o/ () |2 dac) —0.

Summing up we have proved that u can be approximated in H! by compactly supported elements.
The proof is completed by observing that any compactly supported element of H!(]a,b[) can be ap-
proximated by a sequence of C{°(Ja,b[). This relies on the following regularisation argument. Let
v € H'(Ja,b]) such that supp(v) C [a, 3] Cla,b[. We extend v by 0 as an element of H'(R)
supported in [a, 5]. Let p € C3°(R) of integral 1, and

pe() = ép (x) -

3
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Then p. x v € C§°(R), is compactly supported in ]a, b| if ¢ is small enough, and p. *v — v in L? as €
tends to 0. Furthermore, by the Leibniz rule,

(pe ) (x) = /Rp’s(w —y)v(y)dy = /Rddy[ps(fc —y)]v(y) dy = /Rps(x —y)v'(y)dy,

by definition of the generalised derivative. In other words,

(pe xv) = pex 0/

and therefore (p6 * v)’ — v’ in L? as ¢ tends to 0. Summing up, we have proved that p. * v — v in
H. O

Proposition implies an important inequality for elements of H& (la, b[).
Proposition 1.8.8 (The Poincaré inequality) For every u € H'(]a,b[) such that u(a) = 0 or
u(b) = 0, we have
(1.82) lullz2 < (b — @)l =
In particular,
(u, ’U)H& = /ab o (2) V' () d

is an inner product on H}(]a, b[), which is equivalent to the H' inner product.

Proof.— Again we refer to Proposition [.8.2,

u(z) = /;u'(t) dt +c.

0

Assume for instance u(a) = 0. Then making x tend to a, we infer

o
c:/ o (t) dt

and consequently

Inequality ([L.8.2) then follows from the Cauchy-Schwarz inequality. In view of Proposition [L.8.7,
inequality (.8-3) applies in particular to elements of H(}(]a, b[), so that

fullZ < (b — a)2(u, w) gy -
Since (u,u)g1 = (u,u)Hé + ||lul|32, we conclude that the inner products (u, v) g1 and (u,v)Hé are
equivalent on H&. O

The Hilbert structure on H& leads to a very efficient strategy for solving second order linear differential
equations with homogeneous boundary conditions.
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Theorem 1.8.9 Let ¢ € L'(]a,b]) such that ¢ > 0, and let f € L'(Ja,b[). There exists a
unique u € H'(Ja, b]) such that u/ admits a generalised derivative u” satisfying

—u" +qu=f, u(a) =u(d) =0 .

Proof.— Notice that qu is well defined in L' since q €< L' and u € L™. Decomposing f into its real
and imaginary parts, we may assume f is real valued, so that u is to be real valued as well. So we
shall work in the real Hilbert space made of real valued elements of H'. This simple reduction allows
to avoid the complex conjugation in the inner product, so that the connection with the distribution
bracket is clearer.

In view of Proposition [L.8.7, the above problem is equivalent to
Tl 4+ Ty =Ty, u € Hy(Ja,b])
or, for every ¢ € C5°(Ja, b)),
b b b
/ u'cp'dx—l—/ qup dz :/ fodr, ue Hi(Ja,b]) .
a a a

Since the left hand side and the right hand side of the above identity are continuous linear forms of ¢
for the H! norm, and since H{ is the closure of C§° in H!, we infer that the problem is equivalent to
finding u € H}(Ja, b) such that

b b b
VveH&(]a,b[),/u'v'dw—l—/ quvdx:/ fodz .

Now observe that the left hand side is an inner product on the real space H&, which is equivalent to

the H! inner product. Indeed,
b b b b
(u, u) g < / ()2 da +/ 2 do / ()2 dx + </ qu> ulfe
a a a ba/
max <1,C’2 (/ qdm)) (u, ) g

in view of Proposition [[.8.5. Hence, from Proposition [L.8., the real space H{ (]a, b[) endowed with

b b
(u,v)q = / u'v' dz +/ quv dz
a a

is a (real) Hilbert space. Since, in view of Proposition [L.8.5, the linear form

b
v>—>/ fvdx

is continuous on this Hilbert space, the theorem follows from the Riesz representation theorem. O

IN

IN

Remark 1.8.10 Since u” belongs to L!(Ja, b[), we infer that u’ extends as a continuous function
on [a,b]. Furthermore, if ¢, f are continuous functions on [a,b], then u” is continuous on [a, b],
which means that u is C? on [a, b], so that the differential equation is satisfied in the usual sense.
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1.9 Further properties

1.9.1 Characterisation of Lipschitz functions

Definition 1.9.1 Let k£ be a positive number and I be an open interval. A functionu: I — C
is k—Lipschitz if, for every x,y € I,

u(z) = u(y)| < klz —y| .

A typical example of a k-Lipschitz function is a C! function u such ||u/||c < k. Of course, there are
Lipschitz functions which are not derivable, like function x — |z|. The following result give a complete
description of k-Lipschitz functions.

Theorem 1.9.2 A function u : R — C is k—Lipschitz if and only if there exists f € L>°(R)
such that

(1.9.3) Ve e R, u(x) =u(0) + /z f(t)dt .
0

Remark 1.9.3 A similar result holds on any open interval I, from an adaptation of the proof
below on R.

Proof.— If Vo € R, u(x) = u(0) + [, f(t)dt , we have

() — u(y)| =

[ 5w dt\ < ol — v
Yy

Conversely, let u be a k-Lipschitz function. We are going to prove that u admits a generalised deriva-
tive f with || f||ooc < k. According to Proposition [L.8.3, this will imply property (.9.3).
As a first step, we are going to prove the following inequality,

(1.9.4) Vo e C°(I) , Ty, )| < Kl -

Indeed, we have,

. p(x+h) —p(z)
- [t
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by using either dominated convergence or uniform convergence. Next we decompose the integral as

follows,
/Ru(x)go(a: + hf)z — ¢(2) de = % </R w(x)p(z + h)dx — /Ru(ac)go(x) dx)

= 3 ([ ut-meway- [ et ic)

/]R uly - h,z —uly) o(y) dy ,

and, by the Lipschitz property of u, the modulus of the latter expression is bounded by k||¢|| 1. This
leads to inequality (L.9.4). At this stage we appeal to the following functional analytic lemma.

Lemma 1.9.4 Let £ be a normed vector space, and let D be a dense vector subspace of £. Let
L : D — C be a linear form, which is continuous for the norm on £. Then L admits a unique
continuation L as a continuous linear form on &, and ||L|| = || L] -

Applying Lemma to £ = LY(R), D = D(R) and L = T, we infer that T, extends as a
continuous linear form on L!(R), of norm at most k. From the L' — L°° duality theorem, there exists
f € L*™(R) such that

Vo € C(I) , (Th ) = /R f(@)p(a) de |

and || f|lco < k. This precisely means that f is the generalised derivative of u, whence ([L.9.3). O

1.9.2 Derivation and integration under the bracket

This paragraph provides two very useful rules of calculations which turn out be crucial when dealing
with convolution of distributions — see the next paragraph.

Proposition 1.9.5 (Derivation under the bracket) Let I, J be open intervals, ¢ : I x J — C
be a C* function such that there exists a segment [a,b] C I for which

Vze J, suppy(.,2) C [a,b],
where we have set ¢(.,2) : @ € I — ¢)(x,2) € C . Define

g(z) =(T,¢(.,2), z€ J .

VaeJ, d(z) = <T, gf(.,z)> .

Then g € C*>°(J) and

Proof.— Let us first prove that g is derivable on J. We calculate, for z € J and h # 0 small enough,

g(z+h)—g(z) /. v(,z2+h)—9(.2)
h - <T’ h > ‘

Lecture Notes, Fall 2019 Patrick Gérard



CHAPTER 1. DISTRIBUTIONS IN ONE SPACE DIMENSION 43

Now we observe that, since 1) € C*°(I x J),

v(x,z+h) —Y(x, 2) N o

h h—0 0z

Veel, —(z,2) .

We claim that the convergence takes place in C°(I). Indeed, we already know that the left hand side
is a smooth function of o which is supported in [a, b}. We claim that it converges uniformly on I to the
right hand side. Indeed,

¢($a2+h) —1[)(.%,2) _ ! 81/)
Y —/0 a(x,z—i-th)dt

Fix g > 0 such that \h\ < €g. Then the continuous function g—fis uniformly continuous on the compact

subset [a, b] X [z — €9, z + €0]. Consequently,

o
xzuapb] / B (x,z+th)dt — a(l' 2) I;))O.
The same argument holds for every derivative in x,
(k) — (k) (k)
WO,z +h) =Bz v
h h—0 Oz

uniformly for x € I.
Using the continuity property of T', we infer

g9(z+h) —g(2) o
h f:(>)<T Gz( )> ’

which shows that g is derivable with the claimed formula for g’(z). Finally, by applying this result, one
easily proves by induction on n that g is n times derivable with

I =152

This completes the proof. O

Proposition 1.9.6 (Integration under the bracket) Let I, .J be open intervals, ¢ : I xJ — C
be a C* function such that there exists segments [a,b] C I and [c,d] C J for which

V(x,z) ¢ [a,b] X [e,d] , P(z,2) =0.

[t in(n fseos)

Then

Proof.— Consider

U(x,z) = /EJKZ@b(x,t) dt .

Lecture Notes, Fall 2019 Patrick Gérard



CHAPTER 1. DISTRIBUTIONS IN ONE SPACE DIMENSION 44

Then 1) satisfies the assumptions of Proposition [[.9.5, and

oy
a(aﬁ,z) =(x,z) .

Applying this proposition leads to

d

%<Tai}('vz)> = (T,9(.,2)) -

We integrate both sides on .J. This gives

(0D}~ (0 0) = [ (Tl 2))ds

J

In view of the assumptions on v, we have

r3) = (T, [ otds) (T =o.

This completes the proof. O

1.9.3 Convolution and regularisation

In this section, we generalise the convolution with a test function to a distribution.

Definition 1.9.7 Let 7' € D'(R) and ¢ € D(R). For every 2 € R, we denote by p(x —.) the
element of D(R) which maps y € R to p(x —y) € C . We set

T+ p(z) = (T, p(z =) .

Notice that, if T' = T for f € Lj,.(R), we have

loc

Ty« o) = /R FW)o(@ —y)dy = f * ola)

in the usual sense of convolution of functions.

Proposition 1.9.8 For every (T, ¢) € D'(R) x D(R), T x ¢ € C*(R), and

(Txp) =Tx =T x¢.

Proof.— It is enough to prove that T is smooth on every finite open interval }a, B[ If supp p C [a7 b]
and z €]a, B[, we have supp p(x —.) C [ — b, § — a], so that the assumptions of Proposition
are fulfilled with I = R, J =], 5[ and

Y(y,x) = p(r —y) .
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Consequently, T * ¢ € C*°(R), and
(T'* ) (z) = (T, 00p(x —.)) = (T, ¢'(z = )) =T+ ¢ (x) .

Furthermore, we have
¢z —y)=-0yp(z—y),
so that
(T ) (x) = (T, =0y — ) = (T, p(x = )) = T" x p(2) .

Let us come to regularisation. Let p € C3°(R) with

/ plx)dx =1
R
For every € > 0, we set
@ =2 (3)
x)=—p|—
Pe €P -
It is well known that, if ¢ € C3°(R),
PexY — ¢
e—0

in D(R). We set f. =T * p-.

Proposition 1.9.9 For every T' € D'(R),

Tfs — T
e—0
Proof.— We have to prove that
(1.9.5) Vo € D(R), / fe(@)p(x)de — (T, ) .
R e—0
Note that
[ te@ota)da = [ (T.pula = J)pla) da = [ (T.pele = Jpla) da

and that

Py, x) = pe(r — y)p(x)
satisfies the assumption of Proposition on R x R. Indeed, if supp p C [—C, C], supp ¢ C [a, b],
then
V(y,x) ¢ [a—eC,b+eC] x [a,b] , ¥(y,2) =0.

Applying Proposition [L.9.6, we obtain

[ ot get@n o = (T, [ pula = oty ) = (7.5

where p(z) = p(—z). Since p satisfies the same assumption as p, we have p. * ¢ v in D(R),
E—

and consequently

/R f(@)p(a) dz — (T, )

e—0

Lecture Notes, Fall 2019 Patrick Gérard



CHAPTER 1. DISTRIBUTIONS IN ONE SPACE DIMENSION 46

1.9.4 Positive distributions and increasing functions

Definition 1.9.10 A distribution 7" on [ is said positive (we note T" > 0) if, for every ¢ € D(I)
valued in [0, +oo[, we have (T, ) € [0, 4o0].

For instance, it is easy to check that, if f € Ll (1), Tt > 0 if and only f > 0 a.e. Another example

loc
is T = ¢y, with ¢ > 0 and z¢ € I. On the other hand, whatever ¢ # 0 is, it is clear that 65;0 cannot

be positive. In fact, we have the following general result.

Proposition 1.9.11 If T is a positive distribution, then 71" has order 0, namely

V[a,b] C I, 3C >0, Yo € D(I),suppp C [a,b] = |[(T, )| < C||¢lco -

Proof.— Let [a,b] C I and x € D(I) be a plateau function on [a,b]. Let ¢ € D(I) be real valued
and such that supp ¢ C [a, b]. Then

—Xll¢lloo < @ < xll¢lloo -

Consequently, the positivity of 7" implies (7', ) € R and

—(T, ) lelloo < ATy 0) < (T, ) 1¢llo

and therefore
(T, o) < (T, ) lplloo -

If ¢ is complex valued with supp ¢ C [a, b], we decompose

¢ = Re(p) +iIm(p)

and we conclude
(T, o) < 2T, x) | #lloo -
O

Remark 1.9.12 Since any compactly supported (positive) continuous function on I can be ap-
proximated uniformly by a sequence of (positive) test functions supported in a fixed segment of
1, the above proposition implies that any positive distribution extends as a positive linear form on
compactly supported continuous functions. Hence, according to the Riesz representation theorem,
there exists a positive Borel measure p on I, finite on segments, such that

Yo eD(I), (T,p) = / (@) du(x) -

I
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Let us come to the main result of this paragraph, which characterises increasing functions. For sim-
plicity, we state and prove this result on R, but a similar result holds on any open interval. Recall that
an increasing function on R is a function f : R — R such that

Ve >y, f(x) > fly).

(sometimes such functions are called nondecreasing functions).

Theorem 1.9.13 If f : R — R is an increasing function, then TJQ > 0 . Conversely, if
T € D'(R) is such that 77 > 0 and (T, ) € R for every real valued test function ¢, then
there exists an increasing function f on R such that Ty =T.

Proof.— Let f : R — R be an increasing function. Note that f is bounded on every segment, hence
it is locally integrable, and it makes sense to consider 7. Let ¢ € D(R), valued in [0, +00[. Let us
calculate

oz +h
(T}, ) = —/ux) fo}!gﬂo *,ﬁ 2@ 4y
_ a:+h —o(z
N _flLinO/f dm
—h) —
= A@O/Rfy Y f(y)w(y)dy,

by the same arguments as in subsection 1.9.1. It yields <T}, ) >0, hence TJQ is positive.
Conversely, let T' € D'(R) such that 77 > 0. Choose p € D(R), supported in R, satisfying

0<p, /p(az)dajzl.
R
Recall that, from Proposition [1.9.9, the smooth function

fe=Txp;

is such that Ty, — 7' in D’(R). Notice moreover that, since T takes real values on real valued test
functions, f: is real valued. Our strategy is to prove that, for an appropriate choice of p, f: is an
increasing function and converges for the simple convergence to a function f, with local dominated
convergence. This will imply that Ty, — T'¢, hence T" = T}.

Let us first prove that f. is increasing. We know that

fézT/*pa

which is > 0 because 7" > 0 and p. > 0. Therefore f- is an increasing function on R.
We claim that moreover f. is an decreasing function of £. In fact, applying Proposition of
derivation under the bracket, we have that f.(z) is a C* function of € > 0, and that

d 0
S h@) = (T, pelz =)
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Observe that

Consequently,

Ehw =1 (1 T2 (2 <o,

because 7" > 0 and zp(z) > 0 in view of the assumptions on p.
Now we claim that, as ¢ — 0, for every x E I, f-(x) is bounded from above. Indeed, consider
¥ € D(I), valued in [0, +00], supported in [x, +00], and such that

/w

Then, because f.(y) is an increasing function of y,

— la) [ v du < [ fws)dy — (10
because of Proposition [1.9.9 . Since fs(az) is increasing as ¢ decreases to 0, we conclude that
fe(x) — f(2)
e—0
where f is an increasing function on R. Furthermore, if x € [a,b] C R
f(x) > fe(x) > fe(a) — f(a) .
e—0

Therefore we can apply the dominated convergence theorem and conclude that, for every ¢ € D(]R),

[ r@e@ e = [ sy

Summing up, applying again Proposition [L.9.9, we have proved

T@—Aﬂ@ﬂ@m

hence T' = Tf. O

Remark 1.9.14 The first point of Theorem says that, if f is increasing, T} is a positive
distribution, hence is given by a positive Borel measure, finite on segments. This measure is called
the Stieltjes measure associated to f, and the formula for the integral of a compactly supported
continuous function with respect to this measure is an extension of the definition of the usual
integral of a continuous function by using Riemann sums. More precisely, if supp ¢ C [a, b],

(T}, ) = Jim Z <a—|—j a) [f(a—k(j-i-l)b]\ﬂ)—f(a%—jb]va)]

For instance, if f : R — R is the repartition function of a random variable on R, then TJQ is
nothing but the law of this random variable.
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1.9.5 The structure of distributions

Recall that, by Proposition [1.4.10, every distribution 7" has a primitive .S. Furthermore, as can be
observed from the proof of [1.4.10, if 7" is real, then one can choose S real. Now, if T is positive,
then S satisfies the assumption of Theorem [L.9.13, and there exists an increasing function f such
that Ty = S, or T = T]’c. In other words, any positive distribution is the derivative of T, where f is
increasing. This statement extends to any distribution of order 0 as follows.

loc

Theorem 1.9.15 Any distribution of order 0 on R is of the form T]’c, where f € L (R).

Proof.— Let us come back to the proof of Proposition [L.4.10. Let xy € D(R) supported in | —1, 1[ and

satisfying
/ x(y)dy=1.
R

For every ¢ € D(R), we set

PO = [ [%Z)(t)—x(t) [ dy] it

—00

Notice that P(1)) € D(R) and, if supp(¢)) C] — n, n]| for some n > 1, then supp(P(¢))) C| — n,n|.
Since P(¢’) = ¢, we infer that the distribution S defined by

(S,0) = =(T, P(v))
satisfies S’ = T'. Since T is of order 0, for every n > 1, there exists C,, > 0 such that
Vo € D(]—n,n[), (T, ¢)| < Cullolloo -

Consequently, if ¢ € D(] — n,n|[),

(S, )| = (T, P())] < Cul | P(¥)]|oc < CruB|[¥h] L1 -
Arguing as in proof of Theorem [1.9.2, we infer that there exists f,, € L°(] — n, n[) such that

Sl = Tt -

Therefore we have constructed a sequence (fy,),>1 of functions f,, € L>(] — n,n[) such that

Thoir—nn = Oh=n=1,n+10) =il = Si—nnl = Tt -
Hence fn41j_y, [ = fn @nd we infer that there exists f € L2 (R) such that

¥n > 1, ol = fo -

Since
S—nml = T

—n,n|
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for every n > 1, we concludeS:Tf,andT:S’:T}. O

Let us now consider the case of distributions of finite order. Let m be a nonnegative integer. We shall
say that T' € D'(I) is of order < m if

V[a,b] c I, 3C >0, Yo e D(I), supp(p) C [a,b] = [(T,¢)| < C sup [|o®]o .
0<k<m

Theorem 1.9.16 /) If T € D'(R) is of order < m, there exists f € L2 (R) such that
=1

i) If T € D'(R) is arbitrary, there exists a sequence (fy,)n>1 of L>(R) such that on every
segment of R, f, vanishes for n large enough, and

T:fﬁﬁ.
n=1

Proof.— The first statement follows from an induction argument on m, based on Theorem and
on the following lemma.

Lemma 1.9.17 If T € D'(R) is of order < m with m > 1, there exists S € D'(R) of order
<m — 1 such that S’ =T.

The proof of this lemma is straightforward, taking into account the formula (S, ) = —(T', P(¢)) and
the fact that, for every m > 1 and ¢ € D(] — n,n|),

sup [P()Vloe < Bllwllp + sup [P)loo < B sup 1 ]los

0<k<m SRSM—

Let us prove statement ii). For every integer j > 1, there exists an integer m; such that T} _; 1,2 j11/2]
is of order < m;. Furthermore, we may impose without loss of generality that m;1 > m;.

We are going to construct a sequence (g;);>1 of L™ functions on R such that, for every j > 1,
Supp(ng) C [_ja _J + 1] U [.] - 17¢ﬂ7 and

j
mye+1 _
(T—Xﬁg4>> -0.
/=1

[1=4.41

Let us first construct g;. Since T is of order < mj on ] —3/2,3/2], property i) (adapted to an interval)
implies that there exists h1 € L2(] — 3/2,3/2]) such that

loc

_ plma+1)
=T
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Then g1 := 1)_; 1;h1 € L>(R) and satisfies

— m(mi+1) — —
(T T, )”_171[ 0, supp(Ty,) C [-1,1] .

Assuming g1, . .., g; are constructed, let us construct g;41. Since the sequence m; is increasing, the
distribution
J
2 _ myg+1)
Tj+1 - (T ZTQ(Z ‘ )
t=1 1—i—3/2.5+3/2[

is of order < m;1 + 1. Furthermore, the restriction of Tj+1 to | — j, j[ is 0. Therefore, using again
property i), there exists hj1 € L2 (] — 7 — 3/2,7 + 3/2[) such that

- +1)
Ty = T+
JHL T Shin

(mJ+1+1) to ]

Furthermore, the restriction of T —J,7[is 0, which implies from Corollary that hj41

coincides with a polynomial functlon Dj+1 0On ] — j,j[. We consider

gi+1 =1 j 1 p1((hj+1 — pjs1) -

Then gj+1 € L=(R), T,

gj+1

is supported in [—j — 1, —j] U [7,j + 1], and

-~ 141
(Tyon -1y -

)n+u+1[

Coming back to the expression of Tj+1, we have checked the induction assumption at rank j + 1, so
that the sequence (g;);>1 is constructed by induction on j.
In view of the properties of the supports of T, i for every j, only the terms of rank £ < j of the series

o

E mg+1

=

have a nonzero restriction to | — 7, j[. This proves that this series is convergent in D’(R). Furthermore,
by the construction of the g, the sum of this series coincides with 1" on every interval 1—14, [, therefore

T = Z T(mz+1

Setting f,, := gy if there exists £ > 1 such that n = my + 1, and f,, := 0 otherwise, we end up with

T = i T}f’ .
n=1
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Chapter 2

Distributions in several variables

2.1 A brief review of several variables differential calculus

2.1.1 Scalar product, norm, distance, topology

From now on we shall work on the vector space ]Rd, with typical elements

ual
T =
Tq
with 1, ...,24 € R. We denote by (e, ..., eq) the canonical basis, so that

d
xr = E wjej .
Jj=1

This canonical basis is an orthonormal basis for the canonical scalar product

d
.Yy = ijyj y
7j=1

defining the Euclidean norm

M

d
|z| = Vr.x = Zx?
Jj=1
This norm classically defines the distance

d(z,y) = |z —yl,

and a topology —independent of the chosen norm — for which a set {2 is open if and only if for every
a € §Q, there exists 7 > 0 such that B(a,r) C Q. Here, B(a,r) denotes the open ball

{z e RY, d(zx,a) < r}.
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As in every metric space, a compact subset K of R? can be equivalently defined by the Borel-Lebesgue
covering property, or by the Bolzano-Weierstrass extraction property for every sequence in K. Since
we are in a finite dimensional vector space, compact subsets of R? coincide with closed bounded
subsets.

If F is a nonempty closed subset of RY, we shall often use the distance function to F,

d(z, F) = ZIQ;d(m,Z) .

Notice that d(z, F') = 0 if and only if z € F, and that, by the Bolzano-Weierstrass property for
closed bounded subsets, this infimum is attained at some z € F'. Furthermore, the function d(., F) is
continuous on R%. In fact, by the triangle inequality, it is 1-Lipschitz continuous,

If K is a compact subset of R? and § > 0, the set
Ks ={z e R%, d(z,K) < 0}

is a compact subset containing K in its interior. The following lemma will be of constant use.

Lemma 2.1.1 If K is a compact subset of an open subset 2 of R?, then
inf d(x,Q° =dy>0.
:EIQK (‘T) ) 0>

For every § €]0, o[, K5 is contained in €.

Proof.— The first statement follow from the continuity of d(.,QC), which consequently attains its
minimum on K, and from the assumption K N Q¢ = (). The second statement is an elementary
consequence of the triangle inequality, since, for every z € Q¢, y € K,

hence, if z € Kj, choosing y € K such that d(z,y) = d(z, K), d(z,Q¢) > 09— 6 > 0. O

Finally, we denote by CO(Q) the space of continuous functions f : 2 — C.

2.1.2 Partial derivative, C' functions, differential, gradient

Definition 2.1.2 Given f: Q2 — Cand a € Q, j € {1,...,d}, we say that f admits a j-th
partial derivative at a if the function ¢ — f(a + te;), locally defined for ¢ in a neighbourhood
of 0 in R, has a derivative at t = 0. We set

(a+tes)ymn = S2-(a) = 95f(a)

dt

We say that f is a C' function on € if it admits a j—th partial derivative for every j €
{1,...,d} at every point a € 2, and if the functions 0; f are continuous on §2. We denote by
CY(€) the space of C! functions on €.
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If f € C1(£2), one can prove that f is differentiable at every point a ; using the mean value theorem,
fla+h) = f(a)+ La(h) +o(|h]) ash — 0
where

d
Lo(h) =0 f(a)h; .
j=1

The linear map L, : R? — C is called the differential of f at point a, and usually denoted as
Lo=d,f .

If f is real valued, d, f is a linear form on the Euclidean space Rd, hence it can be represented by the
scalar product with a vector, called the gradient of f at a, and denoted by V f(a),

o1 f(a)
daf(h) = Vf(a)h ) Vf(a) = -
daf(a)

Notice that the mapping Vf : Q) — R? is continuous.

2.1.3 The Chain rule

Proposition 2.1.3 Let Q C R, ' C R” be open sets, and ¢ : Q — Q', ¢ = (1,0, ..., Pp),
a function of class C™, m > 1. Let f: ¥ — C be a C™ function.

Then f o1 is C™ on ). Moreover
do(f o)) = dy(a) f-dath) = Vp(2) - Vf(Y(2),

or, for any j € {1,...,n},

0;(fow)(z) =Y Ohf (¥(x))dstfe ().
k=1

2.1.4 Higher order partial derivatives

More generally, for m > 2, we denote by C™(2) the vector space of functions f € C'(Q) whose
partial derivatives 0 f, Oa2f, . .., 0qf belong to C™1(Q). Moreover, C*°((2) is the intersection of all
C™(Q).

In general, the order in which one computes repeated partial derivatives matters, but this is not the
case for C? functions:

Proposition 2.1.4 (Schwarz Lemma) If f € C(Q), then, for any j, k € {1,...,d},

0j(Okf) = Ok(9;f)
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In particular for C*° functions, one can compute partial derivatives of f in any order. It is therefore
very convenient to use multi-indices.

2.1.5 Multi-indices

Let f € C®(Q), and @ = (a1, ag, ..., aq) € N% a multiindex. We denote 0% f the function
o%f =0105% -0y f.

The number
la| =1 +ag+ -+ ag,

is the order of the partial derivative, and it is called the length of c«v. The context usually avoids any
confusion with the Euclidean norm ! We also set

al = oqlag! ... ayg!
and, for 5 € N? such that Bj <« for all j, which we will write 3 < «,
a\ ol a1 (a2 oy
<5> -~ Bla=p) (51) (52) </6d).

With these notations, the Leibniz formula for the derivatives of a product of functions easily extends
to the case of partial derivatives of functions of several variables. Its proof is exactly the same.

Proposition 2.1.5 Let f and g be functions in C*°(f2), and a € N a multiindex. We have

*(f)= Y <g>aﬁf 9y

BeN?, B<a

Proof.— We prove the result by induction over |a|. If |a| = 1, 9% = 0, for some j € {1,...,d}, and

9;i(f9) = (9;f)g + f(059),
which is the above formula. Suppose then that the formula is true for all multiindices of length < m.
Let & € N such that || = m + 1. There exists j € {1,...,d} et B € N of length m such that

o= ﬁ =+ 1ja
where 1; = (0,...,0,1,0,...,0) with a 1 as j-th coordinate. With these notations
9*(fg) = 0"+ (fg) = 0°(9;(f9)) = 9°((9;£)g) + 9" (f(9;9))-

Since [ is of length m, the induction assumption gives

> (fg) =3 (f) 0;) g+ Y (f ) o f 99 (059)

<8 v<B
RSO -
<8 " <8 v

_ Z <ﬁ> 8’y+1]’f aa*(7+1j)g + Z (B> 8'Yf 80‘779
v<B 7 !

v<B
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We change the multiindex in the first sum: v <= v + 1;, and we get

2t = Y (yﬁ )aWa“7g+§j(7)m76WWg

1;<y<a v<B
=9%f g+ Z (( _61‘>+<6>)87f8a—79+f8ag
<< N T K
+1; _
=0"fg+ Y. (5 J)avfaa Yg+ £,
1;<v<p i
which is the required result. O
We can continue the analogy with the 1 variable case: if x = (x1,22,...,74) € RY, we denote by
x% the monomial
= ataf? - al

Then we can show, the same way as for the Leibniz formula, that for x,y € R% and « € N¢,

(x+y)* = Z <g>xﬂy"_5.

B<a

With these notations, Taylor’s formula can be written as

Proposition 2.1.6 Let f: Q C RY — C a function of class C"™*1. Let a,b € €, such that the
segment [a, b] is included in Q2. We have

—a)® —a)¥ 1
fo)y=>" (ba')aaf(a)+(m+1) > (ba,)/o (1 =)0 f(a + t(b— a))dt.

|| <m . |a|=m+1

Proof.— We have already seen that if ¢ : R — C is smooth, we have
m!

1 1
P1) =3 e PO+ o [ gas

We shall use this result for the function ¢ : ¢ — f(a + (b — a)). Notice that

d
=Y (b—a);(9;f)(a+t(b—a))

J=1

and more generally that

d
PPy = Y (b—a) .. (b—a) (@505 f)((a+t(b - a)).

J1:J25-Jk=1
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This sum only contains terms of the form (b—a)® (0% f)(a+t(b—a)) with & € N? of length |a| = k.
Therefore we can write, for some coefficients ¢, € R,

d

S —a)y e (0= (@t th—a) = 3 calb—a)* (@ f)(a+tb—a)).

J1,J2,dk=1 o=k

Denoting £ = b — a, this equality between two polynomials in x implies that the ¢, are given by

Coq = #{(jl,jg,...,jk) S {1,. .. ,d}k, ;17‘1)‘13:‘2)‘2 .. .Jjgd =Tj; - x]k}

P k k—a1 k—al—-'-—an_l 7@
T\, a9 o !

Indeed, one has to choose first &y numbers among j1, ... ji that should be 1, then as among the
k — o1 numbers left that should be 2, ...

thus

Since a +t(b —a)|,_, = a, and a +t(b — a)|,_, = b, we obtain the stated formula. O
Exercise 2.1.7 Show that, for k € N and (1, 29, ...,24) € R% we have
k k! «
(w1 +a2+ -+ = .
|a|=k

Applying the Taylor formula, we immediately obtain.

Corollary 2.1.8 (Hadamard’s formula) Let f € C"™"1(Q), where Q is a convex open subset
of R% If a € Q and f(a) = 0, there exist d functions g1, g2,..gq of class C™(Q) such that

d
fl) = (x5 —a;)g;(x).

j=1

Notice that the convexity assumption of €2 plays a role, since we need that [a, x] C . In practice, we
shall use this lemma when (2 is a ball.

2.2 Test functions

2.2.1 Definitions. Examples

If f € C°(92), the support of f is the closure of {x € Q, f(z) # 0} for the topology induced on 2.
This is a closed subset of 2, denoted by supp(f). If m € NU {co}, we denote by CJ*(£2) the space
of functions in Cm(ﬂ) with a compact support. Notice that a compact set for the induced topology
in ) is also a compact subset of RY contained in €. In particular, elements of D(Q2) = C°(12) are
called test functions on €). As in one space dimension, if V' C () is an open subset, every element ¢
of D(V') can be extended as an element ¢ of D(2) by setting ¢ = 0in 2\ V. This allows to identify
D(V) as the subspace of D(0) defined by supp(¢) C V. We shall often make this identification.
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Proposition 2.2.1 i) For every a € RY, for every r > 0, there exists ¢ € D(R?) such that
@(x) > 0 for every x € R? and supp(¢) = B(a,r) .

i) For every compact subset K of €, there exists x € D(12), valued in [0, 1], such that x =1
on K.

Proof.— The proof of the first statement is quite similar to its one dimensional analogue. Recall that
the function f defined by
1
et ift>0
ft) = .
0 ift <0
is a C*° function. Then the function ¢ defined by
2 2
p(x) = f(r" = |z —al’)

satisfies the requirements.

The second statement requires a little more work. Let (¢ be as in the first statement with a = 0 and
r = 1. Since ¢ > 0 and is not identically 0, its integral on R%is > 0. Up to dividing by this number,

we may assume that
/ p(x)dr =1.
]Rd

Then, by Lemma R.1.1], we may choose § > 0 such that K5 C €. Set

x(x)=/1{6s0<xgy> %-

By the Leibniz rule of derivation under the [ sign, x € COO(Rd). Since ¢ > 0, we have xy > 0 and

X(x)SA{dw(xgy) ggz/Rdap(z)dzzl,

after performing the change of variable y = x — dz. Hence Y is valued in [O, 1]. Ifx € K and
y € (Ks)¢, then |[x—y| > §, hence (x—y)/d & supp(y) and the integrand cancels at y. Consequently,

r—y\ dy
K = —==1.

Finally, if © € Kss, y € Ks, |x — y| > 0, and the integrand identically vanishes, so that x(z) = 0.
Hence the support of x is included in K4, which is contained in €2, so that xy € CSO(Q). O

Remark 2.2.2 Functions y as in Proposition are called plateau functions on K in . It may
happen that we need plateau functions on a compact neighborhood of K in 2, for instance K,
for € > 0 enough, according to Lemma . We shall call these functions plateau functions on a
neighborhood of K in ).

We now come to the contruction of partitions of unity, which turns out to be particularly useful in
several variables, through the so-called “gluing principle”.
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2.2.2 Partitions of unity

Proposition 2.2.3 (Partition of unity) Let K be a compact covered by a finite collection
Q,...,Q, of open subsets of Q. There exist x1 € C3°(Q1),...,xn € C°(2y), valued in
[0, 1], such that

X1+ - -+xn=1on K.

In particular, if ¢ € C§°(2) is supported in Q; U --- U Q,, then one can find functions
w1 € C(), ..., pn € C°(82y,), such that

pr+...on=0¢p.

Proof.— It is very similar to the one dimensional analogue. First, one proves the

Lemma 2.2.4 (Shrinking Lemma) If K C Q; U---UQ,, there exists open subsets Uy, ...,U,
such that, for every j € {1,...,n}, U; C Q; is compact, and

KcUiu---uu, .

As in the one dimensional case, the proof proceeds by induction on n < 1. The case n = 1 follows
from Lemma R.1.1.

Once the shrinking lemma is proved, set

X1 =Y, x2=v2(L=%1) ... ;xn=Un(l=tUp_1)...(1=1),

where, for every j € {1,...,n}, ¥; s a plateau function on U; in £2;.
Finally, the last assertion follows by writing ¢; = X, where the x;'s are associated to the covering
of supp(p) by Q1,...,,. O

2.3 Distributions on an open subset of R?

2.3.1 Définitions. Examples

Definition 2.3.1 Let (¢;) be a sequence of functions in D(£2), and ¢ € D(2). We say that
(¢4) tends to ¢ in D(£2) (or in the D(2)-sense), when

i) There exits a compact subset K C (2 such that supp p; C K for all j.

i) For all @ € N%, sup [0%p; — 0%0| — 0 as j — +oo.

In that case we may write
=D — lim ;.

j—+oo
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Remark 2.3.2 Notice that, under the conditions of the above definition, we have supp(y) C K.

Definition 2.3.3 Let O C R? an open subset, and 7" a complex valued linear form on D(2).
One says that T is a distribution on  if, for every compact set K C €2,

3C > 0,3m € N,Vp € C°(Q) with suppp C K, [T(p)| < C Z sup |0%p| = C|¢]|cgm.

laf<m

We denote by D’'(Q) the set of distributions on Q, and for T' € D'(Q)), ¢ € D(R), we set
(T, ¢) :=T(¢p).

Proposition 2.3.4 A linear form T on D(f2) is a distribution on § if and only if T'(¢;) = T'(p)
for any sequence (¢;) of functions in D(£2) that converges to ¢ in the D(2)-sense.

The proof is similar to the one dimensional case, as well as the following examples.

Locally integrable functions.

Given f € Li (Q), the formula

loc

(T, ) = /Qf(w) o(x) dx
defines a distribution on ). Furthermore, the linear mapping
f € Line(Q) = Ty € D'(Q)

is one to one. In the sequel, we shall identify f to Tf.

Dirac masses.

Given a € (), the formula
{00, ) = p(a)
defines a distribution &, on (2, called the Dirac mass at a. It is not of the form f for f € Li (€2).

loc
As in the previous chapter, one can define finite order distributions, and the corresponding notion of
order. In particular, distributions of order < m can be extended to continuous linear forms on Cm(Q),
non-negative distributions are of order 0 — hence are positive measures, and distributions of order 0
are finite linear combinations of non-negative distributions.

We now come to the important notion of support, for which we shall be a little more specific than we
were in Chapter 1.
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2.3.2 Restriction and support

Definition 2.3.5 Let 7' € D'(Q2), and V C Q an open subset. The restriction of T to V is
the distribution 7}y, € D'(V') defined as

Vo e D(V), (Tiv,¢) = (T, ¢9) ,
where ¢ denotes the extension of ¢ by 0 on 2\ V.
We say that T" vanishes in V' if T}y, = 0.

Definition 2.3.6 The support of a distribution 7" € D’(Q) is the complement of the union of
all the open subsets where T' vanishes. We denote it by supp T

Notice that supp 1" is closed, and the following characterizations are convenient.

e x0 ¢ supp T if and only if there is an open neighborhood V' of z( such that T|V = 0.
e xo € supp T if and only if for any open neighborhood V' of z, one can find ¢ € C5°(V') such
that (T, p) # 0.

As in the one dimensional case, one can characterize distributions supported in one point a, as given
by

(T,0) =D cadola) ,

where (cq),ene is @ family of complex numbers which vanish except for a finite set of multi-indices.

Proposition 2.3.7 Let ¢ € C°(R2) and T' € D'(Q). If suppp NsuppT = ), then (T, ) = 0.
In particular, if supp(T’) = (), then T'= 0.

In view of Lemma , the proof is similar to the one dimensional case. We now emphasize the
following corollary, which is very useful.

Corollary 2.3.8 (The gluing principle) Assume

0=[Jo

jed
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for some collection (£2;) je.7 of open subsets. Suppose we are given, for every j € J, a distribution
Tj on §2;, so that we have the following property : for every j,k € J such that Q; N Qy # 0,
then

Then there exists a unique T' € D’'(2) such that, for every j € J, Tiq, = T;.

Proof.— The uniqueness of T follows from Proposition . Let us prove the existence of T'. Given
¢ € D(Q), we want to define (T', ©). From Proposition R.2.3, one can decompose

p=>

JjeJ
where ¢; € D(§2;) and ¢; = 0 except for a finite set of j’s. In such a situation, if 7" exists, one must
have
(T, 0) => (T,05) =D (Ty,05) -
jeJ jeJ

Therefore it is natural to establish the following lemma.

Lemma 2.3.9 For every decomposition

o=> o

Jj€J
where ¢; € D(§2;) and ¢; = 0 except for a finite set of j's, the complex number
> (T i)
jed

only depends on ¢, not on the decomposition.

Let us prove the lemma. Consider the set

K = U supp(g;j) -
jeJ

Since supp(goj) is compact and is empty except for a finite set of j's, K is a compact subset of §2.
Apply Proposition to a finite covering

KCUQT

reR

extracted from the covering of K by the §2;'s. The family (X, )rcr satisfies

supp(xr) C ZX” =lon K.
reR
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In particular, for every j € J, ¢; = > . p Xr@j, therefore
(Ty,05) = Y (Th, xrip5) -
reR

Forany r € R, we claim that (T}, x,¢;) = (Ir, Xr@j). Indeed, either ;N8 = 0, and x,¢; = 0, so
both sides of this equality cancel. Or 2; N, # (), and, since supp(x,r¢;) C ©; N, the assumption
merely says that

(T;, xrp5) = Ty, Xrpj)-

Z<Tj7§0j> = ZZ<T7";XT90]'>:Z<TT7XT(ZQOJ')>

jeJ jeJreR reR jeJ

= Z<Tr7 Xrp) -

reR

Consequently,

This proves the lemma. Indeed, given any other decomposition ¢ = ZjeJ gbj, just apply the above
construction with

K= U supp(p;) U U supp(p;)

jeJ jeJ

Z<Tj7¢j> = Z<TT7X7“§0> = Z<T]’¢]>

jedJ reR jeJ

and we see that

Let us complete the proof of Proposition .3.8. For every decomposition Y = ZjeJ (pj as in the

lemma, we define
(T, 0) = Ty, 5 -
jeJ
It is clear that 7T is a linear form on D(£2). To check it is a distribution, let K a compact subset of 2
and (Xr)reR be a partition of unity associated to a finite covering of K extracted from K C UjeJQj.
Then, for every test function ¢ supported in K, we have, from the lemma,

(T, 0) => (Tr,xrp) -
reR
Since T, € D'(,.), we have
(T, xr)| < Crllxrpllome < Crllpllemr -

Then, with m = max,cr m,, we obtain

(T, @)l < (Z Cﬁ) lellem

reER

so that 7' € D'(2). Finally, if ¢ € D(;) for some j € J, we can write the decomposition ¢ =
Y ke Phs With @ = @ and @y, = 0 if k # j. Using the lemma, we infer (T, ) = (T}, ). In other
words, Tio, = Tj. O

Let us close this paragraph by a number of additional remarks concerning Proposition 2.3.8.

i) If every T} is a nonnegative distribution, then so is T". Indeed, the elements X, of the partitions
of unity can be chosen to be nonnegative.

ii) If every T} is a C™ function, then so is 7.
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2.3.3 Multiplication by a smooth function

Definition 2.3.10 Given ¢ € C*(Q2) and T' € D'(2), we define ¢T" € D'(Q2) by

Vo € D), (¢T, ) = (T, qp) .

Of course, if T' € L}OC(Q), the definition coincides with the usual product. Let us just mention the

following generalization of Proposition in Chapter 1.

Proposition 2.3.11 Let 7' € D'(Q2) and a € Q such that
Vj e {1...,d} s (:z:j—aj)T:O .

Then there exists ¢ € C such that T = ¢d, .

Proof.— In view of what we did in Chapter 1, the proof reduces to the following lemma.

Lemma 2.3.12 (Hadamard lemma on an arbitrary open set) If ¢ € C;°(f2) satisfies p(a) =
0, there exists v, ...,%q in C5°(€2) such that

d
p(r) = (25— a)p;(x) -

J=1

Let us prove the lemma. Let r > 0 such that B(a,r) C €, and let x be a plateau function on
B(a,r/2), supported in B(a,r). From Corollary — Hadamard’s formula on a convex subset —
we can write, for z € B(a,r),

d
p(z) = Z(ﬂcj —a;)fj(@) ,

J=1

with f; € C*°(B(a,r) for every j. This implies x¢ = Z?Zl(xj —aj)xfj . On the other hand,

i —aj)(1 —x(x))
|z — al?

d
(1 - x(@)pl@) = 3 (- ay) olz)

=1

Summing both above identities, the lemma follows with

bi(e) = x(@) f (@) + T
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2.3.4 Derivation

As in one space dimension, we first consider the case of a C' function. In this case, we have the
following elementary lemma.

Lemma 2.3.13 Let f € C}(Q), ¢ € C}(Q), and j € {1,...,d}.

[ ois@yete) s =~ [ s oypta)da.
Q Q

Proof.— Let x be a plateau function on a neighborhood of the support of . It is easy to check that

O;(xflp =0;f ¢, xfOi0 = fOj0.
Furthermore, x f can be extended as a C' function on RY, vanishing outside of {). Therefore we are

reduced to prove the lemma with 2 = R?. This is an immediate consequence of the Fubini theorem
and of integration by parts in the x; variable. O

On the basis of Lemma R.3.13, we introduce the following definition.

Definition 2.3.14 Let 7 € D'(2) and j € {1,...,d}. We define 9;T € D'(2) by
(0;T, ) = —(T,050) , ¢ €D(Y) .
Similarly, for every a € N%, we define 9T € D'(Q) by

(0°T, ) = (~=1)*NT, 0%) , ¢ € D(Q) .

At this stage, it is natural to ask for the multidimensional analogue of the identity H' = &y proved
in Chapter 1. A natural statement would be a formula for aj(1U), where U is an open subset of §)
and 1y is the indicator - or characteristic — function of U, equal to 1 on U and to 0 outside of U.
However, open subsets in R4 are complicated enough so that no such formula exists without additional
assumptions on U. A relatively general formula of this kind will be the purpose of the next section,
devoted to superficial measures and to the jump formula. At this stage, let us just consider two very
simple examples in R2.

i) Half-spaces. Consider H, = {(z1,22) € R? : &1 > a} C R? for some a € R. Then an
elementary calculation gives

Or(11,). ¢) = /R o(a,x2) iy , Dy(1p,) =0

ii) The unit disc. Consider D = {(z1,72) € R% 22 +23 < 1} C R2. Then using polar coordinates,
one easily checks that

2m 2
(01(1p), ) = / cos p(cosb,sin@)db , (02(1p),p) = / sin p(cos b,sin6) db .
0 0
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Notice that, in all the above examples, 8j(1U) is a distribution of order 0, supported by the boundary
OU of U. This fact will be generalized in the next section.

2.3.5 Convergence

Definition 2.3.15 A sequence (7},) of elements of D’(Q2) converges to T' € D' (Q) if

Vo € D(Q) , (Tn, ) — (T, ) .

If f € L'(RY) satisfies
/ flx)de =1,
Rd

if(f)—nso.

€d? \g/ e=0

then

This observation leads to the following notion of regularization. Fix p € Cgo(Rd), supported in the unit
ball, such that

and consider

Given an open subset €2 in ]Rd, set
O = {z € Q,d(z,Q°) >} .

If z € Qf, the function
pe(x —.) 1y = pe(x — y)

is supported in the closed ball of radius € centered at x, which is included in 2. Hence this function
belongs to C3°(£2), and we may define

Fé(z) = (T, p(x—.)) .

Proposition 2.3.16 The function F* is smooth on QFf, with
0F(x) =(T,0%ec(x—.)) , a € N¢ ,

and, for every ¢ € D(2),
/ Fo(z) p(a) de — (T, @) .
[¢) e—0
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Notice that, given a compact subset K in Q, the integral [, F°(x) ¢(z) dx is well defined for & small
enough and every ¢ supported in K. The proof of Proposition is a consequence of the following
two results, which will be frequently used throughout the course, and are generalisations to several
variables of Propositions and from Chapter 1.

Proposition 2.3.17 (Derivation under the bracket) Let Q C R? Z C RP be open sets, and
T € D'(Q). Let also ¢ € C§°(2 x Z). The function

G:zeZ—(T,p(2))

is C*°, and, for o € NP,
aaG(z) = <T7 8?90(72»

Remark 2.3.18 i) We have written (T', (-, z)) in place of (T, ¢.), where ¢, € C5°(Q) is the
function given by ¢.(z) = ¢(z, 2).

i) f T = f € L,.(Q), we have G(z) = [, f(2)¢(z,z)dz, so that, under the above as-
sumptions, we get G € C®(Z2) and we recover the Leibniz rule of derivation under the [
sign,

- / F(@)8%p(x, 2)da
Q

Proof.— Denote by K the projection of the support of ¢ onto Q). Let zg € Z and = € §2. For h € RY,
Taylor’s formula at order 1 gives

p
o(x,z0 + h) = p(z, 20) +Z§zj (x,20)hj + r(z, 20, h),

with r(x, zg, h _2Za'/ (1 =)0 p(x, 2o + th)dt.
o] =2

Since x +— 1(x, 20, h)) is C* with support in K,

(T, r(z,20,h))| < C > sup |0fr(w, 20, )]
18I <k

for a constant C' > 0 and an integer k € N independent of zg and h. But for |h| < 1,
00r(z,20,h) <2 ) — / (1= 1)000%p(x, 20 + th)dt < CIh*> Y~ sup  |0J0%p(x, 2)),
‘Oc|<2 |Oé‘§2 KXB(O,]_)

Thus
(T, r(x, 20, B))| = O(|h[?).

and,

q
G(20 + h) )+ > (T, 05, 0(x, 20)) b + O(|h[?),
7j=1
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which shows that (G is differentiable at z - in particular GG is continuous, and that
0,G(2) = (T, 0.,(x, 2)).

Then one can replace ¢(z, z) by 8Zj<p(x,z) in the above discussion. We see that for all j, J;¢p is
differentiable, thus in particular continuous. So G is Cl, and the statement of the proposition is true
for any \a\ = 1. One can easily get the general case by induction. O

Remark 2.3.19 In view of the proof above, the assumption ¢ € C3°(€2 x Z) is too strong. What
we need is indeed that
supp(p) C K x Z

for some compact subset K of ().

Proposition 2.3.20 (Integration under the bracket) Let  C R? be an open set, and T €
D'(Q). Let also ¢ € C§°(2 x RP). Then

[ etana:= (1. [ ot.2a:)

Proof.— We start with the case p = 1. Let ¢ € C5°(2 x R). We choose A > 0 and a compact set
K C Q such that suppp C K x [—A, A]. We denote by ¢ :  x R — C the function given by

w,b(ac,z):/t< o(x, t)dt.

The function 1 belongs to C*°(2 x R), and for any z, supp(%) is included into K x R. Therefore
Proposition R.3.17— with Remark .3.19— applies. The function

6() = T2 = (7. [ _etantyar)

z

is smooth, and
G'(2) = (T, 0y¢(x,2)) = (T, p(x, 2)).

Integrating, we get

<T, /t<zg0(:1:,t)dt> =G(z) = . G'(t)dt = /t<z<T,g0(:L“,t)>dt.

This gives the proposition, taking z = A for example.

For p > 1, we proceed by induction on p. Let ¢ € C5°(§2 x RP). Using the result in the case p = 1,
we get, for every 2/ € RP~1,

<T, /R <p(g;,z',t)dt> _ /R (T, o (x, 7, 1))dL.

It remains to apply the induction assumption to ¢ € C3°(£2 x Rp_l) defined by

P(x,2') = /ch(az,z',t) dt .
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The proof is completed by using the Fubini theorem. O

Finally we come back to the proof of Proposition R.3.18. Fix ¢ € C5°(€2). Applying Proposition
— derivation under the bracket— to

p(a)F=(x) = (T, p(x)p=(x = .)) ,
we infer o F© € C*°(2) and
Va € N, 9%(pF®)(x) = (T, 05 (p(x)pe(z — .))) -
Choosing ¢ a plateau function near a point xg € (), we get the first statement of the proposition,
Vo € N4 | 9%F%(zg) = (T, 8%pe(x0 — .))) .

As for the second statement, we apply Proposition — integration under the bracket — to obtain

/ (@) F2(z) dz = (T, 02) , pe(y) = / o(@)pe(e — y) dx
Q Rd

Notice that a simple change of variables x = y 4 £z provides

ve(y) = /Rd oy +e2)p(2) dz .

Since p is supported in the unit ball, we observe that (. is supported in a fixed compact subset of )
is € is small enough. Furthermore, the standard derivation under the integral yields ¢, € Cé’o(Q) and

Vo € N4 | 9%, (y) = /Rd 0%(y +ez)p(z)dz .

Passing to the limit as € tends, to 0, 9%y, converges uniformly to 0%p. We conclude that . converges
to ¢ in C5°(€2). Consequently,

(T,pe) — (T, ) -

e—0
The proof of Proposition is complete. O

Corollary 2.3.21 Every distribution on 2 is the limit of a sequence of test functions in D’'(2).

Proof.— For every j > 1, define
C 1 .
Ki=qzxeQ:dx,Q)>~-, |z|<j; .
J

Then K is a compact subset pof 2, K; C IO(jH and

UJEKi=0.

j=1
Choose x; € Cooo(kj_l,_l) a plateau function near K; and consider a sequence (aj) tending to 0 such
that

(Kjt1)e; C Q.
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Then define
Fj(2) = x3 ()T, pey (=)
By Proposition and by the above support information, we know that F; € C5°(€2). Furthermore,

if p € CSO(Q), the support of ¢ is covered by a finite union of the open subsets Kj’s, hence is contained
into some K. Then, for j > jo,

/wmmwm=AMMﬂ%u»m,

which converges to (T, ) by Proposition .3.16. Therefore F; — T. O

Corollary 2.3.22 Let T € D'(Q) such that, for every j € {1,...,d}, ;T € C°(Q). Then
T € CHQ).

Remark 2.3.23 The proof below is significantly more intricate than its analogue in dimension 1.
Indeed, the analogue of the integral formula used in Corollary in Chapter 1 is much more
complicated in several space dimensions, so we prefer to proceed differently. Moreover, let us
mention that, on the contrary to the one dimensional case, the assumptions 9,71 € L}OC(Q),]’ =
1,....d, do not lead to T € C°(2), but only to T € L} () for p = 2% (Sobolev estimates).

loc

Let us prove Corollary R.3.22. By the gluing principle, it is enough to prove it locally, so we may
assume that {2 is a ball B. For every j, denote by f; € C°(B) the continuous function defining 9,7 .
As above, we define, on the ball B¢, the smooth function

F¥(e) = (T, pela — ) -

Notice that
OiF*(x) = (T, 0p;pe(x —.)) = —(T', 0y, (pe(x — .))) = (0;T, pe(x — .)) = /ij(y)ps(:v —y)dy.

Fix any ball B CC B and g9 > 0 such that B’ C B®. Then the family (9;F*¢).<c, converges
uniformly to f; on B’ as ¢ tends to 0. Furthermore, picking x € CSO(B’) of integral 1, we have

d 1
F@)- [ xF @y = [ x)E@-Fu) =3 [ [ x0)a-0)05F ey dy e,
B B =iJo JB
and the right hand side converges uniformly on B’. On the other hand, by Proposition .3.16,
[ x@Fwdy — 0.
B e—0

so we infer that I'° converges uniformly on B’ to some function F'. Since each 0;F¢ is uniformly
convergent on B’, we conclude that F' € C!(B’). But we also know by Proposition that

T|B/ = F'. Since B’ is arbitrary, this completes the proof. O

A very useful property of the convergence of distributions is the following lemma, which is a conse-
quence of the principle of uniform boundedness which is proved at the end of this chapter.
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Lemma 2.3.24 (Bicontinuity of the bracket) Let (7)) be sequence in D'(2) and (¢,) be a
sequence in D(£2). We assume that 7, — T in D'(Q) and ¢, — ¢ in D(Q). Then

<Tm(/7n> — <Ta ‘P> :

We close this subsection by a useful remark on the gluing principle for convergence of sequences of
distributions.

Proposition 2.3.25 Let (7),) be a sequence of distributions on 2. Assume
0=[Jo
jeJ

for some collection (€2;);c; of open subsets, and that, for every j € J, (Tn)IQj converges to
some T\) € D'(Q;). Then T, is convergent in D'(Q).

Proof.— Let K be a compact subset of ). From Proposition let (x;)jes be a family of test
functions, which are identically 0 except for a finite set of indices j, and such that

supp(x;) C 5, ij =lonK .
jeJ

Then, for every test function ¢ supported in K, we have

(T 0) =Y = (T xj0) = D TV, x;0) -

jeJ jeJ

Since each TU) is a distribution, the right hand side is estimated by C|l¢|lcm for some C > 0 and
m € N only depending on K. Hence T, is convergent in D'((2). O

2.4 Superficial measures and the jump formula

2.4.1 Motivation

In this section, we come back to the problem of identifying the partial derivatives of the characteristic
function of an open set U. It is easy to check that these derivatives are distributions supported by
the boundary QU of U. Under suitable assumptions on U, we shall show that these distributions
are of order 0, and can be expressed in terms of a positive measure supported by 0U, called the
superficial measure of QU as an hypersurface. Thus we first need to define the superficial measure on
an hypersurface, which is the purpose of the next subsection. An intuitive way to define a superficial
measure of a subset of an hypersurface is to thicken this subset with a thickness ¢, and to to take the
limit, as ¢ tends to 0, of the ratio to £ of the Lebesgue measure of this thickened subset. The next
construction tries to make rigorous this intuitive definition.
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2.4.2 Preliminaries on non-negative distributions

Definition 2.4.1 We say that 7' € D'()) is a non-negative distribution when (T, ) € R for
any function ¢ € C3°(£2) with values in [0, +00).

Proposition 2.4.2 If T € D/(Q) is non-negative, then it is of order 0.

Proof.— Let K’ C I be a compact subset, and x € C3°([) a plateau function above K. For ¢ € C3°(f2)
supported in K with real values, one has

Vo € Q, —xsup|p| < p(x) < xsuplel,
thus
(T, + xsup|¢[) > 0and (T, x sup |p| —¢) > 0.

This gives
(T, )| < (T, x) sup |¢|.

If ¢ € C§°(12) is supported in K and is complex valued, we write ¢ = @1 +ip2 with @1, 9 real-valued,
and, with what we have seen before,

(T, ) = (T, o1 +ipa)| < [T, p1) + (T, p2)| < Csup 1] + C'sup 2| < C'supfe],
and this concludes the proof of the proposition. O

From Proposition — and the fact that convenient regularisation processes conserve non-negative
functions —, non-negative distributions therefore extends as non-negative linear forms on C8(Q). By
the Riesz representation theorem, non-negative linear forms on Cg([) correspond to positive Borel
measures on I which are finite on compact subsets. In other words,

Theorem 2.4.3 For every non-negative distribution 7" on I there exists such a unique Borel
measure u, finite on compact subsets, such that

Vo € CH(R) | <T790>=/Q<pdu-

2.4.3 The measure /(f) and the superficial measure associated to {f = 0}.

Let © be open subset of R?, and let f : 2 — R be a C! function. We assume the following property,
(2.4.1) VeeQ, f(x)=0=Vf(z)#0.

We denote by X the set of points = € 2 such that f(x) = 0.

Lecture Notes, Fall 2019 Patrick Gérard



CHAPTER 2. DISTRIBUTIONS IN SEVERAL VARIABLES 73

Theorem 2.4.4 There exists a positive distribution §(f), supported by X, such that, for every
compactly supported function h € C°(R) such that

/Rh(z)dzzl,

the family of functions p. defined on Q by

peta) = 21 (120)

converges in D'(Q) to §(f) as € tends to 0. Furthermore, if g : 2 — R is another C! function
which satisfies () and ¥ = {z € Q, g(x) = 0}, then

(2.4.2) Vgl d(g) = [V fI6(f) -

Proof.— By the gluing principle for convergence of distributions — Proposition .3.25—, it is enough
to prove that every point a of {2 has an open neighborhood on which e has a limit in the sense of
distributions. Moreover, the gluing principle shows that the positivity of this limit near each point a
implies that this limit is a positive distribution on €2 — see the remark after Proposition .
Let a € Q. If f(a) # 0, then the continuity of f implies that | f| > ¢ > 0 on some neighborhood of «,
so that, since h is compactly supported in R, p. is identically zero on this neighborhood if € is small
enough. Hence yi. tends to 0 in a neighborhood of a.
Now assume f(a) = 0. By assumption (R.4.1)), Vf(a) # 0, so there exists j € {1,...,d} such that
0;f(a) # 0. Let us assume for instance that j = 1, and write elements of R? as x = (x1,y), with
r1 € Randy € R91. Then, by the implicit function theorem, there exists an open interval I C R
and an open subset W C R%~! such that a = (ay,b) € I x W C ©Q, and a C! function ¢ : W — I
such that

V(z1,y) € I X W, f(z1,y) =0 <= x1 =¢q(y) .

By the Taylor formula in the 21 variable, we can write

V(z1,y) € IXW, f(z1,y) = f(q(y), y)+(r1—q / 01 f(q(y)+t(z1—q(y),y) dt = m(z1,y)(z1—q(y)),

with m1(q(y),y) = 01 f(q(y),y) # 0 . Given o € CJ(I x W), we compute

/wasO(fE) pe(x) d = /W/]go(ml,y)ih <m(l‘179)(:1 —Q(y))) dz1 dy .

Extending ¢ by 0 to R X W, we can write the inner integral as

[t 2 (MDA o~ [ ptaty) +en) hmlaty) + 22,0)2)
o ([ rtntat).n ) wlatu) = B2
)

Im(q(y),y)l
©(q(y),y

\31f(Q(y37y)!
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Passing to the uniform limit under the integral in the y variable, we infer

©(q(y),y)
[ P e e [y

Furthermore, notice that the denominator of the above integrand can be rewritten in terms of |V f| as
follows. Taking the derivative with respect to y € W of the equation f(q(y),y) = 0, we obtain, by
the chain rule,

Vyf(a(y),y) +01f(a(v),y)Valy) =0,
so that

V1)) =0 a)0) (_gu) - IV = 1007 )] (14 9a0)P)

=

Finally, we obtain

- (1+ Va(y)P)?
/[ @) ela)da = (61, ) = /Ww<q<y>,y> TR

Thus on W we get a positive distribution 5(f), hence a distribution of order 0, so we can multiply it
by the continuous function |V f|, and obtain, if ¢ is supported into I x W,

IV F15(f).0) = /W o(a(w),y) (1+ Va(w)l?)

[NIES

dy .
If g is another C! function which satisfies (2.4.1) and ¥ = {z € Q, g(x) = 0}, we take the derivative
of g(q(y),y) = 0, and obtain

Vo(a(w).) = uala)) (_gngyy) + 19900000001 = 1ot )| (1 + T

N[

so that the same computation as above yields

(V9130 ) = | elalw).o) (1+]a0)P)* dy
w
In particular, |Vg|d(g) = |V f|6(f) in I x W, and, by the gluing principle,
Vgl d(g) = [V F16(f)

in Q. O

From this proposition, we infer that the positive distribution |V f| §(f) does not depend on the choice
of the function f satisfying (R.4.1)) and such that ¥ = {f = 0}. Therefore this positive distribution is
intrinsically associated to .

Definition 2.4.5 The superficial measure of ¥ is the positive distribution
o=I[Vf[o(f),

where f is any C! function satisfying () and such that ¥ = {f = 0}.
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Let us retain from the above definition and from the proof of Theorem the following two important
facts about the superficial measure on X,

i) If ¥ = {f = 0} where f satisfies (2.4.1)), then, for every ¢ € Cg(Q)

/Qih<f()> B [ o) e

i) XN (I x W) = {(qy),y),y € W} where ¢ : W — I is a C! function, then, for every
continuous function ¢ supported into I x W,

1
(2.4.3) [ oot = [ elaw.o) (1+19a0)P)* dy
IxW w
Example 2.4.6 (The superficial measure on a sphere) Let r > 0. Then the function
fr iR\ {0} — R

x = |x|—r

is Ct and f,(z) = 0 is the equation of the sphere S, of radius 7 centered at 0. Notice that
x

Vi(zx)=—

]

)

hence |V f.(x)| = 1. For instance, the intersection of S, with the open set ]0, +o0o[ xR~ is given
by the equation 1 = ¢(y), where

qly) =2 =l*, lyl <r.

Notice that )

- T
Valy) = —2— | 1+ |Vq(y)]? =

vV —lyP? r?—ly

so that the superficial measure o, on S, is given by o, = 0(f;), and, if ¢ is compactly supported
in ]0, +-0co[x R4 1,

d
/ p@do) = [ o (Vi)
10, +oo[xR-1 Jyl<r 2= yl?

Notice that we have a simple connection between o, and o7,

(2.4.4) Vo € CQORY) /Rd o(z) doy(x) = ’I“d_l/ o(ry)do(y) -

Indeed, using the definition,

/Rd o(z) do, () Eli_%i/Rd I (fU|5 7“) ¢(z) dw
= e”—rPo grd_l /Rd h (W) e(ry) dy
= [ et

using the change of variables z = r in R? and the new small parameter ¢/ = £

>

Finally, it is easy to check that, if d = 2,

/R2 o(x) do(x )—T/OQWgo(rcosH,rsinH)dG.
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2.4.4 Integration on level sets : the smooth coarea formula

The above definition of the superficial measure easily leads to an important formula of integral calculus.
Let f = Q — R be a C! function such that

(2.4.5) VeeQ, Vf(x)#0.

It is easy to prove that the set f(2) := {f(x),z € Q} is an open subset of R - hence is an open
interval if (2 is connected. Indeed, if to = f(a) with a € Q, and if, say, 01 f(a) # 0, then, on a small
neighborhood I x W of a = (a1,b), we have 01 f # 0, hence the function 1 € I — f(x1,b) is
strictly monotone, and consequently its range is an open interval of R.

For every t € f()), denote by 3, the set of equation f(z) = t, and by oy the superficial measure on
.

Proposition 2.4.7 For every ¢ € C3(Q),
dO’t(.%') )
dr = —= | dt.
fustras= [ (Lo o)

Proof.— Fix h € CS(R) of integral 1. For every z € ), we observe that, for every € > 0,

(M

We plug this identity in the x integral and apply the Fubini theorem,

/QsO(w) dm:/R{(/Q éh (‘f(wi_t> o(z) dx) dt .

We now pass to the limit inside the inner integral as € tends to 0. We obtain

(S e
L(t) = /Q gh <€> p(z)dr — {th ‘dva; ;‘ ift e f(Q).

Then the formula follows from the interversion of the integral in ¢ and of the limit as € tends to 0. In
order to justify this interversion, we apply the dominated convergence theorem. First we notice that,
because ¢ and h are compactly supported, Ig(t) is supported into a compact subset of R. So we just
have to prove that I.(t) is uniformly bounded. By the gluing principle — partitions of unity again —,
it is enough to assume that the test function ¢ is supported in a small open subset V' of {2. Assuming
that 01 f # 0 on V, the implicit function theorem shows that, if V = I x W is small enough, the
equation f(x1,y) =tinV, for t close to some value t, is equivalent to 1 = ¢(y,t), where g is a C*
function. Then we can reproduce the proof of Theorem with the additional parameter ¢, writing

L) = / /Ig ( (1,9, )(jl—q(y,t))> o y) dy day

_ // )+ 2,9)2) @(a(y, ) + e2,y) dz dy ,

which is uniformly bounded since ¢ is compactly supported, and \m[ > ¢ > 0. This completes the
proof. O
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Corollary 2.4.8 (Integration on spherical level sets) For every ¢ € CJ(R?\ {0}), we have

/Rd\{o} o(z)dx = /Ooo /S1 o(rw) don (w) 1@ Ldr |

Proof.— Combine Proposition applied to f : 2 € R%\ {0} ~ |z| with the change of variable
formula (2.4.4). O

2.4.5 Superficial measure on a closed hypersurface and the jump formula for a reg-
ular open subset

We first need a number of definitions.

Definition 2.4.9 Let () be an open subset of R%. A closed C' hypersurface of Q is a closed
subset ¥ C €2 with the following property : every a € X has an open neighborhood V in
such that there exists a C! function f: V — R with

ENV={zxeV f(x)=0},VeeXnV,Vf(x)#0.

Essentially this definition is the one we used in the previous subsection, except that one does not
impose that the existence of a global equation f for . This naturally leads to the following

Proposition 2.4.10 Let X be a closed C! hypersurface of Q. There exists a unique positive
distribution o supported in ¥ such that, for every open subset V' C Q anf f € C}(V,R) such
that

YNV={zeV,f(z)=0},VzeeXnV,Vf(z)#0,

we have, in V,

IVIo(f) =0 .

Furthermore, suppo = X.

Proof.— Existence and uniqueness of ¢ follow from Theorem and from the gluing principle.
Indeed, given a € X, consider V, C Q and f, : V, — R as in the definition above. We define
0, € D'(V,) as

Oq = ’vfa| 5(fa) :

Moreover, we consider ¢ = 0 in D'(Q2 \ ). By Theorem and the gluing principle applied to the
open covering

Q=@\2)u | JVa,

aeXx
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we infer the existence of o € D’(Q). Uniqueness also follows from the gluing principle and Theorem
B.4.4. The last statement follows from the local expression of o given in (.4.3). Notice that the
closedness of X is crucial in this proof. O

Definition 2.4.11 Measure o is called the superficial measure on the closed hypersurface X.

We now come to the important notion of a regular open set.

Definition 2.4.12 Let U be an open subset of 2. We say that U is a regular open subset of
Q of class C! if every point a € QU has an open neighborhood V' in Q such that there exists
a C! function f : V — R with

UNnV={zeV f(zx)>0},VeedUNV,Vf(x)#0.

In such a situation, it easy to check that OU is a closed Ct hypersurface of {). Indeed, with the notation
of the above definition, one verifies that

owunv={zeV,f(x)=0}.

However, a regular open set is not only an open set whose boundary is a closed hypersurface. The
above definition also imposes that the open subset U is locally on the same side of this hypersurface
I For instance U = R\ {x; = 0} is not a regular subset of R?, though its boundary is the closed
hypersurface {z; = 0}.

Definition 2.4.13 Let Q be an open subset of R%.

» If ¥ is a closed C! hypersurface of Q and a € X, the normal line to X at a is the line
RV f(a), where f is any function as in Definition .

= If U is a regular open subset of 2 of class C!, the inward unit normal vector to U at
a € 9U is the unit vector
Vf(a)

int _
N =
where f is any function as in Definition . The outward unit normal vector to U
ata € 0U is
Next(a> — _Nint(a) )
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These definitions make sense because of the independence of the objects with respect to function f. In
the case of a closed hypersurface, we already checked, in the proof of Theorem R.4.4, that the vectors
Vf(a) are all proportional, so they define the same line. In the case of a regular open subset, there
exist only two unit vectors on the normal line to QU at a € QU, which can be identified as follows.
For £ > 0 small enough, a +eN"™(a) € U, while a +eN®%(a) € (U)°.

Finally, notice that the mapping N'™™ : QU — R? is continuous,. We call it the inward unit normal
vector field to U. A similar definition holds for the outward unit normal vector field to U .

Theorem 2.4.14 (The jump formula) Let U be a regular open subset of  of class C'. De-
note by o the superficial measure on the closed hypersurface U, and by N : 9U — R? the
inward unit normal vector field to U. Then, in D'(Q),

Vie{l,...,d}, 9;(1y) = N0 .

Proof.— By the gluing principle, it is enough to prove this identity near every point a € ). If a &€ OU,
then 1y is a constant function in a neighborhood of a, so that 8j(1U) = 0 in this neighborhood, which
is also the case of 0.

Assume a € OU, and let f : V' — R be a function near a as in Definition 2.4.12. Denoteby y : R — R

a C! function such that
0 ifz<O
x(2) = ,
1 ifz>1.
Then it is easy to check that

VeeV , 1y(z) = Iimx<f(x)> )

e—0 £

Furthermore, since the right hand side is uniformly bounded, the dominated convergence theorem
implies that this convergence also holds in D’(V'). Therefore, in D'(V'), we have

osan) = mos (x (F) ) = m, 2 (522)

The function b = X’ belongs to CJ(R) and satisfies

/Rh(z)dz:/ooox’(z)dz:l.

Consequently, for every ¢ € CJ(V),
/ w(x)lx’ (f(x)> dz — (5(f), ) ,
0 g 13

so that

%1 o=N"o.

8j<1U) :8]f5(f): |Vf’ j
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Corollary 2.4.15 (The Gauss-Green formula) Let U be regular open subset of class C! in €.
For every ¢ € CA(2),

Vie{l,...,d}, /U@jgp(m) dx = /aU N (x)p(x) do(z) .

Proof.— First assume ¢ € C5°(€2). In D'(§2), we apply the jump formula and get

[ oela)de = ~(0,20).0) =~ (Nfo.0) = [ Npa)ola) o).

U ou

The general case o € C} () follows by approximation. O Let us come to
the special case where U is a bounded regular open subset R%. In this case, we denote by Cl(U) the
space of restrictions to U of C! functions on R<.

Corollary 2.4.16 (The Gauss-Green formula, compact form) Let U be a regular open subset
of class C! in RY such that U is compact . For every ¢ € C'(U),

vVied{l,...,d}, /Uajgp(a:) dx = - NP (x)p(x) do(z) .

Proof.—

Ifp e CI(U), let o € Cl(U) be an extension of ¢ to an open neighborhood UofU. Let X be a plateau
function on U compactly supported in U. The first formula follows from applying the Gauss-Green
formula to x@ € Cj(R?). O

Remark 2.4.17 Both corollaries above combined with the Leibniz formula imply the following
multidimensional integration by parts formula.

vie{l,....d}, /U 8j0() () d = /8 NS () pl) () do () — /U ()0 () dor

U
2.5 Sobolev spaces in an open set

We recall that, from now on, we identify a locally integrable function f with the associated distribution
Ty.

2.5.1 Definition and general facts

Definition 2.5.1 Let  C R be an open set, and s € N. A distribution u € D'(£2) belongs
to H*(Q) if for all & € N such that |a| < s, it holds that 0%u € L?(Q2). We denote by
(|)mrs the sesquilinear form defined on H*(2) x H*(Q2) by

(wv)gs = > (0uld*v) 2 .

laf<s
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We also introduce the associated H® norm

1
lullzzs = (ulw)z = | D 10%ulF2 |

laf<s

so that convergence of u,, to u in H* is equivalent to the convergence of 9%u,, to 0%u in L? for every
laf <'s.

Notice that H%(Q2) = L?(Q). The structure of Hilbert space of L?((2) is transferred to H*(£)), as
shown by the next proposition.

Proposition 2.5.2 The sesquilinear form (-,-)gs is a Hermitian scalar product, which makes
H?(Q) a Hilbert space.

Proof.— The only non trivial fact is completeness of H*(§2) with respect to the ® norm. Let (u;) be
a Cauchy sequence in H*(2). For all || < s, the sequence (9%u;) is Cauchy in L?, thus converges
to a v, € L2. In particular, uj — vo in D'(2), so that 0%uj — 0%y = v,y € L?(2), and (uj) = vo
in H°(Q2) . O

Notice that, for s > 1, u € H*(Q) if and only if u € H'(Q) and, for every j = 1,...,d — 1,
dju € H5~1(2). By induction on s, this reduces many properties of H*({2) to the special case s = 1,
on which we are going to focus in what follows.

2.5.2 Variational formulation of some elliptic problems

Definition 2.5.3 Given an arbitrary open subset (2 of R, we denote by H{ () the closure of
Ceo(Q) in HY(Q).

Note that H&(Q) is a closed subspace of the Hilbert space H'(£2), hence it si a Hilbert space with the
inner product ( .| .) g1 defined in athe previous section.

In what follows, we are going to use the Laplacian differential operator, defined on D’(Q) by

d
AT => 05T
j=1
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Theorem 2.5.4 Let Q) be an arbitrary open subset of R?. For every f € L?((2), there exists
u € H} () unique such that

(2.5.6) —Autu=f

in D'(Q).

Proof.— Equation (2.5.6) in D'(Q2) exactly means
Vo € Co°(Q) , (—Au+tu,p) = / fedz .
Q

Since we are looking for u € H3(€2), we know in particular that u € L?(f2) and d;u € L*() for
j=1,...,d. Therefore the left hand side reads

d
(—Au+u,p) = Z/ Ojud;p dx + / updr = (p|a) g -
oJe Q

Summing up, we are looking for some u € H () such that

Ve € C(Q) . (plm)m = /Q fodz.

Since both sides of the above equation are linear forms of ¢ which are continuous for the H' norm,
the problem is equivalent to finding u € H}(£2) such that

o € HY(Q) (v]u):/fvd:v.
Q

By the Riesz representation theorem, the continuous linear form
v e HH Q) — / fvdx
Q

can be represented by the inner product with a unique element w € H&(Q) Therefore the problem
is solved by setting u = W — notice that the conjugate of a function in HZ(€2) is still in H}(Q2). O
Let us complete this subsection by some remarks about the possible extensions of Theorem

Remark 2.5.5 i) The L? function f can be replaced more generally by any distribution which
extends as a continuous linear form on H{ (). The space of such distributions is denoted
by H=1(Q).

i) If ¢ € L>(§2) and there exists m > 0 such that

q(x) = m
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iii)

almost everywhere on (2, the sesquilinear form
d
(2.5.7) (ulv)q Z (Ojul0jv) L2 +/ quv dx
Q
7=1

is an inner product on H'(£2), inducing a norm which is equivalent to the H' norm. There-
fore H(Q) and H}(2) are Hilbert spaces for this new inner product, and one can solve
similarly the equation

(2.5.8) —Autqu=f
in D'(§2), for every f € H~1(Q).
The above assumption on ¢ can be relaxed for special cases of open sets {2, in particular if

) is bounded.

Lemma 2.5.6 Let (2 be a bounded open subset of R?. For every j € {1,...,d}, there
exists C' > 0 such that, for every p € H}(1),

el < Cllojelz -

By density, it is enough to prove this inequality for ¢ € C3°(12). Let us prove Lemma
with j = 1, say. We write 2 = (z1,y) € R x R? and

lo(@1,y / (| p(t, y)?) dt = —2/00 Re(Orp(t, y)p(t,y)) dt .

1

Using the Cauchy—Schwarz inequality, we infer

el <2 [ 10w(e.0)? dt) (/ywym)

Assuming Q Cla,a + L[xR?!, we conclude, again by Cauchy-Schwarz, that

[ el o dy < 2L ol el oo
RxRd—-1
This completes the proof of the lemma, with C' = 2L.

In view of Lemma , if Q is bounded, the sesquilinear form ( .| .), defined in (R.5.7) is
still an inner product on H{ (), with a norm equivalent to the H' norm, if ¢ € L°°(Q) is
just non—negative — including ¢ identically 0. Hence, under this more general assumption,
it still possible to solve equation (2.5.8) on © bounded. In particular, if Q is bounded, for
every f € H-1(Q), there exists u € HZ(Q) unique such that

—Au=f

in D'(). We will come back to this equation at the end of this paragraph, in the particular
case where Q is regular. We will see that, in this case, the subspace H} () of HQ) can
be described in a more explicit way.
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2.5.3 Approximation by smooth functions

Let us start with the special case 2 = R4,

Proposition 2.5.7 C5°(R?) is dense into H'(R?). In other words, H} (R?) = H'(R?).

Proof.— We proceed by cut off and regularisation. Let y € C5°(R?) such that y(z) = 1 on the unit

ball. Forn > 1, set
T

Xn () = X (*) :

n

Given v € L?(R%), we already know that x,v tends to v in L? as n — co. Let u € H'(R?). Let
us prove that x,u — u in H' asn — oo. Itis equivalent to establish that x,u — v in L2, which
is laready known, and that for every j = 1,...,d, aj(xnu) — 8ju . From the Leibniz formula for
distributions,

i (xnu) = xn0ju + (Jjxn)u ,

so we just have to prove that (6jxn)u — 0in L2. This follows from u € L? and

1
ol =0 (1)

As a second step, we prove that, if u € Hl(Rd) is compactly supported, then u can be approximated
by a sequence of compactly supported smooth functions. Let p € Cgo(Rd), supported in the unit ball

B, and such that
/ p(z)dz=1.
]Rd

ug(w)—pe*U(x)—/ 1p<x_y) uly) dy -

Rd €% 5

Consider, for € > 0,

Then u. € C$°(R?), with supp(ue) C supp(u) + eB. We already know that u. — u in L? as ¢ — 0.
Furthermore, for j = 1,...,d,

Ojue(x) = /Rd djpe(x —y)u(y)dy = — /Rd Ay, [pe(x — y)]uly) dy = pe * Oju(z) .

Therefore 8ju5 — 8ju as € — 0. Summing up, u: — u in H'ase — 0, and the proof is complete.
O Notice that the second step of the above proof implies the following useful result.

Proposition 2.5.8 Every compactly supported element u of H'(Q) is the limit of a sequence
of C3°(€2) supported in an arbitrarily small neighbourhood of supp(u).

Next we deal with the main result of this subsection, which concerns the special case of a bounded
regular open subset of R%,
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Proposition 2.5.9 Let O be a bounded regular open subset of R? with a C> boundary. Then

C>(Q) is dense in H(1).

Proof.— Given a € 0f), there exists an open neighbourhood V, of a such that {2 NV, is the strict
epigraph of a smooth function. Since the V,, cover the compact subset 052 of : Rd, we may extract a

finite covering
N
oo c | W
k=1
and we consider a partition of unity xo, ..., XN associated to the covering

N
ﬁCQUUVk,
k=1

so that xo € C5°(2), xx € Cg°(V fork =1,..., N, and
xXo+txi+--+xv=1

on €. In particular, on €2, we have
N

u = xou + wa .
k=1

We may apply Proposition to You. Therefore it remains to prove that, for every k = 1,

XU can be approximated in H1(€2) by a sequence of C*°((2).

...,N,

We drop the index k for simplicity, and we consider an open subset V = I x W of R? = Ry, x Rg_l

and a smooth function ¢ : W — R such that
VNnQ={(z1,y) € I x W,x1 >q(y) },
and x € C5°(V). For (z,y) €]0, co[xW, we set
v(z,y) = (xu)(z +q(y),y) -
Notice that, for some compact subset K of W and some a > 0,
supp(v) C]0,a] x K .

We need a couple of results concerning this function v.

Lemma 2.5.10 The function v belongs to H'(]0, co[xW), with

9:v(2,y) = 0:(xu)(2+4(y),y) , Oy,v(2,y) = Oy, (xu)(2+4(y),y)+0y,;q(y)0=(xu) (2 +q(y), y) -
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Let us prove Lemma R.5.10. First of all, v € L?(]0, co[x W), since, by the change of variables formula,

/ / (z,y \dedy—/ / (xu)(x1,y) > dry dy < +oo.

Let p € C5°(]0, 00[xW). Let us calculate, using the fact that yu € H(Q),

_/W/ooov(z’y)azso(z’y)dZdy - // (xu)(z1,9)0.0(x1 — q(y),y) doy dy

- - (xuxxl,y)—aa (oles — aly),u) der dy
Q x1
- /;)[(XU)(wl,y)]w(xl—Q() y) dwy dy
Q dr1

— //Ooam(XU)(Z+q(y),y)go(z,y)dzdy.
w Jo

Similarly,

- ey ey dedy = - /| /q:)(xw(xl,y)a o1 — aly), y) do dy

= _A(XU)(xl’y)éz[¢(ml_q( ),y)] dx1 dy

J

— [ 1,90, 0) - Tl — a(w). ) o dy
Q
- A[%ﬁ%g() 10 (1, )l — q(y),v) doy dy
- /W /0 104, + 0,40 0w = + a(w). ) oz, y) dzdy

Since the functions

(2,9) €]0,00[xW = 0y, (xu)(z + q(y), y)
(2,y) €]0,00[xW = [0y, + 9y,q(y) 0, ) (xu) (2 + q(y), y)

belong to L?(]0, oo[x W) by change of variables again, this completes the proof of Lemma 2.5.10.

Lemma 2.5.11 Given v € H'(]0,00[xW), define © € L*(R x W) by

3(z,y) = {v(z,y) if z>0

v(—z,y) ifz<0

Then o € H' (R x W) .

Let us prove Lemma R.5.11l. First we observe that

151122y = 211811720 00wy < 20
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sod € L*(R x W) indeed. Let p € C°(R x W). Let us calculate

—/R/Wﬁ(z,y)ango(z,y)dzdy = /+Oo/ (2, )0y, (2, y) dz dy — / / ;0(2y) dzdy
= —/0 /Wv(z,y)[aij(z,y)+8yjs0(—z,y)]dzdy

In order to use the information v € H*(]0,00[x W), we need to reduce to test functions compactly
supported in |0, co[xW. We introduce x € C*°(R) such that x(¢) = 0 for t < % and x(t) = 1 for
t > 1, and we set, fore > 0,

Xe(2) = X (g) :
The Xe(2) — 1)p,[(2) @as e — 0, and
- [ sewaeeandzdr = <im [T oo, k@ + -z dsdy
= am [T [ o0 e + o) dedy

= [ [ et + oz ) dedy
0 w

/R /W fi(z,y)e(z,y) dzdy ,

Oy.v(2, if z>0
fj(zvy) = 8% ( y) .
(=2, y) ifz<0

where

defines an L? function on R x W. Similarly,

—/R/Wf;(z,y)ﬁzgo(z,y) dzdy = /+OO/ (2,9)0:0(2,y) dzdy — / / 0.¢(z,y) dz dy
= —/O /W v(z,9)0:[¢(z,y) — p(=2,y)] dzdy

— | N [ o0 e - =z )] dzdy
Ny

=l ), v(2,9)X=(2)(p(2,y) — p(—2,9))] dz dy
— i [T o)t ) — o) dzdy

0
1 3
+ lim O () / lv(z,9)|0(2) dz dy
e—0 € £

= /Ooo /W 9:v(z,y)(e(2,y) — p(=2,y)) dz dy
= /R/Wg(z,y)sO(z,y)dzdy,

0,v(z,y) if z>0
9(z,y) = _
—0v(—2z,y) fz<0

where where
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defines an L? function on R x W. Finally, we get o € H'(R x W) with
Oy, 0=f;, 0.0=g.
This completes the proof of Lemma 2.5.11].
Let us complete the proof of Proposition R.5.9. Applying Lemma to
v(z,y) = (xu)(z +a(y). ) ,

we observe that & € H'(R x W) and supp(?) C [—a,a] x K, a compact subset of R x TW. Now
we appeal to Proposition and obtain that there exist 0. € C°(R x W) such that supp(?.) C
[—(a +¢e,a+¢] x K. and 9. — ©in HY(R x W). Then the restriction v. of ¥ to ]0, +-o00[x W
converge to v in H'(]0, oo[x W), and

ue(x1,y) = ve(x1 — q(y),y)

is a family of functions in C°°(£2) which, in view of the formulae for derivatives established in Lemma

B.5.10, converges to yu in H'(Q) as e — 0. O

2.5.4 The trace theorem

Theorem 2.5.12 Let () be a bounded regular open subset of R, with a C> boundary. Denote
by o the superficial measure on 9Q and by N¢** the exterior unit normal on 9€2. There exists
a unique linear mapping

Yo : HY(Q) — L*(09, o)

such that, for every ¢ € C>(0Q),

oY = Plaq -
Furthermore, -y satisfies the following identity,
(2.5.9)
Vie{l,...,d}, Yu,v e HY(Q), /u@ﬂ)d:p :/ fyou%vamtda—/(?juvdm )
Q o0 Q

Furthermore, Ker~yg is the closure H}(2) of C5°(Q) in H().

Proof.— From Corollary and Remark R.4.17, we have, for every ¢, € C*®(Q),

(2.5.10) Vie{l,...,d}, /go@jwd:r—/ (prfxtda—/aijwdx.
Q 0N Q

Consider the mapping -
Yo : ¢ € C®(Q) — pan € L2 (09, 0) .

We claim that this mapping is continuous if Coo(ﬁ) is endowed with the H! norm. Indeed, this is
equivalent to proving the estimate

(2.5.11) lellz200.0) < Cllellm @) -
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Using a partition of unity associated to a finite open covering of the compact set 0f), it is enough to
prove the above inequality when ¢ is supported in the intersection of {2 with a small neighbourhood
of some point of J€). On such a neighbourhood, we may assume that, for some j,

¢
[N > ¢
for some ¢ > 0. Then (2.5.11l) follows from (R.5.10) with 1) = % and the Cauchy-Schwarz inequality.

At this stage, we appeal to Proposition 2.5.9. Since 7o is a continuous linear mapping from a dense
subspace of H!(2) into the Banach space L2(dS2, o), it admits a unique linear continuous extension
from H'(Q) to L?(0), o), still denoted by 9. Since both sides of (2.5.9) are continuous bilinear
maps on H'(Q) x H'(£2) and coincide on the dense subspace C*°(2) x C>°(€2) in view of (2.5.10),
we infer that (2.5.9) holds.

Finally, let us characterise the kernel of . If p € CSO(Q), we have Y@ = Qo = 0, therefore
Ker o contains the closure H}(£2) of C*°(Q) in H!(£2). Conversely, let us assume that u € Ker .
For every f € L?(f2), denote by fe L?(R%) the extension of f by 0 to R%. From identity (£.5.9)
with v = |, ¢ € C°(R?), we infer, in D'(RY),

9j(u) = Oju+ ’youN;nta = dju .

Therefore u € H'(R?). Using the same partition of unity () as in the proof of Proposition 2.5.9,
we are reduced to prove that, for every k > 1,

xru € H3 () .
Notice that xzu = yxu € H'(R?). Let us drop again the index k and consider

v(z,y) = (xu)(z +q(y),v) , (2,y) €]0,00[xW .
Then
xu(z +q(y),y) = v(2,9) ,

where v denotes the extension of v from]0, co[xW to R x W by 0, and so we infer, by the same
argument as in Lemma 2.5.10, that v € H'(R x W). Then we consider, for ¢ > 0,

ve(z,y) = v(z —€,y) .

Of course v. € HY(R x W) and supp(v:) C [e,a + €] x W, a compact subset of |0, co[xW .
Furthermore, the continuous action of translations on L? implies that

e — o]3 = / /W o(z = £,9) — vz W)+ 3 10500 — £, ) — Bz, )2 | dedy
J

tends to 0 as € — 0. We conclude that v. — v in H'(]0, co[x W), and, again by Lemma R.5.10, that
the family u. defined by

ue(21,y) = ve(z1 — q(y), )

converges to xu in Hl(Q) Since, for every ¢ > 0, u. is supported into a compact subset of €2,
Proposition implies that v. € H}(£2). Consequently, xu € H{ (). O
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2.5.5 Solving the Dirichlet problem

Theorem 2.5.13 Let Q) be a bounded regular open subset of R? with a C* boundary. For
every f € L%(Q), there exists a unique u € H'(f2) such that

—Au=f inQ,
You = 0 in 0F) .

Proof.— This is an immediate consequence of Remark (iii) and of Theorem R.5.12. O

Remark 2.5.14 One can prove in fact that, under the assumptions of Theorem , u € HQ(Q)
so that the mapping
A H*(Q)NHI(Q) = L*(Q)

is an isomorphism if € is a regular bounded open subset. Furthermore, more regularity on f
implies more regularity on wu, typically : if f € H™(Q) for some m € N, then uw € H™"2(Q) ; if

feC>®(Q), then u € C*(£2). The latter statement is a consequence of the previous one and of

() H™(Q) =C>(Q) .

meN

2.6 The uniform boundedness principle

In this section, we prove an important result about families of distributions, which implies Lemma

2.3.24

Theorem 2.6.1 Let (7},) be a family if distributions on € such that, for every ¢ € D(Q),

sup [(Th, p)| < +o0 .
n

Then, for every compact subset K of €2, there exist C' > 0 and m € N such that, for every
v € D(Q) with suppp C K,

sup (T, p)| < Clleflom -

n

In other words, if for instance a sequence T, is such that (T},, p) has a limit for every ¢ € D(1),
one gets a uniform estimate on the action of the sequence 1;,. Let us show how this implies Lemma
2.3.24. 1f T,, — T, then the assumption of Theorem is fulfilled. If ¢, — @ in D(Q), let K
be a compact subset which contains the support of ¢,, for every n, and hence the support of ¢. By
Theorem R.6.1], we have, for some C, m independent of n,

|<Tna(Pn - @)’ < CH‘Pn - SOHC’" —0.
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Then
<Tna SOn> - <Tna Pn — QO> =+ <Tm 90> — <T’ §0> :

This completes the proof of Lemma 2.3.24.

In the rest of this section, we give a proof of Theorem in three steps. For every compact subset
K of 2, we denote by Dy the subspace of D(£2) of test functions ¢ such supp(p) C K.

2.6.1 Stepl. Realizing D) as a complete metric space

Lemma 2.6.2 There exists a distance function d on Dg having the following properties.

i) If n,p € D then ¢, — ¢ in D if and only if d(¢y,, ) — 0.
ii) The metric space (Dg,d) is complete.
iii) For every ¢, 1,0 € Dk, d(o+ 0,1 +0) = d(p,v) .

iv) For every ¢ > 0, there exist m € N and r > 0 such that the set {¢ € Dk : ||¢||m <7} is
contained into the closed ball for d centered at 0 and of radius €.

Proof.— For , 1) € D, we set
[e.e]
d(g&,’(?b) = Z min (2_m, ||(10 — ’Qb”cm) .
m=0

It is clear that d takes values in [0,00[, and that d(p,9) = 0 <= ¢ = 1. The symmetry
d(p,v) = d(¢, p) is trivial, as well item iii) of the Theorem. Finally, the triangle inequality is a
consequence of the elementary inequality

min(a,z + y) < min(a, z) + min(a,y) , a > 0,2 > 0,y > 0.
Let us prove item i). If ¢, 0 € D, the statement ¢,, — @ in D is equivalent to
(2.6.12) Vm e N, ||¢n — @llem — 0.

Since d(¢n, ) > min (27™ ||, — |lom), it is clear that (R.6.12) is implied by d(¢n,») — 0.
Conversely, (R.6.13) implies that every term of the series defining d(,, @) tends to 0. Since this
series is normally convergent, this implies d(¢y,, ¢) — 0.

Let us prove item ii). Let (¢,,) be a Cauchy sequence in the metric space (Dg, d),
Ve > 0,3N(e) e N:Vn,p > N(e),d(pn,pp) <c.

Let m € N and € > 0 be such that ¢ < 27™. Since d(¢p,pp) > min (27", |[¢n — @pllcm), we
conclude that, for n,p > N(¢), |[¢n — @pllcm < €. In other words, (¢y,) is a Cauchy sequence
in the Banach space Cj? of C"™ functions supported in K. Hence there exists tp[m] € C} such that
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llon — @™||cm — 0. Since this is true for every m € N, and since convergence in C;’{”'l implies
convergence in C7%, we conclude that

M =pe (| CR =Dk,
meN

and that ¢,, — @ in D, which, by item i), means d(p,, v) — 0. Hence (D, d) is a complete metric
space.

Finally, let us prove item iv). Let m € N be such that 27" < %, and let » > 0 be such that
(m+1)r < 5. If ||o|locm < 7, we have

d(p,0) = Y min (279 |¢lca)
q=0

m oo
D el + D 279
q=0

g=m+1

IA

< (m+Dr+27m<e.

This completes the proof. O

2.6.2 Step 2. The Baire lemma

Lemma 2.6.3 Let (£,d) be a complete metric space. Every countable intersection of open
dense subsets of £ is dense in £. Every countable union of closed subsets of £ with empty
interior has empty interior.

Proof.—The second statement is equivalent to the first one, since the complement of an open set is a
closed set, and the complement of a dense set has an empty interior.

Let us prove the first statement. Denote by B(yp,r) and By(p,r) respectively the open and the
closed balls of radius r centered at ¢ € £. Let (Ok:)k;eN be a sequence of dense open subsets of £.
Fix g € € and € > 0. We want to prove that

B(gpo,e) N () Ox #0.

keN

Since Oy is dense, B(pp,&) N Oy contains some element 1. Since B(ypp,e) N Oy is open, there
exists 1 > 0 such that
Bf((plvrl) C B(<10075) N 00 )

moreover we may assume that r; < %
Since O is dense, B(y1,71) N O; contains some element ¢y. Since B(p1,7r1) N Oy is open, there
exists o > 0 such that

By (p2,m2) C B(p1,71) N O1
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moreover we may assume that o < 2%
Continuing that way, we define a sequence (¢y)r>1 of elements of £ and a sequence (ry)g>1 of

positive numbers such that
€
VEk > 1 Bf(pr41,7k41) C B, ) N Ok, 11 < o -

In particular, the sequence of closed balls (Bf(yk, r))k>1 is decreasing, with a radius tending to 0.
Moreover,
Bi(pr: ) € Ox N ---N Op N Blgo,e) -

Hence we are reduced to prove that

() Br(or i) # 0.

k=1

We observe that (¢ ),>1 is a Cauchy sequence in £. Indeed, if £ > 0, @r4¢ € Bf(pk, ), hence

d(gkarfv ka’) <7 )

which tends to 0 as k tends to co. Since £ is a complete metric space, @y has a limit ¢ € £. Passing
to the limit as £ tends to infinity in the above inequality, we get, for every k > 1,

d(@? (Pk) <7,
so that
o0
v € () Brler:ma).
k=1
This completes the proof. O

2.6.3 Step 3. Proof of Theorem

Let us use the notation of Theorem R.6.1. We set, for every k € N,
Fr ={p € Dk :Yn, [Ty, )| < k}.

Since each T, is continuous on Dy, Fi is a closed subset of D . Furthermore, the assumption of
Theorem precisely means that

U A =Dk
keN

Let endow Dy with a distance function as in Lemma p.6.2. By Baire’s lemma, we infer that there
exists kg such that ]:ko has a nonempty interior, which means that there exists some ¢y € Dk and
€ > 0 such that

Bf(@an) C ]:ko .

By item iii) of Lemma P.6.2, we know that

B (0,e) = —po + Bf(po, €),
so that, for every ¢ € B¢(0,¢), for every n,

’<Tn7w>‘ < ‘Tna_900>| +k0 < A7
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for some A > (. Using item iv) of Lemma R.6.2, we infer that there exists m € N and r > 0 such
that every 1) € D such that ||1)||cm < r belongs to B(0, <), hence satisfies

sup (T, ¥)| < A

Given p € Di \ {0}, we may apply this fact to

¥

Y=r :
lpllcm

and we conclude that

A
sup (T, ©)| < —|lollom -
n T

The proof is complete.

Remark 2.6.4 The above theorem is an adaptation of the Banach—Steinhaus theorem to the case
of vector spaces admitting a distance enjoying Lemma . Such spaces are called Fréchet
spaces.
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Chapter 3

The Fourier Transformation

The Fourier transform of a function f € L!(IRY) is the function F(f) € L>(RY) given by

F()E©) = /R e~ f(a)da, with | F(f) = < £l
The important role played by the Fourier transform in PDE’s theory is mainly due to the fact that, when
these objects are well-defined,

F(0;)(&) = i&F(f)(€)-
Otherwise stated, F transforms the action of a differential operator with constant coefficients to that

of the product by a polynomial. This would be worthless without an inversion formula giving back the
function f in terms of F(f), as

_ ! G
@) = g L €< F©e,

Unfortunately, this formula only makes sense when F(f) € Ll(Rd), and this is not the case in general
for f € LY. Inthis chapter, we are going to introduce a subspace of distributions on Rd, which contains
Ll(Rd), and a Fourier transformation on this space which sastifies the two above identity.

3.1 The Schwartz space

3.1.1 Definitions and examples

Definition 3.1.1 A function f : R? — R is said to be rapidly decreasing if, as |z| — oo,

Va € N4 z%f(z) = 0 .

Notice that, if f is rapidly decreasing and continuous, all the functions x® f are bounded on R,
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Definition 3.1.2 We denote S(RY) the set of functions € C>(R?) which are rapidly de-
creasing as well as all their derivatives. In other words,

Y(a, B) € Nd,xaﬁﬂgo(x) -0

as |z| — o0o. The set S(R?) is a vector space; it is called the Schwartz space.

Example 3.1.3 /) C°(RY) C S(RY).
ii) For z € C such that Re z > 0, the functiong(z) = e~#** belongs to S(R?).
i) If o1, 9 € S(RY), then @199 € S(RY).

iv) No rational function (even smooth ones) belongs to S(R?).

The topology on S(R?) we will work with is that given by the family of norms (Np)pen given by

Ny(p) = sup sup|z®dPp(z)].
.|| <p

It is clear that for ¢ € C*°(R%), we have the equivalence

¢ € S(RY) <= ¥p € N, N, (p) < 4o0.

Proposition 3.1.4 If p € S(R?) then z29%p € S(RY) for every a, f € N%.

Proof.— This follows immediately from the fact that

(3.1.1) Ny(a"0g) = supsup|a0 (a0 p(2)] < CpasNpsal)
ISP

when [al, 8] < g. 0

3.1.2 Convergence in S(]Rd) and density results

Definition 3.1.5 Let (,,) be a sequence of functions in S(R?). One says that () converges
to ¢ in S(R?) when, for every a, 8 € N?, 2298, (x) — 2*0%p(z) uniformly in z € R?.
Equivalently, for all p € N,

Np(pn — @) = 0 as j — +o0.
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Remark 3.1.6 Let o € N It follows from () that, if () converges to ¢ in S(R?),
then (2%p,) converges to 2%p and (0%p,) converges to (0%p) in S(R?). Otherwise stated,
multiplication by a polynomial and derivation are continuous operations in S(R%).

We already know that S C L, with |||/~ = No(¢). The next proposition states a similar property
for L1,

Proposition 3.1.7 S(R?) c L'(R%), and there exists Cy > 0 such that

Vo € SRY) | [lollpr < CaNat1(y) -

Proof.— We have
1+ |z = (1 +a+ -+ 2 = 3 ca@®)?,
la|<d+1

hence
(1+ 2o (z)]* < BaNara(p)®

Consequently,

[ el de < VBaNana(e) [ | s < Calana ()

(A ey =
since z — (1 + |z|?)~(¢t1)/2 is integrable on R, O

Remark 3.1.8 For every ¢ € N, one can establish similarly

Vo € SR, Vo € R, (1+ [2[7)]p(2)] < CoaNy(9) -
Since C3°(RY) is dense in the LP(R?) spaces for p € [1, +0c[, we get the

Corollary 3.1.9 The set S(R?) is dense in all the LP(R?) for p € [1, +o0].

We also have the important

Proposition 3.1.10 The space C{°(RY) is dense in S(R?): for any ¢ € S(R?), there is a
sequence (i) of functions in C§°(R?) which converges to ¢ in S(R?).

Proof.— Let p € S(RY), and let ¥ € C5°(R?) be a plateau function over B(0,1). We set ¢, (z) =
o(z)x(x/n). The functions ¢, are smooth with compact support, and equal ¢ in B(0,n). By the
Leibniz formula, we obtain

(o~ on)(@) = (@)1~ x(e/m) + 3 0P Tp() (@) ()

y|21y<p
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Thus, as n — 400,

1290° (¢ — o) (@)l < s PR Z 122077
w<ﬁ

3.2 The Fourier transformation in S(Rd)

3.2.1 Definition and first properties

For ¢ € S(RY) we have p € L'(R?), so that F (i) is well defined ans belongs to L>(RY).

Definition 3.2.1 For ¢ € S(R?), we denote , F () or even F,_¢(p(x)) the function in
L>®(R?) given by

H(E) = F(9)(€) = Fanse(pla)) = / e o) da.

R4

The linear map F : ¢ — ¢ is called the Fourier transformation.

Here follows some of the properties of the Fourier transform on S(Rd) that we have asked for in the
introduction.

Proposition 3.2.2 Let p € S(RY). Then ¢ € S(R?). More precisely,

i) Forall j € {1,...,n} Fose(zjo(x)) =i0;F(p)(£).

i) Forall j € {1,...,n}, we have F(9;¢)(§) = i&;F(¢)(&).
i) For a € RY, Fye(p(x — a)) = e EF(p)(€).
iv) Fora € RY, Fye(e" () = Fp)(€ — a).

v) For all integrer p > 0, Np(¢) < Cp aNpta+1(p) -

Proof.— i) The function (z,£) — e~ (x) is C! on RY, et
|0, (67 4p(2))| = | —izze™ ()| = |ajp(z)| € L' (RY).

By Lebesgue theorem, we see that F (i) is C* and

0, F()(E) = [ —iaseEpla) = F-iajplo)).
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ii) Let us first write the proof for 7 = 1. Integrating by parts, we get
/ Op(x)e 8 dxy = i§1/ o(x)e™ @ Edey
R R

Now we integrate with respect to the variable /. By Fubini, since ¢, d1¢ € S(RY) ¢ L'(R%), we
have

Op(z)e @ idy = i{l/ o(x)e @ dg,

R4 R4

To get (iv), we only have to write

Faele™o(a)) = [

e~ E (1) dy = / eEDTo(2)de = F(p)(€ - a).
Rd

Rd

Eventually, performing a change of variable, we have

Faeloto—a) = [

Rd e Sp(r — a)dr = /Rd e TV (x)de = e F (9) (6),

and this is property (iii).

Iterating properties 4), i), we obtain that ¢ € S(RY), and, using Proposition B.1.7, that

Np(@) = sup [|€°0° @l = sup [|F(0%(x"p))] Lo
jal,|8I<p ol I81<p
< sup [[0%(z79)llpr < By sup  Nay1(9%(2%¢))
jal,I8I<p ol 81<p

< CpalNptat1 () -
O
Because of the presence of a factor ¢ = /—1 in (i) and (ii), it is sometimes convenient to use the

notation
1

i
Then, for example, (ii) becomes F(D;¢) = &;F(p), and (i) is D; F(¢) = —F(z;4). Summing up,
we have o
{ Djp = ¢,
9 =—D;.

Notice also that, by (i), F(¢) is C> since z%p € S for all a € N,

3.2.2 Gaussians

For A > 0, we set

Proposition 3.2.3
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Proof.— Since G\ (x1,...,24) = Gx(x1)...Gx(x4), it is enough to prove the case d = 1, which we
now assume. Then we observe that

G\(z) = —XzGy(x)

hence by properties i) and ii) of Proposition B.2.7, we infer

i€ (€) = —Mjféma) |

A 3
Solving this differential equation leads to G)\(§) = G\(0)e™ 2% , and the proof is completed by the
Gauss integral identity

A Z2 2
GA(O):/e_2d$: il
R A
O
Exercise 3.2.4 Compute Fxﬁg(e*)‘ﬂ) by calculating / e‘ACQdC using the Cauchy integral

Im(=¢
formula for holomorphic functions.

3.2.3 The Inversion formula

Theorem 3.2.5 Let p € S(RY). Then

Proof.— We first observe that it is enough to prove this identity for x = 0. Indeed, in view of property
(iii) of Proposition B.2.2, the general statement follows from applying the formula

0(0) = i [, D€ de

to the function v, defined by ¥, (y) = ¢(z + y).
Consider the linear form

L:ypeSRY) w [ P(&)de

R4
We claim that, if 1/(0) = 0, then L(1)) = 0. Indeed, applying the Hadamard lemma and its
proof, we infer

d
v(@) =) wj)
j=1

where 91, ..., € S(R?). Taking the Fourier transform of both sides and applying property (i) of
Proposition B.2.2, we infer

d
$(€) = i0514(€) .
=1
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Integrating both sides on Rd, we conclude
P(§)dE=0.
Rd

Hence we have proved that the kernel of the linear form ¢ + 1(0) on S(R?) is contained in the
kernel of L. Consequently, there exists ¢ € C such that, for every ¢ € S(R%),

L(y) = c(0) .
Applying this identity to ©» = G'1, we infer, in view of Proposition B.2.3,
c=(2n)%.

In order to reformulate this important theorem, we introduce the symmetry o : S — S defined by

op(r) = p(x) = p(-x)

and observe that

coF=Foo=F.

Corollary 3.2.6 The Fourier transformation is an isomorphism on the vector space S(RY). Its
inverse 71 is given by
Fl=(mnF.

Equivalently, we have

(3.2.2) FoF = (2n)lo .

Remark 3.2.7 As an immediate consequence of (B:2.2), F* = (F o F)? = (2m)%I .
3.2.4 The “change of head” lemma
The following proposition is elementary but crucial for the whole chapter.

Proposition 3.2.8 Let ©,7) € S(R?). Then

/ HEN(E) de = / o)) de
R4 Rd

Proof.— By Fubini’s theorem,

Lo = [ ([ twma) v

= [ et ([ e evirac) do= [ otwritnas.
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We now come to some important identities which easily follow from the inversion formula.

3.2.5 The Plancherel identity

Proposition 3.2.9 (Plancherel formula) Let ¢ and ¢ be two functions in S(R?). Then

/ ()P () di = (2) / H(E)0(€) de
R4 Rd

Proof.— We first observe the following identity,
(3.2.3) o=0(p),

which is merely a reformulation of

26 = / e (a) da

Then, applying Proposition B.2.8, we obtain

[oo=[ 0.
Rd Rd
But, combining identity (B.2.3) with identity (B.2.2),

b = o1 = (2m) o0 = (2m) %) .
This completes the proof.
In terms of the Hermitian scalar product in LZ(Rd, C), the above identity can be written as

(QO’ ¢)L2 = (2711-)d (@7 12})L2 :

In particular, for ¢ = ¢, we obtain the famous Plancherel formula in S(R9):

Corollary 3.2.10 (Plancherel) For any ¢ € S(Rd), it holds that

ol L2 (ray = (27T)_d/2||<ﬁHL2(Rd)-

3.3 The space S'(RY) of tempered distributions

3.3.1 Definition, examples
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Definition 3.3.1 A distribution 7" € D’(R%) is said to be (a) tempered (distribution) when
there exists C' > 0 and p € N such that, for all test function ¢ € C3°(R%),

(T, 0) < CNp(p).

Notation. We denote by S’(Rd) the space of tempered distributions on R4,

Example 3.3.2 If T € £(R?), there is C > 0, m € N, such that for any ¢ € C=(R?),

(T, ) <C Y sup|0“p| < CNp(p).

|| <m
Thus &(R?Y) ¢ S'(R%), that is compactly supported distributions are tempered.

Example 3.3.3 For p € [1,+00], we have LP(R%) C &'(R?). Indeed, if f € LP(RY) and ¢ €
CS°(RY), and for q € [1,+0oc] such that 1/p+1/q = 1, we have

Ty @) < | / F@)p@)de] < [ Fllol@loe < ClF o Nusi (),

thanks to Proposition . In particular, in view of Proposition , S(RY) c S'(RY).

Example 3.3.4 Let f € L] _(R?) be such that, for some C >0 and p € N,
VR > 0,/ f(2)| dz < C(1 + R).
|z|<R

. Then we claim that f is a tempered distribution. Indeed, if ¢ € C§°(RY), we have

(e < [@le@ie= [ el dw+z/ @llp(z) do

k<|x|<2k+1

IN

2PC'No(p) + CZ + 2P sup ()]

2k <|z|<2k+1

c’ (No(@HZ?—’“ sup le”+1|90(ﬂf)!>
k=0

ng‘x|§2k+l
C"N, Npt1() -

IN

IN

Example 3.3.5 The previous example admits the following partial converse. If f € L} (R?) has

nonnegative values and is a tempered distribution, then, for some C > 0 and p € N,

loc

VR>0,/ f(z)dx < C(1+ R)P.
|z|<R
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Indeed, if f is tempered, we have, for some A >0 etp € N,

Vo € O (RY), < AN(p) -

f(x) () da
R4

Let x > 0 be a plateau function over the unit ball centered at 0, supported into the ball of radius
2 centered at 0. Then

T

0< /x|<Rf(:c) drx < y f(z)x <E) dr < AN, (X <§>> < C(1+ R)*.

In particular, €” is not tempered on R, since, for every p € N,

R—o0

R
R_p/ efdr — +o0o.
0
We conclude this first paragraph with a simple observation.

Proposition 3.3.6 If T ¢ S'(RY), then 2%9°T € S'(R?) for all a, 8 € N¢.

Proof.— It is sufficient to show that ij and 8jT are tempered distributions when T is. Since
0 € SRY), (x;T,p) = (T,zjp) and (3;T, ) = —(T,d;jp), the proposition follows directly from
(B.L.1). O
Exercise 3.3.7 Show that the function = — e®e’" is not bounded by a polynomial, but belongs

to S’'(R). Hint: it is the derivative of a tempered distribution.

The multiplication of a tempered distribution by a smooth function does not always yield a tempered
distribution. However, it is the case when the function has moderate growth, in the following sense.

Definition 3.3.8 A function f € C°(R%) has moderate growth when for any 3 € N¢, there
is Cg > 0 and mg € N such that

07 f ()] < Ca(L + |a])™.

We denote Oy;(R?) the set of such functions.

Proposition 3.3.9 If 7' € S'(RY) and f € Oy (R?), then fT € S'(RY).

Proof.— Let ¢ € S(RY), and o, 3 € N%. The Leibniz formula gives

20 (fe)l < 3 (f) 220 1107 o < Cy Y <§)(1 +Ja)™]0 ).

V<« <L«
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Then, as in (B.1.1), we obtain
Nyp(fe) < CNpya(e),

where M = max|y|<p M- Thus, for ¢ € Cgo(Rd), we obtain

(T @)l = (T, fe)l < ONp(f) < C'Npyua (),

and this means that 7 is a tempered distribution. O

Exercise 3.3.10 Show that vp(1/z) € S'(R).

3.3.2 The fundamental characterization of S’

Proposition 3.3.11 If 7" is a tempered distribution, then 7" extends in a unique way as a linear
form T on S(R?) continuous in the following sense: if ¢, — @ in S(R?), then (T, ,,) — (T, ).

Proof.— Let ¢ € S(R). There is a sequence (ip;) in C5°(RY) such that ¢; — ¢ in S(R?). The
sequence ((T, ¢;)); is a Cauchy sequence in C since T' is tempered:

(3.3.4) (T, 5 — @) < CNp(pj — ¢r)-

Its limit does not depend on the choice of the sequence (goj), since when ¢;,1; — ¢, we have

(T, p; — ;)] < CNp(pj — ;) — 0.

Thus we can let T' be the linear form on S(Rd) given by

<T,(p>: lim <T’90j>7

j—+oo

where () is any sequence in C5°(R?) which converges to ¢. Since NN, is a continuous function on
S, passing to the limit in

(T, 05)| < CNp(pj),

we get .
(T, )| < CNp(p).

forany p € S(Rd). So T is continuous.
Finally, if 7} is another continuous extension of 7" to S(R?), we should have
<T1790> = <T17 2 90]> + <T17QOJ> -0+ <T7 S0>7
so that T} = T. O

Remark 3.3.12 For simplicity, we shall drop the tilde in the sequel, and set T in place of T.
Notice that, conversely, every continuous linear form on S(R?) satisfies a bound of the form

VSO € Sv |<T7 90>’ S CNP“O)

hence its restriction to C°(RY) is a tempered distribution. Summing up, tempered distributions
identify to continuous linear forms on the Schwartz space S. This explains the notation &’. We
shall use this identification systematically.
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3.3.3 Convergence in S'(R?)

Definition 3.3.13 Let (7},) be a sequence of tempered distributions. One says that (7))
tends to T in S’'(R?%) when for any function ¢ € S(R?), it holds that (T, ©) — (T, ©).

As it is the case in D’(]Rd), this notion of convergence, a weak one, implies a stronger one. We admit
the following result.

Proposition 3.3.14 If T;, — T in &', there exists C > 0 and p € N such that

VoeS, Vn, (Tn, @) < CNy(p) .

As we did for the convergence in D’, the above proposition relies on a uniform boundedness principle,
which follows from identifying the convergence on S as the one on a complete metric space.

Remark 3.3.15 When T}, — T in S'(R), it is true that T,, — T in D’'(R) since C§°(R?) C S(RY).
The converse is not true in general, as shown by the following example: for any sequence (a,) of
complex numbers, the sequence (a,,d,,) tends to 0 in D/(R). However it only converges (necessarily
to 0) in S'(R?) if (a,) has moderate growth, i.e. there is C' > 0, p € N such that

Vn , |an| < C(1+n)P.

Remark 3.3.16 If f, — f in LP(R?), then f, — f in S (RY). If T, — T in S’(R%), then
FT — £T in S'(RY) for all f € Oy (RY).

3.4 The Fourier Transformation in 8’(Rd)

3.4.1 Definition

Let T € S'(R?) be a tempered distribution. The linear form on S(R?) given by ¢ + (T, ¢) is a
tempered distribution since there exist C' > 0 and p € N such that

(T, )] < CNp(p) < C'Nprara(p),
thanks to Proposition B.2.6.

Definition 3.4.1 For T € &'(R%), we denote by 7' = F(T') the tempered distribution given
by
(T, ¢) =(T, ), ¢ € S(RY).
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Example 3.4.2 /) For f € L', we have by Fubini's theorem,
o) = [ s@ewac= [ @ ([ dee=<a) a
R Rd Rd

B /R< S dm) pe)ds = [ fepede,

so that Ty = Tf- The Fourier transformation on &’ restricts to the classical Fourier trans-
formation on L' (see also Proposition below).

ii) For ¢ € S(RY), (50, ¢ = [ (z)dz, thus 5o =1.

Proposition 3.4.3 The Fourier Transform F is an isomorphism on S’(R?). Its inverse is F~1 =
(27)~F. Moreover F and F~! are continuous on S’(R), in the following sense: if T}, — T €
S'(R%), then F(T,,) — F(T) in S'(RY).

These results follow immediatlely form the above definition and Proposition 3.2.6. The same way,
transfering to S’(R?) the properties of the Fourier transform on S(R?), we obtain easily the following
identities in S’'(RY):

F(D;T) = &T, F(x;T) = —D;T, F(1,T) = e ““SF(T), F(e"**T) = 1, 7(T) .

Example 3.4.4 1 = F o F(&)) = (2m)? 5o = (2m)46p.

3.4.2 The Fourier Transformation on ! and 1.2

Here we briefly sum up the main properties of the Fourier transform of a tempered distribution given
by an L! or an L2 function.

Proposition 3.4.5 If T = f € L'(R%), then F(T) = f. More precisely

i) F(T) is the continuous function given by F(T = [e "¢ f(z)dx, and F(T)(&) — 0
when [¢] — +o0.

ii) If moreover F(T) belongs to L'(R?), then F~1(F(T)) = T almost everywhere.

Proof.— The fact that f is a continuous function follows easily from Lebesgue theorem of continuity
for integral with parameters,and the fact that f goes to 0 at infinity is called the Riemann-Lebesgue
lemma. For € S(R?) we have

(T, ) / F()p(&)de = / f(e ( / e—if'%(m)dx> de.
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Since the function (x, &) — f(€)e~ ™€ p(x) belongs to L!(RZ x Rg), we have

Top) = [ el [ e =4 (e = (F.)

and this ends the proof of (i). We also know that F~1(f) = f in &'(R%). 1f f € L'(R?), we thus

A

have F~1(f) = f in D'(R?), and this implies that F~1(f) = f almost everywhere. O

Proposition 3.4.6 The map T € S§'(R%) — (27)~¥2F(T) € S'(R?) induces a bijective isom-
etry on L2(RY).

Proof.— Let [ € L2(R?). For every p € S(R?), we have

(o) = [ St ds
Rd
and therefore, by the Cauchy-Schwarz inequality and the Plancherel identity (Corollary B.2.10),

(o) < M fll2li@llze = @m) 2] fll 2l e

By the Riesz representation theorem, this implies that éL2(Rd) and

1112 < @m)2|If]l2 -

Applying this inequality to f and using the inversion formula from Proposition B.4.3, we infer

@) fllzz = Ifllze < @m)% [ fllze

so that, eventually,
_d, 2
1fllz2 = @2m) 2| fl| 2 -

Since it is clear from Proposition that F is bijective on L2, the proof is complete. O

Remark 3.4.7 There are functions f in L?(RY) such that x +— e ™<f(x) is not integrable
whatever the value of ¢ is (for example, for d = 1, f(z) = (1 + |z|)~3/4). Nevertheless, for
R > 0, the function gg given by

gr(6) = /| @)

tends to f in L2(R%) thanks to the Proposition , since fli;j<g — f in L*(R?). Thus, for
f e L2(RY),

fo = m [ L e

R—+o00

in the L2 sense.
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3.4.3 The Fourier Transform of compactly supported distributions

The Fourier transformation exchanges the speed of decay at infinity of a function with the regularity
of its image, as shown by example by the following inequality

1Dl = | F(z%¢) |z < 2%¢llLr, ¢ € S(RY).
The best speed of decay at infinity for a function is achieved for compactly supported ones ; the result

of this subsection explores this phenomenon more precisely.

Proposition 3.4.8 If T ¢ D/(R?) is compactly supported, its Fourier transform F(T) is the
smooth function on R? given by

F(T)(&) = (T, e ™).
Moreover, there is an integer m € N such that, for all a € N9, there is a Cy > 0 satisfying

[0 F(T)()] < Call + €)™

Proof.— Differentiating under the bracket, we see that the function v(f) given by
() = (Ty, e %)

is a C> function (as a matter of fact, one should write v(§) = (T, x(2)e~¢), for some plateau
function x € Cgo(]Rd) above the support of T', and then apply the theorem). We also have

3%}(5) = <Tx’ (7ix)a6_im.£>v
where, for some constant C' > 0, an integer m € N and a compact set K that depend only on T,

0%0(&)| < C Y sup |97 ((—ix)*e )| < Call + €)™

18]<m zeK

Last, we have T = v. Indeed, for ¢ € CSO(Rd), thanks to the result about integrating under the
bracket,

(T0) = (To () / e € (€)dE) = / (T x(@)e =) p(€)de,

where T'(&) = (T, x(z)e ™), O

3.4.4 Fourier characterization of Sobolev spaces on R¢

We recall that Sobolev spaces H*(£2) were introduced in Chapter 2 for s € N and {2 an open subset of
R%, In this subsection, we use the Fourier transform to provide more information about these spaces
when Q = R,

For £ € RY, we set (£) = /1 + [€[2. The function & — (£) is smooth on RY, and there is a constant
C > 0 such that, for |{] > 1,

Slel <€) < Ol
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Thus, (&) is a regularized version of |£|, in the sense that it has the same behavior at infinity. Fur-
thermore, since this function is smooth and since all its derivatives have growth at most polynomial at
infinity, it acts on S’(R?) by multiplication.

Proposition 3.4.9 Let s € Nand u € §'(R?). Then u € H*(R?) if and only if (¢)%a € L?(R?).
Furthermore, there exists Cs > 0 such that

vu € H*(RY) , CH[[(€)% I < llullas < Csll(€)°all = -

Proof.— If u € H*(R?), then 0%u € L?*(R?) for |a| < s. By the Plancherel theorem, this means
a e LA(RY) ) o] <s.

Now observe that

©F = A+ ++6) = T cat®™

laf<s

for some positive constants ¢,. Consequently,

©*ae))* = Y ca®a(®)) € L'(RY),

la|<s
whence (£)%a € L?(R%).
Conversely, if ()50 € L?(R?), then, for |a| < s, £2(€)* is bounded on R% and we have
£ = (€)™ ()" € LA(RY),
which precisely means that 9%u € L?(RY).

The inequality follows from these considerations and from the Plancherel formula. O

Proposition suggests to extend the definition of *(R%) to every real number s as follows.

Definition 3.4.10 Let s € R. A tempered distribution u € S’(R?) belongs to H*(R?) if
(€)*t € L2(RY).

Example 3.4.11 /) Jy € H*(R?) ifand only if s < 2. Indeed 9y = 1, so that (£)*d € L*(R)
if and only if 25 < —d.

ii) Constant functions do not belong to H*(R%), since 1 = (27)%d is not in L}, .

Here follows another illustration of the fact that H® contains elements that are more and more singular
as s decreases.
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Proposition 3.4.12 Let T € £'(R%) be a compactly supported distribution, with order m > 0.

d d
Then T' € H*(R%)for any s < —m — §-

Proof.— For T’ € £'(R%), we know that 7' € C°°. Moreover

() T(E)] = [(€)* (T, e ™™ 4)| S C(E)* Y sup|dg (e < C(g)+™

laj<m
Thus T € H*(R?) when 2(s + m) < —d, as stated. O
We close this subsection by proving a connection between H? regularity and ck regularity.

We denote by CﬁO(Rd) the space of C* functions on R? that tends to 0 at infinity, as well as all their
derivatives of order < k.

Proposition 3.4.13 (Sobolev embedding) If s > %Jrk:, then every element of H*(R%) belongs
to C*,,(RY), and the embedding H*(R?) — C*,,(R%) is continuous.

Proof.— Let u € H*(R%). For a € N¢ such that |a| < k, we have £%0 € L. Indeed,

s
(>

and (€)k= € L?(R?) since —2(k — s) > d. By the Cauchy-Schwarz inequality, we thus get

€va(€)] < (©la(©)] < (©)F*(©)*la(9)l,

(3.4.5) €% 1 < Conllullme

Therefore 0%u = F~1((i€)*4) € CY, by Proposition B.4.5, and the fact that the identity from
H?*(R?) to Ck, ,(RY) is continuous is just a way to read the inequalities

Vlaf <k, [|0%|Lee < [I€%] 11 < Csnllull s

O Another interesting consequence of Proposition is that we recover Theorem onR%in a
very general way, with optimal regularity of the solution.

Proposition 3.4.14 For every s € R%, the mapping u € H*(R®) — u — Au € H"2(R%) is an
isomorphism.

Proof.— Indeed, this mapping is conjugated through Fourier transform to the mapping
i (€)%

so that the statement becomes trivial in view of Proposition or the subsequent definition of
H*(R%), m

Combining the above three propositions, we obtain he following extension of Theorem to several
dimensions.
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Theorem 3.4.15 For every distribution 7" on R¢ with compact support, there exist p € N and
a family (fa)|a|<p of continuous functions on R? such that

T=3 0(f) -

| <p

Proof.— From Proposition B.4.12, we know that, for some s € R, T' € H*® Let ¢ be a positive integer
such that

d
2q > — .
S+ 2q 5

By Proposition applied ¢ times, there exists ¢ € H*24 unique such that
(I—-A)¥lg=T.

By Proposition B.4.13, we know that g is continuous. It remains to write

q
T=(I-A)g= 1—28? 9= ZCﬁﬁwg

J=1 1B1<q
and the proof is complete. O

Finally, we introduce spaces of distributions in an arbitrary open set of R< which will be very useful in
studying local regularity of solutions of partial differential equations.

Definition 3.4.16 Let () be an open subset of R? and let s € R. We denote by Hj (2) the

space of distributions T € D’(Q) such that, for any x € C5°(Q), the extension to RY by 0 of
the compactly supporetd distribution yu belongs to HS(Rd.

We notice the following important regularity theorem.

Proposition 3.4.17
() Hise(Q) = C=(Q) .

seR

Proof.— If u € C*°(2), then, for any x € CS°(92), xu € C5°(R), so that its extension to R? by 0 is
such that xu belongs to S(]Rd), and consequently xu € H? for every s.
Conversely, if u € H{ () for every s € R, then, any x € C5°(Q2), xu € HS(Rd) for every s, hence,

from Proposition B-4.13, xu € C¥,(RY) for every k, in particular xu € C*°(R%). Since this holds for
any x € C3°(€2), this completes the proof. O
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3.5 Some applications

3.5.1 Partial differential equations with constant coefficients

Let p € C[Xl, e ,Xd] be a polynomial of n variables with complex coefficients,
pX)= ) a.X* XEeR’
la|<m

with a, € C. The integer m € N is the degree of P. Given an open subset § of R?, we denote by
p(0) the operator on D’(2) given by

D(Q)>Tpd)T = Y ad*TeD(Q).
la|<m

Those operators are called linear partial differential operators with constant coefficients. The equation

p()u = f,

where f € D'(Q) is given, and u € D'(f2) is the unknown, is called a Partial Differential Equation
(PDE) of order m with constant coefficients. When f £ 0, it is said to be inhomogeneous, or with
source term f.

Remark 3.5.1 For d = 1, the equation p(Q)u = f is a linear differential equation of order m with
constant coefficients, that can be explicitly solved. For d > 1, the situation is drastically different
and it may even be very difficult to show existence of solutions.

Example 3.5.2 If p(X1,...,X4) = X7+ + X7, then
p(O)T = FT + -+ 03T = AT .

We already encountered operator A which is called the Laplacean, and equation Au = f is called
the Laplace (or Poisson) equation. A specificity of A is that it is invariant by the rotations of RY.
Moreover, one can show that every linear partial differential operator with constant coefficients
on R which is invariant by rotations, is of the form

P=Q(4A)

where @ is a polynomial of one variable. This invariance property explains why the Laplacean
appears so frequently in many areas of Mathematical Physics.

The following proposition is an easy consequence of properties of the Fourier transform on S’(Rd)

Proposition 3.5.3 Let p € C[Xy,...,X4] and P = p(0) be the corresponding differential
operator. For every u € S’(R?), we have

o~

Pu = p(i&) .

The importance of the above proposition appears through the multiplicity of its consequences. We
shall draw some of them in the next subsections.
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3.5.2 Local results

Let P = p(0) be a linear partial differential operators with constant coefficients. In this section, we
study some properties of P on D’(£2), where € is an open subset of RY. We start with a very natural
statement.

Proposition 3.5.4 If P is a linear partial differential operators with constant coefficients of
order <m and s € R, then P: H? (Q) — H;; " ().

loc

Proof.— It is based on the following lemma.

Lemma 3.5.5 If P is a linear partial differential operators with constant coefficients of order
< m and ¢ € C{°(12), there exists functions ¢z € C3°(€2), |B] < m — 1, such that, for every
u € D'(Q),
P(pu) = pPu+ Z 9% (ppu) .
|B]<m—1

Let us prove this lemma. By linearity, it is enough to prove it for P = 9%. We proceed by induction
on |a. If & = 0, the formula trivially holds. Assume it is true for || < m — 1, and let us prove it for
|a| = m. By the Leibniz formula,

0% (pu) = p0%u + Z (g) 9 Ppdlu.
B<a,B#a

Using the induction hypothesis, we may write each term in the second part of the right hand side as a
sum of terms 97 (), u), with |y| < m — 1. This completes the proof of Lemma B.5.5.
Coming back to the proof of Proposition B.5.4, we use Lemma to write

P(pu) = pPu+ Z 9° (ppu) .
|8]<m—1
If u € HE(Q), then pu, psu € H*(RY) and thus
P(pu) € H™RY) , 0°(pgu) € H™HHRY) .

This leads to pPu € H*~™(RY), so that Pu € HS_™(R%). O

loc

A classical problem is the local regularity of solutions u € D'(£2) of equation p(9)u = f, knowing the
local regularity of f. It is possible to give a general answer to this question under some assumption
on p, which we now define.

Definition 3.5.6 Operator p(d) = ngm a,0% is called elliptic of order m if the highest
homogeneous part p,, = Z|a|:m aaX® of polynomial p satisfies

VE € RN {0}, pm(€) #0 .
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For instance, the Laplace operator is elliptic, while the operator 8% — 8% is not.

Theorem 3.5.7 Let P be a linear partial differential operators with constant coefficients,
elliptic of order m, and let 2 be an open subset of R%. If u € D/(Q) satisfies Pu € H.(Q)
for some s € R, then u € HE™(Q). In particular, if Pu € C*(R), then u € C*(9).

loc

o (§2) for some
o € R. Since p is elliptic and since the unit sphere is compact, there exists ¢ > 0 such that, for every
¢ € R with |¢] =1,

Proof.— Let us first prove the result under the additional assumption that u € HZ?

[P (i€)| > ¢
By homogeneity, this implies

VEERY, |pm(€)] > cle™ .

Since
plig) — " pm(i€) = O (|¢|™ )

as |£| — 0o, we infer that there exits R > 0 such that, for every & € R? with |¢| > R,
, c
(3.5.6) [p(i&)] = €™ -

Let x € C5°(RY) be a plateau function on the ball B(0, R). The function

_1—=x(§)
8) = (i)

is C* on R? and satisfies, due to estimate (B.5.6),

()] = O(&)™) -

Therefore we can define an operator  : H™ (R?) — H™+™(R?) for every T € R by

—

Q(T) =qT .

() such that Pu € H (). For every ¢ € C3°(2), Lemma yields

P(pu) = pPu+ Y 0%(pau)

laf<m—1

Now let u € H?

loc

where ¢, € C5°(€2). Consequently,

QP(eu) = Q(pPu) + > Q(0*(pau)) -

|a|<m—1

In the right hand side, the first term belongs to F**™(R%) while the other terms belong to H7 ! (R?).
By Proposition B.5.3, QP (pu) = pu — R(pu), where

Rv = xv,
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so that R(pu) € HT(R?) for every 7 € R. We infer that pu € H™"(stmo+1)(R4) and so

uc Hmin(s—l—m,a—i—l)(Q) .

loc

Ifo+1 < s+m, we iterate this result replacing o by 0+ 1, and, after a sufficient number of iterations,

we conclude
we HiFm™(Q) .

loc

Now let u € D'(Q) such that Pu € HZ (Q). Let V be an open subset of 2 such that V' C (2
is compact. If ¢ € C§°(12) is a plateau function on V, Proposition implies that there exists
o € R such that ¢pu € H?(R?). The following lemma implies that

Uy € HI(oTc(V) :

Lemma 3.5.8 If 0 € R, v € H?(R?) and ¢ € C°(R?), then v € H(RY).

Assuming this lemma, we can apply to uy the first part of the proof and conclude that u € HZT™(V).

Since V' is an arbitrary open subset of {) such that V' C ) is compact, we conclude that u € H5+m(Q).

loc
Let us prove Lemma B.5.8. We have, from Proposition 3.4.8,
Pu(€) = (v, pe™%).

Using the inversion formula and the properties of the Fourier transform on S,

(v,0e77) = (0,06 = ) = [ ou)plé — ).
This leads to

@O = © [ sete—man=(0 [ o mgoman
and we have to prove that the right hand side is square integrable in £ on R, we decompose the
integral into two parts, corresponding to the domains || < |£|/2 and |n| > |£|/2. Using the rapid
decay of 9, the second integral is rapidly decreasing in £&. As for the first integral, we apply the

Cauchy-Schwarz inequality,

2

[ ste=nsman < ([ 1etlan) ( / <€>2"|@(§—n)\2!¢(n)!dn>-
Inl<|€l/2 R4 Inl<I¢l/2

Since |n| < |€]/2, we have (§) < A({ — n) for some constant A > 0, and therefore the right hand
side is bounded by

20

B / (& — >l — m)PIp(m)] d
]Rd

whose integral with respect to £ is finite by Fubini’s theorem. This completes the proof. O
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3.5.3 Global results
We start with solutions of homogeneous equations.
Corollary 3.5.9 With the notation of Proposition , we have

i) If p(i&) # 0 for every £ € R, then the only tempered solution u of Pu = 0 is u = 0.

ii) 1f p(i€) # 0 for every £ € R%\ {0}, then every tempered solution of Pu = 0 is a polynomial
function.

Proof.— If u € &’ satisfies Pu = 0, then p(i§)4 = 0, which implies that the distribution 4 is
supported in the set
d .
{€ € R, p(i€) = 0}

If this set is empty, this implies & = 0, hence u = 0, whence (i).

If this set is {O}, this implies, from the structure of the distributions supported at one point only, that
@ is a finite linear combination of derivatives of dy. Applying F !, we conclude that u is a polynomial
function, which is (ii). O

Remark 3.5.10 A consequence of Corollary is that, under assumption ii), bounded solutions
of Pu = 0 on R? are constants. Indeed, since L>(R%) C S’(R?), this follows from the elementary
fact claiming that a polynomial function which is bounded on R? is constant. This is trivial if
d =1, but less trivial if d > 2. Let us sketch a proof of it. Let p € C[X3,..., Xy4| be such that
function 2 € R? s p(z) € C is bounded. For every y € R?, consider

py(t) =p(ty) , teR.
Function p, is a one variable polynomial function, which is bounded, hence it is a constant.
Writing

p(X) = Z aOéXa7

o] <m
this implies, for every r = 1,...,m, for every y € R¢,
Z any® =0 .
laf=r

Taking the 0% derivative of the left hand side, we infer a, = 0.

Example 3.5.11 = Case (i) is fulfilled by P=A + X if A € C\ Ry.

= Case (ii) is fulfilled by P = A on R Consequently, tempered harmonic functions on R?
are polynomial functions. In particular, we infer the strong Liouville theorem : any bounded
harmonic function on R? is a constant.

Case (ii) is also fulfilled by P = 01 + i02 on R2. In other words, the only tempered entire
functions on C are polynomial, and again (Liouville), we recover that the only bounded
entire functions are constant.
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The second application concerns fundamental solutions.

Definition 3.5.12 Let P = p(0) be a linear partial differential operators with constant coef-
ficients. One says that £ € D'(R?) is a fundamental solution of P when PE = §.

Notice that in Physics, fundamental solutions are often called Green functions. The importance of
fundamental solutions is provided by the following remark.

Proposition 3.5.13 If P has a fundamental solution E € D'(R?), then for all ¢ € C°(RY),
the equation Pu = ¢ has a solution given by u = E x .

Proof.— In chapter 2, we saw that 0;(T" * ¢) = T * 0;¢0 = 0;T * ¢, hence
P(Ex¢) = (PE)xp=205%p =g,
so that u = F % ¢ is a solution of Pu = . O

Using a convenient definition of convolution of distributions, it is in fact possible to extend the above
proposition to any right hand side which is a compactly supported distribution. We shall see an example

of this in Theorem below.

B. Malgrange and L. Ehrenpreis have proved, independently in 1954/1955, that any non trivial linear
partial differential operator with constant coefficients has a fundamental solution. It is fact possible to
prove that one can choose this distribution to be tempered. The proofs of these results are beyond the
scope of these lectures. In what follows, we rather study the important case of the Laplace operator.

Proposition 3.5.14 Let d > 3, and let E; € D'(R?) be the L]

loc

(RY) function given by

1
(4= 2)o (ST a] >

Ey(z) =

Then
—AE; =14 .

Proof.— We are going to use Fourier transformation. Indeed, by Proposition B:5.3, in S’'(RY), the
equation

_AE =

is equivalent to
IE2PE=1.
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Since d > 3, the function 1/|€|? is locally integrable in RY. More precisely, by decomposing it as the
sum of the contributions for |¢| < 1 and for |£] > 1, one shows that this function is the sum of an L!
function and of an L> function. As a consequence, 1/|¢|? belongs to S’(R%), and therefore

S 1)
Fa:=F (!fP

is a tempered fundamental solution of —A. It remains to calculate E,;. Since —AE; = 0 on Rd\{O},
we know from Theorem that Ey is a C™ function on R?\ {0}. We claim that this function is of
the form

Cd
Eq(z) = ’(IZ‘d_2

for some constant cg. This is equivalent to the following statement : for every rotation R of Rd, for
every A > 0, for every z € RY\ {0},

Ey(ARz) = N7 9Ey(2) ,

or equivalently, for every ¢ € Cgo(]Rd \ {0}),

(3.5.7) EjARz)p(z)dx = \24 [ Ey(z)e(x)dz .
R4 R4

Let Az := ARw and p4(x) := |det A| "1p(A~1z). We have

E (Ax)p(z)dr = /RdEd(:n)gpA(x)d:I:

Rd
e
ot [ 9O
| B@e@de = o [ e

Furthermore,

Fi(O) = [ leea oA e e dr = [ pla)e i dn = g A

Consequently,

Zi(©) o (LAQ) L e®
— = A — 2 €.
I3 e “ I8 g %= ldetd] I8 Age

Since YA=1 = A1 R, we conclude

GO . a [ )
dé = )\ 122 d
/Rd e © /R ez

and identity (B.5.7) is proved.

In order to calculate ¢y, it is enough to check against the Gaussian function (G1,

Gi@) , o a [ Gi®
Cd/Rd |x|d72daz—(27r) /Rd €2 d¢ .
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Since G1(€) = (2m)%2G (), we infer

—|z[?/2 —|¢?/2
e —d/2 e
cd ———dz = (27 / d
/]Rd |2[d=2 (2m) re €[

Passing in spherical coordinates, this reads

cd/ re "2 g = (27r)_d/2/ rd=3a=7*/2 gy ,
0 0

or
cd = (27T)d/22(d4)/2/ pa=0/2g=t gy — Lo—dpep (d — 1>
4 2
0

Recall that, by applying the integration formula on spherical level sets from Corollary to a Gaus-
sian function, one gets
27Td/2 47Td/2

(5" = Ty = @ orE =D

so that
1

(d—=2)o(ST1)

Cd —
|

Remark 3.5.15 The value of ¢4 can also be determined by applying the Gauss—Green formula to
the integral of |2|2~?A¢(x) outside a ball of radius e.

Remark 3.5.16 It is possible to extend Proposition tod =1,2. Ford =1, it is easy to

check that 1
By(x) = —5al

is a fundamental solution of —92. The case d = 2 is more delicate. The above approach by
Fourier analysis has to be slightly modified, because 1/|¢]? is not locally integrable in R?. A good
way to do this is to consider the operator

P=0,+1i0y .

Since 1/(¢1 +i&s) € L1 (R?), the distribution E € S’(R?) such that
1
i(&1 +i&2)
satisfies PE = &y. Furthermore, from Theorem , E is a holomorphic function outside {0},

and the above proof shows that it is homogeneous of degree —1. This finally leads to
1
27 (zq + ixo)

E=

E(r) =
and, observing that
E = (0y — ido)[(47)  log(x? + 23)]
in D'(R?), we conclude that
1
Ey=——1|
2 2 o9 z]

is a fundamental solution of —A on R2.
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Our next and final step is to study equation —Awu = f when f is an arbitrary compactly supported
distribution on R2. Notice that, from Theorem B.5.7, every solution u of this equation is a C'™ function
on the complement of supp(f). For simplicity, we shall restrict ourselves to the case d = 3, for which
this equation is the Poisson equation of electrostatics.

Theorem 3.5.17 For every compactly supported distribution f on R3, there exists a unique
distribution u on R? satisfying —Au = f and u(xr) — 0 as z — oo. Furthermore, for
x ¢ supp(f), u(x) is given by

(3.5.8) u(z) = <f,X> :

dr|x — |

for every y € C5°(R3) equal to 1 in a neighbourhood of supp(f) and equal to 0 near z.

Proof.— The uniqueness of u is immediate in view of the Liouville theorem for harmonic functions
- see Example B.5.11. For the existence, we look for u in S’(R?), and Proposition leads to
equation
9. "
Elfa=f.
Since f is smooth on R? with moderate growth and 1/]€]? is the sum of an L' function near ¢ = 0
and of an L function near infinity, we can define u by
(3
a(g) = :
€[
Our task is now to prove identity (), since it implies that u(:n) — 0 as z — 0. As a first step,

we are going to prove this identity if f = ¢ € CSO(IR{3). In this case, denote by g the inverse Fourier
transform of

€17

Since ¢ is integrable on R? and rapidly decaying at infinity, we know that g is smooth and tends to 0
at infinity. Consider the following smooth function ,

_ v(y)
E5 x p(x) —/R3 ppp— dy .

Then

—A(E3 x @) = SAY/

and it is clear on the above expression that F3 cp(x) — 0 as x — oo. Therefore, by the Liouville
theorem, g = E3 * .

Let us come to the general case of a compactly supported distribution f. Let p € COO(R3) with integral
1, and, for every € > 0,

pe(x) = Eigp (E) :

3
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Then p. * f = f. € C5°(R?) and converges to f in D'(R?) as ¢ — 0. In fact, as we already observed
in similar cases, f. is supported into a small neighbourhood of supp(f), so that f.(§) — f(§) with a
uniform moderate bound (1 + |£|)™ for some m. Let u. = E3 % f.. We know from the above identity
that

. [

U =
R

and the right hand side converges to 4 in S’(R?). Hence u. converges to u in S’'(R?), and for every
test function ¢ € C3°(R3),

(u,) = I|m<ua, = Ilm/ Es x f.(x)p(z) dx

- alﬂqo//ﬂ{dx]Rs (z —y)f-(y)o(x) dz dy
= Iim/ fe(Y)Es = o(y) dy

e—0

= (f,x(E3x*¢))

for every y € CgO(R3) equal to 1 in a neighbourhood of supp(f). Notice that

X(y)Es * ¢(y) :/R ﬂ@(l‘) dz .

3 dm|z — vy

If supp(¢) Nsupp(x) = ), we can apply Proposition of integration under the bracket to obtain

(1) = foxBarol) = [ o) (X o

and this yields formula (B.5.8). O

Remark 3.5.18 Notice that formula (B.5.8) leads to a complete expansion of u(z) as z — co. In

particular,
q 1
— o —
) = 1 +0 ()

where ¢ = (f, x) for every x € C5°(R3) equal to 1 in a neighbourhood of supp(f). This expansion
supports the well known fact in Physics that any charge distribution f with nonzero total charge
(¢ = (f,1) # 0) can be seen at infinity as a point distribution with charge q.

We conclude this subsection by a remark about the generalization of the above approach to partial
differential equations with non constant coefficients.

Remark 3.5.19 There are several directions where Fourier transformation can be used to study
solutions of partial differential equations with non constant coefficients.

i) The first and most direct topic concerns equations with affine coefficients. Indeed, the
Fourier transform converts such equations into first order linear equations with polynomial
coefficients, which can be solved in general. A famous example in dimension d = 1 is the
Airy differential equation,

u’(z) = zu(x)
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on R. It is well known from the classical theory of differential equations that the space of
solutions of this equation is contained into C*°(R) and is two—dimensional. Let us look for
solutions u which are moreover tempered. Then the equation satisfied by 4 is

(i€)*a = ijgﬂ,
or i
U B IN
d—g =20 .
The solutions in D'(R) are given by
3

@(ﬁ):cei%,ce(c,

which are indeed tempered distributions, since in L>°(R). Consequently, the space of tem-
pered solutions of the Airy differential equation is one dimensional, generated by the Airy

function,
23
Ai(z) = F! <e1%>

ii) The second and much more general topic concerns the regularity theory of distribution
solutions to partial differential equations with arbitrary smooth coefficients in arbitrary open
subsets of R?, using cutoff functions in a smart way. This is the starting point of the theory
of pseudo—differential operators, which is beyond the scope of this course.

3.6 Fourier series

In this subsection, we show how the theory of Fourier series can be considered as a special case of the
Fourier transformation on tempered distributions. We start with a very natural definition. Recall that,
fora € R% and T € D'(R?), we have defined 7,(T) € D’ (R%) by

Vo € DRY) , (a(T), ) = (T, 7-a(¥)) ,

and 7(¢)(z) = p(x — b)

Definition 3.6.1 A distribution 7' € D'(R?) is said to be Z—periodic if

Vyezt, r(T)=T.

Notice that derivatives of Z%-periodic distributions are Z%-periodic, as well as their product with C*®
Zd—periodic functions. A typical example of a Zd—periodic distribution is given by distributions defined
by Zd—periodic locally integrable functions. Another example is

T=> 5.

~ezZd
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The following proposition explains how to construct Zd—periodic locally integrable functions from Lt
functions on R%.

Proposition 3.6.2 Let f € L'(R?). For almost every x € R?, we have

Yol =) <oo,

~EZ

so that the formula

fila)i= 3 flw—)

~eZ4

defines a Z%periodic locally integrable function on R?. Furthermore, if ) denotes the cube
[0, 1[¢, the following identity holds,

(3.6.9) /qu@) dx = y flx)dx .

If o € S(R?), then ¢! € C®(R?), 0%F = (0%p)* and
(3.6.10) 100 e < Cy Nay14(al(0) -

Furthermore, there exists y € C3°(R?) such that x¥ = 1.

Proof.— By the monotone convergence theorem,
| ra-lae=Y [ lfa-lde=3 [ |rwldy.
Q'yGZd 'YEZd Q ’YGZd 7+Q

Since

UG+ =r?

yezZd

and since the cubes v + () are pairwise disjoint, we conclude

> [ sl = [ sl < co.

~eZ4

Consequently, for almost every x € ]Rd,

S If @ =)l < oo,

yezZd

and so we can define f¥(z). Notice that, for every vo € Z¢,

fila—v) =Y fla—w-7=> fla—p) = fi).

~YEZS BeZ?
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Furthermore, by the above calculation,
[1f@lar< [ 1@< oo
Q R

so f!is a Z%-periodic locally integrable function on R?. Identity (B.6.9) follows from integrating the
series defining fﬁ, and from using again the disjoint covering of R by the cubes v + Q.
Let us suppose ¢ € S(R?). Recall the estimate of the proof of Proposition B.1.7.
Aqg
(@) < g5 Na+1(¥) -
(L4 |z[*)2
Consequently, for every v € Zd, we have
By
sup [p()| £ —————7 Nat1(e) -

z€1+Q (L4 )2

Using for instance Proposition ??, we have

Z;m«”
)2

S+

Hence the series defining goﬁ(a:) is uniformly convergent on compact subset of ]Rd, and this also true
for the series defining (0%¢)f. Consequently, ¢! is smooth, %! = (9%p)* and (B.6.10) follows.
Finally, choose x1 € C5°(R?) such that 0 < x1(z) < 1 and x1(x) = 1 on Q. Then x* € C®(R?) is
Vi —-periodic, and X’i > 1. Therefore

X1
X:i=—5€ C(RY)
X1
satisfies Xﬂ =1. O

Given k € (27Z)%, notice that

ep(z) = etk

defines a C> Z® -periodic function. We say that a sequence (Ck-)ke(2ﬂ.z)d of complex numbers has
moderate growth if there exits M, C' > 0 such that

Vi e 27Z2)¢ ) |ep| < C(1 + k)M .

E CLek

ke(2nZ)?

defines a tempered distribution. Indeed, if ¢ € S(R?), ¢(k) = O((1 + |k|)"P) Npyas1(p) for every

P, so the series
> p(—k)
ke(2rZ)d

If (ci) is such a sequence, the series

is absolutely summable, and we can define a tempered distribution by

Yo € S(Rd) , < Z ckek,g0> = Z ckp(=k) .
)d

ke(2rz ke(2nz)?

The next theorem claims that every Vi -periodic distribution is of this form.
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Theorem 3.6.3 Every Z?—periodic distribution 7" can be written uniquely

(3.6.11) T = Z cx(Tey » en(x) = R
ke(2nZ)?

where (i (7)) ke (274 is a sequence of complex numbers with moderate growth. Furthermore,
for every x € C3°(R?) such that x* = 1, we have

VEk € (2n2) , ep(T) = (T, xe_y) .

Proof.— First, we prove that every periodic distribution 1" is tempered. Indeed, if p, 9 € C(‘)’O(Rd),
let us check the formula

(3.6.12) (T, ™)y = (T, o)) .

Since the series defining goﬁ converges in C*°, we have

<T7 Wﬁ% = Z <T,g07',y1[)> = Z <Ta T*VSO'QZ» = <T7 SOWJ) .

yezd yezd

Then, introducing x € C§°(R?) such that x* = 1, we have, for every ¢ € Cg°(R%),

(T, ) = (T, ox") = (T, ¢*x) .
Since T is a distribution, we infer, for some C > 0 and some integer m,

(T, )| < C sup [0%(x¢™)|lLee < CNas1m (),

|a|]<m

using the Leibniz formula and estimate (B.6.10). Hence T € S’(R%).

The next step is to characterize the structure of T e S’(Rd). Using the identity

—

T = e 5T
and the Z%-periodicity of T, we have
Vyezd, e T =T .

Notice that the set where all the functions & — (e %7€ — 1) vanish is (277Z)?, hence the support of T
is included into (27Z)%. Let us describe in more detail the structure of 7' near each point k € (27Z)%.
Set
Q= k+] —2m, 27 .
Then, for j = 1,...,d, the functions
e — 1

ek
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are U™ and do not cancel on ();. Consequently, on ()}, the equations
e T =T,j=1,....d

are equivalent to
(xj—kj)T:(), j=1,...,d,

and we know that this implies, by Proposition R.3.11l, that there exists a;, € C such that

T‘lQZ = akék .

Since the open sets ()} cover R?, we infer, by the gluing principle, that

T: Z akék.

ke(2rZ)?

Furthermore, notice that the sequence (ak) has moderate growth. Indeed, since T is tempered, we
have, if ¢ is a Plateau function above 0 and compactly supported in ] — 27, 27T[d,

lar| = (T, Texo)| < CNp(Trxo) < B(1+[k[)" .
Finally, applying the inverse Fourier transform, we obtain

T=02m" Y aF@r)=02m" Y aex.

ke(2nz)e ke(2nz)?

This proves the first part of the theorem, with ¢ := (2)%ay,. Furthermore, given £ € (277)%, and x
a test function such that Xti =1,

(T, xe—¢) = Z crler, Xe—g) = Z (L, xer—e) -

ke(2nz)? ke(2rz)?

But, by formula (B.6.9),

i > / /ﬁ / 0 ifk#(
, X€k—g) = eh—p = ep—pv = | ex—p =
X€k—t Rkae QXke le 1 ke

Finally, we obtain
(T, xe—¢) =cp,

as claimed, and this proves the uniqueness of the sequence (ck) O

Remark 3.6.4 By deriving the Fourier decomposition (B.6.11]), we have

p(8°T) = (ik)%ex(T) , k € (2nZ)? .

Corollary 3.6.5 Let f be a locally integrable Z?—periodic function on R%. Then, in S’(R%),

(3.6.13) = % alpet el ::/Qf(:n)e_ik'xdx, ke (2q7)" .

ke(2nz)e
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Furthermore, if f is locally square integrable, the above series is convergent in L?(Q), with

||f”%2(Q) = Z lee(f)]2 -

ke(2nz)?

Finally, if f is smooth, the sequence (ci(f)) is rapidly decreasing and the above series is
convergent in C*.

Proof.— Let x be a test function such that Xﬁ = 1. Then

lf) = {foxer) = [ fn@e ™ do = [ (fe-sfdo= [ ferds.
Rd Q Q
Therefore the claim is a consequence of Theorem [3.6.3.

In the L? case, we observe that (ey) is a orthonormal family of L?(Q) and that ci(f) is the inner
product of f with ex. From the identity (B.6.13), we observe that, if cx(f) = O for every k, then
f = 0. This implies that (ey,) is an orthonormal basis of L?((QQ), and the assertion follows.

Finally, if f is smooth, for every av 0“ f is locally square integrable, thus

D k(NP =D ler(@*f)I? < o0,
p k

therefore (ci(f)) is rapidly decreasing and consequently the series and all its derivatives converge
uniformly. O

Corollary 3.6.6 (The Poisson summation formula)

Z 0y = Z etk

YA ke(2nz)®

Proof.— Let x be a test function such that Xtt = 1. Then

| D0 | =D (Bxen) = > x(7) =x0)=1.

~y€eZ4 ~eZ ~eZ4

Therefore the claim is a consequence of Theorem [3.6.3. O

As an application, let us now consider periodic solutions of PDE with constant coefficients.

Corollary 3.6.7 Let p € C[X1,...,Xy4] and P = p(9) be the corresponding differential opera-
tor.
i) If p(ik) # 0 for every k € 2wZ%, then the only Z% periodic solution u of Pu = 0 is u = 0.

ii) If p(ik) # 0 for every k € 27Z%\ {0}, then every Z%—periodic solution of Pu = 0 is a
constant.
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As an illustration of Corollary B.6.7, let us prove the following density theorem. Letw = (w1, ...,wq) €
R% be such that the components are linearly independent on Q. Then, for every x € Rd, for every
£ > 0, there exist t € R and v € Z¢ such that

|z —tw—7] <e.
Indeed, the function u defined on RA by

u(x) == tig{&wiergd |z — tw — 7

is Lipschitz continuous, and is Z¢ periodic. Furthermore, for every ¢t € R,
u(z +tw) = u(x) .
This means

Vi € C°(RY) /

y u(z + tw)p(z) de = / u(x)p(z)dr .

Rd
Notice that the left hand side reads

/ u(z + tw)p(e) dr = / w(y)ply — tw) dy
Rd

R4

and, taking the derivative of this quantity with respect to ¢ at ¢ = 0, we obtain

d
- / u(y) Y widie(y) dy .
Rd j=1

In other words, in the sense of distributions on Rd,

d
ijaju = O .
7=1

Since, by the assumption on the components of w, the polynomial function

d
p(z) = wjz;
=1

does not vanish at k € 27Z%\ {0}, we infer that u is constant. Since clearly u(0) = 0, this completes
the proof.

3.7 An application to probability theory

Recall that a probability measure on Réisa positive Borel measure [ on R? of total mass M(Rd) =1.
Such a measure defines a tempered distribution through he formula

Ve € SRY. ) = [ ole) dute)
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Using Fubini’s theorem, we observe that

where
() = | e tdp(x) .
€)= | e an)

Notice that |1(£)| < 1 and that the function /i is continuous, thanks to the dominated convergence
theorem. We now introduce a standard definition in probability theory.

Definition 3.7.1 We say that a sequence (u,,) of probability measures converges tightly to a
probability measure 1 if, for every bounded continuous function f on R?,

/Rdfdun%/Rdfdu.

Before stating the main result, let us make the connection between tight convergence and convergence

in S,

Proposition 3.7.2 Let (u,,) be a sequence of probability measures on R?, and let ; be a
probability measure on R?. Then pu,, converges tightly to x if and only if y, converges to 1 in
S'(RY).

Proof.— Since every function in the Schwartz class is bounded and continuous, the only non trivial part
to be proven is that the convergence in S’ of the probability measures Un, to the probability measure
L implies the tight convergence of p,, to p. First of all, we prove that

/Rdfduw/wfdu,

if f is continuous and compactly supported. Indeed, by regularization, f can be uniformly approxi-
mated by a sequence of elements of the Schwartz space. The uniform bound on ,un(]Rd) = 1 then
allows to extend the convergence on Schwartz test functions to continuous compactly supported test
functions. Next, let f be bounded continuous function. Let x be a plateau function over the unit ball

of R%, and define, for every R > 0,
x

Xr(%) = X <§> :

Then

/Rdfdun—/RdfduzAdfodun—Adfodu+Adf(1—XR)dﬂn—/Rdfu_XR)du_

Since fxr is continuous and compactly supported, we have

/ fodun/ Fxrdp —s 0.
Rd Rd n—o0
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Furthermore,

<= [ axayamn =l (1= [ xndin) =5 U= (1= [xndn)

Summing up, we have, for every R > 0,

/Rdfd”n—/Rdfdu‘ < 2| fllpe <1—/XRdu> .

Since u is a probability measure, the right hand side tends to 0 as R tends to co, by the dominated
convergence theorem. Hence the left hand side, which is independent of R, is 0. O

‘/ f(1—XRr) dun
]Rd

lim sup
n—oo

We now state the main result of this paragraph.

Theorem 3.7.3 (P. Lévy) Let (u,) be a sequence of probability measures on R%. The fol-
lowing statements are equivalent.
i) iy converges tightly to some probability measure.

ii) There exists a function g : R — C, continuous at 0, such that,

VEERT, [1n(6) — g(&) .

n—oo

Proof.— The first implication is trivial. Indeed, since, for every £ € R4, the function frze e 8 g
continuous and bounded, the tight convergence of 1, to u implies the convergence of i, (&) to [i(&).

Let us prove that (ii) implies (i). Since fi,, and continuous and bounded by 1, we already know that g is
measurable and bounded by 1, hence it defines a tempered distribution. Furthermore, the dominated
convergence theorem implies that fi,, — g in S’ Introducing T' = F1 (g) , we infer that p,, converges
to T in S’. Since [y, is @ positive measure, it is a positive distribution, and so is T'. Hence T' = pis a
positive measure.

It remains to prove that u is a probability measure. Let x be a plateau function over the unit ball, and,
for every R > 0,

T
T) = — .
Xr(7) = X (R>
By Fatou’s lemma,
(R < Iiminf/ XR A .
R—oo JRrd
Since

/ Xrdp = lim XRdpn <1,
Rd n—oo R4

we first conclude that M(Rd) < 1. Hence p has finite total mass, and the dominated convergence
theorem implies that
d .
p(RY) = lim / XRdp .
R—o0 Jpd
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Let p € S such that x = p. Then xr = pg, with
pr(§) = Rp(RE) .

/XRdH = /ﬁRdu
Rd Rd

— i) = Giopm) = | 9(©)orl€) de

R

= /Rdg<]§,> p(§) d¢ .

Since g is continuous at £ = 0, we infer, from the dominated convergence theorem,

Hence

Lo (5)p0d 2 a0) [ )¢ = 5010 =000
But g(0) = lim,, 00 {1 (0) = 1 . Hence u(R?) = 1. O

Remark 3.7.4 Notice that the assumption of continuity of ¢ at 0 is crucial, as shown by the
following counterexample. Let p € L'(R?) be nonnegative, with integral 1 on R%. For n > 1,
consider the probability measure pu,, given by
1 T
djin = pal) do , pa(@) = —p () .
Then, by the Riemann—Lebesgue lemma,

0if €40
lif £€=0.

n—00

fin(§) = p(ng) — g(§) = {

Thus g is not continuous at 0. Indeed, one easily checks that u,, converges to 0 in §’, hence does
not converge tightly.

We conclude by the classical application of P. Lévy’s theorem to the central limit theorem.

Theorem 3.7.5 Let 1 be a probability measure on R? such that

/ 2|2 du(z) < oo, m = xdu(x) .
R4 R4

Assume that no affine hyperplane H of R? passing through m satisfies ju(H) = 1. Then the
symmetric matrix A = (a;i)1<j k<dq defined by

= | (o= my)(an — ) da)
R
is positive definite and, for every bounded continuous function f on R%,

1+ +x, — M e—A71$.$/2
d codp(xy) — _ dx .
Jo F (P ) e o) s [ Sy i
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Proof.— For every integer n > 1, the formula

/Rd f dpn = /(Rd)n / (“ e ”m) dp(1) .. dp(an)

defines a probability measure on Rd, and we have to prove that u,, converges tightly to the probability
measure of density

efA_lz.x/Q

(27)/2v/det A
with respect to the Lebesgue measure. Notice that, after diagonalising A and using the Fubini theorem,
a linear change of variables and Proposition B.2.3,

Ga(z) =

~

Ga(§) = e 1442,
Therefore, by P. Lévy’s theorem, it is enough to prove that

VEER?, fin(§) — e7HE/7,

n— o0

From the above definition of (., and the Fubini theorem, we have

[0 — |el&m/Vnp [ S .

fin(£) [ AW
Because of the assumption

[ JaP duta) < oo
Rd

the function

€)= [ & duta)

is C? and we can expand it near 0 by the Taylor formula, so that

iV (jﬁ) _ (Hif\-/%%_ (5-27?;)2 +o(i>) (1—@'%-;L/Igd(f.x)zdu(x)-l-o(i))
- (1),

2n n

i@ = (1- 520 (1))

which —- by taking for instance the complex logarithm near 1 — converges to exp(—Af.f/Q) as
n — 00. O

Consequently,
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