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Introduction : Why Distributions ?

The notion of distribution emerged during the twentieth century, as a powerful tool in the study of partial
differential equations (PDEs). The need to generalize the concept of a “function” also emerged from different
parts of theoretical physics, in particular electromagnetism and quantum mechanics. On the mathematical
side, major contributors to the formal definition of distributions are Jean Leray, Serguei Sobolev and Laurent
Schwartz.

In this introduction, we present four simple motivations for the emergence of distributions.

Deriving non differentiable functions

Taking the derivative of non-differentiable functions

In differential calculus, one immediately encounters 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 C R, the derivative function f’ is defined as

Fe) — i TEED) = @)

- h—0 h ’

provided 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 I if and only ifl its derivative f(x) > 0 at every point x € I.
However, there are many examples of nondecreasing functions such that f’ cannot be defined on the whole of
I: a typical example is the Heaviside function,

1 if >0

H(z) =
0 if <0
Of course, H admits a derivative at every point x # 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 to x = 0 the derivative of H, in a way which takes into account the discontinuity of H at
x = 0. In fact, to every locally integrable function f, we shall associate a mathematical object — a distribution
— called the derivative of f, with the property that f is nondecreasing iff its derivative is nonnegative (the
nonnegativity of a distribution will need to be properly defined).

1. in the sequel, the expression “if and only if” will be abbreviated by iff
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Fourier series

In his famous memoir Théorie analytique de la chaleur (1822), Joseph Fourier introduced, for every “reasonable”
2m-periodic function f, the coefficients

1 2 nT
S Ay, nel
) =g, | fa)e " don
and he stated that
+o00 '
fl@)y= Y enl(f)em.
n=—00

Throughout the nineteenth and the early twentieth century, many mathematicians have tried to give sense to
the above equality for the largest possible class of functions f. Dirichlet has been proved it for any Ct function,
yet Kolmogorov made the striking observation that there exists locally integrable functions f such that the
above Fourier series is divergent for every x € R | We shall see below that, even in such an unfavorable
situation, the above series is convergent, but in a different sense, namely in the sense of distributions. 1In fact,
for any element u in the class of 27-periodic distribution (this class includes, in particular, the locally integrable
functions), we shall define a sequence (cn(u))nez of Fourier coefficients such that the corresponding series is
convergent in the sense of distributions, and its sum equals u. Furthermore, the derivative of the distribution
u (which is also a 2m-periodic distribution) can be obtained by summing the series of derivatives, namely the
series with coefficients (inc,(u)). This interplay between Fourier series and differentiation was a major reason
for their introduction by Fourier back in 1822; the theory of distributions manages to extend the applicability of
this connection to a much larger class of objects.

Electrostatics

If f is a function on R? which represents an electric charge distribution, the electric potential «© generated by
this charge distribution satisfies the Poisson equation

—Au = f.

If f is smooth enough — say C' — and small enough at infinity (for instance it vanishes outside of some ball),
one can prove that there exists a unique C? solution u of this equation which goes to 0 at infinity: this solution
is given by the integral

(0.0.1) u(z) = ﬁ /R3 ]a{(—y?y] dy .

This formula still has a meaning if f is bounded and has compact support (we will note f € L?gmp(R?’)), but

is not necessarily continuous. In that case u is no more C?in general, yet it is tempting to try to interpret the
Poisson equation in this more general situation as well.

Actually, in Physics charge distributions are often modelized as being supported on surfaces, curves, points, or
forming microscopic dipoles... Such charge distributions cannot be described by Lf:’fjmp functions. Yet, in all
these cases, the formula (0.0.1]) still makes sense, provided one integrates on the appropriate subset of Rg;
what is then the status of the Poisson equation ? We will show that it is possible to interpret the Poisson equation

in all these cases, in the sense of distributions.

Let us remark that the word distributions actually takes its origin in this application to electrostatics, a (mathe-
matical) distribution primarily represented a distribution of electric charge.

Semiclassical Analysis, Fall 2020 Stéphane Nonnenmacher
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Quantum mechanics

Quantum mechanics is a theory based on the Hilbert space LZ(R?’.(C): the state of a quantum particleE is
represented by a wavefunction, which is a square integrable function u € LQ(R?’,(C), with L? norm equal
to unity. Nevertheless, the founding fathers of the theory (in particular Paul Dirac) felt the need to extend
the notion of quantum state to objects which are not in L% In particular, Dirac introduced his famous “delta
function”, namely a “function” 5(1’) which vanishes at each point x ;é 0, but such that, formally

d(x)dr = 1.
R3
If one had to give a value to 6(0), this value should be +o0 for the above identity to hold. So this ¢ cannot be
a function: it is not an element of L2. Mathematically, this “delta function” will appear as one of the simplest
nontrivial distributions, the delta distribution at the origin, often denoted by Jy, .

Dirac also invented the “bracket” notation (u|v) for the scalar bracket on L?, and extended the notation to his
singular objects: his notation (zo|v) will represent the distributional bracket between the delta distribution d,
and the “test function” v, which we will denote by similar brackets <(5x0, u)D/,p.

2. Here I only consider scalar particles, that is particles without spin.

Semiclassical Analysis, Fall 2020 Stéphane Nonnenmacher



Chapter 1

Distributions in one space dimension

We have chosen to start our presentation of the mathematical theory of distributions by the one dimensional
setting. This will give simpler expressions, yet will already convey most of the ideas and methods of the
theory. Note that this one dimensional theory is already useful in practice, for instance in signal analysis, or in
1-dimensional models in quantum or wave mechanics.

Distributions will appear below as “duals” of smooth functions (more precisely, linear forms acting on spaces of
smooth functions), a distribution will be described by the way it acts on all smooth functions. For this reason,
these smooth functions will be called test functions, since their r6le will be to test the distributions.

We will start our by describing in some detail these classes of test functions.

1.1 Background on differential calculus

In this section, we recall elementary facts about smooth functions of one real variable. The functions will be
defined on some open (nonempty) interval I C R. This interval may be bounded (I :]a,b[), semibounded
(I =] — 00,b] or I =]a, ), or simply I = R. The theory will essentially be identical in all cases. For the
reader’s ease, at first read it can be convenient to take I = R.

1.1.1 Basic properties of smooth functions on [

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

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

The product of two smooth functions is smooth, and the derivatives of the product are expressed by Leibniz
formula:

k
k . .
(SOI(pQ)(k) _ Z <j>90§])<ﬁ§k 7).
j=0

A smooth function ¢ : I — C satisfies the Taylor formula with integral remainder, for any order m and any
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base point xg € I:

— 0™ 1
M /0 (1 — )™M+ (2 + s(z — x0))ds.

m k
r—XT
Veel, ()= (k,O)so(k)(:vo) +

k=0
This formula can be proved by integrating by parts the last term on the right hand side.

Exercise 1.1.1 Prove Hadamard's lemma: if ¢ € C*(I) satisfies p(z9) = 0, there exists a function
1 € C*°(I) such that p(z) = (x — z9)¥(x) for any z € I.
In other words, we can factorize from ¢ the monomial (z —xg), and the quotient is still a smooth function.

1.1.2 Support of a continuous function

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

Definition 1.1.2 Let f : I — C be a continuous function. The support of f is the complement 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 z such that f|v =0.

Exercise 1.1.3 Show that
supp(fif2) C supp fi1 N supp fo.

Are these two sets equal?

Of course, if ¢ € C*°(I) vanishes on an open set J C I, all its derivatives vanish as well on J, and, therefore,
for any integer k,

(k)

supp @’ C supp .

1.2 Test functions
In this section we introduce and manipulate a first class of test functions.

1.2.1 The space of test functions

We start by choosing I an open (nonempty) interval of R.

Semiclassical Analysis, Fall 2020 Stéphane Nonnenmacher
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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 closed segment [a,b] C 1.

If J is an open subinterval of I, one may identify a function ¢ € D(J) with its extension ¢ € D(I), that is the
function defined as
o(x) = p(x) forz € J, @(x)=0forxzel\J

Indeed, ¢ is automatically smooth and with compact support on [ for ¢ € D(J). On the other hand, a function
¢ € C3°(R) can be identified with its restriction Y|, € D(I) for any open interval I that contains supp f.

=
DAY
1% x
X
1

Figure 1.1: Schematic plot of a test function on RR.

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= ey
is defined almost everywhere, and is an L! function.

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

supp f * ¢ C supp f + supp .

Proofs: (cf TD1, Ex. 1). First of all, f % ¢ is defined almost everywhere, and is integrable. Indeed, using
Fubini’s theorem for non-negative functions,

/ £rp@ldn < [[ 1@ - yetw)ldyds
< / o()( / @ —y)ldz)dy < [l | fllo < +oo

Semiclassical Analysis, Fall 2020 Stéphane Nonnenmacher
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Therefore f * ¢ is finite almost everywhere, and belongs to L.

(cf TD 1, Ex. 5). Suppose now that ¢ is smooth with compact support. Changing variables, we have

£ plz) = / fw)o(e - y)dy.

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

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

(e —y) = F)e™ (z —y),

- we have the domination
1F @)™ (z — )| < |f(y)sup|o®)| € L .

(cf TD1, Ex. 4) Finally, assume that f is continuous. If x §Z supp f + supp ¢, then for any y € supp f, z — y
does not belong to supp ¢, thus

f (@) = / F ()l — y)dy = 0.0

It is not immediately clear that D(I) is not reduced to the null function. One knows for example that the only
compactly supported real analytic function on R is the null function, due to the principle of isolated zeroes. Yet,
one has the following

Proposition 1.2.3 The space D([) is nontrivial. More precisely, for every oy € I and r > 0 such that
[zg — r, o + 1] C I, there exists a function g, » € C>°(I) such that supp @z, = [xo — 7,0 + 7).

Proof.— Here we give a “standard” construction, which uses the the function ¢ : R — R given by

eVt ast > 0,
90(15){0 ast <0.

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

vk e N, o (1) = B, (1) e Mt

where P, is a polynomial of degree 2k. Therefore, for any k > 0, go(k) (t) > 0ast — 0T, so that gp(k) is
continuous on R,

Now let zo € I, and r > 0 such that [xg — r, 29 + 7] C I. We then define the function ¢z, , : I — R by
Pao.r(T) = 4,0(7'2 — |z — J;0|2), Vz € R.
This function is smooth, with supp ¢z, » = [€o — 7, Zo + 7. In particular it belongs to D(I).

(A different construction of a function in D(R) is given in TD1, Ex. 7). O

We will often use a particular type of test function, equal to unity on some interval.

Semiclassical Analysis, Fall 2020 Stéphane Nonnenmacher
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Proposition 1.2.4 (Cutoff functions) Let / C R an open set, and a segment [a,b] C I. There exists a
function ¢ € D(I) such that

i) ¥ =1on [a,b,
i) Yz € I,v(x) € 0,1].

In French, such a function is called “fonction plateau”, while in English it is rather referred to as a “cut-off
function”.

Proof.— First of all, we prove that, for every a < f3, there exists xo,g € C*(R) such that

i) Xa,s =0o0n]—o00,0q],
i) Ve € R, xa,8(z) € [0,1],

i) Xa,3 =1o0n[B,+00].

(such a x4,z is called a “smooth step function”).

Let 0z, » € C*°(RR) be the function defined in Prop. [L.2.3, with the parameters

x_a—i—ﬂ T_B—a
0T Ty T T Ty

Then it is easy to check that the denominator below is strictly positive, and that

N 5($) def ffoo @zo,r(t) dt
7 fj—;o Sozo,r(t) dt

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

(@) = Xa.a(2) (1 = xp0 (1))

1.2.2 Smooth partitions of unity

An important use of these cutoff functions lies in the construction of smooth partitions of unity. We start by
defining the notion of open cover of a compact set.

Definition 1.2.5 (Open cover) Fix [ an open interval, and let K C I be a compact (bounded and

closed) subset of I. A finite open cover of K inside I is a family of open intervals I3,..., I, C I, such
that
n
Kc|JI.
i=1

Semiclassical Analysis, Fall 2020 Stéphane Nonnenmacher
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To any open cover we may associate a smooth partition of unity.

Proposition 1.2.6 (Smooth partitions of unity) Let K C I be a compact subset of the open interval
I, and let I,..., I, C I be a finite open cover of K.

Then, there exist functions x1 € C3°(I1,[0,1]),...,xn € C5°(Ip,[0,1]), such that their sum
n
X=X
j=1

is equal to unity on all of K.

As a consequence of this smooth partition of unity, we easily draw the following

Corollary 1.2.7 Let ¢ € C5°(I), and assume Iy, ..., I, C I form a finite open cover of supp ¢ inside I:
suppp C LHU---UI, .
Then there exist p1 € C°(11), ..., ¢n € C5°(Iy), such that

p=@1+ -+ on.

Indeed, once we have available a partition of unity x;, ..., X, associated with the cover of supp ¢, it suffices

to take p; = x;pforj=1,...,n. O

X

Figure 1.2: Two cutoff functions realizing a partition of unity associated with the open cover K C I; U I, asin

Proposition [L.2.6.

Proof.— Let us now prove Proposition [L.2.6. We start with an elementary

Lemma 1.2.8 (“Shrinking lemma”) Take I1,..., I, a family of open subintervals of 1. Then, for every

compact subset K such that
Kchu---ul,,

there exist segments? [a1,b1] C 11, ..., [an, by] C I, such that

K C]al,bl[U- . 'U]an,bn[ .

Semiclassical Analysis, Fall 2020 Stéphane Nonnenmacher
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To prove this Lemma we proceed by induction on n. For n = 1, K is a compact subset of the open interval
11, hence there exists a segment [abﬂl] C Iy such that K C [ozl,ﬁl]. For instance, one may choose

a1 = min K, 1 = max K. Then we just choose a1,b1 € I such that a; < a3 < 1 < b1.

Assume now that for some n > 2, the result is true at the level n — 1; let us and prove that it holds at the level

n. The set
K' =K\1I,

is closed and contained in K, hence it is a compact subset of I, and

K chu--—-Ul, .

Applying the induction assumption, there exist [a1,b1] C I1,. .., [apn—1,bpn—1] C I5—1 such that

K’ C]al, bl[U ce. U]an_l, bn—l[ .

Now consider the compact subset

K" = K\ (Jar,bi[U- - Ulan1,baa[) € I -

Applying at the level 1, there exists a segment [ay, b,| C I,, such that
K" Clan, by .

As a consequence, we obtain
K C]al, b1 [U cee U]an, bn[ R

as announced.

O

Let us use this Lemma to prove Proposition [L.2.6. Let [a1,b1], ..., [an,bn] be the segments provided by the
Lemma. From Proposition we may construct cutoff functions 1)1 € C3°(11, [0, 1]),...,¢n € C§°(In, [0, 1])

such that ¢; = 1 on [a1, b1],...,t, = 1 on [ay, b,]. We define

X1 = @bl ;
x2 = Y2(l—1),

Xn = %(1—%—1)---(1—%) .

Then x1 € D(I1,[0,1]), ..., xn € D(In, [0, 1]),, and the difference

1_(X1+"'+Xn) = 1_7/}1_77[)2(1_1/]1)_"'_¢n(1_¢n—1)~'(1_¢1))
= 1=¢)X=v2— =l = ¢Yp_1)...(1 = ¢2))

= (=¢)...(1=¢n).

By construction, the function (1 — 1) ... (1 — ) vanishes identically on [a1,b1] U - - U [an, b,] D K, so we

get the result.

O
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1.2.3 Convergence in the space of test functions

Once we have defined the space of test functions D(I), it is important to define a proper notion of convergence
on this space, or equivalently a topology on D(I). Test functions are smooth and compactly supported, it is
natural that the topology on D(I) takes into account all these properties.

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 test functions, the notion of
convergence is provided by the next definition.

Definition 1.2.9 Let (¢;)jen be a sequence of functions in D(I), and ¢ € D(I). We say that (¢;)
tends to ¢ in D(I) (or in the D(I)-sense), if:

i) Uniform support There exits a segment [a,b] C I such that supp¢; C [a,b] for all j € N.

if) Uniform convergence of all derivatives For any k € N, |]g0§k) — )| = supger |cp§»k) (x) —
o) ()| = 0as j — oo.

We denote this convergence by
=D~ lim ;.

Jj—+oo

Obviously, when it exists, the limit function ¢ of a sequence (¢;);en is unique.

Remark 1.2.10 Under the conditions of the above definition, the limit function necessarily satisfies supp ¢ C
[a, b].

Exercise 1.2.11 Assuming the uniform convergence ||¢; — ¢|loc — 0 alone does not imply, a priori, the
uniform convergence of derivatives.
Construct a counterexample.

Exercise 1.2.12 Let ¢ € D(R), and, for ¢ # 1, denote by ¢, € D(R) the function given by

tr) — o(z
i = 2= 0),
Show that the family (1) converges in D(R) as ¢ tends to 1.

Remark 1.2.13 The definition of the convergence of sequences in D(I) corresponds to a slighty subtle topology
on D(I), called the strict inductive topology. Why “inductive”? Because one first defines atopology on the space
of smooth functions supported on a given segment K C I (let us denote this space by D (I)). This topology is
defined through the family of seminorms

Nici(ip) = max, I, @ € Dr(D),

namely a a local base of open neighbourhoods in Dy (I) of the zero function can be defined by

UK,]C:{LPGDK(I),NKﬁk((p)<1//€}, kE>1.
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With this base, one recovers the fact that a sequence (p;) C Dk (I) converges to zero in D (I) iff all seminorms
Ng 1(pj) converge to zero when j — oo.

To induce a topology on D(I), one considers a growing sequence of segments K; C --- K; C K; 41 C -+, such that

I=|JK:.

i>1

It is obvious that for any ¢ and any function ¢ € Dk, (), that function is also an element of Dk, (1), and the
seminorms Nk, ., x(¥) = Nk, x(®). As a result, the intersection between the open set Uk, C Dk, ,(I) and
D, (I) is just the set Uk, ;, which is open in Dk, (I); one says that the topology on D, (I) is induced by the
topology on D, (I).

There exists a single topology on D(I), the strict inductive topology, such that for each open set U C D(I) of this
topology, the of U N Dk, (I) is an open set for the topology of Dk, (I). A family of neighbourhood of the zero
function in D(I) is given by the sets
Ur = J Uk, .-
i>1

Let us quote a few properties of this inductive topology:

1. each Dk, (I) is a closed subspace of D(I).

2. each space Dk, (I) is separated and complete w.r.to its topology, as a consequence D(I) is separated and complete
in the inductive topology.

3. although the topology on each Dk, (I) is metrizable, the strict inductive topology on D(I)_is not metrizable.

4. a sequence (p;) C D(I) converges to some ¢q € D(I) iff the two properties of Definition [L.2.9 are satisfied.

1.3 Definition of distributions on /

Equipped with our test functions, we are now able to formally define the notion of distribution on an open interval
I. As mentioned in the Introduction, distributions correspond to a certain class of linear forms acting on test
functions.

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 7" is a distribution on I if, for every segment [a,b] C I,

(1.3.1) 3C > 0,3m € N,V € D(I) with supp C [a,8] , [T(0)] < C > [[0']|oo -

a<m

We denote by D’'(I) the set of distributions on I, and for T € D'(I), ¢ € D(I), we use the bracket
notations

(T, ) =T, 0)pr1),p(1) == T(p) -

From the bound ([L.3.1), we say that the distributional bracket (7', ©) is controlled by m derivatives of .

The above definition may appear a bit artificial. The following Proposition provides a more natural characteriza-
tion, in terms of the topology of the space of test functions.
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Proposition 1.3.2 (Continuity) A linear form T on D(I) is a distribution on I if and only if, for any
sequence () of functions in D(I) that converges to ¢ in the D(I)-sense, one has T'(yp;) — T'(¢p).

In other words, the linear form T : D(I) — C is a distribution iff it is continuous® with respect to the
topology of D(I).

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

Vi € D(I) with suppt C [a,b], |T(%)| <C > [l -

am
In particular, for any j € N,
IT(e;) = T(@) = T(¢; =) < C Y [l = ¢]|os
a<m
Therefore T'(¢;) — T'(¢) as j — +00, and we have proved the only if part of the proposition.

We now want to prove the if part. Suppose that for any sequence (gpj) of functions which converges in D(I),
we have T'(p;) = T'(p), where ¢ = D — limy;. We will reason ab absurdo: let us assume that the linear
form T is not a distribution: the converse of () gives the long statement:

(1.3.2) dla,b] C I, YC >0, Vm € N, Jp € D(Q2) with supp ¢ C [a, ],

such that  [T(0)] > C > [[0']|oo -

a<m

(Notice that ¢ cannot be the null function). In particular, for any j € N, choosing C' = m = j, there is a test
function ¢; € D(I) such that supp ; C [a,b] and

Tl >3 Y 15 e -
a<j
Let 10; € D(I) be defined by ¥; := ¢;/|T(¢;)|. One obviously has |T'();)| = 1, with suppt); C [a,b]. On

the other hand, for any given a € N and any j > «, one has the bound

a 1
195 o0 < 32 11957 Moe < -
B<j

therefore lim;_, o0 H?b](-a)Hoo = 0; this proves the limit

D — lim ; =0.

Jj—00

The continuity of 7" then imposes T'(1);) — 0, which contradicts the normalization |1'(1;)| = 1. Hence the if
part of the Proposition is proved. O

Remark 1.3.3 As a set of continuous linear forms, D’(I) forms a vector space on C: if 71,75 € D'(I) and
A1, Ao € C, then AT} + A\oT5 is the linear form given by

(MT1+ XoTo, ) == M (T, @) + Mo (T, ),
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and this form is obviously continuous since 17, T5 are so.

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

Then, any distribution 1" can be written as T' = T} + iI5 where T} and 15 are real distributions, that is
such that (T, ) € R for any real valued function ¢. Indeed, this relation holds with

T = %(T+T) — Re(T) and Ty — %(T— T) = 1m(T).

Equipped with this general definition, we will now provide some examples of distributions.

1.3.2 Distributions defined by locally integrable functions

The first distributions we meet are well-known objects, namely locally integrable functions.

If f € L. (I), the function f is integrable for any ¢ € D(I), and

Tp:p— /If(x)cp(x) dx

is a linear form on D(I). Moreover, if [a,b] C I is a segment, for any ¢ € D(I) supported in [a, b], one easily
checks that

Tr(o)| < I fll 22 (fap)) sUP ] -
This bound shows that T’ is a distribution on I, and that Tf(gp) is controlled by O derivative of (.

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

Proposition 1.3.4 The linear map
feLiy(I)— TreDI)

is injective.

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(x) = g(x) almost everywhere (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.

Proof.— Assume Tf = 0. It is enough to prove that f = 0 a.e. on every segment of I, or equivalently that
Y f =0 forevery ¢p € D(I).

Our first task is to approximate the function f by a smooth function. For this aim, we will use a family of
convolution kernels [see Ex. 6 in TD1].
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Let p € D(R), non negative, supported in [—1, 1], and such that

/Rp(x)dle.

We then rescale p by a factor® ¢ > 0, into the function

pe(x) = %p (E) -

9

We notice that the integral of p. remains equal to unity, while p. € D(R) is supported in [—¢, ¢].

Lemma 1.3.6 (Smoothing by convolution) Let g € L'(R). Then the convolution product

Je = g * pPe

converges to g in L!(R) when ¢ tends to 0.

Indeed, we have

9:(2) — g(a)] < ] [ swo-e =9y - gt

< ] [ st = 22p(z) 2 - g1

< / lg(x — £2) — g(2)| pl2) dz

Then by Fubini-Tonelli,

gz — glls < / ( / 9z — £2) — g()] p(2) d2)da < / 7es — gl p(2) dz,

where 7,¢ denotes the translation of the function g given by 7,g9(z) = g(z — a). We now show that the above
expression vanishes in the limit € — 0. For this we will use the dominated convergence theorem. Firstly, the
domination is obvious:

17229 = gll1p(2) < 2llgllLrp(2)-

Secondly, the continuity of the translation group acting on the L? spaces for p € [1, oo[, namely
729 — gll;n — 0 as e — 0 .[see Ex.1in TD1],

shows the simple convergence of the integrand. The dominated convergence theorem then implies the conver-
gence of the integral.

Coming back to the proof of the proposition, we have for any x € R:
(1) pela) = [ F0 ol — ) dy = Ty, bpela = ) =

where we used the fact that y + 1)(y)p=(z — ) belongs to D(I). Applying the lemma to g = ¢ f € L', we
conclude 1 f = 0 in L', which completes the proof. O

3. In general, in analysis the letter ¢ is used for a “small” parameter.
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1.3.3 The Dirac mass

The next example of distribution is a genuinely new object, in the sense that it is more singular than a function.
It admits various names: Dirac distribution, Dirac mass, Dirac measure, Dirac delta function,..., all associated
with the physicist Paul Dirac, which introduced it in quantum mechanics (and called it “9").

For a point o € I, we denote by d5, : D(I) — C the linear form defined by

Gz (0) := p(0) -

For any function ¢ € D(I), one obviously has

1020 ()] < [l oo

so that d, is a distribution on I. It is called the Dirac mass at xg.

We notice that 6, (¢) is controlled by zero derivative of ¢, like in the case of distributions 7'y associated with
an LlloC function f. Yet, we claim that 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 z¢ ¢ supp @,

plao) =0 = [ f@pla)do.
Let us split the interval I at the point x(, getting the disjoint union
I:IlLJ{JZQ}UIQ.

Then for any 1 € D(I1) we will have
/f(w)sol(x) dx = / fin (@)p1(x) dz = 0.
I I

The second integral is the distributional bracket associated with the function f[[l € Llloc(h). The Proposition

applied to f1, then implies that fi;, = 0 a.e. in I;. The same reasoning applies to the restriction f|,,
which hence vanishes a.e. on I5. Finally, f = 0 a.e. in I.

Now, if we select a plateau function 1) such that ¢(z9) = 1, we would have

1 = (o) = (Ty, ) = /Ifw 0,

which is a contradiction.

The Dirac mass is relevant in many contexts. Among the 4 motivations we presented in the introduction, 3 were
involving the Dirac mass:

i) the derivative of the Heaviside function is the Dirac distribution at the origin (see below section ([L.4))
ii) in electrostatics, a point charge at the origin can be modelized by a "density” given by the Dirac mass

iii) in quantum mechanics, we already explained that the quantum state localized at a point x is modelized
by the Dirac mass at x.
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1.3.4 A distribution involving an infinite number of derivatives

In this section we want to explain why, in the bound ([.3.1]) in the definition of a distribution, the number m
of derivatives needed to control T(go) may depend on the support of ¢ (hence on the segment [a, b] containing
this support).

Indeed, we construct below a distribution such that m = m([a, b]) converges to infinity when [a, b] is made
larger and larger, up to exhausting all of I.

We take I =|0, 1[. Consider a sequence (x,,)nen of points of |0, 1[ converging to 0 as n tends to infinity. Let
(an)nen a sequence of complex numbers. For every ¢ € D(I), we claim that

(1.3.3) (T,0) = ane™ (x1)
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 N such that, for every n > N, x,, < a, so that

00 N
> ane™ (@) = ane™ ()
n=0 n=0

is well defined, and controlled by N derivatives of (. For the same reason, if a sequence (gpk)kEN converges
to ¢ in D(I), then there exists a segment [a,b] C I containing the supports of all the ¢y and of ¢, so there
will exist some N such that

N N
n k—o00 n
(o) = angl (@) =25 Y anp™ (20) = (T, 0) .
n=0 n=0

Remark 1.3.7 In this example it is crucial that the sequence (z,,),en does not admit an accumulation point
in I. Indeed, if there were such an accumulation point z, € I, then for a given choice of parameters (ay,)
(assuming infinitely many of these parameters are nonzero), one can construct a test function ¢ € D(I)
such that the derivatives (") (x4) grow arbitrarily fast when n — oo, in particular such as to make the
(L.3.3) divergent. Hence the linear form T would not be defined on this function (.

1.3.5 Cauchy’s principal value of 1/x

We now introduce a distribution which looks similar to the distributions associated with LlloC functions. However,
in the present case the function is 1/1:, which is not locally integrable at the origin. For this reason, one has to
be a bit clever and proceed by a limiting argument, removing smaller and smaller neighbourhoods of the origin.

We will see that the resulting distribution is more singular than distributions Tf associated with Llloc functions.

Precisely, we consider the linear form 7" : D(R) — C given by

T(p) = lim /> de.

e—0t x

Let us show that this limit exists for any ¢ € D(RR). Indeed, for such a function, we have

/ GO /+mmdx+/_6(p(x)dw
joj>e T e 5” —o P

/+°° pl@) —pl=z) [T ) —p(=r)
c x e—0 0 x

X .
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where we have used that the function
p(x) — p(—2)
x
is C* and compactly supported (cf Ex. [L.1.1]). In effect, both integrals on R, and R_ diverge, but with
opposite asymptotics, such that their sum remains bounded.
Now we show that the well-defined linear form T is a distribution on R. For any ¢ € D(R), we have the bound

T €ER—

‘W\ < 2)¢/|l

and, if suppp C [—A, A],

+o0o _ _
/ o(x) — p(—) dz| < 2]
0

X

This shows that T satisfies the estimate in Definition . Notice that the constant in the estimate is here 24,
it does indeed depend on the support of ¢. Another striking fact is that this distribution is controlled by the first
derivative of ¢. In this sense, it is more singular than the distributions Tf associated with locally integrable
functions.

This distribution is called the Cauchy principal value of 1/3:, B and we denote it by

(pv <i> )= lim /ﬂd>€ SOf)dx = /0+OO W dz .

There are other examples of extensions of functions near a singular point (Hadamard finite parts,...), which can
often be seen as a renormalization procedure of a divergent expression: one substracts the “trivial” divergent
behaviour, to identify a bounded remainder, the “renormalized” expression.

1.4 Differentiating 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 € CRI), Ty ) = /1 f(@)p(x)de = — /I f@)g! (@)dz = — (T}, &)

This suggest the following definition.

Proposition 1.4.1 Let 7' € D'(I). The linear form on D(I) defined by

P = _<T7 90/>

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 7" € D’(I). For
¢ € D(I), supported in [a, b], we have

(T ) = (T, ) < C Y sup et <C Y suple®)],

am a<m-+1

4. 1In French, it is called “valeur principale de 1/x”, hence denoted as vp (%)
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which shows that 1" is a distribution, a little more singular that 7. 0O

Of course the above calculation gives immediately the nice property:

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) = 1+ (x). The function H

belongs to L .(R), so we can denote by 7' = T} the associated distribution. For ¢ € D(R),

(T' ) = —(T,¢') = — /Om @' (x)dz = ¢(0),

so that T}, = dp, as we stated above: in the sense of distributions, the derivative of the Heaviside function
is the delta mass at the origin.

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

Flz) = /xf(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
Tp =Ty .

Proof.— Introduce, for every t € I,
Io,={xecl:x<t}, Isy={xel:x>t}.

Let us compute, for every ¢ € C3°(1),

T = o= [ ([ )o@

/ ( f(t)dt> ¢'(x) de — / ( f(t)dt) o (x) da .
I<a \/]za Ina \V]a,x

Let us apply the Fubini theorem to both integrals in the right hand side. Notice that, if the support of ¢
is included into [« 5] with a € [a, 5], the integrand of both integrals is supported by [, 5] X [«, 5] and is
bounded by

[fOll¢’ ()]

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

Ty = [ s (/ ¢@) o) ar- [ NG (/ ¢) iz d

- / f(t)cp(t)dt—l—/ f(E)p(t) dt
Ica I>a
= [ reta =10
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O In this proof we notice a “meta-strategy” which will be used at many points in this
course: transfer the computations (differentiation, product with a smooth function) from the distribution
side to the test function side.

Remark 1.4.6_[Going further than Lebesgue !] The statement of Prop. looks very similar with the
one of Prop. ‘. However the extension from f € C! to f € L]  contains some subtleties.

1. The derivative f is not defined everywhere, yet the corresponding distribution is unique, as explained in
Prop. . On the other hand, the function F' is continuous, hence unambiguously defined.

2.Lebesgue proved that the function F'(z) = [* f is almost everywhere differentiable, with a derivative
equal to f; in particular F' can be recovered from its derivative. This is not a general property of continuous
functionsE. Indeed, there exists continuous functions G, differentiable almost everywhere, but such that
their (a.e. defined) derivative G’ does not allow to reconstruct G. For instance, the “devil's staircase”
function G is continuous on [0, 1], almost everywhere differentiable with G'(z) = 0 a.e., yet G is not
a constant function (see fig. @) This uncomfortable phenomenon does not happen with distributional
derivatives, as we shall see below in Proposition [L.4.8: for such a function G the distributional derivative
T, is not associated with an LlloC function, but is more singular; yet it vanishes on a union of intervals of
full measure on |0, 1].

f(x)=1/x

f(x)=log(|x|)

3 25 2 15 -1 205 0 05 1 15 2 25

Figure 1.3: Left: the “devil staircase” function (G, which satisfies G'(x) = 0 a.e. Right: f(z) = log(|x|) and
its derivative.

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

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

x +— 1/z, but this one is not in L} (R). However, let » € C5°([—A, A]). We compute

loc

(T, )

— nlz| O (z)dx = — lim ") In(|z]) dx
/R' 2] /() | /|x>690( ) in])

e—0

~ im /Mdemoma(s)—so(—s))m(e)

e—0 T

5. This property actually characterizes absolute continuity of the function F', which is a stronger property than continuity
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and the second limit in the right hand side is 0, since ¢ is smooth. We conclude that
T =pv(1/z),
the notation introduced in the previous paragraph.

The only functions with an identically null derivative on a full interval are constant functions. The same result
holds true for distributions.

Proposition 1.4.8 If T' € D’'(I) satisfies 7" = 0, then T is associated with a constant function.

The second point of Remark shows that this statement is not completely obvious. Notice that this is the
first differential equation we are solving in the space of distributions. Proof.— We start the proof by a remark
that may be useful in other contexts. A function ¢ € D(I) is the derivative of a function ¢ € D(I) if and only
if [; ¢ = 0. Indeed, if ¢ = 1’ for ¢) supported in [a,b] C I, then

b
[ e = [ v@a = pl -o.
a
Conversely, if f[ ¢ = 0, the function ¢ : © +—> fm]—oo o g@(t)dt is compactly supported, with support included

in any compact interval containing that of ¢, and satisfies w’ = .

Now let x € D(I) a function such that [, x = 1. For any ¢ € D(I), we split the function into the sum

© = @1 + Y2 with <P1=<P—</90>X7 and(p2:</<p>x,
I I

that is a “massless” part and a “massive” one. Since f] 1 = 0, there exists 1) € D(I) such that p; = 9.
Hence, by linearity we may write

b= @)+ ( [ o) v

= —(T',¢) + (/I<p> (T, x) -

If we use the hypothesis 17 = 0, this yields
<T¢90> = C/SD = <T07()0>>
I
where C' = (T, ) is independent of ¢, and T is the distribution associated with the constant function equal

to C. O

Proposition implies that the derivative of a distribution associated with a constant function is null. There-
fore, the above statement is actually an equivalence.

This result can be easily extended to a differential equation with a nonhomogeneous term.

Semiclassical Analysis, Fall 2020 Stéphane Nonnenmacher



CHAPTER 1. DISTRIBUTIONS IN ONE SPACE DIMENSION 26

Corollary 1.4.9 Let f € L. _(I). The distributions T € D’'(I) solving the equation

T =Ty

are all of the form T' = T, where

F(a:):/xf(t)dt—kc, acl,ceC.

Proof.— Let a € [ and define .
Fie)= [ foyde.
a
By Proposition [.4.5, T, = Ty = T". Then just apply Proposition toT —Tp,. 0

Using arguments from the proof of Proposition , we can actually establish the surjectivity of the mapping
T — T’ on the whole of D'(I).

Proposition 1.4.10 If S € D/(I), there exists T € D’'(I) such that 77 = S.

Proof.— As is becoming usual, the strategy will be to push the computations to the test functions. The identity
T' = S is equivalent to

(1.4.4) Voe D), (T,¢')=—(S,¢).

In view of the proof of Proposition [L.4.8, the above equation already imposes the value of 7" on any massless
test functions .

To deal with massive test functions, we fix a “mass function” x € D(I) such that [, xdz = 1. Given any
¢ € D(I), we define its massless part as before as po(z) = ¢(x) — x(z) [; ¢, and then define its primitive:

P(g)(x) = / s

The function P () belongs to D(I), hence P defines a linear mapping
P:D(I)— D(I), suchthat supp[P(¢)] C supp(y)) U supp(x) -

It is easy to check that this mapping is (sequentially) continuous: if a sequence (gpn) converges to ¢ in D(I),
then P(py,) converges to P(¢p) in D(I). Therefore the linear form 1" on D(I) defined by

Vo e D), (T, ) = =(5, P(¥))

is itself continuous, hence it is a distribution.
If we now apply this distribution to ¢’, we check that P(¢’) = ¢, hence T' indeed solves ([L.4.4). O

Since T is itself a distribution, it can be differentiated. Iterating this process, one can define the successive
derivatives T'%) of T for all k € N. This means that any distribution can be differentiated at any order, and we
obtain the formula

Vo e D), (TW,¢) = (~)XT, V).
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For instance, the k-th derivative of the Dirac mass at the origin is defined as

(05, 0) = (=1)* ™ (o) .

o ?

The distribution described in subsection can be expressed as

T=> (-1)"a, .

n>1

1.5 Product by a smooth function

One important property of continuous (or Ck) functions is that they form an algebra: one can multiply functions
with one another, staying the same class of continuous (or C’k) functions. This is already not the case for two
L' functions, yet the product of an L! function with a bounded (L°°) function remains in L.

Two distributions can in general not be multiplied with one another. However, we may multiply a distribution
with smooth functions, as shown in the following

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

o= (T, fo)

is a distribution on D(I). We denote it by fT.

Proof.— Suppose (y;) is a sequence of functions in D(I), that converges to 0 in the D(/)-sense. There is a
segment [a,b] CC I such that supp ¢; C [a,b] for all j, which implies supp f¢; C [a,b] for all j. Moreover,

forany a € N,
()@ = (g ) 18) Ha=5)

B<a

so that if we denote

M = max sup B)(z)] := a(labl) 5
max xe[a’b}|f (@)] = [ fllca((ap)

we see that

B

Since each of the terms in the sum converges to 0 as j — o0, the right hand side does so too, so that
(fej) — 0inD(I). Finally, since T is a distribution, (T, f;) — 0. This proves that f71 is continuous on
D(I), hence is a distribution on 1. 0

o a o
1)@ oo < M ( >H¢§ e
BLla

Exercise 1.5.2 For f € C>(R%), show that fdy = £(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(1l/z) = 1.

Exercise 1.5.5 For f,g € C®(R?), show that f(¢T) = (fg)T.
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We have seen that distributions can be differentiated arbitrarily many times; so can smooth functions. In view
of the above proposition, it makes sense to differentiate the product f7'. Like for the product of two smooth
functions, the derivatives of this product satisfy a Leibniz formula (we leave the proof of the following result to
the reader).

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

VaeN, (fT)® = Z <g>f(ﬁ) Tla=p).

BL «

Exercise implies the identity
(x —20)0g, =0.

Our next statement is a converse to this identity.
Proposition 1.5.7 Let xy € [, and let T' € D’'(I) satisfy
(x —x0)T =0 .

Then there exists a constant ¢ € C such that T = cdy,.

Proof.— Let x € D(I) satisfy X(mo) = 1, as in previous proofs, we use it as a “reference function”. For every
(RS D(I), we split it into a multiple of this reference function, and a term vanishing at xg, using Hadamard’s

lemma (see exercise [L.1.1)):
o(x) = p(20) + (2 — wo)p(2) , Y € C™(I),
= elax(o) + (o = 20) (T2 ptan) +0(2))

= p(z0)x () + (z — 30)0(x) .

The function 6 is smooth from its explicit expression, and is compactly supported since ¢ — gp(xo)x is so. We
infer

(T, ) = (T, x)¢(xo) + (& = 20)T,0) = (T, x) (o) ,
whence T' = cdy, with ¢ := (T, x). 0

Example 1.5.8 We are now in measure to solve another linear first order differential equation on the space
of distributions, more complicated than the equation 77 = S of the previous section. Let us look for
solutions 7' € D'(R) of the equation

(1.5.5) 2" +T =0.
By the Leibniz formula, this equation is equivalent to

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

2T =T, forsomec; €C.
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Exercise shows that ¢; pv(1/z) is a solution of this equation, so we now have to solve

1
T- - ) =0.
(T —crpv ()
Finally, using Proposition , we obtain the general solution of the differential equation 27" + T = 0:
1
T = ¢ pv (E) + 200, (c1,02) € c?.

We have proved that the only global nontrivial solutions to ([L.5.5) are nonsmooth distributions; the singu-
larity is due to the fact that the coefficient of the highest derivative (here T”) vanishes at a point of the
interval.

Finally, we use elements of the proof of Prop. to prove the surjectivity of the mapping 1" — (z — xo)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 .

1

Of course, if 7o & I, the statement trivially holds, since the function (x —x0) ™! is smooth on I, and (z—z¢) 1S

is well-defined.
Proof.— We proceed similarly to the proof of Proposition [L.4.10. Indeed, (z — zo)T = S reads
(1.5.6) Voe D), (T,(x—z0)p) =(S,¢),

which, in view of Hadamard'’s lemma, imposes the value of T on test functions vanishing at xg. As in the proof
of Proposition [L.5.7, we fix a reference function x € D(I) such that x(z9) = 1. For every ¢ € D(I), we define

P(x) — Plzo)x(x)

T — X

Q) () = = [ [t (0= 00) = b (e + (1= )20 .

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

supp Q(¢)) C supp(t)) U supp(x) ,

and, if (1) converges to ¢ in D(I), then Q (1) converges to Q(¢)) in D(I). We can then define T' € D'(I)

by
vy € D), (T,9)= (S, Q1)) .
Since, for every p € D(I),
Q((z —mo)p) = ¢,
this distribution 7" satisfies ([L.5.6). O

Similarly, the differential equation of Example can also be made nonhomogeneous.

Exercise 1.5.10 For a given S € D/(I), describe the solutions T € D'(I) of the equation

2T +T=2S5.

To generalize Proposition [L.5.9, we may as well multiply 7" by higher order monomials.

Semiclassical Analysis, Fall 2020 Stéphane Nonnenmacher



CHAPTER 1. DISTRIBUTIONS IN ONE SPACE DIMENSION 30

Corollary 1.5.11 If 2y € I and m is a positive integer, the mapping T' € D'(I) — (x — x9)™T € D'(I)
is surjective, and its kernel is the m-dimensional vector space generated by {5m0), j=0,1,...,m—1}.

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

1.5.9.
Concerning the kernel, the identity
(x — 20)™T = (x — x)™ ((w — xo)T)

is solved by the induction hypothesis by
(x — )T Z cjég(cjo ,  with arbitrary coefficients ¢; € C.

Prop. claims that this has a solution. We can actually find an explicit solution to this equation. For this,
we will use the following lemma, which generalizes Prop. [L.5.7:

Lemma 1.5.12 For any point xg € I and any integer k > 1,

(x —:):0)(5( ) = k:d(k D

Indeed, for every test function ¢, we have

k _ _
(@ = 20)6®, ¢) = (~1)*(( — 20)) (o) = (—=1)*hp® D (w0) = k(3. )
Coming back to the proof of Prop. [L.5.11], we may rewrite

m—
1
(x —20)T = —(x — x0) Z j+ ), .
—o 7/

Finally, applying Prop. to the distribution

m—

TS

—0 7/

adds a possible term cd,,, which completes the proof. O

After multiplying T' by monomials, we may generalize to products with polynomials (we leave the proof to the
reader).

Corollary 1.5.13 Let P be a non identically zero polynomial function. Then the mapping
TeD(I)~ PT € D'(I)
is surjective, and its kernel is the vector space generated by the distributions 6,(1j), where a ranges over

the zeroes of P inside I, and j = 0,1,...,m(a) — 1, where m(a) denotes the multiplicity of a as a zero
of P.
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Finally, let us solve another (very simple) differential equation on D'(R).

Proposition 1.5.14 Let / C R be an open interval, and a € C*(I). The distributions in D’(I) that
satisfy the differential equation
T'+aT =0

A(

are exactly the C* solutions, that is the regular distributions Ty with f : z + Ce™ %) 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 solutions. Notice
that this is not always the case if the coefficient of the highest derivative vanishes — see example above.

Proof.— Let A be a primitive of a on I. For T' € D'(I), we have, using Leibniz formula,
(eAT) = ae'T 4 AT = eA(T' + aT).

Thus
T +alT =0 <= (e'T) =0= T =Tp <= T = To =Tpp-a.

O

Exercise 1.5.15 Solve in D’(I) the inhomogeneous equation 7" + aT = f, for f € Li.(I). Furthermore,
prove that, if S € D'(I), there exists T' € D'(I) such that

T +alT =S8 .

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 7} ; € D'(J) defined as

Vo e D(J), (Ti5,0) = (T, ) ,
where ¢ denotes the extension of ¢ by 0 on I'\ J.
We say that T" 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.

(1) =107 . (fT)5 = f15T)s -

As a first application of this important notion, let us state a very useful result.
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Proposition 1.6.2 Let ([,,),cn be a sequence of intervals in I such that I,, =]an, by[, [an,bn] C Lni1
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 I such that

V’H,GN,CTHHITTL.

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 (ay,) is decreasing, tending to the
left boundary of I, while the sequence (bn) is increasing, tending to the right boundary of I. This fact is also a
consequence of the Borel-Lebesgue property for the compact set [a, b].

If such a distribution 1" exists, for every ¢ € D(I), there exists n such that supp(y) C I, and therefore we
should have

(T, ¢) = (Tn, 0) -

This proves the uniqueness of T', and suggests a way of constructing it. Indeed, given ¢ € D(I), the assumption
Tnt1)1,, = T implies that, for every n such that supp(p) 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,
Vj, supp(p;) C I, .
Therefore
(T, ¢5) = (Tn; #)
and, because T, is a distribution on I,, (T', ¢;) tends to (T, ¢). 0

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.

This result generalizes the product with polynomials of Corollary [1.5.13, to the case of a smooth function f with
possibly infinitely many zeros on I; yet, a crucial point is the fact that on any segment [a, b] C I, the number
of zeros of f is at most finite.

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

(r —a)™

f($):m

/1(1 — )" LM (g + t(x — a)) dt .
0
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From the continuity of f("™), we infer that there exists an open interval J, C I containing a such that f(z)#0
for every x € J, \ {a}. If [, B] is a segment of I, we conclude that the compact set of zeroes of f in [a, (] 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, 3], we can write

f=Pg,

where P is a polynomial and g is a smooth function which does not have any zero in ]a, ﬂ[ Consequently, the
Corollary shows that the mapping

T € D'(Jo, B]) — fT € D'(Jov, B])

is surjective, and its kernel consists of finite linear combinations of Dirac masses on the zeros of f in ]a, 5[
and of some of their derivatives. In particular, any distribution U}, g[ in this kernel is the restriction to |, 3] of
some distribution U on I, satisfying fU = 0 on [.

Let us now construct a sequence (I,)nen as in Proposition [.6.2. Let S € D/(I). In view of the above
observation, there exists Ty € D'(I) such that fi;,;To = S|j,, and there exists 71 € D’'(I1) such that

f|11T1 = Slh' Denote by T1,0 the restriction of 17 to I. Of course,
firo(Th0 —Tp) =0,

and from the above observation, there exists U; € D’(1;) such that U1|I0 = Tl,O — Ty and f|11 U; = 0. If we
set
Th=T1—-U; € D/(Il) ,

we observe that
Ty, =To, finTh= 9, -

By induction, we can therefore construct, for every n € N, a distribution 1}, on I,, such that
Ty, =T s fin,Tn =S, -
Applying Proposition [L.6.2, there exists T' € D’(I) such that, for every n, T|In = T,,. Consequently,
Vn e N, (fT)1, = fir,Tn = 1.,
hence, by the uniqueness part of Proposition , we conclude that

T=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 1" is 0. We denote it by supp 7.

Notice that supp T is closed, and the following characterizations are convenient.
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o x0 ¢ supp T if and only if there is an open neighborhood J of xy such that ﬂj =0.

e xyp € suppT if and only if for any open neighborhood J of xg, one can find ¢ € C3°(.J) such that
(T, ) #0.

Example 1.6.5 i) Let T'= dp. If J is an open interval that does not contain {0}, then (T, p) = ¢(0) =
0 for any ¢ € D(R) such that suppy 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,r] in D(J), and for this
function we have (T,v) = 1(0) = 1. Therefore we have 0 € supp T and finally supp T = {0}.

ii) If T =Ty for some f € C%(I), with I an open interval of R, we have

suppT =supp f ={z € I, f(z) # 0} .

Indeed, suppose that xg ¢ supp f. There is an open neighborhood J of x( such that fi, = 0. For
¢ € D(J), we have thus (T, ) = 0, so that T vanishes on J, and xg ¢ suppTy. Conversely, if

zo ¢ supp Ty, there is a neighborhood J of xg such that, for all ¢ € C5°(J), we have [ fpdz =
(T'r,¢) = 0. We have seen in Proposition that this implies f =0 in J, thus xo ¢ supp f.

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

loc

supp(Ty) = ess — supp(f) = {zo € I,Vr > 0,meas{z € [zg — r,zo + 1], f(x) # 0} > 0} .
1.6.2 Some properties of the support

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

i) For k € N, supp T*) supp 7.

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

Proof.— Let 2y ¢ supp 1. There exists a neighborhood V' of z( such that for all ¢ € C§°(V), (T',4) = 0. But
if o € C(V), ¢ = o® € Ce(V), thus

Therefore xg §Z supp T(k), which proves i). Now we prove the second point. If zg §é supp f Nsupp T, xq either
belongs to (supp f)¢ or to (supp T')¢. In the first case, there exists a neighborhood V' of x( such that fiy = 0.
For ¢ € C3°(V), we have (fT,p) = (T, fo) = 0, thus z9 ¢ supp(fT). In the latter case, there exists a
neighborhood V' of x( such that, for all ¢ € C5°(V), (T',¢) = 0. For ¢ € C5°(V), f¢ is a smooth function,
which vanishes out of a compact set included in V. Thus (T, ¢) = (T, fp) =0, and x¢ ¢ supp fT. O

The following result is fundamental.

Proposition 1.6.7 Let o € D(I) and T € D'(I). If suppp NsuppT = 0, then (T, ) = 0.
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Proof.— Let x € supp . We have, by assumption, x §é supp T, thus there is an open subinterval J,, containing
x on which T vanishes. From the covering of the compact subset supp(gp) with the open sets J,, one can
extract a finite covering

n
supp p C U I
j=1
By Proposition [1.2.7, one can find a smooth partition of ¢, namely functions ¢; € D(ij) forj =1,...,n,
such that
p=p1t-+en.

Therefore
n

=1
O

A word of caution: one may have ¢ = 0 on supp T and (T, ¢) # 0. For example, this is the case for T' = §,
and ¢ € D(R) such that ¢(0) = 0, ©’(0) = 1.

An immediate consequence of Proposition is the following important

Corollary 1.6.8 The only distribution with empty support is 0.

We conclude this section by the important characterisation of distributions T € D’(I) supported on a single
point.

Proposition 1.6.9 Let 7' € D'(I), with T'# 0, and a9 € I. If suppT C {x¢}, there exists m € N and
m + 1 complex numbers ay, for 0 < k < m such that

T = Z akégg)
k=0

Proof.— We write the proof for 2o = 0. Let [a, b] be a segment of I containing 0 in its interior, and x € D(]a, b])
a plateau function equal to unity on a smaller segment containing 0 in its interior. Since T is a distribution,
there exist C' > 0, m € N such that

Vi € D(I), suppp C [a,b] = [(T,¥)| < C Y sup|p(¥)],
k=0

and from now on we denote by m the smallest integer for which this property holdsE. For any function ¢ € D(I),
since supp(y — xp) NsuppT = (), we have

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

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

(T, @) < (T, xp)| < C Y sup|(x) ™).
k=0

6. This value m is called the order of the distrubution T\]a,b[
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At last, the Leibniz formula gives

k
sup | (x) ™| = sup [(x) ¥ < C " sup |,
0.t 0]

0 for every k < m, then (T, ) = 0. Indeed, let x be a

We first claim that, if ¢ € D(I) satisfies *)(0) =
1,1]. For € > 0 small enough, set

plateau function on [—%, %] , with supp(x) C [

X=(7) = X (f> :

g

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

(T, 0) = (T x=9) -

By the Taylor formula and the assumption on ¢

p(z) = 2™ y(z)

for some ¢ € D(I). Hence

xep(@) = x(2)a™ ple) = "2 )ule)

where we introduced the notation p(y) = y™*1x(y). By the Leibniz formula, we have
x (k) B
sup sup ( — )Yz ) < —
sw sw|((2)0t)) | < 2

and therefore
(T, ) = (T, xe)| < C:gp sup |(x=¢)| < CBe .
<m

As ¢ tends to 0, we obtain the claimed result
(T,)=0.
Let us now study the case of a general ¢ € D(I). Applying the Taylor formula, we have

Tz

o) = 3 3" Oxa (@) + (@),
k<m
where g9 > 0 is small enough so that [—&g, 9] C I, and r € C§°([) satisfies
r®0)=0, forallk <m.

We can therefore apply the above statement to 7, and get

k
x
(T, ) => W (o)T, 21 Xeo (2))-
k<m ’
This is precisely what we have claimed, if we set a = (T, %X€O>. O

1.7 Sequences of distributions

1.7.1 Convergence in D’
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Definition 1.7.1 Let (7)) be a sequence of distributions in D'(I). We say that (7)) converges to
T € D'(I) when, for any function ¢ € C5°(I), the sequence of complex numbers ((T},¢)) 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 € L (I),

b
Via, b C T, / (@) — f@)]dz >0,

then
Tfj — Tf

in D'(I). Indeed, for every test function ¢ on I with supp ¢ C [a,b],
Tyo0) = T9) = [ Hi@e@)do = [ et do
so that
b
(T5,0) — (T2} < svp (e [ 15i(0) — f()] o

which tends to 0 as j tends to the infinity.

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

We also denote (73.) = (7)) the associated family of distributions. For ¢ € C5°(R), we have

(T, ) = /R pel(@)p(x)de = /R p(y)eley) dy.

By the dominated convergence theorem, (77, ¢) — ¢(0) as € — 0. Therefore the sequence (7},.) converges
to dp in D'(R).

Exercise 1.7.4 Let (f;) be a sequence of L! functions on I such that
sup/]fj|dz <00, /fjdx — ¢, supp(Ty;) C [vo —€j,20 +&5] , €5 = 0.
J JI I

Prove that
Tfj — 6(5330 .
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Exercise 1.7.5 Let

L ifx €0
fe(@) == ifzel—e0f
0 if |z| > €
Prove that
T _ !
fe e—>—>0 %
Exercise 1.7.6 Let .
fe(x) = O e>0
Prove that )
T
fe 3 PV <:13>
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 (Tj) converges to T in D'(I), then

i) Forany k € N, (Tj(k)) converges to T*).
i) For any f € C*(I), (fTj) converges to fT.

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

Proof.— Let ¢ € C{°(I). We have clearly
(07T, ) = (=1) "N, 0%9) — (~)I*UT, 0%) = (9°T, ),

and
(fTj,0) = (T, fo) = (T, fo) = (fT, ).

The last statement is trivial. O

Exercise 1.7.8 Show that if (f;) converges to f in C°°(I), 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 ((T},¢)) has
a limit L(¢). This clearly defines a linear form L on D(I). Is it true that L is a distribution ?
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e Assume T; — T'inD'(I) and f; — fin C>°([) in the sense of the uniform convergence of all derivatives
on every compact subset, does it imply that fJT] — fT ? In order to to prove such a result, we write

(fiTj ) = (fTp) = (T}, (fj — o) + (L, fo) — (T, feo) -

The second term in the right hand side tends to 0 in view of the assumption. In the first term, we notice
that ¢»; = (f; — f)¢ converges to 0 in D(I), but it is seems difficult to conclude that (T}, 1;) — 0
without a bound on the action of 7’; 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
@ € C3°(I) with support in [a, b],

sup (T}, ¢)| < +o0,
J

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

Vo € C5o(I), suppep C [a,0] = (T}, )| < C Y sup ()],

lal<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},¢)) converges in C, then there exists a distribution 7' € D'(I) such that 7; — T in
D/(I).

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

T(p) = lim (T} ).

Jj—+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, @) <C Y sup|pl)].
|or| <m
Then we can pass to the limit 7 — +00, and we get the required estimate. O

The second motivation can also be addressed successfully. The proof is left to the reader.

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 ¢ in D(I), we have (Tj,1;) — (T,%). In particular, if
fj = fin C*°(I) in the sense of the uniform convergence of all derivatives on every compact subset,
then f;1; — fT.

A proof of the uniform boundedness principle as well as other applications will be given in the next chapter.
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1.8 An introduction to Sobolev spaces

In this section, we give a short overview of some functional spaces, introduced by the Russian mathematician
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

loc

generalised derivative if there exists f € L'loc(I) such that, in the sense of distributions in I,
T, =Ty .

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

Notice that uniqueness of f immediately follows from Proposition [L.3.4, and that the notation f= u' is precisely
made for leading to following generalised integration by parts formula, which is nothing but a reformulation of
T = Ty,
Vo€ G, [u@e@)de = [u@)pe)ds
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 v’ € LL (I). Let 29 € I. Then

loc
there exists ¢ € C such that N
u(x) = / ' (t)dt +c a.e.
zo

In particular, u is almost everywhere equal to a continuous function.

Notice that, as a consequence of the Proposition [1.8.2, if the generalised derivative 1’ of u turns out to be a
continuous function, then u is a ct function, and v’ is merely its derivative in the usual sense.

1.8.2 The Sobolev space H'(I).

Definition 1.8.3 Let I be an open interval of R. We denote by H'(I) the subspace of u € L?(I)
which admit a generalised derivative u’ € L?(I).
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We endow the space H!(I) with the following inner product,
(1.8.7) (u,v) g1 = /u’(w)v’(m) dx + /u(m)v(m) de, uwe HY(I), ve HY(I) .
I 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 (1.8:7), the space H'(I) is a Hilbert space.

Proof.— Let (u;) be a Cauchy sequence in H'!(I) for the norm associated to (L.8.7). 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

wj = u, Uy =
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),

Ty, =Ty, Ty =T, .
J
But, by definition of a generalised derivative, and using the continuity of derivation for the convergence of
distributions,
/ /

Ty =T, —T,.
This implies 1!, = T,,, in other words u admits v as a generalised derivative, u' = 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, 1 :]a,b[, a,b € R, is an open bounded interval. In this case, we get more information from

Proposition .

Proposition 1.8.5 If u € H!(]Ja,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,

x
u(z) :/ u'(t)dt + ¢ a.e.
xo
since L?(]a, b]) C L'(]a, b[), we infer that the right hand side has a limit as z tends to a and as x tends to b.
Hence u is almost everywhere equal to a continuous function on [a, b}. Furthermore, by the Cauchy-Schwarz
inequality,

/ (1) dt‘ < Vb —a||| 2 -
Yy
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Consider

By the Cauchy-Schwarz inequality,

On the other hand,

Therefore

1 b
) = mil < = |

Summing up, we obtain

/ u'(t) dt' dy < Vb —allu| 2 .
y
lullzee < llu—mullzee + [mu] < (0= a)™ 2 ull g2 + (b — ) V2]l 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 ~— wu(b) are continuous linear forms on H'(]a,b[). A
remarkable fact is that H] (Ja, b[) can be characterised by these linear forms.

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 [1.8.5, any element v 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. € C3°([), supported into [a+¢,b— €], and such that x. = 1 on [a + 2¢, b — 2¢], with the estimate

1
el =0 (1)

as € — 0. An example of such a family of functions is

Xs(iﬁ):X<x;a>X<b;$)7

where x € C®(R) satisfies
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Then we claim that y.u — uin H'(]a,b[) as € — 0. Indeed, x.u — u in L?(]a, b[) by dominated convergence,
and

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

, 1 a+2e ) b ) %
Il 2 50() ( [ s [ o) d:c> ,
£ a b—2¢

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

< ve ([T |u’<x>\2da:)% 7

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

()] =

a+2e b %
||x;u|rL230<1>(/ @)+ [ |u'<a:>|2dx> 0.

b—2¢e

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 Hl(]a,b[) can be approximated by a
sequence of C5°(Ja,b[). This relies on the following regularisation argument. Let v € H'(]a,b[) such that
supp(v) C [a, 8] Cla,b]. We extend v by 0 as an element of H'(R) supported in [a, 3]. Let p € C°(R) of

integral 1, and
1 T
pe(x) = —p (g) :
Then p. * v € C3°(R), is compactly supported in Ja, b[ if € is small enough, and p. * v — v in L? as ¢ tends to
0. Furthermore, by the Leibniz rule,

(pe # 0 (z) = /R A — ) v(y) dy = / —j;[%(x—y)]v(y)dy: /R pe(@ — 1) (v) dy ,

R

by definition of the generalised derivative. In other words,

(pe xv) = pe ¥ v/
and therefore (p. * v)’ — v’ in L? as ¢ tends to 0. Summing up, we have proved that p. * v — vin H!. O

Proposition implies an important inequality for elements of H (Ja, 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

(1.8.8) lullze < (0 —a)|lu'| 2 -
In particular,
b
(u,v)Hé :/ o (z) V' () dx

is an inner product on H{(Ja, b]), which is equivalent to the H! inner product.
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Proof.— Again we refer to Proposition [L.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:/ u'(t) dt

u(z) = /: u(t)dt .

Inequality () then follows from the Cauchy-Schwarz inequality. In view of Proposition [1.8.7, inequality
(L:8:8) applies in particular to elements of H (]a,b[), so that

and consequently

lull22 < (b — )%, 0
Since (u,u) 1 = (u, u)H& + |Jul|2,, we conclude that the inner products (u, v) g1 and (u, U)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.

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 v’ admits a generalised derivative u” satisfying

—u" +qu=f, u(a) =u(b) =0 .

Proof.— Notice that qu is well defined in L! since ¢ € 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
7T1’J/ + Tqu = Tf RS H&(]a’b[) )

or, for every ¢ € C5°(]a, b[),

b b b
/u’g@'dm+/ qugpdx:/ fedr, ue Hy(a,b]) .

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} (]a, b|)
such that

b b b
VvGH&(]a,b[),/u’v/daﬂ—F/ quvdx:/ fvdz .
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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
/ ()2 da + (/ qdm) lullZee
a a

max (1.0 ([ qum>) ()

in view of Proposition [.8.5. Hence, from Proposition [.8.8, the real space H}(]a, b[) endowed with

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

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

b
v»—>/ fudz

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

IN

b b
(u,u) g1 §/ (u')2daz—|—/ qu? dz

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 C2 on [a, b], so that the differential equation is satisfied in the usual sense.

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 function u : I — C is
k—Lipschitz if, for every z,y € I,
lu(z) — u(y)| <kl —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 +— |9:| 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

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

|u(x) = u(y)| =

[ s dt\ < ool =1
Yy

Conversely, let u be a k-Lipschitz function. We are going to prove that u admits a generalised derivative f with
| f]loco < k. According to Proposition [L.8.2, this will imply property ([L.9.9).
As a first step, we are going to prove the following inequality,

(1.9.10) Vo e C5°(I) , Ty, )| < kllellr -

Indeed, we have,

(Thp) = — /R w()! () dr = /R o) i EEEI =),
i p(z +h) — p(2)
= gm [ 2R =2 g

by using either dominated convergence or uniform convergence. Next we decompose the integral as follows,

/Ru(x)‘p(”’" * h]i — @) 4y = % (/R w(@)p(x + h) dz — /Ru(x)go(x) dw)

= % (/Ru(y— h)e(y) dy — /Ru(-%')w(x) dw‘)
= / By = h})L —4W ) ay
R

and, by the Lipschitz property of u, the modulus of the latter expression is bounded by k||| 1. This leads to
inequality ([1.9.10). 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 subspaceof £. 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 £ = L'(R), D = D(R) and L = T, we infer that T, extends as a continuous linear
form on L'(IR), of norm at most k. From the L' — L duality theorem, there exists f € L>°(R) such that

Vo e CR(I), (T, ) = /R f(@)o(z) de |

and || f|lco < k. This precisely means that f is the generalised derivative of u, whence ([L.9.9). 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 con-
volution of distributions — see the next paragraph.
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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

VzedJ, SUPPT/)(wZ) - [CL, b] )
where we have set ¢(.,z) : z € I — ¢(x,z) € C . Define
9(2) = (T, ¥(.,2)) , z€J .

Then g € C*°(J) and
Ve, ¢d(z)=(T —d)( 2)
Y g ) 9 el *

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) —¢(,2)
h - <T’ h > '

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

¢($,Z+h) _¢($72) 8¢
Veel, 3 ’:Ba(a;,z)

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

side. Indeed, )
w(xaz—i_h)_w(wvz) _/ 871/}
Y =) 2 (x,z+th)dt .

Fix €9 > 0 such that |h] < €¢. Then the continuous function g—fis uniformly continuous on the compact subset

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

Loy o

(z,2)

sup
z€|a,b]

The same argument holds for every derivative in x,

h o 0z (z,2)

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

glz+h) —glz) <T a@Z’(.,z)> ,

h h—0 " Oz

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

g™ (z) = <T, 27:5(~72)> :

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

V(z,z) ¢ [a,b] X [e,d] , P(x,2) =0.

[ @t w—< yRo >

Then

Proof.— Consider

1/;(37,2) = /eJt< Y(x,t)dt .

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

Applying this proposition leads to
d

dz
We integrate both sides on .J. This gives

T3 d) = (00 = [Ttz ds.

(T (. 2)) = (T, 2)) -

In view of the assumptions on v, we have

@) = (7. [ wtds)  (mic.a) =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 x € R, we denote by p(z — .) the element
of D(R) which maps y € R to ¢(x —y) € C . We set

T p(x) = (T, p(x =) -

Notice that, if T = T for f € LL_(R), we have

T+ p( /f y)dy = f*p(z),

in the usual sense of convolution of functions.
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Proposition 1.9.8 For every (T, ¢) € D'(R) x D(R), T x ¢ € C*(R), and

(Txp) =T+ =T x¢p.

Proof.— It is enough to prove that T * ¢ is smooth on every finite open interval |, 3[. If supp ¢ C [a, b] and
x €]a, B[, we have suppp(x —.) C [ — b, 3 — a], so that the assumptions of Proposition are fulfilled

with I = R, J =|a, B[ and
by, ) = p(z—y).
Consequently, T x ¢ € C*°(R), and

(T @) (z) = (T, Oz — ) = (T, ¢ (x = )) =T ¢ (2) .

Furthermore, we have
¢z —y) = —0yp(z—y),

so that
(T* ) (x) = (T, —0yp(z —.)) = (T",p(x —.)) =T"x p(x) .

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

/ plz)dr =1.
R
For every € > 0, we set
@ =2r(%)
x)=-p(—
Pe Ep -
It is well known that, if ¢ € C3°(R),
Pe*p —2
e—0
in D(R). We set fo =T * pe.
Proposition 1.9.9 For every T' € D'(R),
Tfs — T
e—0
Proof.— We have to prove that
(1.9.11) Vo € D(R), / fe(z)p(x)de — (T, ) .
R e—0
Note that
/Rfa(x)cp(w) dr = /R<T7 pe(x = ))p(x) de = /R<T7 p=(x = .)p(x)) dx ,
and that

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

Applying Proposition [L.9.6, we obtain
[pto = detan o = (. [ puta = Jpto)do) = (7,55 ¢)

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

/R f(@)p(a) de —s (T, )

e—0

1.9.4 Positive distributions and increasing functions

Definition 1.9.10 A distribution 7" on I is said positive (we note 7" > 0) if, for every ¢ € D(I) valued
in [0, +o0o[, we have (T, ) € [0, 4o0].

For instance, it is easy to check that, if f € LL_(I), Ty > 0ifand only f > 0 a.e. Another example is T = 6,

loc
with ¢ > 0 and xg € I. On the other hand, whatever c 75 0 is, it is clear that 05;0 cannot be positive. In fact,

we have the following general result.

Proposition 1.9.11 If T' is a positive distribution, then 7" has order 0, namely

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

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

—Xllelloo <o < xllplloo -
Consequently, the positivity of 7" implies (T, ¢) € R and

—(T, ) llloe < (T, 0) < AT, ) ¢elloo

and therefore

KT, o) < T 0 lelloo -
If ¢ is complex valued with supp ¢ C [a, b], we decompose

¢ = Re(p) +ilm(p)

and we conclude
(T, o) < 2(T, )| lloo -
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Remark 1.9.12 Since any compactly supported (positive) continuous function on I can be approximated
uniformly by a sequence of (positive) test functions supported in a fixed segment of I, 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 u
on I, finite on segments, such that

Yo eD(I), (T,p) = /1 () du(z)

Let us come to the main result of this paragraph, which characterises increasing functions. For simplicity, we
state and prove this result on IR, 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(z) > f(y) -

(sometimes such functions are called nondecreasing functions).

Theorem 1.9.13 If f : R — R is an increasing function, then T > 0 . Conversely, if ' € 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 T. Let ¢ € D(R), valued in [0, 4+-00[. Let us calculate

The) = = [ @) de =~ [ fo) py EEELZEE gy

h—0
B o(x + h) — ()
N _f!TO/ fl@ dx
—h) —
= A@O/ it Y f(y)so(y) dy,

by the same arguments as in subsection 1.9.1. It yields (T}, ¢) >0, hence T} is positive.
Conversely, let T' € D’'(R) such that 7" > 0. Choose p € D(R), supported in R, satisfying

0<p, /p(x)dle.
R
Recall that, from Proposition [L.9.9, the smooth function

fe=Tx*p.

is such that Ty, — T in D’(IR). Notice moreover that, since 7" 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
Tt — Tt, hence T' = T.

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

féZT/*Ps
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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.(x) is a C* function of € > 0, and that

d 0
@) = (T gpela =)

Observe that

Consequently,

because 77 > 0 and zp(z) > 0 in view of the assumptions on p.

Now we claim that, as ¢ — 0, for every z € I, f.(z) is bounded from above. Indeed, consider ¢ € D(I),
valued in [0, +oo], supported in [x, +00], and such that

/R Wly) dy =

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

@) = @) [ vy < [ Lot i = @)
because of Proposition [1.9.9. Since fa(x) is increasing as ¢ decreases to 0, we conclude that

fe(x) — f(x)

e—0

where f is an increasing function on R. Furthermore, if z € [a,b] C R
f(@) > fo(z) > fe(a) — f(a) .
e—0
Therefore we can apply the dominated convergence theorem and conclude that, for every ¢ € D(R),

[ t@eta)ds = [ r@e

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

T, ) = /R f(@)o(z) d

hence T' = Tf. O
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Remark 1.9.14 The first point of Theorem says that, if f is increasing, Tji 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],

/ . = b—a . b—a b—a
j=0

For instance, if f : R — R is the repartition function of a random variable on R, then T]’c is nothing but
the law of this random variable.

1.9.5 The structure of distributions

Recall that, by Proposition [L.4.10, every distribution 7' has a primitive S. Furthermore, as can be observed
from the proof of [L.4.10, if T is real, then one can choose S real. Now, if T is positive, then S satisfies the
assumption of Theorem [1.9.13, and there exists an increasing function f such that Ty =S5,orT = T}. In
other words, any positive distribution is the derivative of Tf, where f is increasing. This statement extends to
any distribution of order O as follows.

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

loc

Proof.— Let us come back to the proof of Proposition [1.4.10. Let x € D(R) supported in | — 1, 1| and satisfying

/Rx(y)dyzl.

For every ¢ € D(R), we set

P = [ [wt) x0) [ v dy] it

— 00

Notice that P(¢)) € 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

satisfies S’ = T'. Since T is of order 0, for every n > 1, there exists C,, > 0 such that
Vo € D(] —n,nl), KT,¢)| < Chll¢llo -
Consequently, if 1 € D(] — n,n|),
(S, )| = (T, P(¥))| < CullP(Y)]loo < CoB|l9]| 1 -
Arguing as in proof of Theorem [1.9.2, we infer that there exists f,, € L°(] — n, n[) such that

Su_mn[ = Tf’n .

Semiclassical Analysis, Fall 2020 Stéphane Nonnenmacher



CHAPTER 1. DISTRIBUTIONS IN ONE SPACE DIMENSION 54

Therefore we have constructed a sequence ( fy)n>1 of functions f,, € L°°(] — n,n[) such that
Thnininf = Slen—tnt1D) f-nnl = Sl = Tf -
Hence fnt1(j_y, [ = fn @nd we infer that there exists f € Lig;(R) such that
¥n > 1, el = fu -

Since

for every n > 1, we conclude S =Ty ,and T' = S’ = TJQ. 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®|u .
0<k<m

(R) such that T = T{" ") |

if) 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 = i T
n=1

Theorem 1.9.16 ) If T' € D'(R) is of order < m, there exists f € L

loc

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 ' =T

The proof of this lemma is straightforward, taking into account the formula (S, 1) = — (T, P(%)) and the fact
that, for every m > 1 and ¢ € D(] — n,n|),

sup |P() W]l < BlYllpi +  sup  [[v®) ] < B, sup (R
0<k<m 0<k< <

<m-— <m-—1

Let us prove statement ii). For every integer 7 > 1, there exists an integer m; such that T”_j_l/Q’j_H/Q[ is of
order < m,;. Furthermore, we may impose without loss of generality that m; 11 > m;.
We are going to construct a sequence (gj)j21 of L®° functions on R such that, for every j > 1, supp(ng) C

[_j7 _j + 1] U [] - 11j]7 and
( ZT(W“> =0.
1
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Let us first construct ¢;. Since T is of order < my on | — 3/2,3/2], property i) (adapted to an interval) implies
that there exists h; € Lie(] — 3/2,3/2[) such that

_ plmi+1)
T=T,""".

Then g1 := 1)_ 1l € L*(R) and satisfies
<T - Tg(lmlﬂ))u_u[ =0, supp(Ty,) C [-1,1].

Assuming g1, . . ., g;j are constructed, let us construct g;1. Since the sequence m; is increasing, the distribution

Tj1 = ( ZT(W“ >

[—3—3/2,j+3/2]
is of order < m, 11 + 1. Furthermore, the restriction of TjH to | — 4, 7] is 0. Therefore, using again property
i), there exists hj11 € L (] —j —3/2,j + 3/2[) such that

'al (mJ+1+1)
T =T, hj+1

1
Furthermore, the restriction of T( ’+1+ ) to |

—J,7[is 0, which implies from Corollary that hj41 coincides
with a polynomial function pj1 on ] J»J[- We consider

gi+1 =11 p1(hit1 — pjt1) -

Then g1 € L®(R), Ty, is supported in [—j — 1, —j] U [j,j + 1], and
- (mj41+1)
Ty — T ) -
( s e —i—14+1[

Coming back to the expression of Tj+1, we have checked the induction assumption at rank j 4+ 1, so that the
sequence (g;);>1 is constructed by induction on j.
In view of the properties of the supports of 7, i for every j, only the terms of rank £ < j of the series

+1
Tyt

NE

~
Il

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 I" on every interval | — 4, |, therefore

T(met1)

T= ge

NE

~
I

1

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

T = Zﬁm.
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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

x1
xr =
Zq
with z1,...,24 € R. We denote by (ey, ..., eq) the canonical basis, so that

d
Tr = E xjej.
j=1

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

d
Ty = ijyj ,
j=1

defining the Euclidean norm
d 3
|z| = Vzx.x = Z:c?
j=1
This norm classically defines the distance

d(l’,y) = |l’ _y| ;

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 ). Here, B(a,r) denotes the open ball

{z e RY, d(z,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 R, we shall often use the distance function to F,
d(z,F) = inf d(z,z) .
z€F

Notice that d(x, F) = 0 ifand only if x € F, and that, by the Bolzano-Weierstrass property for closed bounded
subsets, this infimum is attained at some 2z € F. Furthermore, the function d(., F') is continuous on RY. In
fact, by the triangle inequality, it is 1-Lipschitz continuous,

If K is a compact subset of R? and § > 0, the set
Ky = {z € R, d(z, K) < 5}

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 © of R?, then

|n§(d(:c,Q):5o>0.

S

For every ¢ €]0, dp[, K is contained in §2.

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,

d(l‘, Z) 2 ’d(ya Z) - d(xa y)|
hence, if x € K;, choosing y € K such that d(z,y) = d(z, K), d(z,Q°) > 69— 6 > 0. O

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

2.1.2 Partial derivative, Ct functions, differential, gradient

Definition 2.1.2 Given f : Q@ — C and 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 IR, has
a derivative at t = 0. We set

d 0
T (a+tej)=o0 = 8;;(@) = 0jf(a) .

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 9, f are continuous on Q. We denote by C1(Q2) 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)+ Lao(h) +o(|h]) as h — 0

where
d

La(h) =) 0;f(a)h; .

Jj=1
The linear map L, : R? — C is called the differential of f at point a, and usually denoted as
L, = daf .

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),

o1f(a)
duf(h) = Vf(@)h, Vi) = | .
d4f(a)

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

2.1.3 The Chain rule

Proposition 2.1.3 Let O C RY, (' C R” be open sets, and ¢ : Q — ', ¥ = (¢1,v9,...,1,), a
function of class C"™, m > 1. Let f : ¥ — C be a C™ function.

Then f o1 is C™ on ). Moreover

or, forany j € {1,...,n}, )
0;(f o) (@) =D Of (¥(2))djun(x).
k=1

2.1.4 Higher order partial derivatives

More generally, for m > 2, we denote by Cm(Q) the vector space of functions f € C'l(Q) whose partial
derivatives 01 f, Oaf, . .., d4f belong to C"™1(£2). Moreover, C*°(£2) is the intersection of all C™(§2).

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 € C2(Q), then, for any j. k € {1,....d},

9;(Okf) = Ok(9;f)

In particular for C*° functions, one can compute partial derivatives of f in any order. It is therefore very
convenient to use multi-indices.
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2.1.5 Multi-indices

Let f € C®(Q), and @ = (a1, g, ..., aq) € N? a multiindex. We denote 9% f the function
o%f =0M05*--- 05 f.

The number
lal = a1 + g+ + aq,

is the order of the partial derivative, and it is called the length of «v. The context usually avoids any confusion
with the Euclidean norm ! We also set
al = 051!042! PN Oéd!

and, for 8 € N? such that Bj <« for all j, which we will write 3 < ¢,

(5) == () () (o)

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>°(9), and a € N¢ a multiindex. We have

*(fg)= > (g)aﬁfaaﬁg.

BeN?, f<a

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

9i(fg) = (9;f)g + f(9;9),

which is the above formula. Suppose then that the formula is true for all multiindices of length < m. Let o € N
such that || = m + 1. There exists j € {1,...,d} et 8 € N? of length m such that

o = ﬁ + 1j7
where 1; = (0,...,0,1,0,...,0) with a 1 as j-th coordinate. With these notations
0°(fg) = 0°*i(fg) = 0°(9;(f9)) = 9°((9;)g) + 3°(f(9;9))-

Since (3 is of length m, the induction assumption gives

> (fg) =3 (f ) o (0;) 9 7g + ( >07f 07 (0;9)

<8 <8
_Z( )awrljfaﬁ ¥ +Z< > ’Yfaﬁ-i'lj_’yg
<8 y<B

_Z( >87+1Jf8a (v+1; Q+Z( )a"/faawg

v<B <8
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We change the multiindex in the first sum: v <- v + 1, and we get

()= 3 (75 )a“ff oo +Z<7>0”f g

1;<y<a v<B
=9 g B Y9 o
=0"fg+ Y | ) Daracg s+ fotg
A
+1; -
=0"fg+ Y (6 J)aﬂfaa Tg+ f0%g,
1;<v<B i
which is the required result. O
We can continue the analogy with the 1 variable case: if x = (xl,xg, - ,wd) S Rd, we denote by z% the
monomial
z® = af? - al

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

(r+y)* = Z <g>xﬁya_5.

B<a

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

Proposition 2.1.6 Let f: Q C R — C a function of class C™*!. Let a,b € €, such that the segment
[a, b] is included in ©2. We have

—a)¥ —a) 1
HOESY (ba!>8°‘f(a)+(m+1) > (ba')/o (1—t)"0%f(a + t(b— a))dt.

|| <m |oo|=m~+1

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

1 I . (m
o) =3 e+ o [ s
k=0 "

m)!

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

d
=> (b—a);(9;f)(a+tb—a)

J=1
and more generally that

d

Py = Y (b—a) ... (b—a) (95 ... 05 )((a+tb—a)).

J1,J2,Jk=1
This sum only contains terms of the form (b—a)® (0% f)(a-+t(b—a)) with o € N¥ of length |a| = k. Therefore
we can write, for some coefficients ¢, € R,

d

S a0 )y @ 9 N @+t —a) = 3 calb—a)* (@ f)(a +t(b - a)).

J1,J25Jk=1 || =k
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Denoting * = b — a, this equality between two polynomials in x implies that the ¢, are given by

co = #{(J1,J2, - Jk) € {1, .., d}F, aP 2 aGt = ay, o)

o = k ]{Z—Cll k—al—"-—an_l _E
* T\ a9 O ol

Indeed, one has to choose first vy numbers among j1, ... ji that should be 1, then aa among the k — a3
numbers left that should be 2, ...

thus

Since a +t(b — a)|,_, = a, and a +t(b — a)|,_, = b, we obtain the stated formula. 0
Exercise 2.1.7 Show that, for k € N and (1, 29,...,24) € R we have
k _ k! o
(w1 4@+ aa) =) =
la|=k

Applying the Taylor formula, we immediately obtain.

Corollary 2.1.8 (Hadamard’s formula) Let f € C"*1(Q), where 2 is a convex open subset of R?. If
a € and f(a) =0, there exist d functions g1, g2,..gq of class C"(2) such that

d
flw) = (x; — aj)g;(x).

Jj=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 (0 is a ball.

2.2 Test functions

2.2.1 Definitions. Examples

If f € C°(1), the support of f is the closure of {x € Q, f(x) # 0} for the topology induced on Q. This is
a closed subset of 2, denoted by supp(f). If m € NU {oo}, we denote by CJ"(£2) the space of functions in
C’m(Q) with a compact support. Notice that a compact set for the induced topology in {2 is also a compact subset
of R¥ contained in . In particular, elements of D(£2) = C°(12) are called test functions on 2. 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 Q \ V. This allows to identify D(V') as the subspace of D({2) defined by suppjgp) cV.
We shall often make this identification.

Proposition 2.2.1 i) For every a € R?, for every r > 0, there exists ¢ € D(R?) such that ¢(x) >0
for every € RY and supp(p) = B(a,r) .

i) For every compact subset K of 2, there exists y € D(£2), valued in [0, 1], such that x =1 on K.
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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
p(z) = f(r? — |z —al?)

satisfies the requirements.

The second statement requires a little more work. Let ¢ be as in the first statement with @ = 0 and » = 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(r)der=1.
R4

Then, by Lemma R.1.1], we may choose § > 0 such that Ky5 C ). Set

X(w)=/l(6<p(xgy> %-

By the Leibniz rule of derivation under the f sign, x € C“(Rd). Since ¢ > 0, we have x > 0 and

x(g;)g/Rdch;y) ;%Z/Rdgo(z)dzzl,

after performing the change of variable y = x — dz. Hence x is valued in [0, 1]. If x € K and y € (K5), then
|x —y| >, hence (z — y)/d & supp(y) and the integrand cancels at y. Consequently,

r—y\ dy
K = —=1.

Finally, if x & Kos, y € Kg, \x — y[ > ¢, and the integrand identically vanishes, so that X(a;) = 0. Hence the
support of x is included in Kss, which is contained in €2, so that x € 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 €, 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”.

2.2.2 Partitions of unity

Proposition 2.2.3 (Partition of unity) Let K be a compact covered by a finite collection 24,...,8, of
open subsets of Q. There exist x1 € C°(1), ..., xn € C§°(2y), valued in [0, 1], such that

X1+ +xn=1lonK.

In particular, if ¢ € Cg°(Q?) is supported in Q U --- U £, then one can find functions
o1 € C(), ..., pn € C(2y), such that

Y1+ ...on=¢.
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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--- U}, there exists open subsets U, ..., U, such

that, for every j € {1,...,n}, U; C Q; is compact, and

KcUyu---ubu, .

As in the one dimensional case, the proof proceeds by induction on n < 1. The case n = 1 follows from Lemma
.11

Once the shrinking lemma is proved, set

Xt =91, x2 =2l =v1) ... ,xn =1 = Yp_1)... (1 =91),

where, for every j € {1,...,n}, 1; s a plateau function on U]- in ;.
Finally, the last assertion follows by writing ; = X, where the x;'s are associated to the covering of supp(<p)
by Q1,...,Q,. 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 (¢;) tends
to ¢ in D(Q) (or in the D(2)-sense), when

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

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

In that case we may write
=D~ lim ;.

Jj—+oo

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

Definition 2.3.3 Let 2 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 ()| < C > sup|0%p| = Clp]lcm.

laj<m

We denote by D’'(€2) the set of distributions on , and for T' € D'(2), ¢ € D(Q), we set (T, ¢) :=
T(p).
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Proposition 2.3.4 A linear form 7" on D(€2) is a distribution on § if and only if T'(¢;) — T'(¢) 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 € L} (Q), the formula

loc

Tp) = [ 5@ pla) da
defines a distribution on €2. Furthermore, the linear mapping
f € Lige(Q) = Ty € D'(9)

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

Dirac masses.

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

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 C™(£2), non-negative distri-
butions 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.

2.3.2 Restriction and support

Definition 2.3.5 Let 7 € D'(Q2), and V C 2 an open subset. The restriction of 7" to V is the
distribution T}y, € D'(V') defined as

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

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 V' of ¢ such that T‘V =0.
e xy € suppT if and only if for any open neighborhood V' of zg, one can find ¢ € C3°(V') such that
(T, ) #0.

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

<T’ 90> = anaa(p(a) )

«

where (¢q)qene is @ family of complex numbers which vanish except for a finite set of multi-indices.

Proposition 2.3.7 Let ¢ € C°(Q) and T € D'(Q). If suppp NsuppT = ), then (T,p) = 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
Q=]
JjeJ

for some collection (£€2;);cs of open subsets. Suppose we are given, for every j € J, a distribution T}
on €25, so that we have the following property : for every j, k € J such that Q; N €y, # (), then

(T7)10,na, = (Tk)j0;n0, -

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

Proof.— The uniqueness of T’ follows from Proposition R.3.7. Let us prove the existence of 7. Given p e D(Q),
we want to define (T, ). From Proposition .2.3, one can decompose

0=> v
jed
where p; € D(Qj) and ¢; = 0 except for a finite set of j's. In such a situation, if 7" exists, one must have

(T, ) = Z<T7 90]'> = Z<Tj790j> .

jeJ jeJ
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Therefore it is natural to establish the following lemma.

Lemma 2.3.9 For every decomposition

o=> o;

jes
where ¢; € D(€2;) and ¢; = 0 except for a finite set of j's, the complex number
> (T 05)
jed

only depends on ¢, not on the decomposition.

Let us prove the lemma. Consider the set
K = supp(p)) -
jeJ

Since supp(gpj) is compact and is empty except for a finite set of j's, K is a compact subset of {). Apply
Proposition to a finite covering
KclJo
reR

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

supp(xr) C Qp , ZXT =lonK.
reR

In particular, for every j € J, ¢; = > . p Xr@j, therefore

reR

For any r € R, we claim that (T}, x,¢;) = (Tr, Xr¢;). Indeed, either Q; N, = (), and x,¢; = 0, so both
sides of this equality cancel. Or Qj N, # (0, and, since supp(chpj) C Qj N £),., the assumption merely says
that

(T, xrpj) = (Tr, Xrpj)-
Consequently,

Z<Tj790j> = ZZ(TT7X7”§0]'>:Z<TraXr(ZSD]’)>

jedJ jeJreRr reR jeJ

= Z<TT7 XMO) :

reR

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

K= U supp(p;) U U supp(@;) »

jed jed

Z<Tj’@j> = Z<TT7XTSO> = Z(TJ’ ¢J>

= reR jeJ

and we see that
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Let us complete the proof of Proposition R.3.8. For every decomposition p = ZjeJ (pj as in the lemma, we
define
(T,0) = (T, 05 -
JjeJ
Itis clear that 7" is a linear form on D(£2). To check it is a distribution, let K a compact subset of {2 and (X, )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> = Z<TraXr§0> .

reR

Since T, € D'(Q,), we have
(T, xro)| < Crllxrpllom: < Crllgllom: -

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

(T p)| < (Z Cé) lellem

reR

sothat T' € D'(Q). Finally, if ¢ € D(§;) for some j € .J, we can write the decomposition ¢ = >, - ; ¥, with
pj = ¢ and p; = 0 if k # j. Using the lemma, we infer (T', p) = (T}, ¢). In other words, Tjq, = Tj. O

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

i) If every Tj is a nonnegative distribution, then so is T'. Indeed, the elements ;. of the partitions of unity
can be chosen to be nonnegative.

i) 1f every T} is a C™ function, then so is 7.

2.3.3 Multiplication by a smooth function

Definition 2.3.10 Given ¢ € C*>°(Q2) and T € D'(Q), we define ¢T € D'(Q2) by

VYo € D(Q) , (qT, ) = (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'(2) and a € Q such that
Vi € {1...,d} , (a:j—aj)Tzo .

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.
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Lemma 2.3.12 (Hadamard lemma on an arbitrary open set) If ¢ € C5°(Q2) satisfies ¢(a) = 0, there
exists Y1,...,1q in C3°(€2) such that

d
p(x) =Y (2 — ay);(x) -

=1

Let us prove the lemma. Let 7 > 0 such that B(a,7) C (2, and let x be a plateau function on B(a,7/2),
supported in B(a,r). From Corollary — Hadamard’s formula on a convex subset — we can write, for
x € B(a,r),

d
p(x) =Y (2 —a)) fi(x)

J=1

with f; € C°°(B(a,r) for every j. This implies =S (zi—a; ;. On the other hand,
j J Xp J=1\"J J X J

—a;)(1 = x(2))

|z —af?

d .
(1 X)) = 30— ) o)

J=1
Summing both above identities, the lemma follows with

—a;)(1 = x(x))

|z —af?

bi(2) = x(@) fi(a) +

p() .

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 @ ete) e = - [ )00t dr.
Q Q

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

0i(xflp =0if v, xfOip = fOjp .

Furthermore, Y f can be extended as a C' function on R?, vanishing outside of ). Therefore we are reduced
to prove the lemma with ) = 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.
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Definition 2.3.14 Let 7' € D'(2) and j € {1,...,d}. We define 9;T € D'(2) by
Similarly, for every a € N?, we define 9T € D'(Q) by

(0°T, ) = (-1)*NT,8%) , p € D(Q) .

At this stage, it is natural to ask for the multidimensional analogue of the identity I’ = g proved in Chapter
1. A natural statement would be a formula for 0;(1;7), where U is an open subset of {2 and 1 is the indicator
- or characteristic — function of U, equal to 1 on U and to 0 outside of /. However, open subsets in R¢ 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, = {(x1,72) € R? : 21 > a} C R? for some a € R. Then an elementary
calculation gives

Or(1m,),0) = /R p(a,za) drs , O(1p,) = 0.

ii) The unit disc. Consider D = {(z1,72) € R? 2% + 22 < 1} C R2. Then using polar coordinates, one
easily checks that

2m 2m
(01(1p), ) = —/ cos p(cosB,sinf)db , (02(1p),p) = —/ sinf p(cos b, sinf) db .
0 0

Notice that, in all the above examples, 0j(1y) 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 (T},) of elements of D’(Q2) converges to T' € D'(Q) if

Vo € D(Q), (Tn, @) — (T, ) .

If f € L'(RY) satisfies

then
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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 () in Rd, set
OF = {x € Q,d(x,Q° > e} .

If x € 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°(92), and we may define
Fé(x) = (T, pe(x—.)) .

Proposition 2.3.16 The function F*¢ is smooth on ¢, with
O°F*(z) = (T,0%(x —.)) , a« €N?
and, for every ¢ € D(12),

/QFE(.T) o(z)de — (T, p) .

e—0

Notice that, given a compact subset K in (2, the integral fQ Fe(z) o(x) 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'(2). Let also ¢ € C§°(2 x Z). The function
G:ze€Zw— (T,p(2))

is C*°, and, for o € NP,
8QG(Z) = <T7 a?@('vz»

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

i) f T = f e L,.(Q), we have G(z) = [, f(z)p(x, z)dz, so that, under the above assumptions, we

loc

get G € C*°(Z) and we recover the Leibniz rule of derivation under the [ sign,

6°‘G(z):/gf(m)8§‘gp(a:,z)daﬁ.
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Proof.— Denote by K the projection of the support of ¢ onto 2. Let 29 € Z and x € 2. For h € RY, Taylor's
formula at order 1 gives

p
30(337 zo + h) = QO($, ZO) + Zazj@(l'a Z(])hj + 7"($, 20, h)7
Jj=1

he 1
with r(x, zp, h) = 2 Z — | (1 =1t)0%p(x, 20 + th)dt.

Since x — 7(x, 20, h)) is C* with support in K,

(T, r(z, 20, )| < C > sup|dr(z, 20, )]
|B|<k

for a constant C' > 0 and an integer k£ € N independent of zy and h. But for |h| < 1,
a
1087 (x, 29, h)| < 2 Z ol / 1)|0P0%p(x, 2 + th)| dt < C|h/|? Z sup 10802 p(x, 2)|,
la| <2 la|<2 K xB(z0,1)

Thus
’<T7 r($7 20, h)>| = O(‘h|2)-

and,

q
G(zo + h) )+ > (T, 0,02, 20))h; + O(|h]?),
7=1

which shows that ( is differentiable at z - in particular GG is continuous, and that
9;G(2) = (T, 0:,(x,2)).

Then one can replace (, z) by 0., ¢(x, 2) in the above discussion. We see that for all j, J; 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 {2 C R? be an open set, and T € D'(Q). Let

also ¢ € C3° (2 x RP). Then
[ etna:= (1. [ ot.a)
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Proof.— We start with the case p = 1. Let ¢ € C5°(€2 x R). We choose A > 0 and a compact set K C
such that supp p C K x [—A, A]. We denote by 1) : Q x R — C the function given by

¢(m,z):/t< o(z, t)dt.

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

a@:HW@W»:<ﬂZ;¢@ﬁﬁ>

z

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

Integrating, we get

<T, /t<zg0(m,t)dt> =G(z) = . G'(t)dt:/KZ(T,cp(x,t))dt.

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

For p > 1, we proceed by induction on p. Let ¢ € C3°(§2 x RP). Using the result in the case p = 1, we get, for

every 2/ € RP~1,
(7. [ et} = [ (e pa
R R

It remains to apply the induction assumption to ¢ € C§°(€2 X RP~1) defined by

o) = [ plo 0y dr.
R
The proof is completed by using the Fubini theorem. O

Finally we come back to the proof of Proposition R.3.16. Fix ¢ € C3°(£2). Applying Proposition —
derivation under the bracket— to

p(x) F*(x) = (T, p(x)pe(x = .))
we infer o F° € C*°(2) and

Vo e NT, 0% (pF®)(x) = (T,08 (p()p=(x — ) -
Choosing ¢ a plateau function near a point xg € {2, we get the first statement of the proposition,
Vo € N | 9%F(xg) = (T, 0%p-(z0 — .))) .
As for the second statement, we apply Proposition — integration under the bracket — to obtain

/ (@) F* () dx = (T, g} , pely) == / o(@)pe(z — y) dz
Q R4

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

ve(y) = /Rd oy +ez)p(z)dz .
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Since p is supported in the unit ball, we observe that (. is supported in a fixed compact subset of 2 is ¢ is small
enough. Furthermore, the standard derivation under the integral yields ¢, € C(C]’O(Q) and

Va €N, 9%u(u) = [ 9%l -+ epla)ds

Passing to the limit as € tends, to 0, 0%y, converges uniformly to 0%p. We conclude that (. converges to ¢ in
C3°(Q2). Consequently,
<T1 QD€> — <T7 SO> .

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'(Q).

Proof.— For every j > 1, define

K;= {mEQ:d(:p,QC)z

,M§ﬁ.

S

Then K is a compact subset pof (2, K; C Io(jﬂ and

Uk, =0.

Jj=1

o

Choose x; € C3°(Kj+1) a plateau function near K; and consider a sequence (&) tending to 0 such that
(Kj+1)5j cQ.

Then define
FJ(JL‘) = Xj($><Ta Pe; (.%' - )> '

By Proposition and by the above support information, we know that F; € C§°(f2). Furthermore, if
(S 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,

/mwmmm:AwMﬂ%m—»w,

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°(Q2). Then T € CL(Q).

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 m 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 0;T € L}OC(Q),j =1,...,d, do not lead to T € C°(Q), but

only to T € LY () for p = ;% (Sobolev estimates).

loc
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Let us prove Corollary R.3.27. By the gluing principle, it is enough to prove it locally, so we may assume that )
is a ball B. For every j, denote by fj S CO(B) the continuous function defining 8]-T. As above, we define, on
the ball B¢, the smooth function

Fe(a) = (T, pe( — ) -
Notice that

i (x) = (T, 0z, pe(w = .)) = =(T,9y; (pe(x = ))) = (95T, pe(x = .)) = /ij(y)ps(fﬂ —y)dy.

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

d 1
Fg(w)—/B X(y)F(y) dy = /Bx(y)(Fa(fv)—FE(y)) dy = Z/O /Bx(y)(wj—yj)ajFE(ert(w—y)) dy dt,
j=1
and the right hand side converges uniformly on B’. On the other hand, by Proposition R.3.16,

/ XW)F(y) dy — (T x)
B e—

so we infer that F'¢ converges uniformly on B’ to some function F'. Since each @FE is uniformly convergent
on B’, we conclude that F' € C'(B’). But we also know by Proposition that Tjp = 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 consequence of the
principle of uniform boundedness which is proved at the end of this chapter.

Lemma 2.3.24 (Bicontinuity of the bracket) Let (7},) be sequence in D'(Q2) and (¢,,) be a sequence
in D(Q2). We assume that T,, — T in D'(Q2) and ¢, — ¢ in D(Q). Then

<Tn790n> — <T7 90> :

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 €. Assume
0=[]J9
jeJ

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

Proof.— Let K be a compact subset of {). From Proposition let (Xj)jej 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
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Then, for every test function ¢ supported in K, we have

(T 0y =D = (T xj0) = > _(T9, x;0)

jeJ jeJ

Since each T'U) is a distribution, the right hand side is estimated by C'||¢||cm for some C' > 0 and m € N only
depending on K. Hence T, is convergent in D'(Q2). 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 OU 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 QU called the superficial measure of U 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.

2.4.2 Preliminaries on non-negative distributions

Definition 2.4.1 We say that T € D’(2) is a non-negative distribution when (T, ) € R for any
function ¢ € C5°(€2) with values in [0, 4+00).

Proposition 2.4.2 If T' € D’'(1) is non-negative, then it is of order 0.

Proof.— Let K C I be a compact subset, and x € C3°(I) a plateau function above K. For ¢ € C5°(2)
supported in K with real values, one has

Vo € Q, —xsuplo| < p(x) < xsuplyl,

thus
(T, + xsup|el) > 0and (T, xsup|p| — @) > 0.

This gives
(T, )| < (T, x) sup|el.

If p € CSO(Q) is supported in K and is complex valued, we write ¢ = (1 + 12 with @1, 2 real-valued, and,
with what we have seen before,

(T o) = KT, o1+ ip)| [T 1) + (T, p2)| < Csup fi| + Csup 2] < Csup e,
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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 CS(Q). By the Riesz represen-
tation 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

Yo €CH(Q) <T,so>=/gsodu-

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

Let © be open subset of R?, and let f: 9 — R beaC' function. We assume the following property,
(2.4.1) VeeQ, f(x)=0=Vf(z)#0.

We denote by 3 the set of points = € 2 such that f(z) = 0.

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

/Rh(z)dzzl,

the family of functions p. defined on €2 by

pe(x) = lh <f(:n)>

9 9

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

(2.4.2) Vgld(g) = IVfla(f) -

Proof.— By the gluing principle for convergence of distributions — Proposition —, it is enough to prove
that every point a of {) has an open neighborhood on which pi. 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 ) — see the remark after Proposition 2.3.8.

Let a € Q. If f(a) # 0, then the continuity of f implies that | f| > ¢ > 0 on some neighborhood of a, so that,
since h is compactly supported in R, p. is identically zero on this neighborhood if € is small enough. Hence .
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tends to 0 in a neighborhood of a.

Now assume f(a) = 0. By assumption (R.4.1), V f(a) # 0, so there exists j € {1, ..., d} such that 9; f(a) #
0. Let us assume for instance that j = 1, and write elements of Reasz = (x1,y), withz; € Randy € RA-1,
Then, by the implicit function theorem, there exists an open interval I C R and an open subset W C R4~1
such that a = (a1,b) € I x W C Q, and a C! function ¢ : W — I such that

V(.’L’l,y) el x Wa f(xlay) =0 < Tl = Q(y) .
By the Taylor formula in the x; variable, we can write

1
V(z1,y) € IxXW, f(z1,y) = f(a(y),y)+(z1—q(v)) /0 o f(q(y)+t(z1—q(y),y) dt = m(z1,y)(r1—q(y)),

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

/waw(w) pie(z) do = /W/I¢(x1’y) éh (m(arl,y)(;vl - q(y))) dey dy .

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

/ﬂ@w(wljy)ih (m(m’y)(xl _q(y))) dey = /R@(Q(y)+527y) h(m(q(y) +ez,y)z) d=

3

e(q(y),y)
101 (q(y), )|

Passing to the uniform limit under the integral in the y variable, we infer

v(q(y),y)
[y ppee)dr = [ Ry

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(¢(y),y) = 0, we obtain, by the chain rule,

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

so that

VHa)6) = 0 a)0) gy ) - IV = 1007 (a) )] (14 [Va))

N

Finally, we obtain

I

(1+1Va(y)P)
IVf(a(y),v)l

Thus on W we get a positive distribution 6(f), hence a distribution of order 0, so we can multiply it by the
continuous function |Vf\, and obtain, if ¢ is supported into I x W,

/ wwmmmﬁwnwz/wmm>
IxW w

(NI

«wwnw=4¢mmﬁwwmﬁ)@.
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If g is another C! function which satisfies (2.4.1) and ¥ = {x € Q,g(x) = 0}, we take the derivative of
9(q(y),y) = 0, and obtain

V(a(0).) = drala)) (g, ) + 1990000000 = Oratat). )] (1 + Fa))*

NG

so that the same computation as above yields

(IVglé(g), @) =/ o(a(y).y) (L4 [Va(w)?)? dy .
w
In particular, |Vg|d(g) = [V f|6(f) in I x W, and, by the gluing principle,
IVgld(g) = [Vf5(f)

in Q. O

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

Definition 2.4.5 The superficial measure of ¥ is the positive distribution
o=[VfIs(f) .

where f is any C! function satisfying () and such that ¥ = {f = 0}.

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 X = {f =0} where [ satisfies (2.4.1)), then, for every p € C(O)(Q),
L (flz )) / o(x)
-h x)dr —
/QE < |Vf )|

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

(2.4.3) /I el@)do(a) = /W o), y) (1 + [Va@w)?)

Example 2.4.6 (The superficial measure on a sphere) Let » > 0. Then the function

NI

dy .

fr :RIN{0} — R

x = |x|—r

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

Vfr(l') = 70>

|z
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hence |V f,(z)| = 1. For instance, the intersection of S, with the open set ]0, +0co[xR?%~! is given by the

equation x1 = ¢(y), where
q(y) = vr* =yl [yl <r.

Y
Va(y) = ——, 1+ |Va(y)|* =
Ve =y
so that the superficial measure o, on S, is given by o, = 4(f;), and, if ¢ is compactly supported in
10, +oo[ xR,

Notice that

7“2

r? =y’

d
/ pa)dota) = [ o (VIETTR)
J0,+00[xR?—1 lyl<r r? — |yl

Notice that we have a simple connection between o, and o1,

() doy(z) = ro! / o(ry) doy (y)

(2.4.4) Vo € CO(RY) | /
R4

Rd

Indeed, using the definition,

/Rd o(z)do.(z) = a“—rpoi/Rdh <\x’€—7"> () de
=M Zrd_l/Rdh <r(|y|€_1)) o(ry) dy

= [ )

using the change of variables z = 7y in R% and the new small parameter ¢/ = =

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

2m
/ o(z)doy(z) = T/ p(rcosf,rsinf)do .
R2 0

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 = — R beaC! function such that

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

It is easy to prove that the set f(Q2) := {f(z),x € Q} is an open subset of R - hence is an open interval if {2
is connected. Indeed, if to = f(a) with a € 2, 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 z1 € I — f(x1,b) is strictly monotone, and consequently
its range is an open interval of R.

For every t € f(£2), denote by ¥; the set of equation f(z) = t, and by oy the superficial measure on ;.

Proposition 2.4.7 For every ¢ € CJ(Q),

/gzgo(m)dﬁ:/ﬂm </Et¢(x)m> it .
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Proof.— Fix h € C§(R) of integral 1. For every = € (2, we observe that, for every ¢ > 0,

(1

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

/QsO(x)dx:/RUQ %h (f(xi_t) g@(az)daz) dt .

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

[, () e

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, I (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 ). Assuming that 91 f # 0 on V/, the implicit function
theorem shows that, if V' = I x W is small enough, the equation f(z1,y) =t in V, for ¢ close to some value
to, is equivalent to 1 = q(y, t), where g is a C! function. Then we can reproduce the proof of Theorem
with the additional parameter ¢, writing

L) = //l8 ( ml,y,t)(fvl—q(y,t))> o, y) dy iy

g
_ // ) +e2,9)2) p(q(y, t) + e2,y) dzdy ,

which is uniformly bounded since ¢ is compactly supported, and ]m| > ¢ > 0. This completes the proof. O

Corollary 2.4.8 (Integration on spherical level sets) For every ¢ € CJ(R?\ {0}), we have
/ o(z)dr = / / o(rw) doy (w) rétdr .
RA\{0} 0 JS

Proof.— Combine Proposition applied to f : x € R\ {0} > |2| with the change of variable formula
(.4.4). O

2.4.5 Superficial measure on a closed hypersurface and the jump formula for a regular 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  is a closed subset
> C Q with the following property : every a € 3 has an open neighborhood V in €2 such that there
exists a C! function f: V — R with

SNV={zeV, flx)=0},VzeXnV,Vf(z)#0
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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 X. 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 2 anf f € C*(V,R) such that
YXNV={zxeV, f(x)=0},VeeXNV,Vf(x)#0,

we have, in V,

IVfIo(f) =0 .

Furthermore, suppo = 3.

Proof.— Existence and uniqueness of ¢ follow from Theorem and from the gluing principle. Indeed, given
a € 3, consider V, C Q and f, : V, — R as in the definition above. We define o, € D'(V,) as

Oq = |Vfa| 5(fa) .

Moreover, we consider & = 0 in D'(Q2\ X). By Theorem and the gluing principle applied to the open
covering
Q=@\3)u|JVa,
(A
we infer the existence of o € D’(Q). Uniqueness also follows from the gluing principle and Theorem R.4.4. The
last statement follows from the local expression of o given in (B-4.3). Notice that the closedness of ¥ 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 ) of
class C! if every point a € OU has an open neighborhood V' in € such that there exists a C' function
f:V — R with

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

ounVv ={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 ! For instance
U =R\ {21 = 0} is not a regular subset of R?, though its boundary is the closed hypersurface {z; = 0}.
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Definition 2.4.13 Let O be an open subset of R?.
= If ¥ is a closed C! hypersurface of Q and a € ¥, the normal line to ¥ at a is the line RV f(a),
where f is any function as in Definition .

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

- Vf(a)
Nmt(a) — ,
[V f(a)]
where f is any function as in Definition . The outward unit normal vector to U at a € OU

Next(a) — _Nint(a) .

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 V f(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'™ : 9U — 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!. Denote by ¢
the superficial measure on the closed hypersurface OU, and by N™ : 9U — R? the inward unit normal
vector field to U. Then, in D/(Q),

Vie{l,...,d}, 9;(1v) = Nj"o .

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 6]-(1[]) = 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 P.4.12. Denote by y : R — R a C!

function such that
0 ifz<O
x(z) = {

1 ifz>1.

Ve eV, 1y(x) :slim X<f(x)> :

—0 e

Then it is easy to check that

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

oyan) =, (x (1)) = m 2 (£2)
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The function h = X’ belongs to CJ(R) and satisfies

[rerde= [ ¥z =1,
R 0
Consequently, for every ¢ € C3(V),

[ e@i (F2) o s 6000,

so that

O

Corollary 2.4.15 (The Gauss-Green formula) Let U be regular open subset of class C! in 2. For every
€ Ci(Q)
2 0 '

wjefl,....d, /U@jap(aj)dx:/BUN;Xt(x)ga(fc)da(:U).

Proof.— First assume ¢ € C5°(€2). In D'(€2), we apply the jump formula and get

[ ela)de = ~(0,(0). ) = ~(Nfo0) = [ Nta)ola) o).

U oU

The general case ¢ € C&(Q) 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 CI(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 R? such that U is compact . For every ¢ € C1(U),

Vie{l,...,d}, /U@jcp(x) dx :/a NP (x)p(z) do(z) .

U

Proof.—

If o € CY(U), let ¢ € C(U) be an extension of ¢ to an open neighborhood U of U. Let X be a plateau
function on U compactly supported in U. The first formula follows from applying the Gauss-Green formula to
X € C(RY). 0

Remark 2.4.17 Both corollaries above combined with the Leibniz formula imply the following multidimen-
sional integration by parts formula.

WGqu@,A@wmwwwzéfwwwwwmmu>[ﬁ@ww@m.

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 Tf.
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2.5.1 Definition and general facts

Definition 2.5.1 Let O C R? be an open set, and s € N. A distribution u € D’() belongs to H*(2)
if for all & € N¢ such that |a| < s, it holds that 9%u € L?(£2). We denote by (-|-) s the sesquilinear
form defined on H*(Q2) x H*(f2) by

(ufv) s = Y (0uld®v) 2 -

laf<s

We also introduce the associated H® norm

1
s = (ulu)z = | D 0%ullZ: |

laf<s

so that convergence of u,, to u in H® is equivalent to the convergence of 9%u,, to 9%u in L? for every la| < s.

Notice that H°(2) = L2(Q). The structure of Hilbert space of L?({2) is transferred to H*((2), as shown by the
next proposition.

Proposition 2.5.2 The sesquilinear form (-,)gs is a Hermitian scalar product, which makes H*(£2) a
Hilbert space.

Proof.— The only non trivial fact is completeness of H*({2) with respect to the H* norm. Let (u;) be a Cauchy
sequence in H*(f2). For all |a| < s, the sequence (0%u;) is Cauchy in L?, thus converges to a v, € L%, In
particular, u; — vg in D'(£2), so that 0%u; — 0%y = ve € L*(2), and (u;) — v in H5(Q) . O

Notice that, for s > 1, u € H*(Q) if and only if u € H'({2) and, forevery j = 1,...,d — 1, d;u € H*~1().
By induction on s, this reduces many properties of HS(Q) 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 © of R¢, we denote by H}(f2) the closure of C$°(Q2)
in H'(9Q).

Note that H&(Q) is a closed subspace of the Hilbert space Hl(Q), hence it si a Hilbert space with the inner
product (.| .)z defined in athe previous section.
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In what follows, we are going to use the Laplacian differential operator, defined on D’(Q) by

d
AT =) T .
j=1

Theorem 2.5.4 Let () be an arbitrary open subset of RY. For every f € L?(Q), there exists u € H ()
unique such that

(2.5.6) —Autu=f

in D'(Q).

Proof.— Equation (R.5.6) in D'(Q2) exactly means
Vo € C°(Q) , (—Au+u,p) = / fodx.
Q

Since we are looking for u € Hg (), we know in particular that u € L*(2) and dju € L*(2) for j = 1,...,d.
Therefore the left hand side reads

d
(—Au+u,p) = Z/ @-u@apdaz—i—/ updx = (p|a) g .
e Q

Summing up, we are looking for some u € HS(Q) such that

Vo € CE(9) s (ol = /Q foda

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

Yo € HY Q) , (v[a) = /vada: .

By the Riesz representation theorem, the continuous linear form
v e HHD) — / fvdzx
9)

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 Hg () is still in H}(Q). 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}(£2). The space of such distributions is denoted by H~1((2).
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i) If ¢ € L>°(§2) and there exists m > 0 such that
q(z) = m

almost everywhere on (2, the sesquilinear form
d
(2.5.7) (ulv)q Z (Ojul0jv) 2 + / quv dx
Q
7j=1

is an inner product on H!(2), inducing a norm which is equivalent to the H' norm. Therefore H'(12)
and H&(Q) are Hilbert spaces for this new inner product, and one can solve similarly the equation

(2.5.8) —Autqu=f
in D'(Q), for every f € H Q).
iii) The above assumption on ¢ can be relaxed for special cases of open sets €, in particular if Q is

bounded.

Lemma 2.5.6 Let Q2 be a bounded open subset of R?. For every j € {1,...,d}, there exists
C > 0 such that, for every ¢ € H}(Q),

lellz < Clldjel 2 -

By density, it is enough to prove this inequality for ¢ € C5°(§2). Let us prove Lemma with
j =1, say. We write z = (21,%) € R x R? and

o y)] / Bu(lp(t, y)|?) dt = —2 /°°Re<atso<t,y>so<t,y>>dt.

1

Using the Cauchy—Schwarz inequality, we infer

oo <2 ( [ joiote)? dt) ([ 1ty mt)

Assuming Q Cla,a + L[xR?!, we conclude, again by Cauchy-Schwarz, that

/ o, 9)|? dar dy < 2L |9ypll 2] @2 -
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 Hg(Q), 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 Q bounded. In particular, if © is bounded, for every f € H~'(Q), there exists
u € HE(Q) unique such that

—Au=f

in D'(2). We will come back to this equation at the end of this paragraph, in the particular case
where (2 is regular. We will see that, in this case, the subspace H}(2) of H'Q)) 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 x € C5°(R?) such that x(z) = 1 on the unit ball. For

n > 1, set
x

Xn(2) = X (*) :

n

Given v € L?(R?), we already know that y,v tends to v in L? as n — co. Let u € H'(R?). Let us prove that
XnU — U in H'asn — 0. Itis equivalent to establish that x,u — u in L2, which is laready known, and that
forevery j =1,...,d, 8j (xnu) — aju . From the Leibniz formula for distributions,

i (Xnu) = xn0ju + (djxn)u ,

so we just have to prove that (ajxn)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.
R4

wle) =peruto) = [ o (T21) utwyay.

rd €% €

Consider, fore > 0,

Then u. € C$°(R?), with supp(u:) C supp(u) + eB. We already know that u. — w in L? as ¢ — 0.
Furthermore, for j =1,....,d

Oucta) = | el =yt dy == [ 3 lpulo — i)l ul)dy = p. + djula)

Therefore Ojue — aju as € — 0. Summing up, us — u in H'ase — 0, and the proof is complete. [ 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 C§°(€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 Q be a bounded regular open subset of R? with a C°> boundary. Then C®(0Q) is
dense in HY(Q).

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 0f2 of : Rd, we may extract a finite covering

N
o0 C U Vi
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°(Vj, fork=1,..., N, and
Xo+xi+--+xv=1

on €. In particular, on €2, we have
N

u = xou + ZX’W .
k=1

We may apply Proposition to xou. Therefore it remains to prove that, for every k = 1,..., N, xxu can
be approximated in H'(£2) by a sequence of C>(12).

We drop the index k for simplicity, and we consider an open subset V = I x W of R% = Ry, X Rz_l and a
smooth function ¢ : W — R such that

VNQ={(z1,y) € I x W,x1 >q(y) },
and x € C3°(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) CJ0,a] x K .

We need a couple of results concerning this function v.

Lemma 2.5.10 The function v belongs to H'(]0, oo[x W), with

9:v(z,y) = 0:(xu)(z + q(y),y) , Oy, v(z,y) = By, (xu)(z + q(y),y) + y;a(y)0=(xu)(z + q(y), y) -

Let us prove Lemma R.5.10. First of all, v € L?(]0, oo[x W), since, by the change of variables formula,

// |v<z,y>|2dzdy—// () (1, )P dey dy < +oo
wJo W Jq(y)

Semiclassical Analysis, Fall 2020 Stéphane Nonnenmacher




CHAPTER 2. DISTRIBUTIONS IN SEVERAL VARIABLES

89

Let € C5°(]0, oo[xW). Let us calculate, using the fact that yu € H'({2),

// v(z,y)0.0(2,y) dz dy //( xu)(z1,9)0:¢(x1 — q(y), y) dz1 dy
y

=~ [ty - leon — a(w). o)) do dy
Q L1

_ /;[(Xu)(xl,y)]go(arl—q() y) dzy dy
0 0T1

N //ooafl(xu)(z+q(y),y)<p(Z,y)dzdy,
w Jo

Similarly,

- /W /0 o(2,y) 0y () dzdy = — /W /q(y)<xu><x1,y>ayjso<xl—q<> y) diy dy
. /Q <xu><x1,y>£[so<x1—q< ), )] day dy

J

~ [ e 0)0y,0(0) 5 (o — a(w).)]) o dy
Q T

/ 1By, + 8y, 0()0e,) oc) (21, ) (1 — q(y). ) da dy

// 19y, + By, a(5)mn ] () (= + a(y). ) 0(z) dz dy

Since the functions

(2,y) €]0,00[xW = 04, (xu) (2 + q(y),y)
(z,9) €]0,00[xW — [0,

i+ 0y;a(¥) 0, (xw) (2 + (y), y

belong to L?(]0, oo[x W) by change of variables again, this completes the proof of Lemma P.5.10.

Lemma 2.5.11 Given v € H'(]0, 0c0[x W), define & € L?(R x W) by

5(zy) = v(z,y) if 2 >0
nsy= v(—z,y) ifz<0

Then o € HY(R x W) .

Let us prove Lemma R.5.11l. First we observe that

151172y = 208117200 00wy < 20

so 9 € L?(R x W) indeed. Let ¢ € C§°(R x W). Let us calculate

—/R/Wﬁ(z,y)(?yjcp(z,y) dzdy = /+oo/ (2,9)0y,0(2,y) dz dy — / /

- - / / 0(2,9) By, 0(2,9) + Oy,0(~21)] dz dy
0 w

w(z,y) dzdy
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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 fort < 1 and x(¢) = 1 for t > 1, and we set, for
e >0,

Xe(2) = x (g) :
The x:(2) = 1j9,00((2) as € — 0, and
—A/Wﬁ(z,y)aij(zay) dzdy = — lim /00/ v(2,9)8y, [xe(2)(0(2,9) + (=2,9))] dz dy
= Eli;no/ / (2, y)x=(2)(p(2,y) + p(—2,y)) dz dy

= / /8ij(z,y)(so(z,y)+<P(—Z73/))dzdy
0 w

- /R /ij<z,y>so<z,y>dzdy,

Fi(sy) = Oyv(z,y)  ifz>0
7 Oy, v(—z,y) fz<0

where

defines an L? function on R x W. Similarly,

_/R/W@(z,y)azw(z,y)dzdy = /+Oo/ (2,9)0:0(z,y) dz dy — / / )0:-¢(2,y) dz dy
- /0 /Wv<z,y>az[so<z,y>—so(—z,yﬂdzdy
~ —im /0 h /Wv<z,y>az[xe<z><so<z,y> — p(—# 1)) dz dy
[

v(z,y)xe(2)(0(2,y) — o(—2,9))] dz dy

L0(2,Y)Xe(2)(9(2,y) — p(—2,y)) dzdy

0
+ Iim O (i) /j lv(z,y)|0(2) dz dy

e—0

- /OOO /W 0.0(z,y)(e(z,9) — p(—2,y)) dzdy
= /R/W 9(z,y)p(z,y) dzdy ,

0:v(z,y) ifz>0
9(z,y) = _
—0v(—2z,y) fz<0

where where

defines an L? function on R x W. Finally, we get & € H*(R x W) with
8yj17:fj y 822729.

This completes the proof of Lemma .
Let us complete the proof of Proposition 2.5.9. Applying Lemma to

v(z,y) = (xu)(z +q(y),y)
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we observe that & € H'(R x W) and supp(?) C [—a,a] x K, a compact subset of R x WW. Now we appeal
to Proposition and obtain that there exist 0. € C°(IR x W) such that supp(?:) C [—(a+¢€,a+¢] x K,
and 9. — ¥ in HY(R x W). Then the restriction v, of ¥ to ]0, +00[xW converge to v in H*(]0, co[xW),
and

us(21,y) = ve(z1 — q(y),y)
is a family of functions in Coo(ﬁ) which, in view of the formulae for derivatives established in Lemma R.5.10,
converges to yu in H'(Q) as ¢ — 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 9 and by N the exterior unit normal on 9. There exists a unique
linear mapping
Y : HY(Q) — L*(09, o)
such that, for every p € C>(Q),
Yo = Lo -

Furthermore, 7 satisfies the following identity,

(2.5.9) Vje{l,...,d}, Yu,ve HY(Q), /

uajvd:n:/ 'youvoijextda—/(?juvd:E.
Q o0 Q

Furthermore, Kerg is the closure HE(Q) of C§°(Q2) in H().

Proof.— From Corollary and Remark P.4.17, we have, for every ¢, 1) € C*°(12),

(2.5.10) Vi edl,...,d}, /908j¢d1’:/ (p@Z)N;xth—/ang’l/Jdl'.
Q o0 Q

Consider the mapping B
Y0 : ¢ € C®(Q) — pan € L*(09Q,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) lellz20,0) < Cllellaia) -

Using a partition of unity associated to a finite open covering of the compact set 9f2, it is enough to prove the
above inequality when ¢ is supported in the intersection of € with a small neighbourhood of some point of 0f2.
On such a neighbourhood, we may assume that, for some j,

|Njext‘ Z c

for some ¢ > 0. Then (R.5.11)) follows from (2.5.1d) with ¢ = ¥ and the Cauchy-Schwarz inequality.

At this stage, we appeal to Proposition B.5.9. Since “Yo is a continuous linear mapping from a dense subspace
of H'(Q) into the Banach space L?(9Q, ), it admits a unique linear continuous extension from H!(£2) to
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L?(99, o), still denoted by ~yg. Since both sides of (2.5.9) are continuous bilinear maps on H'(Q2) x H*()

and coincide on the dense subspace C*>°(€)) x C*°() in view of (R.5.10), we infer that (2.5.9) holds.
Finally, let us characterise the kernel of vg. If ¢ € CSO(Q), we have ypp = @90 = 0, therefore Ker g contains
the closure H}(€2) of C*°(Q) in H(Q). Conversely, let us assume that u € Ker~g. For every f € L?(Q),
denote by f € L?(R%) the extension of f by 0 to R%. From identity (2.5.9) with v = P, P € CS°(RY), we
infer, in D'(RY),

0;(u) = dju + you N}-’"ta = 0ju .
Therefore u € H'(R?). Using the same partition of unity () as in the proof of Proposition R.5.9, we are

reduced to prove that, for every &k > 1,
1
Xxu € Hy(2) .

Notice that y,u = yru € H' (Rd). Let us drop again the index k and consider

v(z,y) = (xu)(z + q(y),y) » (2,9) €]0,00[xW .
Then
xu(z +q(y),y) = v(zy)
where v denotes the extension of v from]O, oo[XW to R x W by 0, and so we infer, by the same argument as
in Lemma R.5.10, that v € H(IR x W). Then we consider, for & > 0,
UE(Za y) = Q(Z - E7y) .

Of course v. € H'(R x W) and supp(v:) C [g,a + ¢] x W, a compact subset of |0, co[xW. Furthermore,
the continuous action of translations on L? implies that

e — o2 = /0 /W 0(z — £,5) — v(5, )P + 31000z — £,) — Oy(= ) | dzdy
7

tends to 0 as ¢ — 0. We conclude that v. — v in H'(]0, 00[xW), and, again by Lemma 2.5.10, that the
family u. defined by

us(71,y) = ve(z1 — q(y), 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 € Hi(Q). O

2.5.5 Solving the Dirichlet problem

Theorem 2.5.13 Let 2 be a bounded regular open subset of R? with a C> boundary. For every
f € L*(Q), there exists a unique u € H(Q) such that

—Au=f inQ,
You = 0 in 0S) .

Proof.— This is an immediate consequence of Remark (iii) and of Theorem R.5.12. O

Semiclassical Analysis, Fall 2020 Stéphane Nonnenmacher



CHAPTER 2. DISTRIBUTIONS IN SEVERAL VARIABLES 93

Remark 2.5.14 One can prove in fact that, under the assumptions of Theorem , u € H*(), so
that the mapping
A H*(Q)NH(Q) = L*(Q)

is an isomorphism if {2 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 v € H™2(Q) ; if f € C®(Q), then

u € C®(Q2). The latter statement is a consequence of the previous one and of

) H™(Q) =C>(@) .

meN

2.6 The uniform boundedness principle

In this section, we prove an important result about families of distributions, which implies Lemma R.3.24.

Theorem 2.6.1 Let (7},) be a family if distributions on €2 such that, for every ¢ € D(Q),

sup [(Th, )| < 400 .
n

Then, for every compact subset K of €, there exist C' > 0 and m € N such that, for every ¢ € D(Q)
with suppp C K,
sup (T, )| < Cllellom -
n

In other words, if for instance a sequence T, is such that (T}, ©) has a limit for every ¢ € D({2), one gets a
uniform estimate on the action of the sequence T},. Let us show how this implies Lemma R.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 p.6.1, we have, for some C,m
independent of n,

(s on — )| < Cllgn — @llom = 0.

Then
(Tnson) = (Tnson — @) + (Tny ) = (T, @) .

This completes the proof of Lemma R.3.24.

In the rest of this section, we give a proof of Theorem in three steps. For every compact subset K of €},
we denote by D the subspace of D({2) of test functions ¢ such supp(p) C K.

2.6.1 Stepl. Realizing Dy as a complete metric space

Lemma 2.6.2 There exists a distance function d on Dg having the following properties.

i) If o, p € Dk then @, — @ in D if and only if d(¢p,,p) — 0.
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i) The metric space (Dg,d) is complete.
iii) For every ¢,1,0 € Dk, d(p + 0,1 +0) = d(p,) .

iv) For every e > 0, there exist m € N and r > 0 such that the set {¢ € Dk : ||¢|lm < r} is contained
into the closed ball for d centered at 0 and of radius «.

Proof.— For p, ¢ € Dk, we set
oo
d(p. ) =Y min (27, lp = llem) -
m=0

It is clear that d takes values in [0, 00|, and that d(p,¢) =0 <= ¢ = 1. The symmetry d(¢, ) = d(¢, @)
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, x) + min(a,y) , a > 0,z >0,y > 0.

Let us prove item i). If ,, p € Dk, the statement ¢,, — @ in D is equivalent to
(2.6.12) Vm € N, |lon — @llecm — 0.

Since d(pn,p) > min (27 ||l¢n — ¢|lcm), it is clear that (2.6.12)) is implied by d(p,, ) — 0. Conversely,
(R.6.12) implies that every term of the series defining d(,, ) tends to 0. Since this series is normally con-
vergent, this implies d(yy,, ¢) — 0.

Let us prove item ii). Let (¢,,) be a Cauchy sequence in the metric space (Dx, d),
Ve > 0,3dN(e) e N:Vn,p > N(e),d(¢n, ¢p) < €.

Let m € N and € > 0 be such that ¢ < 27™. Since d(¢n, ¢p) > 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 C}? of
C™ functions supported in K. Hence there exists ™! € C2 such that ||, — @™ ||cm — 0. Since this is true
for every m € N, and since convergence in C}?H implies convergence in C}*, we conclude that

dm = pe () ep=Dx,
meN

and that ,, — ¢ in D, which, by item i), means d(y,, ) — 0. Hence (Dy, d) is a complete metric space.

Finally, let us prove item iv). Let m € N be such that 27™ < £, and let 7 > 0 be such that (m + 1)r < 5. If
llollem < r, we have

d(e,0) = > min (279, |[¢llca)
q=0

m o
S lglles+ 3 27
q=0

qg=m+1

IN

< (m+)r+2m<e.

This completes the proof. O
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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(cp, 7‘) and Bf(cp, 1") respectively the open and the closed balls of
radius r centered at p € £. Let (Ok)keN be a sequence of dense open subsets of £. Fix ¢y € £ and € > 0.
We want to prove that

Blpo,e) N [ Ok #0 .

keN

Since Oy is dense, B(yo, c) N Oy contains some element 1. Since B(pp,e) N Oy is open, there exists 71 > 0
such that
Bf(Qol’Tl) C B(@Dvg) N,

moreover we may assume that 7y < %

Since O is dense, B(p1,71) N O1 contains some element 9. Since B(p1,71) N O; is open, there exists
ro > 0 such that
By(p2,1m2) C B(p1,71) N O1,

moreover we may assume that ro < 2%
Continuing that way, we define a sequence ((Pk)kzl of elements of £ and a sequence (Tk)kzl of positive

numbers such that c

2k

In particular, the sequence of closed balls (Bf(cpk, Tk))k21 is decreasing, with a radius tending to 0. Moreover,

Vk > 1 By(¢ri1,mk41) C B(@r, 1) N O, 7 <

Bf(gpk,rk) CO,N---NOyN B((po,e) .

Hence we are reduced to prove that

() Bs(or,me) # 0.

k=1
We observe that (¢y)x>1 is a Cauchy sequence in £. Indeed, if £ > 0, ¢4s € By(pk, k), hence

d(Prte, k) < Tk

which tends to 0 as k tends to co. Since £ is a complete metric space, j has a limit ¢ € £. Passing to the
limit as £ tends to infinity in the above inequality, we get, for every k > 1,

d((ﬂ, (Pk) < Tk

so that
o
pe ﬂ By ok, k)
k=1
This completes the proof. O
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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, (T, 0)| < k} .

Since each T, is continuous on Dk, Fy, is a closed subset of Dk . Furthermore, the assumption of Theorem
precisely means that

U 7 =Dx .

keN

Let endow Dg with a distance function as in Lemma R.6.2. By Baire’s lemma, we infer that there exists kg such
that Fi, has a nonempty interior, which means that there exists some g € Dk and € > 0 such that

By(po,€) C Fiy -
By item iii) of Lemma , we know that
B(0,€) = —po + Bf(v0,¢);
so that, for every ¢ € B¢(0,¢), for every n,
(Tn, V)| < [Th, —0)| + ko < A,

for some A > (. Using item iv) of Lemma R.6.2, we infer that there exists m € N and > 0 such that every
1) € Dk such that ||¢]|cm < 7 belongs to B£(0,€), hence satisfies

sup (T, )| < A .
n
Given ¢ € Dk \ {0}, we may apply this fact to

b=r——,
lellcm
and we conclude that

A
sup [(Tn, )| < —[l¢llem -
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'(R%) is the function F(f) € L>(R%) given by

F(HE© = /R e (@), with | F()]lz= < (1]
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(9; 1)) = 1§ F(f)(E)-

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

_ 2
@) = g [, < TN

Unfortunately, this formula only makes sense when F(f) € Ll(Rd), and this is not the case in general for
f € L. In this chapter, we are going to introduce a subspace of distributions on R?, 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,

Vo € N4 2%f(x) = 0 .

Notice that, if f is rapidly decreasing and continuous, all the functions z“ f are bounded on R4,
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Definition 3.1.2 We denote S(R?) the set of functions ¢ € C°°(R%) which are rapidly decreasing as
well as all their derivatives. In other words,

V(a, B) € Nd,xaaﬂg}(:ﬂ) -0

as |z| — oo. The set S(RY) is a vector space; it is called the Schwartz space.

Example 3.1.3 /) C°(RY) C S(RY).
i) For z € C such that Re z > 0, the functionp(z) = e~#** belongs to S(R?).
ii) If @1, 2 € S(RY), then @109 € 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|a®d’p(w)].
ol 181 <p

It is clear that for ¢ € C*°(R?), we have the equivalence

¢ € S(RY) <= Vp € N, Ny(p) < +o00.

Proposition 3.1.4 If ¢ € S(R?) then 229%p € S(R?) for every a, f € N¢.

Proof.— This follows immediately from the fact that

(3.1.1) Ny(z°8°p) = ASup_sup 220" (22070 ())| < Cpa,6Np+q()
s ISP

when |al, 5] < q. O

3.1.2 Convergence in S(R?) and density results

Definition 3.1.5 Let (¢,,) be a sequence of functions in S(RY). One says that (¢,,) converges to ¢ in
S(R?) when, for every a, f € N¢, 2205, (z) — x*0%p(z) uniformly in z € R?. Equivalently, for all
pEN,

Ny(pn — ) = 0 as j — +o0.

Remark 3.1.6 Let o € N?. [t follows from ( ) that, if (¢,,) converges to ¢ in S(RY), then (z%¢,,) con-
verges to z%p and (0%¢p,,) converges to (0¢ ) in S(Rd). Otherwise stated, multiplication by a polynomial
and derivation are continuous operations in S(R%).
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We already know that S C L°°, with |¢|| = = No(¢). The next proposition states a similar property for L!.

Proposition 3.1.7 S(R%) ¢ L'(RY), and there exists C; > 0 such that

Vo € SRY) | [lollpr < CaNaga (o) -

Proof.— We have
(L4 =1+t +-+2)™ = Y caal@®)?,
|a|<d+1
hence
(1+ %) (@) * < BaNas1(¢)?

Consequently,

[ e@lde < VBaNan(e) | s < CaVan (o).

(1+ |z]2)@dtD/2 =
since z — (1 + |z|?)~(@+1)/2 is integrable on R, O
Remark 3.1.8 For every ¢ € N, one can establish similarly

Vo € S(RY) , Vo € R, (1+ J2|7)|p(2)] < CyalNy(e) -
Since C§°(RY) is dense in the LP(R?) spaces for p € [1, +00], we get the

Corollary 3.1.9 The set S(RY) is dense in all the LP(RY) for p € [1, +ool.

We also have the important

Proposition 3.1.10 The space C3°(RY) is dense in S(R?): for any ¢ € S(RY), there is a sequence (¢y,)
of functions in C§°(R%) which converges to ¢ in S(R?).

Proof.— Let » € S(RY), and let Y € C5°(RY) be a plateau function over B(0,1). We set ¢,(z) =
o(x)x(x/n). The functions (,, are smooth with compact support, and equal ¢ in B(0,n). By the Leibniz
formula, we obtain

0o~ o)) = o)1~ x(a/m) + 3 G0 @)@ ().
Iv[=1,y<8
Thus, as n — +00,

C _
12207 (0 = @n) (@)oo < sup |20 ()] + — D 2077

|z[2n <8
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3.2 The Fourier transformation in S(RY)

3.2.1 Definition and first properties

For ¢ € S(R?) we have p € L'(R?), so that F (i) is well defined ans belongs to L>(R).

Definition 3.2.1 For ¢ € S(R?), we denote ¢, F(p) or even F,_,¢(p(x)) the function in L>®(R?)
given by

(&) = F(p)(§) = Fumelp(z)) = / e p(x)dx.

Rd
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(xjo(x)) =1i0;F(0)(§).

i) Forall j € {1,...,n}, we have F(9;0)(€) = i&;F(p)(£).
e EF(9)(6).

F(p)(€ — a).

v) For all integrer p > 0, Ny(4) < Cp,aNp+at1(¢) -

iii) For a € RY, Fy_ye(p(x — a))

iv) Fora € RY, F, e(e@®p(z))

Proof.— i) The function (x, &) + e~ <p(z) is C! on RY, et
|0, (€74 p(2))| = | —izze™ ()| = lujp(x)| € L' (RY).
By Lebesgue theorem, we see that F (i) is C! and
0,F () = [ =iaye S pla) = Fl-ia o))
if) Let us first write the proof for j = 1. Integrating by parts, we get
/ dp(w)e W oday = i& / plx)e™ " day
R R
Now we integrate with respect to the variable x’. By Fubini, since o, 01 € S(R?) c L'(R%), we have

dp(x)e @ dy = i{l/ o(x)e ™ dy,

R4 R4
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To get (iv), we only have to write

Fanelep(a)) = [

e e T p(x)da = / e T (2)de = Fp) (€ — a),
R4

Rd
Eventually, performing a change of variable, we have

Fanelplo - a) = |

Rd e Co(z — a)dz = / e @ty (2)dr = e EF () (€),

Rd
and this is property (iii).

Iterating properties i), i), we obtain that ¢ € S(RY), and, using Proposition B-1.7, that

Np(@) = sup [[€°0°@| e = sup [|F(8*(27¢)) e
ol |8l<p ol 18]<p
< sup [[0%(279)llpr < Ba sup Nay1(9%(29))
ol 1Bl<p ol 18I<p

< CpalNptrasi(o) .

Because of the presence of a factor : = y/—1 in (i) and (ii), it is sometimes convenient to use the notation
1

1

Then, for example, (i) becomes F(D;p) = &;F(¢), and (i) is D; F () = —F(z;p). Summing up, we have

{ Djp = &P,
9 =—-D;.

Notice also that, by (i), F(¢) is C* since z%p € S for all o € N,

3.2.2 Gaussians

For A > 0, we set

Proposition 3.2.3

Proof.— Since G (x1,...,24) = Gx(x1)...Gx(xq), it is enough to prove the case d = 1, which we now
assume. Then we observe that

G\ (z) = = zGy(x)

hence by properties i) and ii) of Proposition B.2.2, we infer

i€ (€) = —Mjgém .
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A A £2
Solving this differential equation leads to G)\(§) = Gx(0)e™ 2% | and the proof is completed by the Gauss

integral identity
A 22 2
GA(0) :/eA2dx: \/—W :
R A

Exercise 3.2.4 Compute fxﬁg(e*’\xz) by calculating / e_)‘CQdC using the Cauchy integral formula
Im{=¢

O

for holomorphic functions.

3.2.3 The Inversion formula

Theorem 3.2.5 Let ¢ € S(R?). Then

Proof.— We first observe that it is enough to prove this identity for + = 0. Indeed, in view of property (iii) of
Proposition , the general statement follows from applying the formula

0(0) = i [ D€ de

to the function 1), defined by 1,.(y) = p(z + y).
Consider the linear form

L:y e SR | (e de

We claim that, if 1(0) = 0, then L(¢)) = 0. Indeed, applying the Hadamard lemma and its proof, we
infer

d
o) = D ajuy(a)

where ¥, ...,%q € S(Rd). Taking the Fourier transform of both sides and applying property (i) of Proposition
B.2.2, we infer

B(&) =) i0;15(8) .

B

j=1

Integrating both sides on Rd, we conclude
P(€)dE=0.
R4

Hence we have proved that the kernel of the linear form v + 1)(0) on S(RY) is contained in the kernel of L.
Consequently, there exists ¢ € C such that, for every 1) € S(Rd),

L(y) = c(0) .
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Applying this identity to 1) = G'1, we infer, in view of Proposition B.2.3,

c= (27r)d .

In order to reformulate this important theorem, we introduce the symmetry o : S — S defined by

op(x) = 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(R?). lIts inverse

F~1is given by

Fl=0@n)F.
Equivalently, we have
(3.2.2) FoF = (2n)% .

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 ©,1) € S(R?). Then

Proof.— By Fubini’s theorem,

[ otewerte = [ ([ ewsowa)viea

= [ o) ([ e @ de) do= [ owyita)as.

We now come to some important identities which easily follow from the inversion formula.

3.2.5 The Plancherel identity
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Proposition 3.2.9 (Plancherel formula) Let ¢ and ¢ be two functions in S(R?). Then

[ @) dz = 2m) / HE)D () de
Rd

R4

Proof.— We first observe the following identity,
(3.2.3) o=0(p) ,

which is merely a reformulation of

Then, applying Proposition B.2.§, we obtain

[ oo=[ b,
Rd R4
But, combining identity (B.2.3) with identity (B.2.2),

B d — d—
b =0y = (2m)%0y = (2m)% ..
This completes the proof. O
In terms of the Hermitian scalar product in LQ(Rd, C), the above identity can be written as

1

(@7 1/1)L2 = (27’[’)d (@7 7ﬁ)LQ'

In particular, for ¢ = ¢, we obtain the famous Plancherel formula in S(R):

Corollary 3.2.10 (Plancherel) For any ¢ € S(R?), it holds that

el 2 ey = (277)_d/2||¢”L2(Rd)~

3.3 The space S'(RY) of tempered distributions

3.3.1 Definition, examples

Definition 3.3.1 A distribution 7' € D'(RY) is said to be (a) tempered (distribution) when there exists
C > 0 and p € N such that, for all test function ¢ € C{)’O(Rd),

(T, ) < CNp(p).

Notation. We denote by S’(Rd) the space of tempered distributions on R4,
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Example 3.3.2 If T € &' (R?), there is C > 0, m € N, such that for any ¢ € C*(R?),

(T, ) <C > sup|0“p| < CN,(yp).

jo<m
Thus &'(RY) ¢ S'(RY), that is compactly supported distributions are tempered.

Example 3.3.3 For p € [1, +00], we have LP(R%) C S'(R?). Indeed, if f € LP(R%) and ¢ € C°(R?), and
for ¢ € [1,+00] such that 1/p + 1/¢ = 1, we have

Ty o) < | / F@)e(@)de] < Ifllzel¢llze < CIF o Nusi (9),

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 > o,/ f(2)| dz < C(1 + R)P.
|z|<R

. Then we claim that f is a tempered distribution. Indeed, if p € C(‘]’O(]Rd), we have

(e < [@le@ie= [ i@l 'd“Z/M,MW @ll(z) do

o
< 2ONo(p) +CY (1+2"1P  sup  [p(a)|
=0 2k§‘x|§2k+1

< (No(cp) + ZQ"’“ sup \$|p+190(95)‘>
k=0

2k <[z <2k+1

< C"Npyalyp) -

Example 3.3.5 The previous example admits the following partial converse. If f € L}
ative values and is a tempered distribution, then, for some C' > 0 and p € N,

(RY) has nonneg-

loc

VR > 0,/ f(@)dz < C(1+ R)P.
|[z|<R
Indeed, if f is tempered, we have, for some A > 0etp € N,
f(x) p(x) dx
]Rd

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

Yo € C°(RY),

< AN(p) -

:L‘ .
= = R < —)) < P
’s /|:t|<Rf(x) dr< [ fax(g) dr< ANy (x(5)) sca+ B
In particular, e” is not tempered on R, since, for every p € N,

R
R_p/ edr — 400 .
0

R—o0

We conclude this first paragraph with a simple observation.
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Proposition 3.3.6 If T ¢ S'(R%), then 229°T € S'(R?) for all a, € N¢.

Proof.— It is sufficient to show that ;7" and 0;T are tempered distributions when 7 is. Since ¢ € S(RY),
(z;T, ) = (T, zjp) and (9;T, ) = —(T, d¢), the proposition follows directly from (B.1.1)). O

Exercise 3.3.7 Show that the function z — 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 Cs>0
and mg € N such that
107 f(2)] < Co(1+ Jz])™.

We denote Oy7(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(R?), and «, 3 € N, The Leibniz formula gives

220 (fe)l < D <§>\xa8”f! 07Tl < Cy Y (f)(l + )™ (95,

<« <«

Then, as in (B.1.1), we obtain
Np(fe) < CNprm(e),

where M = max|,|<, M. Thus, for ¢ € CS°(R?), we obtain

(fT, )] = (T, fo)| < CNy(fe) < C'Npsnr(e),

and this means that f7" 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(RY), then (T, ¢,) — (T, p).
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Proof.— Let ¢ € S(R). There is a sequence (¢;) in C5°(R?) such that p; — ¢ in S(R?). The sequence
((T',4)); 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 (<pj), since when ¢;, 1/)]- — @, we have

T, 05 — i) < CNp(pj —1b;) = 0.

Thus we can let 7" be the linear form on S(RY) given by

(T, @) = 1im (T, ¢;),

Jj—+oo

where (¢;) is any sequence in CS°(R?) which converges to ¢. Since N, is a continuous function on S, passing
to the limit in

(T, 05)] < CNp(¥j),

we get .
(T, ¢} < CNp(p).

for any ¢ € S(R?). So T is continuous.

Finally, if T} is another continuous extension of 7' to S(R?), we should have

<T1>30> = <T17§0 - SD]'> + <T17§0j> =0+ <T7 @)7

sothatTy =1T. 0O

Remark 3.3.12 For simplicity, we shall drop the tilde in the sequel, and set 7" in place of T'. Notice that,
conversely, every continuous linear form on S(R?) satisfies a bound of the form

Vi € S, (T, )| < C Ny(p)

hence its restriction to C(‘)’O(Rd) 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.

3.3.3 Convergence in §'(R?)

Definition 3.3.13 Let (7},) be a sequence of tempered distributions. One says that (7},) tends to T’
in S'(RY) 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.
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Proposition 3.3.14 If T;, — T in &', there exists C' > 0 and p € N such that

VSO € S ’ VTL ’ ’<Tn790>’ S CNP“O) .

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 §'(R), it is true that T}, — T in D'(R) since C°(RY) € S(R?). 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

n, la] < C(1+n)P.

Remark 3.3.16 If f,, — f in LP(RY), then f,, — f in S'(RY). If T, — T in S'(R?), then fT;, — fT in
S'(RY) for all f € Opr(RY).

3.4 The Fourier Transformation in S'(R)

3.4.1 Definition

Let T € S'(R%) be a tempered distribution. The linear form on S(RY) given by ¢ +— (T, @) is a tempered
distribution since there exist C' > 0 and p € N such that

(T, @) < CNp(@) < C'Nprasa(e),

thanks to Proposition B.2.6.

Definition 3.4.1 For T € S'(R%), we denote by 7' = F(T') the tempered distribution given by

<T7 90> = <T’ 95>7 wE S(Rd)

Example 3.4.2 i) For f € L', we have by Fubini's theorem,

o) = [ s@ewan= [ o ([ dee=<a) as
= /]R ) ( /R Jf@eres dm) p(€) dg = /R S (©e(e)de,

so that Tf = T The Fourier transformation on S’ restricts to the classical Fourier transformation
on L' (see also Prop05|t|on - below).

i) For ¢ € S(RY), (b9, ¢ = [ p(z)dz, thus So = 1.
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Proposition 3.4.3 The Fourier Transform F is an isomorphism on S’ (R%). Its inverse is F~ = (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 B.2.6. The same way, transfering
to §’(R?) the properties of the Fourier transform on S(R?), we obtain easily the following identities in S’(IR%):

F(D;T) = &T, F(x,;T) = —D;T,F(1,T) = e ““*F(T), F(""T) = 7, F(T) .

Example 3.4.4 1 = F o F(&)) = (2n)? 8o = (2m) 5.

3.4.2 The Fourier Transformation on L' and [

Here we briefly sum up the main properties of the Fourier transform of a tempered distribution given by an Lt
or an L? 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(x)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(Rd)

(T, ) / F(&)p(&)de = / f(e < / e—iw%(m)dx) de.

Since the function (x, &) = f(&)e™®<p(x) belongs to L!(RZ x Rg), we have

we have

(T, ) = / () ( / e Ef(6)de)dr = (f ),

and this ends the proof of (i). We also know that Yf) = finS'(RY. 1f f € L'(RY), we thus have
F=Yf) = fin D'(R?), and this implies that F~(f) = f almost everywhere. O

Proposition 3.4.6 The map 7' € S'(R%) — (27)"¥2F(T) € S'(R?) induces a bijective isometry on
L2(RY),

Proof.— Let f € L%*(R?). For every ¢ € S(R?), we have

(o) = [ fa)pla) da
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and therefore, by the Cauchy-Schwarz inequality and the Plancherel identity (Corollary B.2.10),

(o)l < NFlzell@lize = @m) 2 Fll2liel -

By the Riesz representation theorem, this implies that € L?(R?) and

1£ll2 < @m)[1f]l 2 -

Applying this inequality to f and using the inversion formula from Proposition , we infer

@0 llz2 = 1 Fllz= < o) [ f]1ze

so that, eventually,
_dy, 2
[fllz2 = @m) == ([ fll L2 -

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?(R%) such that = — e~ f(z) is not integrable whatever the
value of ¢ is (for example, for d = 1, f(z) = (1+|x|)~%/*). Nevertheless, for R > 0, the function g given
by

9R(€) = / L e

tends to f in L2(R%) thanks to the Proposition , since f1j,<g — fin L*(RY). Thus, for f € L*(R?),

f©) = im /| )

R—+o00

in the L? sense.

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

ID@ll = | F(a®@)llz < l|l2%¢ll11, ¢ € SRY).

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)(&) = (Ty, e %),

Moreover, there is an integer m € N such that, for all a € N¢, there isa C, > 0 satisfying

[0 F(T)(E)] < Cal + €)™
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Proof.— Differentiating under the bracket, we see that the function v(§) given by

U(ﬁ) = <Ta:7 e_ixh';-h)

is a C> function (as a matter of fact, one should write v(&) = (T}, x(z)e™*¢), for some plateau function

X € C(C)’O(Rd) above the support of T', and then apply the theorem). We also have

0%v(€) = (T, (—iz)%e ™),

where, for some constant C' > 0, an integer m € N and a compact set K that depend only on T,

0% (&) < C Y sup |97 ((—ia)*e™¢)| < Ca(L + €)™

1Bl<m zeK

Last, we have T = v. Indeed, for ¢ € Cgo(Rd), thanks to the result about integrating under the bracket,

~

where T'(&) = (Ty, x(z)e~¢).

3.4.4 Fourier characterization of Sobolev spaces on R¢

(T, ) = (T, x(2) / e € () dE) = / (To, x(@)e™ ) p(€)

We recall that Sobolev spaces H*®({2) were introduced in Chapter 2 for s € N and €2 an open subset of RZ. 1n
this subsection, we use the Fourier transform to provide more information about these spaces when () = R,

For £ € R?, we set () = /1 + [£]2. The function & + (£) is smooth on R?, and there is a constant C' > 0

such that, for || > 1,
1
— & < < .
Liel < (€ < Clel

Thus, (£) is a regularized version of ||, in the sense that it has the same behavior at infinity. Furthermore,
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 € N and u € S'(RY). Then u € H*(R?) if and only if (¢)*a € L*(R%).

Furthermore, there exists Cs > 0 such that

Vu e H'(R?) , C7HKE) %l < llullms < Csll(€)"al 2 -

Proof.— If u € H*(R?), then 0%u € L?(R?) for |a| < s. By the Plancherel theorem, this means

ue LP(RY ) o] <s.

Now observe that

O =+ +-+8)° =D cal™

la<s
for some positive constants c,. Consequently,

@) = Y cal®™ale)]* € L'(RY),

laf<s
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whence (£)%a € L*(RY).
Conversely, if (€)*0 € L2(R%), then, for |a| < s, £¥(£)* is bounded on R? and we have
€20 =€) (€) a € L*(RY),
which precisely means that 9%u € L%(R?).
The inequality follows from these considerations and from the Plancherel formula. O

Proposition suggests to extend the definition of H°(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 (¢£)*u €
L?(R%).

Example 3.4.11 i) 8o € H*(RY) if and only if s < 2. Indeed do = 1, so that (£)*6y € L2(R?) if and
only if 2s < —d.

ii) Constant functions do not belong to H*(R?), since 1 = (27)%y is not in L}

loc*

Here follows another illustration of the fact that H® contains elements that are more and more singular as s
decreases.

Proposition 3.4.12 Let T € &'(R?) be a compactly supported distribution, with order m > 0. Then
T € H*(R%)for any s < —m — 4.

Proof.— For T’ € £'(RY), we know that 7" € C*°. Moreover
(€ T = [(€)*(Te, e ™) < CE)° D sup|a(e™ )| < CE)*+™
o] <m
Thus 7' € H*(R?) when 2(s + m) < —d, as stated. 0
We close this subsection by proving a connection between H* regularity and C* 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 > % + k, then every element of HS(Rd) belongs to
C¥.o(R?), and the embedding H*(R?) — C¥, (R?) is continuous.

Proof.— Let u € H*(R%). For a € N¢ such that |a| < k, we have %1 € L. Indeed,

€1

S|4 k—s S|~
G (©°la()] < () (&) la(&)l,

[ a(é)] <
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and (£)*=% € L?(RY) since —2(k — s) > d. By the Cauchy-Schwarz inequality, we thus get
(3.4.5) 16%0|| 11 < Csnllwl ms-

Therefore 0%u = F~1((i€)*u) € C°, by Proposition B.4.5, and the fact that the identity from H*(RY) to
CﬂO(Rd) is continuous is just a way to read the inequalities

Vlaf <k, [[0%llLe < [I€%a]| 11 < Csnllullms-

O Another interesting consequence of Proposition is that we recover Theorem on R% 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*"%(R%) is an isomor-
phism.

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%). 0O

Combining the above three propositions, we obtain he following extension of Theorem to several dimen-
sions.

Theorem 3.4.15 For every distribution 7" on R? with compact support, there exist p € N and a family
(fa)ja|<p Of continuous functions on R? such that

T = Z 8a(fa) .

la|<p

Proof.— From Proposition B.4.12, we know that, for some s € R, T' € H* Let g be a positive integer such that

d
s+2qg > —.
75
By Proposition applied ¢ times, there exists g € H*T2¢ unique such that
(I—A)¥lg=T.

By Proposition B.4.13, we know that g is continuous. It remains to write
4 q
2 2
T=T-A)g=|1-> 0| g=>Y_ cs0°
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.
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Definition 3.4.16 Let () be an open subset of R? and let s € R. We denote by H: () the space of

distributions T' € D'(f2) such that, for any x € C5°(9), the extension to R? by 0 of the compactly
supporetd distribution xu belongs to H*(R?.

We notice the following important regularity theorem.

Proposition 3.4.17
[ Hie(2) =C>(9) .

seR

Proof.— If u € C*°((2), then, for any x € C5°(Q), xu € C§°(€2), so that its extension to R? by 0 is such that
XU belongs to S(R?), and consequently yu € H* for every s.

Conversely, if u € H{ () for every s € R, then, any x € C5°(Q2), xu € H?*(RY) for every s, hence,
from Proposition B.4.13, yu € CiO(Rd) for every k, in particular xu € C>(R%). Since this holds for any
X € C§°(12), this completes the proof. O

3.5 Some applications

3.5.1 Partial differential equations with constant coefficients

Let p € C[Xl, RN Xd] be a polynomial of n variables with complex coefficients,
pX)= Y a.X? XeR’

laj<m

with a, € C. The integer m € N is the degree of P. Given an open subset {) of Rd, we denote by p(@) the
operator on D'(f2) given by

D) 5T pd)T =Y a.d*TcD(Q).

laj<m

Those operators are called linear partial differential operators with constant coefficients. The equation

p(Q)u = f,

where f € D'(Q) is given, and v € D'(f) 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(9)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.
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Example 3.5.2 If p(X1,...,X,) = X7+ -+ X7, then
p(O)T = 03T +---+ 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 R%. 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(A)

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[X1,..., X4] and P = p(0) be the corresponding differential operator. For
every u € S'(R%), we have

—

Pu=p(i&)a .

The importance of the above proposition appears through the multiplicity of its consequences. We shall draw
some of them in the next subsections.

3.5.2 Local results

Let P = p(@) be a linear partial differential operators with constant coefficients. In this section, we study some
properties of P on D’(Q), where ) is an open subset of R%. 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;;.™(Q).

loc 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
@ € C3°(R2), there exists functions g € C5°(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 \04\. If
a = 0, the formula trivially holds. Assume it is true for || < m — 1, and let us prove it for |&| = m. By the
Leibniz formula,

0% (pu) = pd%u + Z (g)aa—ﬂ@ oPu .
Bla,B#a
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Using the induction hypothesis, we may write each term in the second part of the right hand side as a sum of
terms 07 (1)u), with |y| < m — 1. This completes the proof of Lemma B.5.5.
Coming back to the proof of Proposition .5.4, we use Lemma to write

P(pu) = pPu+ Z 85(g0/3u) :
|B|I<m—1

Ifu € Hi(Q), then pu, psu € H*(RY) and thus
P(pu) € H™RY) , 0%(pgu) € H™THRY) .

This leads to pPu € H*~™(R%), so that Pu € H_™(RY). O

loc

A classical problem is the local regularity of solutions u € D’(2) of equation p(d)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(0) = }_|,|<,, @0 is called elliptic of order m if the highest homogeneous
part p,, = Z|a|:m aa X of polynomial p satisfies

VE € RIN\ {0}, pm(€) #0 .

For instance, the Laplace operator is elliptic, while the operator 8% — 822 is not.

Theorem 3.5.7 Let P be a linear partial differential operators with constant coefficients, elliptic of
order m, and let © be an open subset of R%. If u € D'(Q) satisfies Pu € HZ.(Q) for some s € R,
then u € HE™(Q). In particular, if Pu € C%(Q), then u € C%(Q).

loc

2.(€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 € H?

Pm (i) = ¢

By homogeneity, this implies
VEERY, [pm(8)] = cl¢|™ .

Since
p(i€) — " pm(i€) = O (|¢I™")

as |£| — oo, we infer that there exits R > 0 such that, for every £ € R? with |¢| > R,

(3.5.6) Ip(i&)| > %\f\m :
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Let x € C5°(RY) be a plateau function on the ball B(0, R). The function

_1—x(§
1) = p(i€)

is C™ on R? and satisfies, due to estimate (B.5.6),
lg()] = O0(&)™) .

Therefore we can define an operator @ : H™(R?) — H™+™(R?) for every T € R by

—

Q(T) = qT .

(Q) such that Pu € H (). For every ¢ € C3°(12), Lemma yields

P(pu) = pPu+ Z 0% (pau) ,

|a|<m—1

Now let u € HZ

loc

where ¢, € C5°(€2). Consequently,

QP(pu) = Q(pPu) + Y Q(8*(pau)) .

|| <m—1

In the right hand side, the first term belongs to H**t™(R%) while the other terms belong to H°T(R%). By
Proposition B.5.3, QP (yu) = pu — R(pu), where

Ru = X0,
so that R(pu) € H™(RY) for every 7 € R. We infer that pu € H™"s+m0+1)(Rd) and so

e H|min(s+m,o'+1)(Q) .

ocC

If o +1 < s + m, we iterate this result replacing o by o + 1, and, after a sufficient number of iterations, we
conclude
uwe HI™Q) .

loc

Now let u € D'(Q) such that Pu € HE (). Let V be an open subset of § such that V' C ) is compact.

If p € C§°(2) is a plateau function on V/, Proposition implies that there exists & € R such that
Yu € H?(R%). The following lemma implies that

wy € Hige(V) -

Lemma 3.5.8 If 0 € R, v € H7(R?) and ¢ € C°(R?), then pv € H(RY).

Assuming this lemma, we can apply to uy the first part of the proof and conclude that u € H,‘f)jm(V) Since

V is an arbitrary open subset of {2 such that V' C Q is compact, we conclude that u € H(Q).

loc

Let us prove Lemma [3.5.8. We have, from Proposition B.4.8,

P(€) = (v, pe™*%).
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Using the inversion formula and the properties of the Fourier transform on S,

(v, ™€) = (0, p(E - )) = / S(m(E —n)dn .

This leads to

€@ = @ [ stmele—ndn= (&7 [ e =t dn

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 |n| < |£|/2 and |n| > |£|/2. Using the rapid decay of ¢, the second
integral is rapidly decreasing in £. As for the first integral, we apply the Cauchy-Schwarz inequality,

2
0(§ — 0 D 20,{) _ PIPR .
[ e meminl < ([ 1eoian) ( [ et \@(n)\dn>

Since |n| < |£]/2, we have (§) < A({ — n) for some constant A > 0, and therefore the right hand side is
bounded by

20

B [ (6= nlo(e —mPletn) dn.
Rd

whose integral with respect to £ is finite by Fubini’s theorem. This completes the proof. O

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.

i) If p(i€) # 0 for every & € R?\ {0}, then every tempered solution of Pu = 0 is a polynomial
function.

Proof.— If u € S’ satisfies Pu = 0, then p(i€)@ = 0, which implies that the distribution @ is supported in the
set

{¢ e RY, p(i€) = 0}

If this set is empty, this implies & = 0, hence © = 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 dg. Applying ]-"_1, we conclude that w 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>®(RY) 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[X7,..., X ] be such that function z € R? + p(z) € C
is bounded. For every y € R?, consider

py(t) =p(ty) , teR.
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Function p, is a one variable polynomial function, which is bounded, hence it is a constant. Writing
p(X) = Z aOlXaa
|| <m
this implies, for every r = 1,...,m, for every y € R,
Z agy® =0 .
|a|=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 RY. 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 = 81 +id> 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.

The second application concerns fundamental solutions.

Definition 3.5.12 Let P = p(0) be a linear partial differential operators with constant coefficients.
One says that E € 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 ¢ € C5°(R?), the equation
Pu = ¢ has a solution given by u = E x ¢.

Proof.— In chapter 2, we saw that 0;(T" * ¢) =T x 0;¢0 = 0;T * ¢, hence
P(Exp) = (PE)xp=05%p =g,
so that u = E * @ 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.
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Proposition 3.5.14 Let d > 3, and let E; € D'(R?) be the L]

loc

(R9) function given by

1
(4= 2)o(STT)[al >

Eqy(z) =

Then
—AE; =14 .

Proof.— We are going to use Fourier transformation. Indeed, by Proposition B-5.3, in S’(R%), the equation
_AE = 5,

is equivalent to
IEPE=1.

Since d > 3, the function 1/]{]2 is locally integrable in R, 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’(RY), and therefore

S 1)
Fa:=F (\512

is a tempered fundamental solution of —A. It remains to calculate E;. Since —AE; = 0 on R? \ {0}, we
know from Theorem that By is a C™ function on R? \ {0}. We claim that this function is of the form

Cd

Ey(x) = 22

for some constant c4. This is equivalent to the following statement : for every rotation R of ]Rd, for every
A > 0, for every x € R%\ {0},
Eyj(ARz) = N> 4Ey(x) ,

or equivalently, for every ¢ € Cgo(Rd \ {0}),

(3.5.7) Ej(ARz)p(x)dx = 2~ | Ey(z)e(z)dz .
R4 Rd

Let Az := ARz and p4(z) := |det A|'p(A~1z). We have

Ei(An)pla)ds = [ Eua)pals)ds
Rd R4 -

e [ T

Eyz)p(z)de = (2m)7 @ /Rd i{?df .

Rd

Furthermore,

Fi() = [ ldeca oA e dn = [ pla)e o = g Ag)
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Consequently,

2a(§) / p("AS) -1 / ©(§)
d¢ = d¢ = |det A S ge
[ e [ g de = oeart [
Since tA~1 = A7 R, we conclude
PA(§) 2-d / ¢(§)
d¢ =\ 25 g
/Rd €17 ra [€[?
and identity (B.5.7) is proved.
In order to calculate ¢y, it is enough to check against the Gaussian function Gy,

Cd/]R GLEQ dx = (277)_61/]R Gi(§) d¢ .

a |z a 57

Since G (€) = (2m)Y2G4(€), we infer

—|ef2/2 —lgf2/2
e . —d/2 e
ca | S dx = (21 / d
/Rd |42 (2m) re  |€|2

Passing in spherical coordinates, this reads

cd/ re "2 qr = (27T)d/2/ rd=3e=1%/2 qp |
0 0

or

cq = (2m)~4/20(d=4)/2 / /2t gy = L o—ayap (d _ 1)
0 4 2

Recall that, by applying the integration formula on spherical level sets from Corollary to a Gaussian
function, one gets
27Td/2 47Td/2

(5" = Fm) = @t D

so that
1

4= 2)0 (S
O

Remark 3.5.15 The value of ¢4 can also be determined by applying the Gauss—Green formula to the
integral of |2|>~?Ay(z) outside a ball of radius «.

Remark 3.5.16 It is possible to extend Proposition tod=1,2. Ford =1, it is easy to check that

1
Ei(e) =~

is a fundamental solution of —9%. 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 R2. A good way to do this is to
consider the operator

P=01+10, .

Since 1/(&1 +i&s) € L. (R?), the distribution E € S'(R?) such that

1

b= (& +1i6)
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satisfies PE = Jy. 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
E(r)=————
(z) 27 (z1 +ix2)

and, observing that
E = (81 —i0)[(47m) tlog(2? + 23)]

in D'(R?), we conclude that

1
E; = ~5- log |z|

is a fundamental solution of —A on R2.

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 R3 satisfying —Au = f and u(x) — 0 as # — oo. Furthermore, for = ¢ supp(f), u(x) is given
by

(3.5.8) u(z) = <f, X> ,

Ar|z — |

for every y € C5°(R?) 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'(R3), and Proposition leads to equation

EPa=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]
U = T -

Our task is now to prove identity (), since it implies that u(:c) — 0 as ¢ — 00. As a first step, we are
going to prove this identity if f = ¢ € CS°(R?). In this case, denote by g the inverse Fourier transform of
K
€1

Since § is integrable on R3 and rapidly decaying at infinity, we know that g is smooth and tends to 0 at infinity.
Consider the following smooth function ,

E3 % ¢(x) —/R o) dy .

s dmlr — y|
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Then
—A(E3*p) = p=—Ag

and it is clear on the above expression that Fs3 % <p(x) — 0 as x — oo. Therefore, by the Liouville theorem,
g = E3x*q.

Let us come to the general case of a compactly supported distribution f. Let p € COO(R3) with integral 1, and,

for every ¢ > 0,
_ 1 T
pe(x) = ;39 (g) :

Then p. * f = f- € C§°(R3) 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

a= Iz
s

and the right hand side converges to @ in S'(R?). Hence u. converges to u in S’(R?), and for every test
function ¢ € C5°(R?),

() = Imueg) = m [ Box f(@)pla) do

- !iino//mw Es(z — y) f-(y)p(z) dz dy
= Iim/ fe(W)Es x p(y) dy

e—0

= (fix(Esx))

for every x € CSO(R3) equal to 1 in a neighbourhood of supp(f). Notice that

X(y)E3 * o(y) :/R ﬂg&(m) da .

3 dmlz — y|

If supp(p) N supp(x) = 0, we can apply Proposition of integration under the bracket to obtain

() = oo = [ ole) (£ 2 ) do
R3 Azl — |
and this yields formula (B.5.8). O

Remark 3.5.18 Notice that formula (B.5.§) leads to a complete expansion of u(x) as x — oo. In particular,

v = 3 +0 (5p)

where ¢ = (f, x) for every x € C§°(R?) 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.
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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)

ii)

3.6

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,

v’ (z) = zu(x)

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 # is

()% = it
or i

The solutions in D'(R) are given by

ﬂ(g):cei%,cEC,

which are indeed tempered distributions, since in L (R). Consequently, the space of tempered
solutions of the Airy differential equation is one dimensional, generated by the Airy function,

Ai(z) = F ! <ef)

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.

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, for a € R% and
T € D'(R?), we have defined 7,(T) € D'(R?) by

Vo € DRY) , (1a(T),0) = (T, 7a(9)) ,

and 7,(p) (2) := (2 — b) .

Definition 3.6.1 A distribution 7' € D'(R?) is said to be Z—periodic if

vyezd, n(T)=T.
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Notice that derivatives of Z%-periodic distributions are Z%-periodic, as well as their product with C> Z%-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=> 0.

yezZd
The following proposition explains how to construct Zd—periodic locally integrable functions from L' functions

on R%,

Proposition 3.6.2 Let f € L'(R?). For almost every = € R?, we have

oI =)l < oo,

~eZd

so that the formula

fila) = 3 fla—1)

~EZ4

defines a Z?—periodic locally integrable function on R?. Furthermore, if Q denotes the cube [0,1[%, the
following identity holds,

(3.6.9) /Qfﬁ(:c) dx = g f(z)dz .

If o € S(RY), then o € C°(RY), 9%t = (9%¢)* and
(3.6.10) 0% Lo < Ca Nagi141al () -

Furthermore, there exists x € C3°(RY) such that x* = 1.

Proof.— By the monotone convergence theorem,
[ S te-ae=Y [ lfa-lde= 3 [ |rwldy.
Q,yezd ’YEZd Q ,yezd 7+Q

Since

U@+ =R

~yezZd

and since the cubes v + () are pairwise disjoint, we conclude

S [ rwidr= [ 1wl <.

~yezZd

Consequently, for almost every = € Rd,

S If e =) < oo,

ezl
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and so we can define f#(z). Notice that, for every g € Z¢,
fe=10)=) fa—n-7=> fla-8=().
~yezZd Bezd

Furthermore, by the above calculation,
[ 1@l < [ 15@lds <o,
Q R4

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 R4 by the cubes v + Q.

Let us suppose ¢ € S(R?). Recall the estimate of the proof of Proposition B.1.7.

Ag
lo(x)| < WNHWP) .

Consequently, for every v € Z%, we have

By
sup [p(2)] £ —————5 Na+1() -
rEYHQ (I+ 9?2

Using a comparison between the sum over Z% and the integral over ]Rd, one can easily show that

) 2

’yEZd (1 + ’7‘2

Hence the series defining goﬁ(:c) is uniformly convergent on compact subset of ]Rd, and this also true for the
series defining (9%p)f. Consequently, ¢f is smooth, %! = (0%p)* and (B.6.10) follows. Finally, choose
X1 € C°(RY) such that 0 < x1(z) < 1and x1(z) = 1 on Q. Then x* € C*(R?) is Z? -periodic, and X’i > 1.
Therefore
x = € CERY
X1

satisfies y¥ = 1. O

Given k € (27Z)9, notice that

ex(z) == ik

defines a C> Z% -periodic function. We say that a sequence (Ck;)ke(Qﬂz)d of complex numbers has moderate
growth if there exits M, C' > 0 such that

Vi e (27Z)%, |exl < C(1+ KM .

If (cx) is such a sequence, the series

g Ckek

ke(2rZ)e

defines a tempered distribution. Indeed, if p € S(RY), ¢(k) = O((1 + |k|)P) Npra+1(p) for every p, so the
series
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is absolutely summable, and we can define a tempered distribution by

Yo € S(Rd), < Z ckek,<p> = Z ckp(—k) .

ke(2nZ)e ke(2rz)?

The next theorem claims that every Vi —periodic distribution is of this form.

Theorem 3.6.3 Every Z%—periodic distribution 7" can be written uniquely

(3.6.11) T= Z ck(Tey , ex(x) = ehr
ke(2nz)?

where (cx(T"))pe(2rz)s is @ sequence of complex numbers with moderate growth. Furthermore, for
every x € C°(R?) such that x* = 1, we have

Vk € (2n2) | ep(T) = (T, xe_y) -

Proof.— First, we prove that every periodic distribution T is tempered. Indeed, if @, € CSO(Rd), let us check
the formula

(3.6.12) (T, ov*) = (T, ")) .

Since the series defining gpﬁ converges in C*°, we have

<T> szz)ﬁ> = Z <T7907-71/)> = Z <T7 T—~@ ¢> = <T7 @ﬁ¢> .

~yEZL ~yEZL
Then, introducing x € Cgo(Rd) such that x* = 1, we have, for every ¢ € Cgo(Rd),
(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¢")llre < CNar11m(p)

laj<m

using the Leibniz formula and estimate (B.6.10). Hence T € S’(R?).

The next step is to characterize the structure of T S S'(Rd). Using the identity

—

T = e 1@¢T ,

and the Z%-periodicity of 7', we have
Vyezd, e T =T .

Notice that the set where all the functions & — (e~¥¢ —1) vanish is (277)%, hence the support of 7" is included
into (27Z)?. Let us describe in more detail the structure of 7" near each point k € (27Z)¢. Set

Q= k+] —2m,2n[ .
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Then, for 5 = 1,...,d, the functions
et — 1
& —kj

are C'™° and do not cancel on ;. Consequently, on ()7, the equations

&

e T =T,j=1,....d

are equivalent to
(a:j—kj)T:O, j:1,...,d,

and we know that this implies, by Proposition R.3.11l, that there exists aj;, € C such that

Since the open sets ()}, cover R9, we infer, by the gluing principle, that

T = Z a0k -

Furthermore, notice that the sequence (ak) has moderate growth. Indeed, since Tis tempered, we have, if xo
is a Plateau function above 0 and compactly supported in | — 2, 27r[d,

lak| = (T, Texo)| < CNp(Tixo) < B(1+[k[)P .
Finally, applying the inverse Fourier transform, we obtain

T=02m)" > aF@r)=02m" Y aer.

ke(2nZ)? ke(2rZ)4

This proves the first part of the theorem, with ¢;, := (27)%ay. Furthermore, given £ € (27Z)¢, and x a test
function such that x* = 1,

(Toxe—r)= D alemxer)= D all,xers) .

ke(2nz)e ke(2nz)e

But, by formula (B.6.9),
a > / / 4 / 0 ifk#£1¢
s X€k—t) = Cr—t = Ck—t = Ck—t =
Xeh—t RkaE QX k=t le 1 ifk=/.

(T, xe—¢) = ce

Finally, we obtain

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

e (0°T) = (ik)%c,(T) , k € (2nZ)? .
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Corollary 3.6.5 Let f be a locally integrable Z?—periodic function on R?. Then, in &'(R%),
(3.6.13) f= Z cr(fe™ | ep(f) ::/ f(x)e * T dg | ke (2nZ)?.
ke(2n7)d Q

Furthermore, if f is locally square integrable, the above series is convergent in L?(Q), with

1F1720) = D lex(HI2

ke(2rZ)d

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

()= xen) = [ fn@ewde= [ (xe = [ gepda.

Therefore the claim is a consequence of Theorem B.6.3.

In the L? case, we observe that (e ) is a orthonormal family of L?(Q) and that c(f) is the inner product of f
with ex. From the identity (B.6.13), we observe that, if ¢x(f) = O for every k, then f = 0. This implies that
(ex) is an orthonormal basis of L?((Q), and the assertion follows.

Finally, if f is smooth, for every o 0° f is locally square integrable, thus

> (PP =D ler(0“f)? < o0,
k k

therefore (ck(f)) is rapidly decreasing and consequently the series and all its derivatives converge uniformly.
O

Corollary 3.6.6 (The Poisson summation formula)

25 _ Z RIx

yEZ? ke(2rZ)d

Proof.— Let x be a test function such that Xﬁ = 1. Then

| D0 | =D Gxer) =D x(7) =x*0)=1.

YEZL ~EZL ~EZL
Therefore the claim is a consequence of Theorem B.6.3. O

As an application, let us now consider periodic solutions of PDE with constant coefficients.
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Corollary 3.6.7 Let p € C[X},..., Xy] and P = p(9) be the corresponding differential operator.

i) If p(ik) # 0 for every k € 2nZ%, then the only Z? periodic solution u of Pu = 0 is u = 0.

i) If p(ik) # 0 for every k € 2774\ {0}, then every Z9—periodic solution of Pu = 0 is a constant.

As an illustration of Corollary B.6.7, let us prove the following density theorem. Let w = (wl, - ,wd) € R? be
such that the components are linearly independent on Q. Then, for every = € Rd, for every € > 0, there exist
t € Rand v € Z% such that

|z —tw —7] <e.

Indeed, the function u defined on R¢ by

u(x) == tigﬂgwienzfd |z — tw — 7|

is Lipschitz continuous, and is Z® periodic. Furthermore, for every t € R,
u(z + tw) = u(x) .
This means

Y € G (RY) | /

» u(x + tw)p(z) dr = / u(x)p(z) dr .

Rd
Notice that the left hand side reads

[ ute+twip@yde = [ uety ) dy.

R4

and, taking the derivative of this quantity with respect to ¢t at £ = 0, we obtain
d
= [ )Y wsdret) dy
R4 :
7=1
In other words, in the sense of distributions on Rd,
d

ij(‘)ju =0.

Jj=1
Since, by the assumption on the components of w, the polynomial function

d
plx) = wjx;
j=1

does not vanish at k € 27Z% \ {0}, we infer that u is constant. Since clearly u(0) = 0, this completes the
proof.
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3.7 An application to probability theory

Recall that a probability measure on R% is a positive Borel measure p on RY of total mass ,u(Rd) = 1. Such a
measure defines a tempered distribution through he formula

Ve € SR, ) = [ pla) dula)

Using Fubini’s theorem, we observe that

where
{0 = —la}fd .
(€)= | & duta)

Notice that |2(§)| < 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 4 if, for every bounded continuous function f on R¢,

/Rdfd,un%/Rdfd,u.

Before stating the main result, let us make the connection between tight convergence and convergence in S’.

Proposition 3.7.2 Let (1,) be a sequence of probability measures on R?, and let x be a probability
measure on R%. Then u,, converges tightly to p if and only if p,, converges to u in S’(R%).

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 Uy, to the probability measure p implies the
tight convergence of p,, to u. First of all, we prove that

/Rdfdum/wfdu,

if f is continuous and compactly supported. Indeed, by regularization, f can be uniformly approximated by
a sequence of elements of the Schwartz space. The uniform bound on ,u,n(]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 Rd, and define, for every R > 0,

XR(2) = X (%) :

Then

/Rdfdun—/Rdfduz/Rdfodun—/RdeRdqu/Rdf(l—XR)dun—/Rdf(l—XR)du.
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Since fxR is continuous and compactly supported, we have

/ fodun—/ Fxrdp —s 0.
Rd Rd n—oo

<l [ din = Wl (1 [ xwain) = 1l (1= [ nde)

Summing up, we have, for every R > 0,

Rdfdun—/wfdu‘ < 2| £z (1—/><Rdu> .

Since u is a probability measure, the right hand side tends to 0 as R tends to 0o, by the dominated convergence
theorem. Hence the left hand side, which is independent of R, is 0. O

Furthermore,

/ f(1 = xR) dpn
Rd

lim sup
n—oo

We now state the main result of this paragraph.

Theorem 3.7.3 (P. Lévy) Let (11,) be a sequence of probability measures on R?. The following state-
ments are equivalent.

i) wn converges tightly to some probability measure.

ii) There exists a function ¢ : R* — C, continuous at 0, such that,

VEERY, fn(€) — g(é) -

n—o0

Proof.— The first implication is trivial. Indeed, since, for every £ € R4, the function f:z— eirE g
continuous and bounded, the tight convergence of 1, to y implies the convergence of fi,,(§) to f1(§).

Let us prove that (ii) implies (i). Since fi,, and continuous and bounded by 1, we already know that g is mea-
surable and bounded by 1, hence it defines a tempered distribution. Furthermore, the dominated convergence
theorem implies that i, — ¢ in S'. Introducing T' = F~!(g) , we infer that y1,, converges to T in &’. Since
Iy, is @ positive measure, it is a positive distribution, and so is T'. Hence T' = i is a positive measure.

It remains to prove that p is a probability measure. Let x be a plateau function over the unit ball, and, for every
R >0,

x

Xr(%) = X (E) :

p(RY) < Iiminf/ XRrdu .
R— R4

By Fatou’s lemma,

o0

Since
/XRd,U: lim / XR dpn <1,
Rd n—oo Rd
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we first conclude that ,u(Rd) < 1. Hence p has finite total mass, and the dominated convergence theorem
implies that

p(R?) = lim / Xrdp .
R4

R—o0

Let p € S such that x = p. Then xr = pgr, with

pr(€) = Rp(RE) .

/XRdM = /ﬁRdM
R4 R4

= {nepm) = Gopm) = | o(©pn(e)ds

- /Rdg(@p(f)d&.

Since g is continuous at £ = 0, we infer, from the dominated convergence theorem,

/Rdg (;) ple)de = 9(0) /R p(&) d& = g(0)x(0) = g(0) .

Hence

But g(O) = limp—o0o ﬂn(o) = 1. Hence M(Rd) =1. -

Remark 3.7.4 Notice that the assumption of continuity of g 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 i, given by

1 T
dptn = pula)de , pa(a) = —p () .
Then, by the Riemann—Lebesgue lemma,

fin(§) = p(ng) — g(§) =

n—oo

0if €40
1if £€=0.

Thus g is not continuous at 0. Indeed, one easily checks that u, converges to 0 in S’, 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 y be a probability measure on R such that

/ |22 du(z) < 0o, m = xdu(z) .
R4 R4

Assume that no affine hyperplane H of R? passing through m satisfies j(H) = 1. Then the symmetric
matrix A = (ajk)lgj,kgd defined by

= [ = my) e = ) du(z)
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is positive definite and, for every bounded continuous function f on RY,

T + P _|_ [BTL —nm e*A_lﬁ.IL‘/Q
d o.d n) — T dr .
/W f ( L ) ) duten) = [ e s

Proof.— For every integer n > 1, the formula

- 1+ -tz —nm
/Rdfd,un - /(Rd)nf< \/ﬁ ) du(xl)du(xn)

defines a probability measure on Rd, and we have to prove that u, converges tightly to the probability measure
of density

a-1
e—A z.z/2

(27)4/2v/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) =

Galg) =e 142
Therefore, by P. Lévy’s theorem, it is enough to prove that

VEERT, [in(€) — e 482,

n—oo
From the above definition of p,, and the Fubini theorem, we have
fin(€) = [e’ém/f ji <)} :
Jn
Because of the assumption
[l dta) < 0.
Rd
the function

(€)= | e duto)

is C? and we can expand it near 0 by the Taylor formula, so that

R (%) B (1 Hi - ol 4o (i)) (1 SR o 6 (@) +o <i)>
= 1- A8E +o0 <1> )

2n n

i@ = (1- 55 +0(1))

which —- by taking for instance the complex logarithm near 1 — converges to exp(—A&.£/2) asn — co. O

Consequently,
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