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Preface

These are lecture notes for a one semester course on the theory of distributions.
Throughout we emphasize the applicability of distributions in concrete problems
from analysis. Particular emphasis is laid on the calculation of fundamental solu-
tions to linear partial differential equations. My main sources are the books [OW15]
and [FJ98], as well as the lecture notes [HS09]. I am greatly indebted to Norbert
Ortner, Peter Wagner, Giinther Hérmann and Roland Steinbauer for allowing me
to shamelessly copy material from [OW15] and [HS09], and for many helpful dis-
cussions. I also want to thank Norbert Ortner, Peter Wagner, Roman Popovych,
and Eduard Nigsch for numerous helpful remarks and corrections.

Michael Kunzinger, summer term 2019
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Chapter 1

Test functions and
distributions

1.1 Basic definitions

Throughout these notes, {2 will denote a non-empty open subset of R™ and we write
0; = % for the i-th partial derivative. We use Greek letters to denote multi-indices:
for a, f € N, = € R" we write

o, 1 (o4 —— —
=gt |ali=ar 4 ap, ali=aglooay!

a>f: Vi > 6

o a!l ol
= > =970
(5) Blla—pg) ‘razf =000 = g

Partial differential operators of order at most m with constant coefficients will be
written in the form

with a, € C, m € Ny.

1.1.1 Definition. The C-vector space of smooth functions on Q is
EQ)=C®Q)={p: Q= C|pis C*}.

The space of test functions on 2 is defined as

D(Q) = {p € £(Q) | supp (p) € 2}

Here, supp (p) = {z € Q| p(z) # 0} and € means ‘is a compact subset of”. We will
sometimes write £ or D instead of £(QQ) and D(Q), respectively.

Both £(02) and D(R2) C £(N) are locally convex spaces and there is an elaborate
theory of the topological and functional analytic properties of these spaces, cf. e.g.,
[Hor66]. However, for the purpose of this lecture course we can and will confine
ourselves to sequential convergence:

1.1.2 Definition.



(i) A sequence (¢r) in E(QL) converges to ¢ € E(Q) if it converges uniformly on
compact subsets of Q) in all derivatives, i.e.,

VK € QVaeNyVe>03INeN: VE>N: [[0%) — 0%¢lloc,x <e.

(ii) A sequence (pr) in D(Q) converges to ¢ € D(Q) if it converges in E() and
if, in addition, all oy are supported in some fired K € :

v = ¢ in &) and IK € N :VE € N :supp (i) C K.

With the usual operations of addition, multiplication and multiplication by scalars,
both £(£2) and D(€2) become topological C-algebras.

1.1.3 Lemma. Let f: R — R,

f(z) ::{ efﬁ v=0

= x>0
Then f is smooth.

Proof. By induction we obtain that

0 <0
() () — ) =
Fri(@) { e Py (L) 2>0

where P, is a polynomial. Hence lim, o ™ (z) = limg~ o f@(x) =0 for all n. O

For zp € Q and r > 0 such that the closed ball B,.(zg) is contained in €2, it follows
that the function p(z) := f(1—|z—z0|?/r?) lies in D(2), showing that D(Q) # {0}.

The following is an important topological property of D(f2):
1.1.4 Theorem. D(R) is sequentially complete.

Proof. Let (p;) be a Cauchy sequence in D(2) and let K € Q be such that
supp (p;) € K for all I € N. Then for each a € Njj (0%p;) is an || ||co-Cauchy
sequence of continuous functions, hence has a continuous limit. More precisely, we

have
Va € Ny F, € C(§2) with 0%p; — 14 uniformly on K.

We now claim that ¢; — g in D(Q). Indeed, supp (¢g) C K is clear, and for any
a€eNp,1<j<n,B=a+e; (with e; the j-th unit vector) we have

zj
zj
Yo = lim 0%p; = lim 8ﬁcpl(:r1,...,s,...,xn)d5:/ va(T1,...,8,...,xp)ds.
l—00 l—00 oo
—o0

Hence 09 = s and since «, §, and j were arbitrary we have ¢, = 0%q for all
a € Nj. But this implies that 0%p; — 0% uniformly on K for all a € Njj, and
we are done. O

1.1.5 Proposition. £(Q) is sequentially complete.

Proof. Let (¢;) be a Cauchy sequence in £(£2) and let K € Q and a € Ny. Then
(0%¢1) is a || |leo,x-Cauchy sequence, hence converges in C(K). The limits must
coincide on any non-trivial intersection of two such compact sets, giving a function
Yo € C(2). As in the previous proof it then follows that ¢; — 1 in £(2) (only
the lower limit of integration is no longer —oo but some appropriate value a; such
that the line connecting (x1,...,a;,...,2y,) and (z1,...,2;,...,2,) liesin Q). O

We may now introduce the space of distributions on 2 as the set of sequentially
continuous linear functionals on the space of test functions:
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1.1.6 Definition.

(i) The space of distributions on ) is defined as
D'(Q):={T:D(Q) — C|T linear and T(px) — 0 if pr. — 0 in D(Q)}.

(ii) Let T, T € D'(QY). Then Ty, — T if, for each ¢ € D(Q), (Ti,p) = (T, ).
Analogously, if T is a family of distributions with X € CV for some N, then
limy_,», Th =T means that (Tx, ) — (T,, ) for each p € D(Q).

As already done in (ii) above, the action of a distribution T € D’(Q2) on a test
function ¢ € D(Q) is often denoted by (T, ), emphasizing the bilinearity of the
operation. If a test function depends on an additional variable, ¢ = ¢(x,y) then
it is often useful to emphasize the variable which T acts upon, e.g., T' € D'(RY),
(T(x),p(z,y)). Moreover, given K € (2, we write D(K) for the subspace of D(12)
consisting of those functions whose support is contained in K.

The following is a useful characterization of distributions by a seminorm-estimate:

1.1.7 Theorem. Let T : D(Q) — C be linear. Then T € D'(?) <— VK € Q
4C' > 0 dm € Ny:

(To0) <C D 0%l Ve € D(K). (LLL)

la|<m

Proof. («<): Let ¢ — 0 in D(Q2) with K D supp (p) for all k. Choose C' > 0 and
m € Ny according to (1.1.1). Then we have

(T, 06) <C D 10%kllooc =0 (k— o0),
|la|]<m

hence T' € D'(Q).

(=): By contradiction: Assume that we have T' € D'(Q) but IK € Q Ym € Ny
there is some ¢,,, € D(K) such that

(T, om)] > m Y [[0%0mlloo k-
|a|<m

(Note that necessarily ¢, # 0 and thus 0 < [[pm oo,k < 32 |01<mll0%Pmllec, k)
Now for z € Q) define

_ Om ()
o) =

Then v, € D(K) and for any § € Ny with m > |5| we have

97 prm|s0, i 1

9y K < oM K= 197 frm e =—

10%nllose < 2, 107l = D G o [
o= NEM jal<m

S0 Y, — 0in D(Q) (as m — 00).

On the other hand, we obtain by construction

(T’ om)|
T, = > 1,
‘< ¢77L>| m - Z ||aa(pm||oo’K
o] <m
and therefore [(T,1,,)| # 0 in C, a contradiction. O

An important topological property of the space D’() is the following:
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1.1.8 Theorem. The space D'(Q) is sequentially complete, i.e., if (T}) is a Cauchy
sequence in D' (Q), then limg_, oo (Tk, ©) exists for each p € D(Q), and

(T, ) := lim (Ty, )
k— o0
defines a distribution T € D'(2).

Proof. Since ((Tk,¢)) is a Cauchy sequence for each ¢ € D(Q), it converges due
to the completeness of C. Also, the resulting map T : D(2) — C is clearly linear,
so it only remains to show that it is sequentially continuous. Let us assume, to the
contrary, that there exists some sequence ¢; — 0 in D(Q2) such that (T, ;) /4 0.
We will use a gliding hump technique to derive a contradiction. First, for some
¢ > 0 we have [(T, ;)| > c for infinitely many j. Extracting a subsequence and
multiplying by suitable numbers %eie we obtain a new sequence, again denoted by
the same letters, such that ¢; — 0 in D(Q) and (T, ¢;) > 2 (in particular: € R)
for all j € N. Since ¢; — 0 uniformly in all derivatives, we may extract another
subsequence (1)) such that

leHoo

“8aw2||oo

IN

1
2
1

IA
[\

3 Vo with |a] <1

(1.1.2)

1
[0%%5ll00 < 55 Yo with |a] <j—1

Being a subsequence of (¢;), ¥; — 0 in D(?). As T € D'(Q) for each k, this
implies:
lim (Ty,v;) =0 Vk. (1.1.3)
j—o0

Also, by definition of T" we have

(Ti,bj) = (T,j) =2 Vj. (1.1.4)

lim
k—o0

Next we use (1.1.3) and (1.1.4) to iteratively select a subsequence (w;) of (¢;), as
well as a subsequence (S) of (Ty) as follows:

w1 wlzwl Si: Re(Sl,w1>>1

wo': |<51,0J2>| < 2_2 SQZ Re(S%wl) > 1, RG<SQ,OJ2> >1
w3 ': |<51,0J3>|, |<Sg,w3>| < 273 533 RG<S3,WJ'> >1 (] < 3)

Wt [{Skywm)| <27 (k< m) Sm: Re(Sm,wj) >1 (5 <m)

Now set ¢ := Z;’;l w;. Then due to (1.1.2), this series converges uniformly in
every derivative. Furthermore, all the supports of the w; lie in one fixed compact

subset of Q because (w;) is a subsequence of (y;), which converges to 0 in D(12).
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Consequently, ¢ is an element of D(§2) by Theorem 1.1.4. By definition of T' we
have (T, ¢) = limg_, 00 (Sk, ). On the other hand, the above construction implies

o0 o0 1
Re(Sk, @) = > Re(Sk,w;) > 141+ +1— H° 5 %
j=1 % j=k+1
giving the desired contradiction. O

To conclude this section we state a result that we will only prove much later (Section
4.3). Of course we will carefully avoid any circular arguments when using it in the
meantime.

1.1.9 Theorem. D(Q) is sequentially dense in D'(Q), i.e., for any T € D'(Q)
there exists a sequence (u;) in D(Q) such that, for any ¢ € D(),

(5, 0) = / wi(@)e(@)dz - (T,¢) (- o).

Concerning the action of u; on ¢ used here, see Theorem 1.2.3 below.

1.2 Examples of distributions

Distributions are simultaneous generalizations of locally integrable functions and of
Radon measures. Let us first examine the space L (2) as a subspace of D'(12).

1.2.1 Definition. A measurable function f : Q — C is called locally integrable
if [ 1f(x)]dx < oo for all K € Q. The space of all (equivalence classes of) locally
integrable functions on 2 is denoted by Li (£2).

loc

1.2.2 Example. Every continuous function is locally integrable, so C(Q2) C Li ().

loc

The function 1 is locally integrable on R\ {0}, but not on R, while —= € L{ (R).

\/m loc
1.2.3 Theorem.

(i) If f € LL (Q), then the associated linear functional

loc

T): D) > C. (Ty.p) = | fla)pla) da

is a distribution, Ty € D'(§2).

(ii) The map
Lipe() = D'(Q), f = Ty

1

e () as a linear

is linear and injective. In this sense we may consider L
subspace of D'(Q2), and we will often write f instead of T.

Proof. (i) Clearly Ty : D(2) — C is linear. Moreover, it is continuous: let ¢, — ¢
in D(2). Then

/Qf(x)(cpk(x) — () dz| < [lor = plloo x /K |[f(@)| de = 0 (k — o)
where K € Q is chosen such that supp (¢x) C K for all k (and hence supp (p) C K).
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(ii) Since f +— Ty is linear, it suffices to show that T = 0 entails f = 0 a.e. on .
To this end, note that Ty = 0 implies

Fe)O = [ e fla)pla) da =0
for each ¢ € D(Q) and each £ € R™. Thus injectivity of the Fourier transform (see
Proposition 1.2.4 below) implies f(z) = 0 a.e., as claimed. O

1.2.4 Proposition. Denote by Cp(R™) the space of continuous and bounded func-
tions R™ — C. Then the Fourier transform

F:LYR™) — C,(R™), fr (gH/ e T f(x) d:r)
is well defined, linear, continuous and injective.

Proof. We follow [OW15], based on [New74].

F(f) is continuous by dominated convergence, and bounded because |F(f)]c <
[Ifll1. The latter estimate also implies continuity of F.

To show injectivity, we first look at the case n = 1 and suppose that F(f) = 0 for
some f € L'(R). Then we define a function g : C — C by

Jo s f@e ™ de Tm(z) > 0,
9(z) == . ,
—Jy flz)e ™ dz TIm(z) <O0.

Then g is well defined on R because F(f) = 0. Also, it is continuous on C and
analytic on C \ R. By continuity and Cauchy’s integral theorem, the integral of
g over any triangle that lies either in {Im(z) > 0} or in {Im(z) < 0} vanishes.
An arbitrary triangle in C can be decomposed into finitely many such triangles, so
indeed [ A 9(2)dz = 0 for any triangle A in C. Therefore, Morera’s theorem shows
that g is an entire function. Since ||g|loo < ||f|l1 (as can be seen by writing z = a+ib
and taking into account the cases b > 0 resp. b < 0 in the definition of g), Liouville’s
theorem implies that g is constant. Moreover, by dominated convergence we have
lim,, g(iy) = 0, so in fact ¢ has to vanish identically. Therefore,

0
0= g(0) = / f(z) da.

Replacing f by  — f(z 4 &) we in fact obtain ffoo f(z)dx =0 for any £ € R. The
derivative of £ — ffoo f(z) dx equals f(&) a.e., so the claim follows in this case.

To obtain the result for general n we use induction: By Fubini’s theorem, if f €
L'(R™), then
fo, :R*™L €, 2 flog,2)

belongs to L*(R"~1) for all z; € R\ N, where N is a Lebesgue null-set. Also, again
by Fubini, for any & € R™~!, the map

ge (1) == F o, (€)) = / [y al)e " da!
R
is integrable and Fge (§1) = Ff(§) =0 for any & € R. By what was shown above

in the case n = 1 it follows that ge = 0 almost everywhere. Another application of
Fubini’s theorem gives

oz/ / |g§/(a:1)|dx1d§'=/ / \ger (1)| d€'da,
Rr=1 JR\N R\N JRn—1
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and so fR7H |ger (z1)|dE’ = 0 for 1 € R\ Ni, where Ny is another null-set that
contains N. Since & +— ge/(x1) is continuous, we obtain that F(fy, )(&) = ger(z1) =
0 for all ¢ € R ! and all z; € R\ N;. By induction hypothesis, we have

0= lfull s @ns) = / (a1, 2)| de’
Rn—l

for all z; € R\ N;. But then in fact

||f||1—// (a1, 2| da’day = / / (0, 2)| di'diry =0,
R\N; JRn—1

and thereby f =0 a.e., as claimed. O
1.2.5 Remark.

(i) Since, by the above, we may consider L{. () as a subset of D'(2), the same
is true for Li, (). In fact, for 1 <p < oo and K € Q, by Holder’s inequality
1k = 17U ke < [yl Tlsc, where g is such that 1/p + 1/g = 1.
Since |1l = A(K)'Y9, this gives the claim. For p = oo, it is immediate
that L2 () C L (). In particular, L?(12), the space of locally p-integrable
functions of compact support is contained in D’(Q) as well.

(i) Any Radon measure is a distribution. Indeed, the space M(Q2) of Radon
measures on ) consists of all continuous linear functionals on the space C(€2).
Here, a sequence () in C.(§2) is convergent if all the supports of the ¢, are
contained in a single compact subset of £ and if the ¢ converge uniformly.
From this it is immediate that M () C D'(Q).

Elements of L] () are often also called regular distributions. Not surprisingly,

these do not exhaust D’'(Q):

1.2.6 Example. (i) An important example of a distribution that is not regular
is the Dirac measure: For any a € ), set

6o : D(Q2) = C,  dalp) = ¢(a),

and set d := dp € D'(R™). Then obviously d, € M(Q2) C D'(2). To see that indeed
8a & L, .(Q), let f be as in Lemma 1.1.3 and set py(z) := f(1 — k|z —a|?) (k € N).
Then for any g € L, .(Q), (g, pr) — 0 as k — oo. However, (84, pi) = f(1) # 0 for
all k.

On the other hand, § is the weak limit of functions from L'(R™): in fact, fix any
p € LY(R") with [ p(z)dz =1 and set

pe(x) :=¢""p (§> . (1.2.1)

Then lim. o4+ p. = ¢ because for any ¢ € D(R™) we have:
et = [ plafe)ote)dn= [ pwelendy

-/, p(y)p(0) dy = ¢(0) = (4, »)

by dominated convergence.
(ii) For a general f € L'(R™) with f > 0 and f # 0, we may set p := Wf to

obtain p. — J§ by (i). In this way we can derive several important examples of
so-called delta-nets:



First, denote by Y the Heaviside function: Y (z) =1 for z > 0, Y (z) = 0 for = < 0.
Then f(x) := Y(1 — |z|) = xB, (o) is the characteristic function of the unit ball
B1(0) in R™. Therefore, we have ||f|; = vol(B1(0)) = 7"/ /T'(n/2 + 1), and so

lim Ce ™Y (e —|z|) =6 with C =7"/20(n/2+1) (1.2.2)
e—0+
L n-2§-1 ) L
Next, let f(z) := TR Then || f]|1 = FT"T“)’ so setting p := Hlef we get
n 1
im ——° 5 with 0= 720", (1.2.3)
=0+ (|z|2 4 e2) "z 2

Finally, for f(x) := e~171* and this time using p sz we obtain

lim Ce~#°/s —=§ with C = n— 3. 1.2.4
0+
e—

1.2.7 Example. Let us now look at examples of distributions that do not corre-

spond to measures (cf. Remark 1.2.5). Let o denote the surface measure on S™~1
and let f € L1(S™71) be such that f satisfies the mean value zero condition

| fwste) =o. (1.25)
Sn—l

Then we define the principal value (valeur principale) Vp(|33|_"f(‘i—|)) by the limit

vp(lal " (1)) = i Y (lal = 2)lel ™ (1),
€., ) B i - lm gp(x) i
(vp(|z f(|x|))7@> = 61~>0+ e EE f(‘x|) dx (p€D).

To see that this limit actually exists, we first note that, by (1.2.5),

1 €T R 1
/E<x|<R Wf(ﬁ) dx—/s ;/Snil fw)do(w)dr =0,

so that, if supp ¢ C Bg(0),

e T L plx) (=
plel S (o) =t [ SR () o
. p(@) —¢(0) (@
=0 e<|e|<R T‘f(m) o (20

(@) —¢(0) (=
/zng \xlf f(m)dx.

Here, the last integral converges due to |p(z) — ¢(0)] < ||[V¢llco - ||. This estimate
also shows that (vp(|x|’”f(|§—‘)),<pk> — 0if ¢, = 0in D, ie., vp(lz|"f()) is

IE
indeed a distribution. The latter fact also follows from Theorem 1.1.8.

Important examples of principal value distributions are the following:

(L) = e sigmieel), p(L)pr = [ A g,

—R x
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for supp ¢ C [—R, R], as well as

Sik|2?| — nxjap n .
TjkVp<jx|n+2J GD/(R) (1§j,k§n),

which arise as the second derivatives of the kernel of the Newton potential, i.e., of
|z|>~" for n # 2, resp. of log(|z|) for n = 2. Here, fjr(w) = §jr — nwjwy, satisfies
(1.2.5), because [g,_, w3 do(w) has the same value for each j by symmetry, so for
7 =k we get

n/ wf.da(w):/ wa.da(w):/ ldo(w) = [S"71).
S'n,—l Sn—l le Sn—l

For j # k, note that the map (wi,...,wn) = (w1,...,—wj,...,wy,) transforms
fsn_l wjwy do(w) into its own negative, so the integral must vanish.

Finally, that principal value distributions are not measures follows from the con-
siderations above which relied on properties of Vi, hence require derivatives of the
test function (as opposed to the case of Radon measures).

1.2.8 Example. A complex approximation of vp( %) is given by Sokhotski’s for-

mula: 1
51—1>%1+ ztie vp(;) T imo. (1.2.7)
To see this note, first, that by (1.2.3) we have

. T Fie
lim — = lim = lim
e0+ x +ie  e=0+ x2 4+ €2 50+ 2 +£2

F imd.
Second, for supp (¢) C [—R, R] and € — 0+ we have
R R
— (0 — (0 1
T, :/ (p(z) — o ))wdxﬁ/ ple) —p(0) , Vp<7)7(p 7
x? 4 €2 _R x? 4 &2 R x T
which gives the claim. From (1.2.7) we directly obtain Heisenberg’s formula
lim < 1 — — ! - > = —2mid.
e=0+ \ T +126 X —1€

The two cases of (1.2.7) correspond to one another via complex conjugation in the
following sense:

1.2.9 Definition. For T € D'(Q2), the complex conjugate T, the real part Re(T),
and the imaginary part Im(7T"), are defined by

(T, ) = (T, p), Re(T) := %(T +T), Im(T) := Z(T -T),

respectively.

1.3 Distributions of finite order

1.3.1 Definition. A distribution T € D'(Q) is said to be of finite order, if in the
seminorm-estimate (1.1.1), the integer m may be chosen uniformly for all K, i.e.

Im e NgVK € Q3C > 0: (T, o) < C D (1%l (¢ € D(K)). (1.3.1)

|| <m

The minimal m € Ny satisfying the above is then called the order of the distribution.
The space of all distributions of order less or equal to m is denoted by D'™(Q).

9



The subspace of all distributions of finite order is denoted by D} (),

Dp() = | D™(Q).

mENg
1.3.2 Example.

(i) Any regular distribution is of order 0.
(ii) &g is of order 0.

(iii) Let |o| = m and define T € D'(R™) by (T, ¢) := 9%p(0). Then T is of order
m.

(iv) There exist distributions that are not of finite order. E.g., consider T' € D'(R)
defined by

(T,0) = o™ (k).
k=0
If K € R then we have to choose m > sup{k € Ny | kK € K} to ensure
(1.3.1). There can be no m such that (1.3.1) holds with this fixed m and for
all compact subsets K. The farther outward supp () reaches the higher the
derivatives that have to be taken into account.

For a distribution of order m, the continuity condition (1.1.1) involves only deriva-
tives up to order m of the test functions. Thus, if we define the space D™(Q) as
the set of all m-times continuously differentiable functions with compact support
contained in 2, we may expect that D' (€2) will be the (sequential) dual of D™ (€2).
Here, sequential convergence in D™ () is defined analogously to D(f2), only taking
into account derivatives up to order m. D'™(Q) then consists of all sequentially
continuous linear forms on D™ (Q).

A slimmed-down version of the proof of Theorem 1.1.4 gives:
1.3.3 Proposition. D™(Q) is sequentially complete.

The technical problem with the above identification is that given T' € D™ () we
have to extend it to a linear functional on D™ (), which is strictly larger than
D(Q). The precise result is Theorem 1.3.6 below.

We note that, in particular, distributions of order 0 define continuous linear forms
on C.(). Therefore they can be identified with complex Radon measures on Q.

We are going to need the following result on approximation of functions of finite
differentiability, which is also of independent interest.

1.3.4 Theorem. Let f € L{ _(R") and let p € D(R™), supp (p) C B1(0), and
[ p(z)dz =1 (such a p is called a mollifier). For e € (0,1] we define

fe@) = [t —yydy=—~ [ jpp=Y

R™ en Rn g

) dy. (1.3.2)
(fe = [ * pe, the convolution of f and p.).
Then

(i) f- € E(R™) withsupp (fz) C {x € R" | d(z,supp (f)) < e}; (where d(xg, A) :=
infea |x — x| for any xo € R™ and A CR™)

(i) If f is compactly supported then f. € D(R™).
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(iii) If m < 0o and f € C™(R™), then f- — f in C™(R") (as e — 0);
(iv) If f € ER™) then f. — f in E(R™) (as e — 0).

(v) If f € D™(R") then f. — f in D™(R") (as e — 0).

(vi) If f € D(R™) then f. — f in D(R™) (as e — 0).

In (i), convergence in C™(R™) is defined analogously to that in E(R™), only taking
into account derivatives up to order m.

Proof. (i) and (ii): By dominated convergence we may pull derivatives of f. into the
integral, so smoothness of f. follows from that of p.. Noting that supp (p:) C B:(0)
and changing integration variables from y to ¥ = x — y we may write

fe@) = [ F@)pela —y)dy = /7f(fc ey dy-
R™ B.(0)

If + € R™ with d(x,supp (f)) > € then f(x —gy’) = 0 for all ¢ in the integration
domain, thus f.(z) = 0. Therefore supp (fz) C {z € R | d(z,supp (f)) < €}.
Concerning the remaining claims, we first prove uniform convergence on any K € R"
of fo = f (e —=0).

The change of variables y — z = (x — y)/e (hence dz = dy/e™) yields

1 T —y
fe(z) = 7/ f(@ﬁ(i) dy = (z —e2)p(z) dz.
9 n 9 R™
Therefore, by uniform continuity of f on compact sets, we have for any = € K:

[J p=
fo@) = f(z)] 2 (@—e2)p(z)dz— | f(@)p(z)dz
Rn R™

[supp (p)E(Bl (0)]

2 / (@ — e2) — £(2)] [o(2)| dz

B1(0)

<</|p<z>|dz)- s |flw—y)—f@)] =0  (e—0).

ly|<e,zeK
~—_————

constant

1]

If || < m then the same game can be played with 0% f.(z) = [ 0“f(z —e2)p(z) dz
to show uniform convergence 0%“f. — 0%f on K. Thus we obtain, in particular,
uniform convergence of all derivatives up to order m on compact subsets of R"™.
From this and what we already know about supp (fz), (iii)-(vi) follow. |

1.3.5 Remark. (i) Given f € D¥(Q) and constructing f. as in the above theorem,

we obtain for € < d(supp (f), Q2¢) that supp (f:) C €, hence f. € D(2) and f. — f
in D*(Q). (Here, d(A, B) = infyeca yep | — y| for subsets A4, B C R™.)

(ii) As a special case of the result in (i) we conclude that D(2) is dense in C(Q2).
Based on these preparations we can now prove:
1.3.6 Theorem.

(i) Every T € D'™(Q) can uniquely be extended to a continuous linear form on
D’H’L(Q)‘

11



(ii) Conversely, if T is a continuous linear form on D™ () then T'|pqy € D' (Q).

Proof. (i) Let T € D'™(Q), then we have: VK € Q 3C > 0 (depending on K) with

(T, ) < C Y [10Y[loox  Vib € D(K). (1.3.3)

lo|<m

Let ¢ € D™(Q). By Remark 1.3.5 there is a sequence (¢;) in D(2) such that
w1 — @ in D™(Q) (as | — o0). That is, there exists Ky € Q with supp (¢) C Ky
and supp (p;) C Ky for all [ such that for all @ with |a| < m we have 0%p; — 0%
uniformly on Kj. In particular, for |a| < m we obtain a Cauchy sequence (0%¢;)
with respect to the L°°-norm on K.

Choosing Cy > 0 according to (1.3.3) we obtain

(T 0k — o) < Co > 110%0k — 0°@illoo, Ko

la|<m

which implies that ((7,¢;)) is a Cauchy sequence in C, hence possesses a limit
T(p) := im(T, ¢;). By a standard sequence mixing argument we see that the value

T'(ip) is independent of the approximating sequence (). Linearity with respect to
¢ is clear, hence we obtain a linear form T on D™ (). Moreover,

(T, )| = im (T, )| < UmCo > 0*@illso,ico = Co Y 0¢loo, ko

|a|<m la]<m

shows (sequential) continuity of T'. That T'|p(n) = T follows by choosing constant

approximating sequences ¢; = ¢ for ¢ € D(Q), and uniqueness of T as an extension
of T follows from the density of D(Q2) in D™ () (observed in Remark 1.3.5).

(ii) is clear since sequential continuity of 7" implies the same for T'|p(q): Conver-
gent sequences in D() converge also in D™(£2) and have the same limit. Thus
T|pa) € D'(R2). Since T is sequentially continuous on D™ (), it follows as in the
proof of Theorem 1.1.7 that it satisfies a seminorm estimate of the form (1.3.3),
hence it is of order m. O
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Chapter 2

Multiplication, support,
composition

2.1 Multiplication by smooth functions

In Definition 1.2.9 we have already seen an example of extending classical operations
to distributions via transposition, i.e., roughly, by having the test function carry the
burden. More precisely, the evaluation of the transformed distribution AT on a test
function ¢ is defined as (T, Atp), where A? is a transposed operator constructed in
such a way that, for regular distributions Ty, ATy = Tay, i.e.,

(Tar, o) =Ty, A'p) (p € D(Q)).

As a model case, let us first consider the multiplication of a distribution by a smooth
function:

2.1.1 Definition. For T € D'(Q) and g € £(Q), the multiplication ¢gT is defined
by
(9T, ¢) == (T, g¢) (v € D(Q)).

Since ¢ — ¢ in D(Q) implies gpr — gp, the linear functional g7 so defined is
indeed a distribution. This is the first example of a general property of transposition
in the above sense:

2.1.2 Proposition. Let L : D(Q3) — D(Qy) be linear and sequentially continu-
ous. Then the transpose L' : D' (1) — D'(Q2), (L'T, ) := (T, Ly) is linear and

sequentially continuous.

Proof. To see that L'T € D'(Qy) for any T € D'(Q4), let ¢; — 0 in D(Q2). Then
Ly, — 0 in D(21) by the sequential continuity of L. Hence

<LtT, (pl> = <T7 L(pl> — 0.

Linearity is immediate from the definition.
As for continuity of L*, let T, — T in D’(Q;). Then for any ¢ € D(Q2)

k—o0
(L'Tr, ) = (Tu, L) "3 (T, Ly) = (L'T, ),
hence LT}, — L'T in D' (). O
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In the case of multiplication, L simply corresponds to the map ¢ — gy. Consistency
with the classical multiplication in the case of regular distributions follows from

(Tyr, ) = / o) f(2)p(x) dx = Ty, go).

2.2 Localization and support

Let Q' C Q open, then there is a natural embedding L : D(Q') — D(Q) by extending
test functions on ' by 0 to 2\ Q'. The restriction of distributions on Q to ' is
then defined as the transpose of this L:

2.2.1 Definition. For Q' C Q, the restriction (or localization) of any T € D'(Q2)
to Q' is the element of D' (V) given by T|q = L'T, i.e.,

(Tlar, @) = (T, Lp) (v € D(Y)).
In addition, we define the support of T € D'(Q) by

supp (T) := Q\ U{Q’ CQ|Q open, T|q = 0}.

For f € C(Q) it is easy to see that supp (Ty) = supp (f) = {z € Q| f(z) # 0}
(where the closure is to be taken in the subset topology of Q). On the other hand,
if f € L (), then Q\supp (T) is the largest open set U such that [, |f(z)|dz = 0.

loc
In order to prove some fundamental properties of localization we need the following
basic version of partitions of unity.

2.2.2 Proposition. Let K € Q and let Q; C Q be open (1
K C UL, Q;. Then there exist functions 1; € D(€;), (1 <i <
St <1onQand Y1t ; =1 on a neighborhood of K.

< m) such that

<7
m) with 0 <; <1,

Proof. Consider first the case where m = 1. For x € R™ and ) # A C R"™, the map
x +— d(z, A) is continuous. Indeed, by the triangle inequality, |d(z, A) — d(y, A)| <
|x — y|. Therefore, for any ¢ > 0, K. := {x € R® | d(z,K) < &} is an open
neighborhood of K. Pick € > 0 such that 4¢ < d(K,R™\ ©;) and set

—Yi(x T
oy { ) e e

Then f is continuous and supp (f) € Kz.. Set ¢ := f., as in (1.3.2). Then
supp (¢) C K4e €Qq,0<1% <1,and ¢y =1 on K, since for z € K,

¢@= [ @ty = [Ty =1

Turning now to the case m > 1, note first that for each x € K there exists some
r(r) > 0 and some i € {1,...,m} such that B,,(x) C ;. These B,(,) form an
open cover of K from which we may therefore extract a finite subcover By, ..., By.
For i € {1,...,m}, let K; := UECQi Bj. Then K; € Q; and K C |J", K;. By
what we have shown in the first case, for each ¢ € {1,...,m} there exists some
vi € D(;), 0 < ¢; <1 and p; =1 on a neighborhood U; of K;.

Now set 11 := @1, 2 := 02 - (1 = ¢1), ¥m = @m(l — 1)+ (1 — @p—1). Then
supp () € 4, 0 < ¢p; < 1, and



as is readily verified by induction. Thus > 1" ¢; < 1 and >_";¢; = 1 on the
neighborhood |J;~, U; of K. O

2.2.3 Corollary. Let K € Q. Then there exists a cut-off (or plateau-) function
for K, i.e., x € D(Q) such that x =1 on a neighborhood of K.

Proof. This is the special case m = 1 of Theorem 2.2.2. |

2.2.4 Proposition. Let T € D'(Q) and ¢ € D(Q) with supp (T') N supp (¢) = 0.
Then (T, @) = 0.

Proof. Let K := supp (). Since supp (T) N K =, for any z € K there exists a
neighborhood U, of x in 2 such that T'|y, = 0.

Choose a finite subcovering (U,, )™, and a subordinated partition of unity (¢;)™ as
in Proposition 2.2.2, that is, with ¢; € D(U,,) and >;", ; = 1 on a neighborhood

of K. Then . .
(T, vy => (T, gvi )=
i=1

i=1 eD(U )
=
O

2.2.5 Corollary. Let T € D'(Q). If any x € Q has a neighborhood U, C Q such
that T|y, =0, then T =0 in D' (Q).

Proof. It follows from the definition of the support of T' and our assumption that
supp (T') = 0. Proposition 2.2.4 then implies (T, ¢) = 0 for all p € D(Q), so T = 0.
O

In fact the space of distributions forms a fine sheaf (of C°°-modules), which basically
amounts to the following result:

2.2.6 Theorem. Let I be a set and (£;);er be an open covering of Q. For every
i €I let T; € D'() such that the following holds:

Ti|Qir‘|Qj = rfj|Qian VZ,] e I with Qi n Qj 75 0. (221)

Then 3T € D'(Q) with T|q, =T} for all j € I.
(A collection of distributions T; € D'(Q;) satisfying (2.2.1) is called a coherent
family.)

and suppose that Vi € I: Tilg, = T; =

Proof. Uniqueness: Let Ty,T> € D'(2)
= 0 for all ¢ € I, so Corollary 2.2.5 implies

T2|Qi. Set T := Ty — Ty, then T‘Qq
T = 0, thus Tl = TQ.

Eristence: Let K € Q. Since K C J;c; € we may pick a finite subcovering:
Ji1, ..., im € I such that K C (J;", €;,. According to Proposition 2.2.2 we can find
a subordinate partition of unity, i.e. ¥y € D(Q;,) (I=1...,m) with >}" ¢y =1in
a neighborhood of K. For every compact subset K of ) we choose a corresponding
partition of unity.

Now we define the action of T' on ¢ € D(2) as follows: Let K := supp (¢) and let
1, ..., %, be the partition of unity chosen above. Then we set

m

= (Ti,,pihr). (2.2.2)

=1

We have to show that

15



(a) the value of (T, ¢) is well defined by (2.2.2) (i.e. it depends only on (T});c; and
),

(b) T € D'(£2), and
(¢) T, =T, for all i € I.

(a) Let K" be a compact subset with K’ D supp (¢) and suppose that Q,,...,Q,,

is a corresponding subcovering with subordinate partition of unity 41, ..., ;. Then
we have
€D(:,N2,)
p p m /_/H m p m
Z rm‘pwk ZZ TR W/M/’z ZZ zZ,W/Jﬂ/Jk Z sz?/fz
k=1 k=11=1 (22 ) 1=1 k=1 1=1

(b) We prove the seminorm estimate (1.1.1). If K € ) we have (with subcovering
and partition of unity as chosen above) the action on any ¢ € D(K) given by (2.2.2).
Using (1.1.1) for every T;,,...,T;, (with compact set supp (¢;,) N K, and C > 0

and order N uniformly over [ = 1,...,m) we obtain the estimate

Z zz?@wl ‘<CZ Z ||8a 801/% ||OOK

=1 |a|<N

[Leibniz rule: 0% (p91)=3 45, (g)aﬂcpa“*%z] < C’ Z Haa(pHOO,Ka
|| <N

where C’ depends only on K (via ¢;,, l=1,...,m).

(c) Let ¢ € D(€;) and K := supp (¢). Use Corollary 2.2.3 to construct a cut-off
function x € D(€;) over K, i.e. x =1 in a neighborhood of K. Then the single set
Q; provides a finite covering of K and yx is a partition of unity subordinate to it.
Consequently, ¢ = ¢y and (2.2.2) yields

(T, ) = (Ti, o x) = (T3, ).

2.3 Distributions with compact support

Now that we have developed a notion of support for distributions, we may single
out from D’(2) the subspace of those distributions that have compact support. As
it will turn out, this subspace can be identified with the dual space £'(Q2) of £(Q),
which we now introduce:

2.3.1 Definition. We denote the space of sequentially continuous linear function-
als on E(QY) by E'(Q). Thus if T : E(Q) — C is linear, then T € E'(Q) if and only
if, whenever v — ¢ in E(Q), then (T, o) — (T, ).

Our first aim is to derive a characterization of continuity for linear functionals
E(Q) — C via a seminorm estimate similar to Theorem 1.1.7. To prove it, we
need a technical tool called compact exhaustion of an open set ). By this we
mean a sequence of compact sets (K,,) such that K,, C K7, for each m and
Q = Umen Km- Such an exhaustion always exists: e.g., one may set K, := {z €
Q] |z <m and d(z,00) > 1/m}.
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2.3.2 Theorem. Let T : E(2) — C be linear. Then T € £'(Q) < IK € Q
3C > 0 3m € Ny:

(T, o) <C D 10%lloe Vo € E(Q). (2.3.1)

laf<m
Proof. <: Let ¢, — 0 in £(Q). By assumption 3K, C,m as in (2.3.1), hence

(T, o) < C D 10%klloex — 0 (k= 00).

lal<m

=: By contradiction: Suppose that T' € £'(2) but that (2.3.1) is violated and let
(Kn) be a compact exhaustion of Q. Then setting C' = m it follows that, for each
m € N, there exists some @, € £(2) such that

(T om) >m D> 110" 0mlloo .- (2.3.2)

laf<m

Without loss of generality we may assume that K7 # () and we may pick some
0 # ¢ € D(KY?). Then for each m € N, replacing (if necessary) ¢, by @m +
emt for some sufficiently small ¢, > 0, the inequality (2.3.2) remains intact and
the new ¢,, additionally satisfies ||¢m|co,x,, 7# 0. Therefore, 0 < ||@m| oo,k
2 lal<m|l0%Pmlloo, K, , and so we may define

m —

= Pm
m Z\a|§m||8a<pm”00,Km

Y

to obtain an element of £(2) for each m € N.
Now given K € Q and 8 € Nj, let m € N be such that m > |8] and K C K,,,. Then

19" emlocic,,  _ 1
10%mlloe,ic < 32 10"l = D2 s =

laf<m

)

[v|<m ly|<m

hence ¢, — 0 in £(Q) (as m — o0). By construction, however,

(T, om)|

(T Ym)| = >1,
m - Z ||8aspmHoo7K7n
la|<m
and therefore [(T,1,,)| # 0 in C, a contradiction. O

We have D(2) C £(Q2), and this imbedding is sequentially continuous: ¢ — 0 in
D(Q) implies ¢, — 0 in £(Q). Moreover:

2.3.3 Proposition. D(Q) is sequentially dense in E(S2).

Proof. Let ¢ € £(2) and pick a compact exhaustion (K,,) (m € N) of Q. For
each m € N, let x,, be a cut-off function for K,, (cf. Corollary 2.2.3), and set
Om =@ Xm € D(Q). For any K €  there exists some m € N such that K C K,,.
Then ¢ = ¢ on a neighborhood of K for each k > m, so ¢ — ¢ in £(Q). O

2.3.4 Remark. Using the previous results, we may now consider £'({2) as a sub-
space of D'(Q):

(i) T € &(Q) then T|pq) € D'(2). Indeed, we have
v —=0In D) = ¢, = 0in E(Q) = (T, pr) — 0.

Moreover, T' — T'|p(q) is an embedding of £'(2) into D'(Q) (i.e., injective)
because D(R) is dense in £() by Proposition 2.3.3.
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(ii) If T € £'(Q) then T|p() has compact support. Indeed, let K € € be as
in (2.3.1). Then for any ¢ € D(Q), if supp (p) N K = 0, then (T, ) = 0.
Therefore supp (T'|p(q)) € K.

In fact, the elements of £'(§2) correspond precisely to the compactly supported
distributions in D’(Q):

2.3.5 Theorem. Let T € D'(Q) and suppose that supp (T') is compact. Then
there exists a unique T' € E'(Q) with T|py =T
Proof. Uniqueness follows from the density of D(2) in £(Q)) (Proposition 2.3.3).

Ezistence: Let p € D(Q) with p = 1 on a neighborhood of supp (T') (Corollary
2.2.3) and define T' by

(T, ) = (T, pp) (p € E(92)).
Then T : £(€) — C is linear and for any ¢ € D(Q) we have

<f7 90> = <T7 p<,0> = <T’ <)0> + <Ta (p - 1)@) = <T7 <,0>,
—_———

=0 by 2.2.4, since
supp ((p—1)p)Nsupp (T)=0

thus f |D(Q): T.

It remains to show that 7' € £ (). Let K := supp (p). Then for every ¢ € £(Q)
we have supp (pp) C K and therefore pp € D(K). Thanks to (1.1.1) we can find
C > 0 and m € Ny such that

(T, o) = (T, p)l < C D7 10%(p9)llsoc Vi € E(Q).

lo|<m

Applying the Leibniz rule to the terms 9%(py) we obtain the estimate (2.3.1) (as
in the proof of Theorem 2.2.6, part (b)). O

Based on this result we shall henceforth consider £'(€2) as the subspace of D’(2)
consisting of those distributions that have compact support.

2.3.6 Remark. We observe that the definition of 7" in the proof of Theorem 2.3.5
does not depend on the choice of p. In fact, let x € D(Q2) also be a cut-off over (a
neighborhood of) supp (7'), then supp (p — x) Nsupp (T') = @ and Proposition 2.2.4
yields

(T, pp) — (I, xp) = (T, (p— x)¢) = 0.

2.3.7 Corollary. Any compactly supported distribution is of finite order: £'(2) C
Dp(Q).

Proof. The seminorm estimate (2.3.1) in particular implies (1.1.1) with one fixed
N. O

2.3.8 Theorem. &'(Q) is sequentially dense in D'(Q).

Proof. Let T € D'(Q2) and let (K,,) be a compact exhaustion of Q. For each m,
let xm € D(Q) be a cut-off function for K,, (Corollary 2.2.3) and set T, := X - T.
Then T, € £'(2) and we show that T,,, — T in D’'(2). To this end, let ¢ € D()
and let K := supp (). Then there exists some m € N such that K C K,,, and so
for each £ > m we have ¢ = xi - . Consequently,

(Tk, 0) = (T, xxp) = (T, )
for these k. ]

18



2.3.9 Examples.
(i) For 1 < p < oo, LP(Q2) C &'(N).

(ii) Any element of T € &'(Q) can be extended by 0 to a distribution in T €
E'(R™):
T:ER")=C, (T,¢):=(T,pp),

where p is as in the proof of Theorem 2.3.5.

On the other hand, for general distributions in D’(2), an extension to an element
of D'(R™) may, but need not be possible in general:

2.3.10 Examples.

(i) We first consider a situation where extension is possible. If f € L'(S"1)
does not satisfy the mean-value zero condition (1.2.5), then lim. o4 Y (Jz| —
s)|as|*"f(‘£—|) does not exist in D’(R™). Nevertheless, we may extend

T

S =l f() € Lhoe ®™\ {0}) € D'(R"\ {0})

]

to a distribution T' € D'(R™) by setting

e /|“7<1 Wf(;) e /|m|>1 ()|05£|a;) f(%) dz.

That T is a distribution follows from the argument given after (1.2.6). Also,
T|rn\{0} = S. Note, however, that there is no ‘canonical’ extension of S to
R™. Changing 1 to R in the domains of integration results in an additional
term proportional to ¢(0) = (4, ). Indeed, any extension of S to R™ can only
be unique up to a distribution supported in {0}.

As in Example 1.2.7, T may be represented as a limit in D'(R"™):

o= [ PG e ] SR

= i [l =l s (Z)o —o0) [ £ [ 1o,

e—0+ |:L‘|

ie.,

X

T:€£%+[Y(|x|—s)|x|_"f( )—l—élog(s)/snlf(w)do(w)]. (2.3.3)

||

Note that, if fS"—l fw)do(w) =0, then T = Vp(|gg\*nf< z ))

o]
In particular, for n = 1 and f(w) := Y (w) we call the resulting distribution
z; ', since it is a distributional extension of |x|_1Y(|;ﬁ—‘) = z71Y(x). By the
above, we have
z7' = lim [Y(z —e)z~! + log(e)d]. (2.3.4)
e—0+

Note, however, that 7' ¢ L (R) because 2~1Y () is not locally integrable
on R.
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(ii) Next we look at an example where extension is not possible. Let S(z) :=
Y(z)el/* € L (R\ {0}). We claim that there does not exist any T € D'(R)
with T'|g\(oy = S. In fact, suppose there was such a 7" and let ¢ € D(R)
with supp (¢p) C (0,00), ¢ > 0, and (z) > 1 for all € [1,2]. Now set
or(z) := e *p(k%z). Then ¢, — 0 in D(R) (but not in D(R \ {0}) because

the supports of ¢, are not uniformly bounded in R\ {0}). However,

o0 2k~
T = (S = [ erpay oz et [
0 k—2
1 1,
> ﬁexp(_k—F 5]41 ) — 00,

a contradiction.

2.4 Composition with diffeomorphisms and
submersions

Our first aim is to define the composition of a distribution with a diffeomorphism.

As usual, we will insist on compatibility with the classical definition in the case of

a regular distribution. Thus, let h : Q; — Q5 be a diffeomorphism of open subsets
of R™ and let f € L _(Q2). Then foh e LL (1), and for ¢ € D(£2;) we have

loc loc

(Tron,p) = ; f(W(@))p(x) do = ; F@)e(h™ ()| det(DR™)(y)| dy

_ ' -1
= <Tf7 des(Dm)] " >

We conclude that the only possible general definition is the following:

(2.4.1)

2.4.1 Definition. Let h : Q1 — Qg be a diffeomorphism of open subsets of R™
and let T € D'(Qs). Then the composition T o h = h*T € D'(Q1) of T with h, also
called the pullback of T under h, is defined by

T ong)i= (T on™) (v € D).

Note that T o h is the transpose of the map L : D(Q1) — D(Q2), L(p) = W °

h~', which clearly is sequentially continuous. Thus T o h is indeed a distribution
by Proposition 2.1.2.

2.4.2 Example. If a € Q; and b = h(a) € Qs, then
8 o h = |det Dh(a)| ™ 6,.
In particular, if A € GL(n,R), then § o A = |det A|714.

2.4.3 Definition. Let Q C R™ be an open cone (i.e., ¢-Q C Q for each ¢ > 0).
Then T € D'() is called homogeneous of degree A € C, if

Ve>0: T(cx)=Toecl, =cT.

Explicitly, since (T o cI,,, ) = ¢~ (T'(z), ¢ (%)), a distribution T € D'() is homo-
geneous of degree A if and only if

(T, p) = c"“‘(T(w), plex)), ¢>0, p € D). (2.4.2)
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2.4.4 Examples.

(i) By what we have seen in Example 2.4.2, § is homogeneous of degree —n, i.e.,
d(ex) =c™™).

(i) If f € L1(S™"!) satisfies the mean-value zero condition (1.2.5), then T' =
Vp(|a:|_”f(|§—‘)) € D'(R™) is homogeneous of degree —n. Indeed,

—n\ __ _—n 1: L E i
(T o(cl,), @) = (T,p(x/c)c™™) =c Eli%i oo |$|”(p<c>f<|x|) dr
i o(y) Y _
= lim L) dy = ¢ (T, p).
e70F ly|>e/e C"\yl”f(\y|> 4 (T, )

(iii) Again let f € L'(S™~1), but this time suppose that (1.2.5) is violated, so
Jsnr f(w)dw # 0. Then [z|"f(i%) € Li,(R"\ {0}) € D'(R™\ {0}) is
still homogeneous of degree —n, as follows exactly as in (ii). However, the

extension constructed in Example 2.3.10 (i) is not homogeneous in D'(R™).
In fact, if ¢ > 0 then using (2.4.1) and Example 2.4.4 (i), from (2.3.3) we get

T

o e—0+

T(cx) = lim [C"Y(cx| - 5)\x|*”f( ) + ¢ "log(e) /Sn_1 f(w) do(w) (5]

||

— ¢ lim {Y(m - %)mr”f(i) +log(e/c) /Snilf(w) do(w) §

e—0+ ‘le

+log() / F(w) do(w) 5] .
Snfl
Therefore, again by (2.3.3),

T(cx) =c "T + ¢ "log(c) /SW1 f(w) do(w) . (2.4.3)

2.4.5 Example. Here we look at the composition of principal value distributions
with linear maps.

Note first that if T € D/(R™) is homogeneous of degree A then so is T o A for any
A € GL(n,R). Indeed, for any ¢ > 0 we have

(ToA)o(cl,) = (To(cl,))oA=cNToA).

As we have seen in Example 2.4.4 (ii), if f € L!(S™~!) satisfies the mean-value zero
condition (1.2.5), then T = vp(|z|™"f(%)) € D'(R") is homogeneous of degree

T=]
—n, so the same is true for T'o A. As was shown in Example 2.3.10 (i), on R™\ {0}
the distribution T coincides with the L{ -function |z|="f (ﬁ) Therefore,

loc

—n A$ n
To Aoy = [4al ™ F (F07) € oo B\ {0D)

so T o A coincides with S := vp(|Ax\_"f( ‘ﬁi|>) outside the origin. To determine
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the difference T o A — S in D/(R"™), let ¢ € D(R™). Then
(ToA-S, )

=t ((Yel=oals(5) ) o A=Y lal - ellaal s (55 )

lim [ |Az| "f(| o) (Y (142l =) =Y (] =)o) do

e—0+ Rn
= Jim Jdet A7 [l ()0l = ) =Y (147 = (A dy

= lim |det A]"'x
e—0+

x /S e / T -0 - Y (AT ] - ) p(rd ™) Do),

,1‘

o0 r E/lA w r
/ Y(r—e)— Y(r|A_1w| — 5))@,0(7“A_1w)d7 = / go(rA_lw)d?
0 5

e/|A7 w|
— / 2(0) + 0(e) = —(0) log |[A~1w| + O(e),

by Taylor expansion. Letting ¢ — 04, we arrive at

d
7o A=vp(1sl " (755)) =ty [, £ gl A el do(w).

For A = cI this reduces to (2.4.3), as it should.

Next we turn to the problem of composing distributions with maps that are more
general than diffeomorphisms. As it turns out, this is indeed possible for submer-
sions, i.e., maps whose differential is surjective at each point. For A : @ — R
this means that Vh(z) = (01h(x),...,0nh(x)) # 0 for all z € Q. In this case, we
want to define the pullback under h, h* : D'(R) — D’(Q) as the unique continuous
extension of h* : D(R) — D(Q), f — foh.

To see how to go about this, let f € D(R), ¢ € D(Q). Then
Ty, (Tfon, __ '(s)d d
(Theg,0) = (Tron, ¢ /f /Q( h(x)f(S) S)w(w) z
= — "(s)o(x) deds = — (s z)dzx )ds
/{ o [ 09(@) / R /{ o E2)
o0 d oo
= /_OO f(S)ds(/{m|h(m)<s} o(x) d:c)dt =: /_OO F(8)pn(s)ds = {f,on),

where

d d
on(s) == T /Q Y (s — h(x))p(z)dx = I /mh st o(z) dx. (2.4.4)

This motivates:

2.4.6 Definition. Let h: Q — R be a smooth submersion, i.e., Vh(z) # 0 for
each x € Q. Moreover, let T € D'(R). Then the pullback h*T (also called the
composition T o h) of T with h is defined by

(0 T0) = Ty = (1) 5 [ Yo = aota)da ).
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The following result shows, among others, that indeed A*T is a distribution on €.

2.4.7 Proposition.  The map h* : D'(R) —» D/(Q), T — h*T = T o h is well
defined and is the unique sequentially continuous extension of the map h* : D(R) —
D(Y), f+— foh. Moreover, if T =Ty for some f € Li (R), then T o h = Tyop,.

Proof. Let y € Q. Then VA(y) # 0, and without loss of generality we may assume
that O,h(y) # 0. Let F, := (z1,...,20) = § = (&1,.. ., &n) = (21,...,Tn_1, h(2)).
Then

1 0 0 0 0

01 0 0 0
DF,(y)=1{:  © ... : )

00 o0 ... 1 0

so by the inverse function theorem there exists a neighborhood U, of y such that
Fy, : Uy — F,(U,) is a diffcomorphism. Let G, := F,!. Given ¢ € D(U,), define
©n by (2.4.4). Substituting = G (§) we get

en(s) = g [ plGu©)Idet DGy (€)1

(2.4.5)
/sﬂoG (¢',5)| det DG, (¢', )| d’,

where ¢’ = (£1,...,&,—1). Note that the integrand in the last integral is an element
of D(R™). Consequently, ¢, € D(R).

Now given any ¢ € D(£2), we may cover supp () by finitely many U, (1 <j < N)
as above. For this covering, we choose a subordinate partition of unity {¢; | 1 <
j < N} as in Proposition 2.2.2. Then ¢ = Zj\[:1 ¥, and so

d
on(s) = o g i P e =Y W)

{m\h(az)<s} j=1

so ¢p € D(R).
The map ¢ — ¢y, is obviously linear. It is also sequentially continuous, being a
finite sum of compositions of the following operations:

@ = oy = (e¥))lu,, 0 Gy, = ((¥))lu,, © Gy,)det DGy, |,
with G, defined analogously as above, for 0, F;,; # 0, followed by I; : D(2) — D(R),
Li()(t) = P&y &1, 661y -, 6n) A1 - 16 - dp.

Rn—1

It follows that h*T € D’(Q2). Moreover, by Proposition 2.1.2, the map h* : T — h*T
being the adjoint of ¢ — ¢y, is sequentially continuous: D’(R) — D’(2). We have
already seen above that h*|pw) = f +— f o h, so the uniqueness claim follows from
the fact that D(R) is dense in D’(R) (by Theorem 1.1.9).

Finally, let f € Ll .(2). To show that (h*T},¢) = (Tfon, ¢), using a partition of
unity on a neighborhood of supp (¢) as above, we may reduce to the case Q = U,,.
Then by (2.4.5),
(W*Ty, @) = /f s)en(s ds—//f Jp o Gy(&',s)|det DG, (&', s)| dE'ds
/f r)dr = (Tfon, ),

where the penultimate equality follows by substituting z = G, (¢, s). a
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2.4.8 Example. (Single layer distributions) An important example of the pullback
of a distribution under a submersion is given by Toh, for T =4, € D'(R), h: @ - R
smooth, a € h(f2), where h is a submersion in a neighborhood of M = h=!(a). Note
that M is a smooth submanifold of R™ (a hypersurface), and it can naturally be
equipped with the restriction g of the standard Euclidean metric Y ;- | dz; ® dz; of
R™ to M. The metric g gives rise to a surface measure do by setting

| et@raot@) = [ otau)yfa(op ) du

U

Here, ¢ € C(M) is such that supp ¢ lies in a coordinate patch parametrized by
z=a(u),ucUCR" and g= Y"1 gjn(u)du; ® duy.

Now for f : M — C locally integrable with respect to do, the single layer distribution
Su(f) € D'(Q) with density f is defined by

<&Aﬁw%:Aﬁ@M@Mdm (p € D()). (2.4.6)

Note that Sy (f) is a well-defined distribution in D’(£2) by Theorem 1.1.7, because

M ysuppp is compact, and [(Sa(f), 9)| < [|@llco x|l fllr (xcnary for ¢ € D(K)
(where the L'-norm is with respect to do).

We now want to calculate d, o h and express it as a single layer distribution. To get
an intuition of what to expect, note first that since I'(3/2) = 1/, by (1.2.2) we
have

) 1
0o = lim —=¥(e s —al)

in D'(Rs). By Proposition 2.4.7 we therefore obtain
bpoh = lim ~Y(c - |h(z) - al (247
oh= — — — 4.
eoh= lig oY~ @) —al )

in D'(Q2). Heuristically, this means that d, o h is the limit of constant mass densities
on the layers {x € Q| a —e < h(z) < a + ¢}. Any such layer has the approximate

width Wflﬁ: In fact, for xg € M and z close to zg,

h(z) = h(zo) + Vh(zo)(x — 20) = a + Vh(zo)(z — 20),

S0 |x — x| < gy Combining this with (2.4.7), we therefore conjecture that

_ o(x)
(8q 0 h, @) = /M VAG]] do(z) (¢ € D). (2.4.8)

We now want to prove (2.4.8) formally. To this end, as in the proof of Propo-
sition 2.4.7, using a partition of unity we may reduce to the case where Fy :=
(1,...,2n) — (z1,...,2p—1,h(x)) is a diffecomorphism on all of . This implies
that z1,...,7,_1 are local coordinates for M: in fact, M = h~'(a), so a chart for
M is then given by

M>3z— Fy(z) = (z1,...,2p-1,h(2)) = (1,...,Zn—1,0) = (T1, ..., Tp_1).
Now h is constant on M, so

n n—1
d;h
0=dh=>Y 0jhdr; = dx, = — 57,0

J=1 Jj=
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on M. Hence the metric g on M can be written in the form

n n—1 n—1
g= (Zdwl ® dxl) ‘M = Z (05 + W)dxj ® dxp, =: Z gikdx; @ dxy,.
=1 j.k=1 n j.k=1

In other words,
) O1h
n— T : .
(g5%) hty = In1 +ov with v = ok

On—1h

From this it follows that det((g;x)} ;= ') = 1+v[% in fact, extending v to a basis of
R™ ! by vectors w; with w; L vfori=1,...,n—2, the map I,_1 +vv' : R —
R"~! has the matrix

1+w? 0 ... 0
0 1 ... 0
0 0 1
Consequently,
_ |Vh|?
det((gjk)j kll) =1+ |U‘2 = (Dph)%"
n

As in the proof of Proposition 2.4.7 we may calculate, for any ¢ € D(Q):

(0a 0 hy @) = (da, on) = pn(a).

Now by (2.4.5), we have, setting & := (&1,...,&n—1)

y(§sa a)) /
/|detDF)( (&, a /I On h ))Idg

:/ IVhI Vdet git) |Vh )

concluding the proof of (2.4.8). In short-hand form,

Sa0h = d(h(z) —a) = Sy (|Vh| ™). (2.4.9)
We also note that supp (6, 0o h) = M.

2.4.9 Examples. Special cases of single layer distributions:

(i) For n = 1, a function h : R D © — R is submersive if and only if A'(z) # 0
for each z € M = h™!(a), which now must be a discrete set in Q (i.e., has no
accumulation points). Indeed, if zy were an accumulation point of M, then there
would be x € M, xy, # o, x — . But then h/(z¢) = limg— 00 % 0, a
contradiction. Using a partition of unity, we may reduce the calculation of (h*d,, ¢)
to the case where in fact M = h™1(a) = {xg} consists only of a single point. In the
notation from Proposition 2.4.7, we have F, = x + h(z), and G, = F, ' = h™!
(which exists since h’ # 0 everywhere). By (2.4.5) we have

d

enlo) = 4o [ et enny @l = S (2.4.10)

SO

* _ a) = ¥ — —
700 &) =20 = ot @)] = W)l ~ WG] 0P



in this case. In general, we have to sum over all z € h=!(a), so we arrive at

* 1
W6 =0g0h:= Y W&” e D'(Q).
(a)

z€h—1

Concrete examples are:

5u(2?) = 6(2 — a) = ﬁ(aﬁ +6_ ) eD'R\{0)  (a>0)
dosin = d(sinz) = Z(s’” € D'(R)
kEZ
Ssm(1/2) = 5 Y g € DR\ {0).

kezZ\{0}

(ii) Let h be a positive definite quadratic form, h(z) = z'Cz with C = CT €
GL(n,R) positive definite. Via diagonalization and multiplication by suitable diag-
onal matrices it follows that there exists some A € GL(n,R) with ATCA = I,,, so
h(Ay) = y" ATC Ay = |y|*. Therefore,

(6(x"Cx—1),0) = (51 0h, ) = (§10ho Ao AL )
| det A|

Sn—1

= |det A|(01(|y[*), p o A) = p(Aw)do (w),

where we used Definition 2.4.1, (2.4.9), and the fact that
IV (Ily*)] = 2|yl = 2

for y = w € §"~ 1. Note also that |det A| = (det C)~1/2.

2
As a concrete example, let h(z) := Z?Zl Z—;, r € R3 a; € (0,00) for i =1,2,3, so
the level sets of h are ellipsoids. In this case, A = diag(ay, as,as), so that

(010 h, ) = <(5(1—23:z€),90>

=1

™ 2T
— % / / (a1 cos psin b, as sin psin b, az cos #) sin Odpdf.
0o Jo

2.4.10 Remark. It follows from (2.4.10) that in case h : @ — ' is a diffeomor-
phism between open subsets of R and T € D’(Q), Definitions 2.4.1 and 2.4.6 for
T o h coincide.

26



Chapter 3

Differentiation

3.1 Definition and basic properties

A main motivation for the introduction of spaces of distributions is the wish to
assign partial derivatives to functions that are merely continuous. In this section
we shall see that it is indeed possible to define such operations for arbitrary distri-
butions while preserving ‘backwards compatibility’ with respect to subspaces of D’
consisting of functions that are differentiable in the classical sense.

We want to define a notion of differentiation in D’ that is compatible with the
classical derivative of, say, a C*-function. More precisely, let f € C'(Q) C L{ (Q) C
D'(£2). We wish to achieve that 07" (Ty) = Tp, s holds, which requires the following
diagram to be commutative:

Cl(% D/

9; L laycw

C«O( D’

In terms of the action on a test function ¢ € D(Q), this means that

@) 0) L Tay109) = [038@hete) o = [ F@0s0(0) o = ~(17.050),

where we employed integration by parts. In this way, we are naturally led to the
following

3.1.1 Definition. Let T € D'(Q) and 1 < j < n. We define the partial derivative
;T of T by
(O0;T, ) := —(T,0;) Vo € D().

If n = 1 we denote the derivative by T” instead of &;T. By iteration, we obtain the
general formula

(0°T, ) = (~1)l*NT,0%)  (a € Ny).

Let us now examine some basic properties of differentiation on the space of distri-
butions:

3.1.2 Proposition. The map 0% : D'(Q) — D'(Q) is well defined, linear, and
sequentially continuous. If f € C™(Q) and |a| < m, then 0Ty = Tyay. Moreover,

1
0;T = lim —(T(x1,...,xzj+¢,...,2,) — T(2)),

e—0 ¢
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where T(xq,...,xj+¢€,...,2,) is defined as T o h. with h the diffeomorphism x —
(T1,...,@j+e,...,zp).

Proof. The first claims follow from Proposition 2.1.2, together with the fact that
the map
D) = D), ¢ ()Mo

clearly is linear and sequentially continuous. Compatibility with classical derivatives
on C"™(£2) is built into our definition. For the final claim, it will suffice to consider
7 = 1. Since det Dh = 1, Definition 2.4.1 implies that

%(T(ml +e,2) = T(x),p) = <T, o(r — 5,:’) - <p(33)>

(where 2’ = (z3,...,2,)). Now

_ AN 1
lim plz1—e,@) — p(@) = - lim/ dp(xy —et, 2') dt = —0vp(x),

e—=0 € e—=0 Jg
and this limit even holds in D(Q). O

3.1.3 Remark. Completely analogously to the last part of the above proof, by
transposition, we obtain the following result on the directional derivative of a dis-
tribution 7' € D'() in the direction of v € R™:

.1
glg(l) E(T(a:—i—sv Zv] 0,T. (3.1.1)

3.1.4 Examples.
(i) For Y the Heaviside function on R and ¢ € D(R) we have

Vo) = (Vo) = = [ @a)do = ~0+ 9(0) = 0(0) = (5.)
0
Therefore in D’(R) we obtain the important result
Y' =4.

(ii) Derivative of a jump. Let f € C°(R). Then f-Y € L
have

(R) C D'(R) and we

loc

(Try), o) = —(Try.¢) / f(z

4 / F (@)l dz = £(0)(6, ) + / Z Y (@) f/(2)p () da

— (F(0)5 + Ty ).
Thus we obtain the first instance of a jump formula
(fY) = (Tpy) = f(0)5 + [V (3.1.2)
Further important properties are collected in the following result:
3.1.5 Proposition. Let T € D'(Q). Then:
(i) For a, 3 € NI, 0°0°T = 9P9°T = 9°+PT.
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(i) For a € Ny, f € C*(Q), 0%(f-T) = > p5<, (g)aﬁf -0°=PT (Leibniz rule).

(i1i) If T € D'(R) and h : @ — R is a submersion, then 0;(T o h) = % (T o h)
(chain rule).

Proof. (i) follows directly from the definition.
(ii) By induction, it suffices to prove the case 0% = 0;. Here we have

(0;(fT), ) = =([T,0;0) = —(T, f 0j00) = —(T',0;(fp) — (0; f))
= <ajTa f‘p> + <(ajf)T’ <P> = <faJT + (ajf) T, @)'

(iii) If T = T} for some f € D(R), then this follows from the classical chain rule.
Since D(R) is sequentially dense in D’'(R) by Proposition 1.1.9, the result follows
from Proposition 2.4.7. |

Finally, we note the following useful fact on the differentiation of homogeneous
distributions:

3.1.6 Lemma. Let T € D'(Q) be homogeneous of degree \, and let o € Njy. Then
0°T is homogeneous of degree A — |c|.

Proof. We use (2.4.2):

(0°T, ) = (=1)1*UT, 8%¢) = "N (=1) T (), (8% ¢) (cx))
= AN T (2), ¢ 110% (p(ex))) = TATINONT (), p(ca)).

3.2 Examples and applications

In this section we look at several more elaborate examples of differentiation of
distributions, as well as at first applications to differential equations.

3.2.1 Example. Differentiation of sequences and series

The rather innocuous statement on the sequential continuity of differentiation in
D'(R?) (Proposition 3.1.2) is a first indication on the differences between the rules
of calculation in classical functions versus distributions. Indeed, it implies that
any sequence (or, which amounts to the same, series) converging in D’ can be
differentiated term-wise, in stark contrast to classical analysis.

As a concrete example, let f, € C°(R) C D'(R) (k € N) be given by

1 .
fu(z) = W sin(kx).

Since || fx|| Lo ) = 1/vVk, fr. — 0 uniformly, hence also fr — 0 in D'(R).

The derivatives are fj,(x) = vk cos(kx), thus (ff) does not even converge pointwise
to 0 [if cos(kz) — 0 (k — oo), then 1 = lim(1 + cos(2kx)) = lim 2 cos?(kz) = 0].
Nevertheless, we know that f;, — 0 in D’(£2) by the continuity of the distributional
derivative.

3.2.2 Example. Consider the Cauchy principal value vp(%) from Example 1.2.7.
We claim that

(105 )" = vp (). (3.2.1)
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Here log|z| is to be understood as the regular distribution ¢ — [log|z|¢(z)dz,
and the derivative is in the D’-sense. Note that log|.|] € LL _(R), since

loc

/O |log(z)| dz = —(zlog(x) — z)|5= 1.

We can compare the above distributional formula to the classical statement that
for x > 0 we have log'(z) = 1/, hence, when z < 0, also (log(|z]))’ = (log(—z))" =

—1/(—z) =1/z.

To prove (3.2.1), we evaluate on test functions

((log |])', ) ~log e, ') = — / log || ¢/ () d

= — i 1 "(z)d
A og || ¢’ (x) dx
[int. by
parts] (.T)
€ . ¥ _ €
o 51—1>I(I)1+ </:B>s z e (QD(QU) 10g|x|)‘5>
_ . pLr BT _ (=
= Tt i o) (b0 —el(-9)
=0+2e¢’(0)4+0(e2)
=0
1
e—0+ |$‘>8 X x

3.2.3 Examples. Whereas point charges in electrodynamics can be described by
Dirac measures, hence can be modelled within measure theory, the same is no longer
true for dipoles and double layer potentials, whose description requires distribution
theory:

(i) Dipoles: Let w € 8", | € R, and a € R™. A dipole is a limiting case of the
configuration where two point charges of equal but opposite strength are separated
along a vector ew € S™~!, the limit being taken in such a way that the distance e of
the two point charges goes to zero. The dipole moment of strength [ (corresponding
to the charge) can then be calculated, according to (3.1.1), as the distribution

lim £((5a+m —§,) = lim E((5(1(95 —ew) —d,) =—1 ijajéa
j=1

e—=0 ¢ e—0¢
=—lw' -V, € D'(R").
For ¢ € D(R™) we have
(=lw" Vb, ) =lw' - Vo(a).

(ii) Double layer distributions: Let M be a C*°-hypersurface in R™, given as a level
set M = h™!(a) of a smooth function h :  — R that we suppose to be a submersion
near M (cf. Example 2.4.8). Then we may orient M by the unit normal v := %.
For f : M — C locally integrable, in Example 2.4.8 we defined the single layer
distribution Sy/(f) € D'(2). Similarly, we now define the double layer distribution

Dy (f) € D'(Q2) with density f by
(D (f), ) === /M f(x) - dup(x)do(z), ¢ €DQ). (3.2.2)
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Here, 0,p(7) = v(z)T-Vo(x) = > =1 vj(@)9j(x), € M, is the normal derivative
of ¢ on M. According to (i), we may view Djs(f) as a collection of dipoles in
direction v, spread out across M with density — f. Then analogously to the equation
g-0"=g(0)d' — ¢’(0)d, we have:

9-Dun(f) =Du(f - glar) — Su(f - (Ovg)|m), g€ &) (3.2.3)
To prove this, we evaluate on a test function ¢ € D(2)
(o~ Dur($)) = = [ f@)0, ‘/f () do(2)

- /M f(@)e(x)0yg(x) do(x) = (Da(f - glar) = Sar(f - (8u9)ar), #)-

Our next aim is to express ¢/, o h in terms of single and double layer distributions.
Using the chain rule from Proposition 3.1.5 (iii), together with (2.4.8), we calculate
for ¢ € D(2):

oot = ghaieemie) = =3 (meho, ()
“Z}@@(ﬁﬁ)éa
“Aﬂ”gﬁ‘/wz:(ww>$;

8 oh = Dyr(|Vh|™2) — SM(|Vh| L VT(\VVM)) (3.2.4)

so that

where VT denotes the divergence operator.

(iii) Let us illustrate the previous point in the case that M is a sphere. Thus let
h(z) = |z|, h : R*\ {0} — R, and let @ > 0. Then M = h~(a) = aS™"!, and
|Vh| = 1. Therefore, (2.4.9) gives

Gootg) = (Sul)p) = [ @ydot@) = [ pla)dota)
= g1 / (aw) do(w)
Snfl

for ¢ € D(R™).

Next, as can be easily checked, VT(lv"hl) =710 (@hf‘g) = TL\T|17 o (3.2.4)

gives

5;oh:5’(\z|fa):DM(1)f”*1

S (1).
Applied to a test function, this gives

(6! oh,p) = —a™"! /Sni1 w' - Vp(aw) do(w) — (n — 1)a™ 2 /Snil p(aw) do(w)

e | e dow) = G0 i)
Note that this is consistent with Proposition 3.1.2 because
1 1 0
8 = ;1_13% 6((5(1(36 +e)—dq) = 51_1% g(éa,s —0a) = —%5(1

in D'(R).

31



Next we introduce a central notion for the application of distribution theory to
linear partial differential equations:

3.2.4 Definition. Let P(x,0) =}, <p, @a(x)0 be a linear differential operator
with coefficients a, € C(Q). A distribution E € D'(Q) is called a fundamental so-
lution of P(z,0) at € Q if P(x,0)E = ¢ holds in D'(Q). If P(0) = 3, <pm 0"
has constant coefficients, then E € D'(Q) is called a fundamental (or elementary)
solution of P(9) if P(O)E = § holds in D'(R™).

As we shall see in Section 4.6, knowledge of a fundamental solution often allows one
to solve the corresponding partial differential equation for general right hand sides.
Anticipating some constructions from later chapters, the reason for this is that to
solve an equation of the form

PO)T =S

for a constant coefficient linear PDO P(0) and a nice enough right hand side, knowl-
edge of a fundamental solution E allows one to simply set T := S* E (convolution),
to obtain a solution via

P(O)(T) = P(O)(E)«S=5+S=S. (3.2.5)

3.2.5 Example. We know from Example 3.1.4 that %Y = ¢ in D’(R). This means

that the Heaviside function is a fundamental solution of the differential operator di
on R.

More generally, let f : R — C be continuously differentiable outside a discrete set
D (i.e., DN K is finite for each K € R). Further, suppose that f has left and right
limits in all points of D, so f € L{S (R). Finally, assume that f’, which is defined
on R\ D, is locally mtegrable on R. Then we have the following jump formula:

(Ty) =Ty + Y s(f,a)ba, (3.2.6)

a€D

where s(f,a) = lim._04[f(a +¢€) — f(a —€)] is the jump of f at a (cf. the special
case (3.1.2)). To prove this formula, suppose first that f only has a single jump,
i.e., D = {a}. Then

(T o) / F (@) () dr = — / F@)e! (@) de - /Dof<x>so'<x>dx
/ F@)p(a) dr — (7e)| / e

lim [f(a+e) — f(a—o)pla) + / f(@)ple) e

e—0+
= <Tf' + S(fa a)(saa (P>-

In general, D Nsupp ¢ is a finite set {a1,...,ax} (with a1 < as < --- < ax). Then

(T} 0) = / fo >dm—§ /:“fu)so'(m)dx— /:f(:r)sa’(w)dx

and applying the above calculation to each term gives (3.2.6).

By induction, one obtains the following generalization of (3.2.6) to higher order
derivatives: Let f : R — C be m times continuously differentiable outside the
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discrete set D, and such that f(*) has limits from the left and the right, for 0 <
k < m. Finally, suppose that f™) which is defined on R \ D, is locally integrable
on R. Then

m—1

=Tsom + > Y s(fm7F 1 a)sP). (3.2.7)

k=0 a€D

dmm

As a first concrete application of (3.2.6), let f(z) := Y (z)e**, A € C. Then

T}ZAY-6”+5=>\f+5 = <d—/\>f:6.
dz

In other words, f(z) := Y (x)e*® is a fundamental solution of the differential oper-
ator - — ).
dx

For a general constant-coefficient ordinary differential operator P(%) = Z;n o @j dd; ,

we may factorize the characteristic polynomial Z;'n:o a;&? into linear factors, and
therefore an analogous factorization applies to P itself. Thus the following result
shows how to calculate a fundamental solution for an arbitrary such operator P (%).

3.2.6 Theorem. Letm € N, a € Ni*, and let A1, ..., Ay, € C be pairwise different.
Then the ordinary differential operator

d v/ d ajt1
D) = (G —)
has as fundamental solution the Lis.-function Ey o given by
Y 9 Y
bt - () (S T 07)
= J

— Y(z) i al]' (8‘1)% (em TTo - )\k)_o‘k_l).

k#j

(3.2.8)

E\ « is the only fundamental solution of P,\@(%) with support in [0, 00).

Proof. We first consider the special case a = 0, making an ansatz for F := E) ¢
in the form

E=Y. Zaje)‘jm, aj € C.

Then obviously Py o(-)E|g\ 0y = 0. We want to pick the coefficients a; in such a

way that £ € C™~2 and that E(~1 has a jump of height one at 0, i.e.,

Zaj,O—sE’ Zx\a],...,

m m
5 0=s(BMM2,0) =3 NP0, 1=s(BTY0) =) AT gy
j=1 j=1

The leading term of Py o(-L) is di%, so by (3.2.7) we obtain

d
Pyo(—=

B = s(EV,0)6 + Tpy j(ayp =1-6+0=14.
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Finally, the above choice of coefficients is possible because the a; are the solution
to the following Vandermonde system of linear equations:

1 1 e 1 al 0
)\1 AQ . )\m as 0
PVAREIED VOt D Vi Um 1

As is well known from linear algebra, the determinant of this matrix is [, (A; —
k), so Cramer’s rule implies that

a;j = [Ty =)~ = Plo) "
ko
This proves (3.2.8) for a = 0.
Next we note that the maps

{AeC™ | A\,..., A\, pairwise different} — C: X\ (E) 0, ¢)

are smooth (in fact, even holomorphic) for each ¢ € D(R). The first representation
in (3.2.8) shows that the a-th derivative of E) o with respect to A is the distribution
alE) o. To check that Ej , is a fundamental solution of PMI(%) we therefore use
induction with respect to |a|. The base case @ = 0 was already shown above.
Suppose, therefore, that ¢ € D(R), a = (a1,0¢/) € NI, and Py o(L)Ey o = 6
(obviously it suffices to consider the case where the first component of « is raised
by one). Then

0= B0 e (Pra () ) = e (Br i~ £)5)

=—(1+ay) <E)\,aaP>\,(0411,O/) ( - C;lx)¢> + <83E,\Af’PAv“( B di)‘p> '

Now given ¥ € D(R), insert p := (— % — )\1)1/) here, to obtain

OE) o d d
<(9)\/\1’7P,\,(a1+1,a') ( - d:n)w> = (1+a) <EA7‘1’PA’Q( N dx>7’[}> = (14a1)$(0).

Consequently, ﬁ ag/\*l'“ is a fundamental solution of Py (q,+1,a/)( %), concluding

the induction step.

Finally, suppose that E~’,\7a is another fundamental solution of P,\7a(%) with sup-

port contained in [0,00). Then the difference T' := Ej o — E) o is a solution of
the homogeneous linear differential equation P)\ya(%)T = 0. As we shall see in
Theorem 3.4.4 below, such an equation only has classical solutions. Thus 7" must
be a polynomial, but since its support is supposed to be contained in [0, c0) it must
in fact vanish. O
3.2.7 Examples. (i) Let P(:1) = Py o(L) = H}nzl(% — ;) with \; € C pairwise
different. Then Theorem 3.2.6 gives the fundamental solution

E=Exo(x)=Y(z)Y M [Ty — )"

=1k
In particular, for Ay = —A2 = iw, w € C\ {0} this shows that a fundamental solution
of the operator % + w? is given by

21w 21w w

E(x) = Y(x) <eiw - ew> — 1y (@) sin(wa).
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(i) Let P(:L) = (&£ — X\)"*!. Then m =1 and o = (r,0,...,0), so

1 o \" Az 1 AT
E= ﬁY(;v)(a) et = ;Y(x)x er.

3.3 The multi-dimensional jump-formula

In this section we seek to generalize the distributional jump-formula (3.2.6) to jumps
along hypersurfaces in several dimensions. We shall see that this generalization has
numerous important applications, in particular for the determination of fundamen-
tal solutions.

Let M C Q be a closed oriented C*°-hypersurface, and let f: Q\ M — R be C°.
(The results in this section in fact hold for suitable finite differentiability as well, as
can be seen transferring the arguments given below to the setting of distributions
of finite order). We assume that f has (in general different) boundary values from
both sides of M, and that the partial derivatives 0; f, defined on Q\ M, are locally
integrable when viewed as functions on 2. Then we define the jump vector field
s(f) of f along M by

s(fy: M —=>R", z—v(z) im(f(z+ev(z)) — f(z—ev(a))),

e—0

where v(z) is a unit normal of M at € M. Note that s(f)(z) is independent of
the choice of v(x).

We assume that the gradient V f of f is an element of L} (£2)" C D'(Q)" and that
s(f) € L. (M,do).

3.3.1 Theorem. Under the above assumptions, the following distributional jump
formula holds:

VT =Tyy + Sum(s(f)),

where, in analogy to (2.4.6), Sy (s(f)) € D'(Q)™ is defined by

Suls)ohi= [ (D@l do@) € R (o€ DE))

M

Proof. Using a partition of unity, we may reduce the proof to the case where
M = h=1(0) for some smooth function h : Q — R that is a submersion on M. Since
M is oriented there is a global choice of smooth unit normal vector v and we may
choose the sign of h such that v = 22 Recall that the Gauss divergence theorem

[Vh[*
implies, for any X € X(Q):

/ V- Xdr = X -v(z)do(x),
Q o9
or, for the components of X,

0, X, dx = X, -vj(x)do(z).
Q o9

In the present setting, if X is compactly supported, then the only boundary term
that contributes is the integral over M, and Q\ M = {h < 0} U {h > 0}. Thus we
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obtain, for any ¢ € D(Q2) and any j € {1,...,n}

(055 ) / fojpdr = _/ (<0 fOjpdx — /h(w)>0 fOjpdx
oh
= /Q\M Ojfodr — /M w(z) Vi Eg%lJr(f(x —ev(x)))do(z)
0;h
+/ o(r) 72~ lim (f(z +ev(x))) do(x)

|Vh| e—0+
= (To, 1,) + (Sm(s(f)s), 9)-

Collecting all components, this concludes the proof. O

3.3.2 Corollary. Let f,h € C®(Q), let h be a submersion on M = h=*(0), and

set v(x) = ‘gzgi)‘ Then

V(Y (R)- f) =Y (h)- V] + Sulv- ) (3.3.1)

Proof. Y (h) - f satisfies the assumptions of Theorem 3.3.1, jumping from 0 to f
at M. The gradient of this function is 0 on one side of M and V f on the other,
so the first term in the jump formula from Theorem 3.3.1 gives Y (h) - Vf. For the
second, note that

VAE) iy (f(a + eVh(x) — 0) = f(a)u(a).

s(f)(z) = W e£o+

Alternatively, we may use the product and chain rules from Proposition 3.1.5 to
obtain V(Y (h)- f) =Y (h)-Vf+ f-Vh-§oh. The claim then follows from (2.4.9)
because

(f -Vh-80h, )= 6ohf Vh- > (S (IVR|™Y), f - Vh- o)
— | o) @) dola) = (Sulv- ). 0)

a

Applying (3.3.1) componentwise, we obtain the following jump formula for a smooth
vector field v € X(Q):

VIY((h)-v)=Y(h) Vvt Syr" v).

3.3.3 Proposition. Let M C Q) be a closed oriented C*°-hypersurface (so dim(M) =
n — 1) with unit normal v. Then

VSar(1) = Dp(v) — Sp(v- Vo), (3.3.2)

where Vv is defined by arbitrarily extending v to a smooth vector field in a neigh-
borhood of M .

Proof. Any point in M possesses an open neighborhood U in € such that M NU =
~1(0) for some smooth function h with Vh # 0 in U and such that v = Vh/|Vh|
on U. For ¢ € D(U) and fixed j € {1,...,n} we define the smooth vector field w
by
wi(z) == V' (v9)dj — 0j(kyp) (1< k<mn).
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Then

div(w Zak(Za V) ]k) Zaka Vi)
= 0;0m(Vme) Zak (vkp)

Note that, since v is a unit vector field, v" -v = 1,50 0 = 9;(v" - v) = 2v " ;v.
Therefore, the Gauss theorem implies

0= / div(w) dz = / viwdo = / [V (vp) — v10;(ve)] do
{z€U:h(z)<0} MNU MNU

= / V0o + 1oV v — v 0v—0;p] do
MNU T
= (=D (vj) + Su(v;V V) + 8;50(1), ),

which gives the claim. The result for {2 instead of U then follows as usual by using
a partition of unity. a

3.3.4 Remark. To relate the above result to the geometry of hypersurfaces, let
us recall some basic facts from differential geometry (cf., e.g., [Kun08, Bael0]).
The map x — v(x), assigning to each point z the unit normal at = is called the
Gauss map. Its differential Ww = Dyv : T, M — T, M is called the Weingarten
map or shape operator. We first note that indeed W takes values in T, M: We
have T, M = v(z)*. Now denoting the standard scalar product on R™ by (, ), let
w € TpM and let ¢ : R — M be a smooth curve with ¢(0) = z and ¢/(0) = w. Then
since (v(c(t)),v(c(t))) =1 we get
d
0=—| (@) v(ct)) = 2(Der(w), v(z)),

t=0
so indeed W, (w) € T, M. Note that for any w € R” we have
Yimy widin

(w'V)v = (Z w;0;)v =

n
21':1 wiail/n

and
N oy ... Oy,
Voli=| | (i, vm)=| : S
o, Opl1 ... Onplp
SO
Oy ... Ogun wy Yo widin
(Vo) Tw = | = = (w'V)r. (3.3.3)
MVp ... Onpip Wh, Z?:l w; 0V,

Since, by the above, (VvT)T is the Jacobian of v, it follows that
W, : ToeM = T,M :w— (w' V)v=(Vv')Tw

One can show that in fact Wm is a symmetric map, i.e.,

(Wiu, w) = (u, Wyw)
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for all u,w € T, M. For a proof we refer to [Kun08, Prop. 3.1.7].

To extend W, to a map (again called Weingarten map) on all of R” we make use
of the orthogonal decomposition R" = T, M @ (v(z)) and add a zero component in
the orthogonal direction. Thus, denoting the orthogonal projection onto T, M by
Ty, We set

W, :R*=T,M & (v(z)) — T,M & (v(z)) =R"
w > W (7 (w))

Since in this orthogonal decomposition we have only added a trivial component in
the v-direction, W, is also symmetric:

(Wa(w),u) = (Wa(w), 74 (w) = (Wa (1 (w)), 70 (1))
= (ma (W), Wa(ma () = (w, Wy (u).

n
vy ... V1Vp w1 vy - Zi:l Viw;

Dw=1{ + ] = 2 = (w,v)p,
UplV1 ... Uplp W, Vn~z?:1l/iwi

we see that 7, (w) = w — (w, v(z))v(x) = (I, — v(z)v(z) " )w, so (keeping in mind
that W =WT)

W=Wor=(Vv) -In—ww)=U,—vv) Vv, (3.3.4)

Finally, let us calculate the trace tr(W,) of W,. For this, let (e1,...,e,-1) be an
orthonormal basis in T, M of eigenvectors of W, (which exists since W, is symmet-

ric). Then (eq,...,e,-1,V,) is an orthonormal basis of R” consisting of eigenvectors
of W, hence
n—1 n—1 N N
tr(W,) = Weeie) + (Wev,v) = Wee;, e;) = tr(Wy,).
(Wa) ;( )+ ( ) kz_:l( ) = tr(Wa)
— — —
Here, tr(Wm) equals the trace of the n x n matrix (VvT)T: The matrix of the linear
map (Vv )T : R® — R™ with respect to the onb (ey,..., e, 1,v,) is
(Wwel, 61) 0 e 0 *
0 (Weea,e2) ... 0 *
: : (Wajen,l,en,l) *
0 0 0 (Vv Tu,v)
In this expression,
1
(V) T0v) = (V) = (@) = 20, (v,0) = 0.
(3.3.3) 2~

=1

It follows that tr(W,) equals the trace of the operator (Vv")", which (using the
standard basis) due to (3.3.3) is given by V'v. Summing up,

tr(W,) = te(W,) = V' w(z) = > (). (3.3.5)
k=1

(By the Theorem of Rodriguez (cf. [Kun08, Th. 3.1.11]), the eigenvalues of W,
are the principal curvatures of M in x, hence this trace is (n — 1) times the mean
curvature of M.)
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Returning to the interpretation of Proposition 3.3.3, by (3.3.5) we have
VSyu(1) =Dy (v) — Sy (v - tr(W)), (3.3.6)

which has to be read component-wise: 0;Sa(1) = Dar(v;) — Sy (vitr(W)) (j =
1,...,n).

Our next aim is to follow up on the jump formula for vector fields (3.3.1) and
calculate the corresponding second derivative:

3.3.5 Lemma. Let f,h € C>®(Q), with h a submersion on M = h=1(0), and let v
and W be as above. Then

VT (Y (h)-f)=Y(h) - VVTf+Dyu(frv")+Su(v-V'f

+VfvT =0,(flrv” + - (W — vt (W))). (3:3.7)

Proof. Note that, in the above claim, for any 7' € D'(Q), by VV ' T we denote the
Hessian matrix

0 RT ... %0.T
viT=|: |- (T,...,0.T)=| : :
On OOT ... 0T

Applying (3.3.1) twice, as well as the product rule, we calculate

VVI (Y (h) - f) = VY (h) - VT f+ frTSu(1)]
=Y(h)-VV f+v-VTf Syl
+ Vf . Z/T . S]V[(l) + f . V(Z/T) . SM(l) + f . VS]\/[(I) . Z/T.

If we insert here for V.Sys(1) from (3.3.6), we obtain
VVI(Y(h) f)=Y(h) - VV [+ f Du) v’
+Ww-Vf+Vfv +f- V)= f-te(W)-vvr")Sy(1).
Also, from (3.2.3) it follows that, for any 1 < 4,5 < n,
f-viDu(vi) = Dy (frivy) — Su(vidy (fv;)).
Written in matrix form, this means
f-Du@w) v =Dy(frv") — Su(v-0,(fr’)).

Here, 0,(fv") = (0,f)v" + fo,v", where O,v" = v"Vv . Finally, since (3.3.4)
shows that
W=vVv —w'v’,

the claim follows. O

3.3.6 Example. Let h(z) := |z| — R, so M = h™1(0) = R- S"~! (R > 0). Then

T n—1
= tr(W)=V'v =
Vo) = W) = Ve =0
and o .
T |zt — oz
A P



implying that in this situation v " Vv = 0, hence
-
wW=vwvv' - =vu' = M
|z[?

Therefore, (3.3.7) in this case reads

.
rr

VT (Y(js| = B) - /) =Y (ja| = B) - YV f + Dpp.gns (f?)

X ' ) zx’ R2I, — nsz)

T z T
RVf+Vf-f—(a: V) I8 +f- g

+ SR.Snfl <

If, in particular, f is rotationally symmetric, i.e., f(x) = g(|z|) for some smooth
function g on R\ {0}, we obtain

VVI(Y (|2 = R) - g(|x))

x|?I, —xx’ zx’
(il = 1) (g e + Tz (a))
9(R) J(R) _ng(R) (3.38)
+ FDR.Sn—l({E.’ET) + ( R RS )SR.Sn—l(.’El'T)
+ £‘RR)InSR.Sn71(1).

3.4 Distributions with support in a single point

Our next aim is to characterize all distributions whose support consists of a single
point. Clearly any linear combination of derivatives of §,, has this property. We
will show that the converse of this observation is true as well. For this, we need the
following auxiliary result:

3.4.1 Lemma. Let o €  and let T € D'(Q) with supp (T)) = {zo}. Then
dm € Ny such that

(T,p) =0 Vo e D(Q) with0%p(xg) =0 VY |a| <m.

Proof. Without loss of generality we may suppose that zop = 0 and 2 = R™.

Let ¢ € D(R™) with ¢ = 1 on By /2(0) and ¥ = 0 on R™\ B1(0). If £ € (0,1] then
we have for any ¢ € D(R™) that

o(z) — p() ¢(§) =0 when x € B.5(0).

Therefore supp (T') N supp (¢ — ¢ ¥(z)) = 0 and so by Proposition 2.2.4

(T.0) = (Toov (L)) (3.4.1)

Now for each e € (0,1] we have supp (¢ (z)) € supp (¢) € B1(0) =: K. Hence

(1.1.1), together with (3.4.1) implies that 3m € Ny 3C > 0 such that

(Tl <0 107 (pv(2) i Vo€ D). (3.4.2)

la|<m
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Suppose now that 9% (0) = 0 for all |o| < m, and let |3] < m. Then we have by
Taylor’s theorem

N
85()0(37) = Z %85+’y§0(0) [=0 by hypothesis]
[y|<m—|8]
¥ 1
g+ Y il./(1—t)m—lﬂ\(aﬂ+w>(m)dt.
lyl=m—|8l+1 '~ 70

Hence by the compactness of supp (¢) we obtain the estimate

=1

mlvl

1
0 ota) < =18+ 1) [ (=7 a 30 0 e cunn)

[vl=m—|8]+1

_ Z ||(86+7<P)Hoo,supp(w) .|x‘mf\6\+1’

!
R — T 7

=:C(m,B,¢)
which in turn gives
|08 p(x)| < C(m, B, )™ FHL for |z] <e. (3.4.3)

To prepare for the application of (3.4.3) to the estimate (3.4.2), we apply the Leibniz
rule and use the fact that supp (¢¥(=)) C B:(0) to deduce

g

o (20(2) e = (510700020 (2)e
BLla

< 3 (§)Clm s penrice e  oemri-ie,

3
(3.4.3) B

Inserting these upper bounds into (3.4.2) yields

(T @) =0( Y emtlel) = O(e).

laj<m

Since 0 < ¢ < 1 was arbitrary we obtain that (T, ¢) = 0. O

Based on this we can now prove:

3.4.2 Theorem. Let xg € Q and T € D'(?) with supp (T') = {zo}. Then Im € Ny
and ¢o € C (Ja| < m), such that

<T7 <P> = Z Caaa@(xo) Yo € D(Q)

lor|<m
In other words, T = Zla‘gm(—l)wcaao‘%o.

Proof. Again, without loss of generality, let 9 = 0, Q = R"™.
Let ¢, K, and m be as in the proof of Lemma 3.4.1. Let ¢ € D(Q2) be arbitrary.
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We have by Taylor’s theorem

=Ry (z)
o(z) = Mzm ”;—!a’*w(o) + (m—l—l‘)w zmjﬂ”;!- /O (1 — ™07 ) (k) dt
= 3 T 0n0) + (1-vw) 3 L07(0) +Rola),
[v[<m [v|<m
—3@)

where ¢ € D(R™) satisfies 9%¢(0) = 0 when |a] < m (due to the polynomial factors
in R, and the fact that ) = 1 on a neighborhood of 0). Thus Lemma 3.4.1 gives
(T, %) = 0 and therefore

(To)= 3 - (T,07) 376(0)
[y|<m

Setting ¢, = (T, z71))/~! yields the claim. O

3.4.3 Example. As an application of Theorem 3.4.2, let us determine all T €
D'(R) with 2™ - T = 0 for some m € N. First we observe that we necessarily have
suppT C {0}, so Theorem 3.4.2 implies that

k
T = ZCLJ§(J)
7=0

for some k € Ng and a; € C, j = 1,...,k, ap # 0. Now if £ > m, then for
o(x) == 2¥"™x(2), x € D(R), x = 1 near 0 we get

0=(a™-T,p) = (T,2"x) = Y _a;(=1)’ (") (0) = (~=1)*Klay, # 0,

M-

j=0

a contradiction. Conversely, 2 - 60) =0 for j =0,...,m —1, so

i

m

(TeD'R)|z™-T =0} :{ a;69) | a e(C}.

=0

An essential property of smooth functions on intervals is that their derivative van-
ishes if and only if they are constant. An analogous result is true for distributions:

3.4.4 Theorem. Leta <beR and Q@ = (a,b) CR. Then
(i) VT eD'(Q): T"=0&TeCCD(Q).
(ii) Ym e NVT € D'(Q): T =0 T = Y7 ¢jad, ¢; € C.

(i4i) The differential operator

% L D(Q) = D'(Q)

has a sequentially continuous linear right-inverse R : D'() — D'(Q), i.e.,

R(T) =T for all T € D(Q). Thus R(T) is a primitive of T'.
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(iv) Any linear constant coefficient ordinary differential operator P(%) has only
classical solutions:

T eD(Q), P(%)T —0=T e C®(Q).

Proof. (i) Consider the subset H := {¢' | ¢ € D()} of D(). Then H is the
following hyperplane:

b
H={6eD@)| [ v()ds = (1,4) = 0) = ker(1)

Indeed, f; ¢ (x)dr = 0 is clear. Conversely, if ffﬂ)(ac) dx = 0, then set ¢(x) =
L7 4(t) dt to obtain ¢’ = ¢ and ¢ € D(Q).
Now fix any x € D(£2) with (1, x) = 1 and define

pr:D() = H, pr(e):=¢—(1,¢) x.
Then since T vanishes on H by assumption,
(T, ) = (T,pr(p) + (Lp) - x) = (Lp)(T, x) = (T, X), ¥),

ie, T =(T,x) eC.
(ii) follows from (i) by induction.

(iii) For x and pr as in (i), set
R:D'(Q)—=D(Q): (R(T),¢):= <T, - /I(prcp)(t) dt> .

Note that ¢ — — [ (pre)(t) dt is sequentially continuous, so indeed R(T) € D'(1).
Also,

(R(TY, @) = ~(R(T), ¢') = <T, [ oo dt>

= <T, /: o' (t) dt — <1,_<§’> /j x(t) dt> = (T, p).

(iv) Any such operator factorizes into a composition of terms of the form P (=) =

4 _ ). Using induction it therefore suffices to verify the claim for this P. Here,

dx
d d
(=2 _ T = Az 7)\:ET
0 (dm A) ¢ dr (e )
so (i) gives e T = c € C, i.e., T = ce’ € C>®(0Q). O

3.5 Hypoellipticity and fundamental solutions

We now want to apply the results of the previous section to verify fundamental
solutions of some important differential operators.

3.5.1 Definition.
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(i) The singular support of a distribution T € D'(Q) is the complement of the
largest open set U C Q such that T|y € C*(U).

(i) A differential operator P(9) = Z\a|§m aa0%, aq € C, is called hypoelliptic if
singsupp (P(9)T") = singsupp (T')
for each T € D'(R™).

Note that the open set U from Definition 3.5.1 does indeed exist and equals the
union of all open subsets of 2 restricted to which T is smooth.

3.5.2 Examples. (i) singsupp Y (™) = {0} for each m € Ny.

(ii) Any fundamental solution of a hypoelliptic operator must have singular support
{0}. As we shall see later (Theorem 6.2.5), the converse is true as well: if a differ-
ential operator has such a fundamental solution it must be hypoelliptic. Thus by
Theorem 3.2.6, any constant coefficient ordinary differential operator is hypoelliptic.

Let us now use the jump formula from Lemma 3.3.5 to verify fundamental solutions.

3.5.3 Example. Fundamental solution of the Laplace operator

The Laplace operator on R"

i=1

has the following fundamental solution:

E:{ o log|z| ifn=2 B r(%)

Cp =2,
colz)>™™ ifn#£2 (2 — n)2qn/2

E is locally integrable on R™. Since F is smooth outside the origin, A,, is hypoel-
liptic. Also, it can easily be verified that A, E = 0 on R™ \ {0}. We first note
that Y(Jz| — R) - E — E as R — 0+ in D'(R"), as can immediately be verified by
application to a test function. Since differentiation is sequentially continuous (by
Proposition 3.1.2), this implies that

Au(E) = Jim AV (2] - R)- B)
and this is what we will use to verify that indeed A, (E) = §. Next we observe that
A, =1tr(VV"). So we have to determine VV ' E, which we will do using Lemma
3.3.5. Since in all of the above cases we can write E in the form E = g(|z|), we
may use (3.3.8) to calculate tr(VV T (Y (|z| — R) - E)). Noting that tr(zz ") = |z|?
we get

An(Y(|z| = R) - B) = 2(VV T (Y (2| — R) - E))

=¥ (el = B (" e + 9" )



in both cases of the definition of E, so we are left with

An(Y (2] = B) - E) = g(R) Do (1) + ¢ (R) S (1),
Now for any ¢ € D(R"),

(9(R) Do (1), 0) = — / 9(R),p(y) do(y)
R-Sn—1
=" g(R)R™! /571,71 w' Vo(Rw)do(w) = 0 (R — 0+).
Analogously,
(' (R)Sps0-1 (1), 0) = g/ (R)R" / o (Rw) do(w).
Sn 1

For n # 2, observe that ¢'(R) = (2 — n)c, R'™" and that (2 — n)cy, [g.— do =1,
Therefore,

SRR [ o) o) = ol0) = 2 =n)en [ ((Re) = p(0)) dor) > 0

as R — 04, and analogously for n = 2. Altogether, we arrive at

ALE = lim A, (Y(Jz] - R)-E) =4,
R—0+
as claimed.

3.5.4 Example. Fundamental solution of the Cauchy—Riemann operator

We claim that the Cauchy—Riemann operator
P(0) = 01 + 10,

on R? has the fundamental solution
1 1

- 2m(zy + ixe) 27z’

To show this, noting that E € LIOC( 2), we proceed analogously to the previous
example. Let h(z) := |z| — R, s0 M = h™1(0) = R- S', and

Vh(zx 1
v(z) = Vhiz = ( (xeR-S).

By the jump formula (3.3.1) we have
(Y (Jz| - R)-E)=Y(h)OLE+ Sy(v1 - E)
(Y (|o] = B) - E) = Y (W)O:E + Sy (v - ),

SO
(01 +i02)(Y(|z[ = R) - E) = Y (h)(01 E + 102 E) + Sn (11 +ie) E) = ﬁsRsl(l)
=0
Moreover,
(grgSnsi(0) =00 = 5= [ (o) = p0)dot) 50 (R 04)
Consequently,
(01 +i02)E = Jim (01 +i02)(Y (Jo] — ) - E) =
as claimed.
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3.5.5 Example. Fundamental solution of the heat operator

Here we show that the heat operator
P(0)=0; —
possesses as a fundamental solution the function

Y(t) _=2

E(t,z) = e " € Li, (RPEH. (3.5.1)
This time, for any ¢ > 0, we set h( ,x) ==t —¢, and h=1(0) =1 M. = {(t,z) €
R"*+1 | ¢t = ¢}. Then V(t,x) (1,0,...,0)" is constant. We have
A(Y(t—e)-E)=Y({t—¢e)ALE.
Also, the t-component of equation (3.3.1) gives

0:(Y(t—¢)-E)=Y(t — ) E + Sy (E).
Since O:FE — A, E = 0 for t # 0, we obtain

Consequently,

(00 = Au)(B) = Jim (0, =~ An)(¥ (6 =) - B) = T Swv. (f—7m)-

Finally, for any ¢ € D(R"1),

ST
e T _ —n/2 L2
<SME((4W5)"/2>’¢> (4me) /n (e, x)e” 4 dx

_ ﬂ_—n/2/ (p(g,Q\@y)e_mzdy

x=2¢1/2y

— 7r7"/2<p(0)/ e vl dy = ¢(0) = (4, )

n

as € = 0+ by dominated convergence.

An alternative proof, not based on jump formulas, goes as follows:

<@*AME@:*/Ew@@m+AWMMt
= — lim E(t,z)(0rp + Apngp) dadt.

e—=0+ t>e

Here,
/ E(t,z)0rpdt = —E(e,x)p(e, x) / O E(t,x)p(t, x)dt
/E(t,x)Anapda: = /AnE(t,x)go(t,x) dx.
Thus since (9, — A,)E =0on R\ {0} x R",
((Or — Ap)E, ) = 51—1>I(r)1+ E(e,z)p(e, x) dx,

which, as shown above, equals (J, ¢).
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To conclude this section, we want to determine a fundamental solution of the wave
operator on R*.

The wave operator (or d’Alembert operator) on R* with coordinates (zo, ..., x3)
(20, 2") has the form

PO)=0= 0240} +03+ 02 = —02 + As.

Let h : R*\ {0} — R, h(zg,2') := 22 — |2/|%>. Then Vh # 0 on R*\ {0}, so h
is a submersion. Let ¢ € D(R*\ {0}) We first calculate (cf. Definition 2.4.6)
(h*6, ) = vn(0). Noting that h(z) < t means that —\/t + |z’ \2 < xo < At |2 |2

we have
s+|:r:’|2
on(0) = 8S|S:0/ o(x)dr = 0|,_ 0// o(zo, 2") droda’
{h(z)<s} S+\a:’|2
_ L [e(e2) / (=’ 2") (3.5.2)
-3 [ BT ey [ e
= <6+(h)790> + <§— (h)v$0>
Thus
h*6 = 64 (h) +0-(h). (3.5.3)

By symmetry, it will suffice to analyze 64 (h). Since [2/|™! € L] (R?) (as can be seen
using polar coordinates), it follows that 6, (h) € D'°(R*). Moreover, supp (d4 (h)) C
'+, where

't ={zcR* |29 = |2'|} (3.5.4)

is the forward light cone. As a first step we show:
3.5.6 Lemma. On R*\ {0}, O(h*J) = 0.

Proof. Since h is a submersion, by Proposition 3.1.5 (iii) we may use the chain
rule to calculate the derivatives:

3
O(h*6) = 050 h) =~ oh) + 3 (50 h)
, =1
= —00(8' (3 — [a'[?)2w0) — 37 04(8' (0 — |2 *)22,)

i=1

= 0" (x? — |2/ |})4ad — 26/ (= )+ Z(S" — |2']?)42? — 66" (23 — |2]?)

= 48" (2% — |2')?) ( ix)—&s' — 2 P).

=1
Now let ¢ € D(R*\ {0}). Then

(B(h"0), o) = —A(0" (x§ — |2'[*), (a5 — ") - ) — 8(8" (25 — |2[*), )

JTo (0 —4l(ad — 2Pl + 8eh) =: (5, —4u}) +8¢3,).

Here, by (2.4.4),

(J2')2+5)1/2
on(s) = 95 x)dr = 0 // o(zo, x") dzodx’

{mlh(r)<s} (Jo’|24s5)1/2

_ /sa<<|m'|2+s>1/2, ) g [ 2L 2t
2(‘1:/‘24_5)1/2 2(|$/|2—‘,—S)1/2
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and

(I='| -i-&)l/2
n(s) = (@2 — |2 ) / / 22— |2 P)op(ro. o) diroda’

(I \2+s)1/2

_ p((|' > + )12 2 p(=(2'> + )22
_/S' 2w rs) T Ty 4 = senls):

SO
Uh(s) = @n(s) +spp(s),  Vi(s) = 2¢,(s) + s (s).
Thus, finally,

(O(1*8), ) = (3(s), —8phtsT — 4y (s) + BpitsT) = 0
O

Since supp (6+h)Nsupp (6_h) CTTNT~ = {0}, Lemma 3.5.6, together with (3.5.3)
implies that both O(6(h)) and O(5_(h)) vanish on R*\ {0}. Thus supp (O(d4 (h)))
C {0}, and Theorem 3.4.2 implies the existence of some m € Ny and ¢, € C
(lo] < m) such that

064 (h) = Y cad™d. (3.5.5)

o] <m

Next we note that d; (h) is homogeneous of degree —2: Indeed, by (3.5.2) we have

<5+(h)a¢>:1/MdI, = 1/MC?)dyl

2 |LL'/| y'=z'/c 2 C‘y/‘
= (04 (h)(2), p(cw)) = ' 72 (34 (h) (2), p(cx)) |

so the claim follows from (2.4.2). By Lemma 3.1.6, therefore, 0O(d4(h)) is ho-
mogeneous of degree —4. Also, from Example 2.4.4 (i) and Lemma 3.1.6, 8¢ is
homogeneous of degree (—4 — |a). This implies that in (3.5.5) we must have ¢, =0
for all |o| > 0, i.e.,

054+ (h)) =co (3.5.6)

and it remains to determine this c.

To this end, we first note that since supp (64 (h)) C T'F, (5, (h), ) is well defined for
any ¢ € C°°(R*) with supp () N\T'Ft compact. Taking p € D(R), p(zg,2’) := p(xo)
is such a ¢. Hence

pl0) = (chip) = (6+(1),D9)) = (64 () o, ') (o)
Lrp"d= ., 1, [,
552 2 / ] dx 5 7r/0 P (r)rdr 7p(0),
resulting in ¢ = —27. Analogous considerations apply to §_(h), so that altogether

we have proved:

3.5.7 Theorem. Fundamental solutions of the wave operator O on R* are given
by

(ET,p) = —ﬁ W dr’ (¢ € D(RY)) (3.5.7)
and . .
(E7,p) = “ir W dr’ (¢ € D(RY)) (3.5.8)

Furthermore, supp E¥ =T, and supp E~ =T"".
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3.6 Distribution-valued functions
3.6.1 Definition.

(i) Let X be a metric space. A map f : X — D'(Q) is called continuous if for
each ¢ € D(Q) the map

(fio): X =C, A= (f(N), )

is continuous (i.e., [ is continuous with respect to the weak topology). The vec-
tor space of all continuous functions f : X — D'(Q) is denoted by C(X, D' (Q)).

(i) If ) # U C R is open and m € Nog U {00}, then f : U — D'(Q) is called m
times continuously differentiable if this holds in the weak sense, i.e.,

(fi0):U—=C, A= (f(A), ) € CT(U)

for each ¢ € D(Q). The vector space of all such mappings is denoted by
Cc™(U,D'(Q)).

(ii1) Analogously, C™([0,00),D'(R)) consists of all f € C™((0,00),D'(Q)) such
that fU)(t) converges in D'(2) ast — 0 for each j =0,...,m.

As a first application of these notions we obtain the following result on fundamental
solutions:

3.6.2 Proposition. Let Pi(0),...,P(0) be linear differential operators with con-
stant coefficients and let U C R! be open, m € N, and E € C™(U,D'(R™)) such

that E(\) is a fundamental solution of H;Zl(Pj(ﬁ) — X;j). Then LOSE(N) is a
fundamental solution of H;:1(Pj (0) = Aj)* Tt for X € U and o € Nf) with |a| < m.

Proof. This follows exactly as in the proof of Theorem 3.2.6, which treats the case

Pj(a):% O

3.6.3 Definition. Let () # U be open in C'.
(i) A map f:U — D'(Q) is called holomorphic (or analytic) if
(fio): U=C A= (f(N),9)
is holomorphic for each ¢ € D().

(ii) Ifl =1 then f is called meromorphic if f is defined and holomorphic in U\ D
for some discrete set D C U, and if for each A\g € D there exists some k € Ny
such that (A — Xo)¥ f(A\) can be continued holomorphically to \g (in the weak
sense). Also the residue is defined in the weak sense:

<ReSA:)\0 f()‘)a §D> = Res)\:)\o <f()‘)7 90>7
for ¢ € D(Q).
Let us now look more closely at some basic properties of distributions depending

on a real parameter. To this end, we first consider test functions depending on such
a parameter.
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3.6.4 Proposition. Let ny,ny € N and Q; C R (j = 1,2) be open subsets.
Assume that ¢ € C*(Q X Q9) satisfies the following:

Vy' € Qg 3 neighborhood U(y') of y' in Qe AK(y') € O :
supp (¢(y)) C K(y) VyeU(y).

(i.e., the support of the map x — @(x,y) is contained in K(y')).
Then for any T € D' (1) we have

y = (T(x), o(z,y)) == (T, o(,y)) € C(Q2)
and for all o € Nij?
0" (T, (., y) = (T, 0, 0(., y))- (3.6.1)
3.6.5 Remark.

(i) Note that for a regular distribution f € L{ _(Q1), (3.6.1) reads

loc
oy | f@e(x,y)de= | [f(x)0,)¢(z,y)dz,
Ql Q1
hence it includes a variant of the classical theorem on “differentiation under
the integral”.

(ii) To be prepared for the proof we recall a basic estimate, which is a consequence
of the mean value theorem (cf. [H6r09, 18.18, equation (18.13)], or [For05, p.
6, Corollar zu Satz 5]): If f € C1(Q) and the line segment Ty joining z,y € Q
lies entirely in §2, then we have

|f(@) = f()| < IDfllzes@g) Iz — yl- (3.6.2)

Proof of Proposition 3.6.4. By hypothesis we have for any y € Q9 that x —
o(z,y) belongs to D(21). Thus we may define

U(y) == (T(z), p(z,9))  (y € Q). (3.6.3)

Let ' € Q9 and choose U(y’) and K(y') as in the hypothesis. Let r > 0 be such
that B-(y") CU(®Y).

e U is continuous: For any h € R with |h| < r set

on(z,y') =@z, y +h) —p(x,y).

Then we may write

(Y +h) = (y') = (T(x),on(z.y))

and conclude that it suffices to show ¢y (.,3y") = 0 in D(21) as h — 0.

From the hypothesis we have supp (¢n(.,y')) C K(y') € € for all h with
|h| < r. Furthermore, if 8 € N{' we may apply (3.6.2) to the function
y — 02p(x,y) and obtain

0800 (z,y")| = |02 0(2,y' + h) — 0 p(x,y/)]

< 10,000l qhl =0 (A 0).

K(y")xBr(y'))

50



e U is continuously differentiable: Let e; denote the jth standard basis vector in
R™ (1 < j <ng) and define for 0 <e <r

x, /+€6' - &€, !
p(z,y ;) ez y) — O, 0@y)  (we).

XE(I7y/) =
By (3.6.3) we obtain

V(Y +eej) —¥(y)
g

- <T($),ayj(p($7yl)> = <T($),X€($,y/)>

and thus recognize that it suffices to prove x.(.,y’) — 0 in D(Q;) as ¢ — 0,
since we know that y' — (T'(z),d,,(z,y")) is continuous (by an application
of the first part of this proof to d,;¢ in place of o).

From the hypothesis we get supp (x:(.,¥')) € K(y') € ©Q; for all ¢ €]0,r][.
Furthermore, if 8 € N{j* we may apply the mean value theorem! to the func-
tion € — 0%¢(z,y’ + ee;) and obtain with some e; € [0,¢]

O xe(w,y') = 0,00 0(x,y +ere)) — 0y,000(z,y).
Hence another application of (3.6.2) to the function y — 8,,07¢(z,y) now

gives
08xc(2,9) < C(Byp)er — 0 (0<e; <e—0),

where the constant C(8, ¢) equals the maximum of | D, (d,,82¢)| on K(y') x
B, (y').

In particular, we obtain the special case of (3.6.1) when o = e, i.e.,
VU(y') = (T(x),0y,0(z,y)).

o U € C>®(Qq): Proceeding inductively we obtain that 0%V is continuously differ-
entiable and thereby that (3.6.1) holds for all o € Nj2.

3.6.6 Corollary.

(i) If T € D'(Q) and ¢ € D(1 x Q2), then the function y — (T, ¢(.,y)) belongs
to D(Q2) and (3.6.1) holds.

(i) If T € £'(Q) and ¢ € C(Qq xQN2), then the function y — (T, (.,y)) belongs
to C**(€2) and (3.6.1) holds.

Proof. (i) The hypothesis of Proposition 3.6.4 is satisfied with U(y") = Q2 and
K(y") = mi(supp (p)), where m; denotes the projection 1 x Qs — Q, (z,y) — =.

(ii) As in the proof of Theorem 2.3.5 we may choose a suitable cut-off p over a
neighborhood of supp (7). Then the function ¥ defined by the action of T on
©(.,y) is given by

U(y) = (T, p()e(- 9))-
Hence the assumptions of Proposition 3.6.4 hold upon taking U(y') = Qs and
K(y') = supp (p). o

1Note that by splitting into real- and imaginary part we may w.l.o.g. assume that ¢ is real-
valued, so the mean value theorem applies.
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3.6.7 Example. Let ¢y € D(R™) and define the function ¢ : R" x R" —
by ¢(z,y) :== ¥(x + y). Then ¢ € C°(R™ x R™) and satisfies the hypothesis
Proposition 3.6.4, e.g. with U(y’) := B1(y’) and K(y') := supp (¢) — B1(y’)
{z—ylzesuwpp )y e Bi(y)}

Thus, for any T' € D’(R™) the map y — (T'(x), ¥ (z + y)) is smooth R" — C and

(3.6.1)
(O,T, ) = —(T,070) = —(T,0,,0(,0)) = (T, 0()) ly=o

(T(2), d(x — eej)) — (T(x), P(x))

-~ li &

o (T@), 9 — eey)) — (T(), ()
e—0 I
. T(z+eej)—T(x)

= lim( - (),

confirming Proposition 3.1.2.
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Chapter 4

Tensor product and
convolution

4.1 Tensor product of distributions

To begin with, let us first look at the tensor product of functions. Thus let ny,no € N
and 2; C R™ (j = 1,2) be open subsets. For functions f € C> () and g € C> ()
we define the tensor product f ® g € C*(Q; x ) by

foglry) =fx)gly) (v€Qi,yec ).

We may consider f ® g as a regular distribution on €4 x (25 whose action on a test
function ® € D(; x Q) is defined by

(f ©g.8) = / @y d.y)

:/Q 9()( i (@)@ (x,y) dx) dy = (g(y), (f(z), ®(z,y))).

In particular, if ®(z,y) = p(z)9(y), i.e. & = 1, with ¢ € D(Q1) and ¢ € D(£s),
then we obtain

(f@g,p@9Y) = (f,0){9,V). (4.1.1)

Our aim is to extend the tensor product to distributions in such a way that the
analogue of (4.1.1) holds for all test functions ¢, 1) and determines the distributional
tensor product uniquely.

The first step will be to show that the linear combinations of all elements of the
form ¢ ® 1 are dense in D(€; X Qa).

4.1.1 Lemma. Let M denote the subspace of D(1 x Q) defined by the linear
span of the set
My = {(,0 (9 ’l/J ‘ p e D(Q]),w € D(QQ)}

Then M is dense in D(Q1 X Qa).

Proof. It suffices to consider sums of elements in M to generate all of M, since
scalar factors can always be subsumed into one of the functions. Let & € D(; xs).
We will show that there exist sequences (¢;) in D(21) and (¥;) in D(€3) such that

Z(pj@)wj — ® in D(Q; X ) as m — 0.
=0
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We first cover the support of ® by finitely many products U; x V;, where U; C
and V; C )y are cubes in R™ and R"2, respectively. Then using a partition of
unity xi,...,xn subordinate to this cover and considering x; - ® instead of @,
we can reduce the claim to the case where 2, is itself such a cube (i = 1,2).
Moreover, after an appropriate translation and scaling we may even assume that
supp (®) C (0,1)™*"2 and that Q; = (0,1)™ (I =1,2).

Setting n = ny +ng and I := (0,1)™ we now claim that for any ® € D(I) we can
find n sequences (f1;,1)jeNys - - -5 (1j,n)jen, in D((0,1)) such that putting

m
D, (z1, ... x,) = Z wia(ze) - pjin(zn) ((x1,...,2p) € 1)
=0

we obtain
o, — @ in D). (4.1.2)

Assuming the claim to be true for the moment, we first show how it implies the
statement of the lemma: we simply set

(Pj(xlﬂ s ﬂxn1) = Nj,l(xl) C Hgma (xnl)’
wj (ylv cee ’yn2) = Nj7n1+1(y1) T Hgngtng (ynz)v

then Z;n:O ; @ ; = O, and (4.1.2) completes the proof of the lemma.

Returning now to the proof of the claim, we first extend ® periodically to R™. This
extension is in C*°(R"™) since supp (®) has positive distance from the boundary 01.
Thus we set ®(z + k) = ®(x) for all k € Z™. Now we may expand ® into a Fourier

series _
O(x) = Z cpe?mithe) (x €1),
kezn

where the Fourier coefficients are given by ¢, = [, ®(x)e2""®) dx (k € Z™).

By smoothness of ® we have convergence of the (partial sums of the) Fourier series to
® in C*>°(R™), that is, uniformly on R™ in all derivatives. (Via several integrations
by parts it is routine to deduce the following: VI € N 3vy; > 0 such that |¢x| <
41 (14 |k|?)~!; thus we obtain uniform and absolute convergence of every derivative
of the Fourier series, hence convergence to some function in C*°(I); since by abstract
Hilbert space theory the Fourier series converges to ® in L?(I), the C*-limit of the
series must also be ®.)

Since supp (@) is compact in I we can find 1 > 0 such that supp () C [2n, 1 —2n]™.
Let p € D((0,1)) with p =1 on (n,1 —n) and define Uy € D(I) for N € Ny by

n
Un(T1y..o,Tp) i= Z Cr Hp(xl)ezmkm.
(ks skn)EZM™ 1=l
[exlsoo lkn | <N
Clearly supp (V) C supp (p)" for all N, supp (®) C supp (p)", and ¥ |supp (@)
agrees with the corresponding partial sum of the Fourier series. Hence by Leibniz’
rule we obtain that Uy — ® in D(I). Finally, since the series (V) nen, converges
uniformly absolutely (for all derivatives) it may be brought into the form as claimed
by a standard relabeling procedure. (A few details on the relabeling: First, for any
k= (ki,..., k) € Z" we put if(x1) := c p(z1)e?™*1%1 and fF(x;) = p(x;)e2 ki
(I =2,...n), so that Un(z1,...,%n) = Dpezn [k|w<n wh(zy) -+ 1k (z,); second,
choose a bijection 8 : Ng — Z" and define pu;; := ﬁlﬁm; then the partial sums
D (x1,.. 0 x,) = Z;n:o wi1(z1) - pjn(zy) are re-arrangements of the original
series; by uniform absolute convergence of the original series (for every derivative)
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we obtain also @, — ® in D(I).) O

Based on these preparations we can now establish the existence of a unique tensor
product of distributions extending the classical operation:

4.1.2 Theorem. Let S € D'(1) and T € D'(Qs). There exists a unique distribu-
tion S QT € D'(Q1 x Q3), called the tensor product of S and T, such that

(ST, @) = (S,o)(T.) Vi € D(Q), Ve € D(S). (4.1.3)

Proof. Uniqueness: By (4.1.3) the linear form S®T is determined on the subspace
M C D(; x Q9) generated by splitting tensors of the form ¢ ® ¢ (M as in Lemma
4.1.1). Indeed, if x = Y770, ¢; @ ¢; (with ¢; € D(Q1), ¥; € D(Q2)), then by
linearity and (4.1.3)

(S®T,x) :ZS®Ta(pJ®¢] :ZS@J (T, ;). (4.1.4)
j=1 j=1

By assumption, S ® T" is continuous on D(€2; x ). Therefore uniqueness of S® T
follows since M is dense by Lemma 4.1.1.

Take any x € D(Q x Q3). By Corollary 3.6.6 (i) the function y — (S(z), x(z,v))
belongs to D(£2s), hence we may define a linear form S ® T on D(2; X Q2) by

(S@T,x) = (T(y),(S(@), x(z,¥)))  Vx € D(1 x Qa). (4.1.5)

On the subspace M this definition reproduces (4.1.4), in particular (4.1.3) holds. It
remains to show that S ® T is continuous.

Let K € Q1 x Q9 and denote by K; € Q; the projection of K to Q; (i = 1,2). Let
X € D(K) and define g € D(K>) by

g(y) = (S, x(y)  (y€Q).

Recall that (3.6.1) gives 8°g(y) = (S,90x(.,)).

The continuity condition (1.1.1) applied to T provides m and C (depending on Ks
only, not on g or x) such that

(T, ) < C Y 110°glloo. - (4.1.6)

[BI<m

Since supp (x(.,¥)) € K1 we may employ (1.1.1) for S to obtain N and C’ (depend-
ing on K only, but not on x) such that

1829()| = (S, 0 x ()| < € S 10205 x () oo 1, (4.1.7)

lo|<N

Combining (4.1.6) and (4.1.7) yields an estimate of the form (1.1.1) for S® T (with
constant C'C’ and maximal order of derivatives m + N). O

The main properties of the tensor product are collected in the following result.

4.1.3 Theorem. Let S € D'(Q1) and T € D'(Q2). The tensor product S @ T €
D'(2y x Q2) satisfies the following “Fubini-like” relation for all ® € D(Qy x Qg):

(ST, ®) = (T(y),(S(x), ®(z,y))) = (S(x),(T(y), 2(z,y)))- (4.1.8)
Moreover,
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(1) supp (S ® T') = supp (S) X supp (T).
(ii) 9205(S®T) = 095 @ OST.

(iii) @ : D' (1) x D' () = D'(Q1 X Qa) is bilinear and sequentially continuous in
each factor.

Proof. We have used the equation (S ® T, ®) = (T'(y), (S(x), ®(z,y))) already to
prove existence of the tensor product.

If we consider the functional R: ® — (S(x), (T(y), ®(x,y))), then it is easy to see
that it satisfies (4.1.3) and continuity of R follows exactly as in the proof of Theorem
4.1.2. Moreover,

<S®Ta<ﬂ®¢> = <S’90><T7w> = <Ra90®1/}>,

so by uniqueness we necessarily have R = .S ® T and, consequently, (4.1.8) holds.
(i) We first show supp (S) x supp (T') C supp (S @ T).

Let (x,y) € supp (S) x supp (T') and let W be a neighborhood of (z,y) in 1 x Q.
We may find a neighborhood U, of « (in ;) and a neighborhood V, of y in s with
U, xVy CW. Now

zesupp(S) = JpeDU,):(S,¢)#0
yesupp(T) = W eD(V,):(T,¢) #0

and

} supp (p @) C U, x V, CW

(ST, pav) =(S,o)(T,¢) #0
so (x,y) € supp (S T).
To show the reverse inclusion suppose (z,y) € (Ql X Qg) \ (supp (S) x supp (T))
We may assume w.l.o.g. that = ¢ supp (S). Then there exists some neighborhood
U, of z (in Q1) such that U, Nsupp (S) = 0.
Let x € D(Qy x Qy) with supp (x) C U, x Qa. Then we obtain Vy' € Qs
{z' € | x(z',y") # 0} € mi(supp (x)) C Uy, iee., supp (x(.,¥")) C Us.

Hence Proposition 2.2.4 implies that (S(.), x(.,y’)) = 0 for all ¥’ € Q3. Therefore

(SeT.x) =(T(y),(S("),x(@",y))) = 0.
Since x was an arbitrary element of D(U, x 22) we conclude that (z,y) & supp (S®
7).
(ii) By a direct calculation of the action on any x € D(£); x {23) we get:
(0205(S®T),x) = (-1)HFS & T, 0200 )
= (=) HPHS (2), (T (y), 8,05 x (2, 9)))
= (=D)I*U(S(2), (9] T(y), o5 x(2,9)))
oy (D). 00T () x (e )
= (025(2), (0, T(y). x(x,y))) = (935 @ 9T, ).

(iii) Both bilinearity and separate sequential continuity follow immediately from
(4.1.8). O

4.1.4 Remark. Using the theory of locally convex spaces one can even show that
the tensor product is jointly sequentially continuous in both factors.
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4.1.5 Example. Let 1 = Qo =R and S =T =3J. We have

(6®d,x) = (5(x), (0(y), x(z,y))) = (6(), x(x,0)) = x(0,0) = (6(z, y), x(,9)),

ie.,
6(z) @0(y) = 0(z,y).
Moreover,

9:0,(Y (x) ® Y (y)) = 0(z) @ 6(y) = 6(x,y).

4.1.6 Remark. Tensor products of any finite number of distributional factors are
constructed in a similar way and the properties are analogous. For example, we
obtain on R" =R x - -+ x R (n times) by a calculation as above

5(a) = 8@t n) = 8(a1) ® -+ @ O(ay)

and
O 0 (Y(x1)®---Y(x,)) =6(x1,. .., Tpn)-

The following result characterizes distributions that do not depend on one of the
variables.

4.1.7 Theorem. Let T € D'(R™). Then we have:
0T=0 <= 3SecDR"1): T(z)=S@") @ 1(zn),

with the notation ¥’ = (x1,...,Zn—1) and 1(z,) for the constant function x, — 1.
Note that in this case the action of T on a test function ¢ € D(R™) is thus given by

(T, 0) = (L), (S(@), (@, 20)) = /<5,¢(.,t)> dt. (4.1.9)

R

Proof. (<) is immediate from Theorem 4.1.3 (ii).

(=) Let x € D(R) with [ x =1 and define the linear functional' S: D(R"~') — C
by
(S,0) = (T(,zn), ¥(2") @ X(xn)) (¥ € DR"TY)). (4.1.10)

Continuity of S follows from the observation that 1, — 0 in D(R"!) (k — oc0)
implies ¥ ® x — 0 in D(R™), hence S € D'(R"~1).

Now let ¢ € D(R™), then we calculate

(S ®1,9) = (S('), (L), pla’, 1)) = (S(a'), / (! 1) dt)
= (T( ). / (! ) db) © x(z0)).

Hence we may write

(T-S5®1,¢) =(T(2,2n), p(a', 2n) — (/ p(a’,t) dt) @ x(an)).

=:P(z’,xy)

11t is not difficult to guess S by making the ansatz T'= S®1 and considering the action of T on
aftensor product: (T, ®@x) = (S(2'), (1(zn), ¥(z') x(xn))) = (S(2'), (1,x) ¥(2)) = (1, Xx)(S,¥) =
(S x) (S, 9).

57



Observe that for every 2’ € R"~! we have

/@(x',xn)daﬁn = /cp(:c/,xn) dx, — (/ (2!, t)dt) - /X(Sﬂn) dz,, = 0.

| ——
=1

Therefore ¥(2',x,) = [“7 ®(2/,s)ds defines a function ¥ € D(R") with the
property 9, ¥ = ®.

Therefore we obtain finally

(T—S®1,¢) = (T,0) = (T,0,0) = —(3,T, ) = 0,

soT=5®1. O

4.2 Convolution

For functions f € C.(R"™) and g € C(R™) the convolution f*g € C(R™) is defined
by

fogla) = / fwg(a —y) dy = / fE—pew)dy (xR,

We may consider f * g as a regular distribution on R™ and calculate its action on a
test function as follows:

Ueopr= [ 1ea@pds= [ [ 5= poteE s
://f(z—y)g(y)<ﬁ(z)dzdy s //f(m)g(y)go(m—i—y)dxdy

[inner integral
r=2—y]

= [ f@)eta + ) dey).
[Fubini]

This suggests to generalize the convolution to distributions S € &'(R™) and T €
D'(R™) by a formula like

(ST, ) == (S(x) @ T(y), p(x +y)).

However, the status of the right-hand side of this equation has to be clarified, which
will be achieved by an appropriate cut-off to adjust the support properties of the
function (z,y) — ¢(x +y). (Note that this function will not be compactly supported,
unless ¢ = 0: if p(z0) # 0, then for every z € R™ and y := 20 —  we have p(z + y) # 0.)

We begin by introducing some general vector space operations on subsets of R".
For A, B C R", we set

—A = {—ux|ze€ A}
A+B = {z+yl|zeAye B}, and
A-B = {z—y|lzeAvye B}

4.2.1 Remark.
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(i) A compact and B closed == A=+ B is closed (Also: A, B compact =
A+ B compact.)

(ii) A compact = A+B=AZLB.
If p € D(R™) and ¢ € C(R"™), then
supp (p(x)¢(x +y)) S supp (p) x (supp (@) — supp (p)). (4.2.1)
(Proof: p(z)p(r+y) #0 = x €supp(p) and z+y € supp (p).)
If in addition supp (¢) is compact, then supp (p(z)p(z +y)) is compact in R™ x R™.
(

4.2.2 Theorem. Let S € &'(R™), T € D'(R™). Choose a cut-off function p €
D(R™) with p =1 on a neighborhood of supp (S). We define the convolution S T
of S and T by setting

(S %T, ) = (S(z) 8 T(y), p(a)p(w +1)) Voo € D(R™). (4.2.2)
Then

(i) The value of (S *T, ) is independent of the choice of the cut-off p, i.e. SxT
is well defined.

(i) Equation (4.2.2) defines a distribution on R™, i.e. ST € D'(R"™).
Proof. (i) If o € D(R™) is also a cut-off over supp (5), then there is a neighborhood
U of supp (S) such that (p(x) — o(z))p(r +y) = 0 when (z,y) € U x R”, which in

turn is a neighborhood of supp (S ® T') = supp (S) x supp (T'). Hence Proposition
2.2.4 implies

(S(x) @ T(y), (p(x) — o(2))p(z +y)) = 0.

(ii) Linearity of S * T is obvious. To show the continuity condition (1.1.1), let
K @ R™ and ¢ € D(K) arbitrary. By (4.2.1) we have

supp (p(z)¢(z +y)) C supp (p) x (K —supp (p)) =: K,

and K’ is compact in R™ x R™. The corresponding seminorm estimate (1.1.1) for
S ®T on K’ then implies an estimate of the form (1.1.1) on K for S« T. O

4.2.3 Corollary. Let S € &'(R™), T € D'(R™). Then we have for each ¢ € D(R™)

(S*T,0) = (T'(y), (5(x), p(z +y))) = (S(x), (T (y), p(x +y)))- (4.2.3)

Moreover, we see that the roles of S and T may be interchanged in this formula. In
this sense we have commutativity S« T =T % S.

Proof. Choosing a cut-off p as above we have by (4.2.2) and (4.1.8)
(ST, p) = (S(x) @ T(y), p(z)p(x +y))
= (S(2), p(x)(T(y), p(z + ) = (T(y), (S(x), p(x)p(z + y)))-

As follows from Remark 2.3.6, we may drop reference to the cut-off p in the action
of an &'-distribution, so we obtain (4.2.3). O

In the following result, for any h € R™ and any T € D'(R™), by 7, we denote the
translation operation

(thT,0) = (T, 7—np) = (T(x), o(x + h)). (4.2.4)
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4.2.4 Proposition. Let S,T € D'(R"™), at least one of the two with compact
support. Then

(i) supp (S = T') C supp (5) + supp (T).
(i) j=1,....,n: 0;(S=T)=(9;5)*T =S x*(9,;T).
(ii) YVh € R™: 7, (S+T) = (1:5)«T = S« 1,T.
Furthermore, § = §g plays the role of a neutral element for convolution
(iv) VI e D'(R"): Txd=06«xT =T.

Proof. (i) W.l.o.g. we may assume that supp (T) is compact and p is a suitable cut-
off. Let z € R™\(supp (S)+supp (T)). As noted in Remark 4.2.1, supp (S)+supp (T)
is closed, hence there is an open neighborhood U of z such that U N (supp (S) +
supp (7)) = 0. Let ¢ € D(U), then (z,y) € supp ((z',y’) — w(z’ +3')) implies
x4y € supp (p) € U. Hence

supp (¢(z + y)) N (supp (S) x supp (1)) = 0
=supp (S®T)

and therefore
(ST, ) =(S(z) ® T(x), p(x)p(x +y)) = 0.

We conclude that z & supp (S * T').
(ii) We calculate the action on a test function ¢ applying (4.2.3)
((0;9) * T, ) = (T(y), (0;5(x), p(z +y))) = —(T(y), (S(x), 050(x + y)))
= —(S*T,95p) = (9;(5*T), )
and by commutativity also 0;(S «T) = 0;(T x S) = (0;T) % S = S x 0,T.
(iii) As in (ii) by use of (4.2.3)

((8) = T, o) = (T(y), (TaS(2), p(x + y))) = (T(y), (S(z), T—np(z + y)))
= (S« T, 7_pp) = (Th(S*T), @)

and again by commutativity also 7,(S * T) = 7, (T % S) = (1, T) x S = S x 7, T.

(iv) The action on a test function ¢ gives

(6T, ) = (T(y), (0(x), p(z +y))) = (T'(y), p(0+y)) = (T, ),

and again by commutativity also T« =0T =T. |

The following result establishes sequential continuity properties of the convolution
of distributions:

4.2.5 Theorem. Suppose that either
(i) Se&R") and T, T, € D'(R™) (m € N) with T,,, — T in D'(R™) (m — o0)
or

(i) S € D'(R™) and T, Ty, € E'(R™) (m € N) satisfy the following: IK € R™ such
that supp (T) C K, supp (T;,) € K holds Vm € N and T,,, — T in D'(R")
(m — 00).?

21t would suffice to assume T € D’(R™) without a support condition, since then supp (T") C K
follows from the convergence Ty, — T
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Then S Ty — ST in D'(R™) (m — o0).

Proof. (i) If ¢ € D(R™), then by Corollary 3.6.6 (ii) the function ¢pg: y —
(S(z),o(x + y)) is smooth. Moreover, pg vanishes when y & supp (¢) — supp (5),
since this implies supp (S) N supp (¢(. + y)) = 0 and Proposition 2.2.4 yields
ws(y) = (S(x),p(x +y)) = 0. Thus pg is a test function on R™ and we obtain

(55T, @) (423) (T (y), (S(x), o(a+y))) "= (T(y), (S(z), p(a+y))) = (S¥T, ¢).

(ii) Let p € D(R™) be a cut-off over some neighborhood of K. Recall that the action
of any R € &'(R™) with supp (R) C K on a function ¢ € C*°(R™) was obtained by
(R, pp). Furthermore, the function y — (S(z), p(x + y)) is smooth by Proposition
3.6.4, so by (4.2.3) again we have as m — oo

(S % Tony ) = (T (y), (S(x), p(z + y)))
= (Tm(y), p(W)(S(2), p(x +y))) — (T(y), p(Y)(S(x), p(x +y)))
=(T(y),(S(x), p(x +y))) = (S*T, ).

4.3 Regularization

In the preceding section we have developed a theory of convolution as a map £ x
D’ — D’. Now we will change the point of view by restricting the &'-factor to C>°-
functions, that is we consider the convolution D *D’. As we will see, this provides a
process of regularizing (smoothing) a given distribution. More precisely, if p € D is
a mollifier, then for any T' € D’ we obtain a net of smooth functions T % p. (¢ > 0)
with the property T * p. — T in D’ as ¢ — 0. Recall that we already used this
technique in Theorem 1.3.4 to approximate C*-functions by C*°-functions.

To get an intuitive idea why convolution has a smoothing effect, we consider f €
C(R) C D'(R). Let p € D(R) with p > 0, supp (p) C [-1,1], and p(z) = 1 when
|z| < 1/2. If p.(2) := p(z/e) /e, then supp (p:)(x —.) Clx —e,x +¢], pe(x —y) =1
when |z — y| < e/2, and we obtain

z+e/2
pen@ = [ @t -nav= L [ =)@

Here, M (f)(x) is the “mean value of f near «” and we easily deduce that M.(f)(z) —
f(z) (¢ = 0). Moreover, as noted in the proof of Theorem 1.3.4 the functions f * p.
(e > 0) are smooth.

4.3.1 Theorem. Let p € C*°(R™) and T € D'(R™) such that
(i) supp (p) is compact, or
(ii) supp (T') is compact.

Then
T p(a) = (T(y) plx —y)) (v €R") (4.3.1)

and T * p € C°(R"™).
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Proof. Suppose first that (i) holds. Let ¢ € D(R™). We may regard ¢ as a regular
element in &'(R™) and choose a cut-off o € D(R™) over a neighborhood of supp ().
Then (z,y) — o(x)p(x — y) is in D(R™ x R™).

Recall that the function z — (T'(y), p(x — y)) is smooth due to Corollary 3.6.6 (ii).
We may thus calculate the action of this function on ¢ by

/<T<> ol - v) pla) de = / (@)o@TW), plz - v)) da
= (p(), (T(y), o (2)p(x — 1)) = (9(z) @ T(), o(x)p(z — y)
= (T(), (p(x), o (@)p(z — 1))
= (T(), (p(x), plz — 1)) = (T(w), (g, 7y0))
=(T(y), (g, p)) = (T(Y) (Ps T—yp))
= (T(y), (p(zx), p(x +y))) = (T * p, ).

Since ¢ was arbitrary, we obtain that T x p is a regular distribution and is given by
(4.3.1).

Now suppose that (ii) holds. Then we pick a cut-off x € D(R™) over a neigh-
borhood of supp (T') and note that the right-hand side in (4.3.1) actually means
(T(y), x(y)p(x —y)). A calculation similar to the above then shows

/ (T(y) x(w)o( — 1)) o(x) dz = (T * p, ).

4.3.2 Theorem. D(R"™) is sequentially dense in D'(R™).

Proof. Let T € D'(R™). We have to show that there exists a sequence (T},,) in
D(R™) with T,, — T in D'(R™) as m — oo.
Let p € D(R™) be a mollifier, i.e. supp (p) € B1(0) and [ p = 1, and set

pm(x) = m"p(mx) (x € R",m € N).

(This corresponds to p. when e = 1/m as used in the proof of Theorem 1.3.4.)

By Example 1.2.6 we have p,,, — ¢ in D'(R™). Since supp (p) C supp (p) € B1(0)
holds for all m, Theorem 4.2.5, case (ii), implies

T =T %pm >T*6=T (m — 00).

Case (i) of Theorem 4.3.1 ensures that T}, belongs to C>(R"). Thus, it remains
to adjust the supports for our approximating sequence. To achieve this we take
X € D(R™) with x =1 on B;(0) and set

To() == X(%) Ton(a) = X(%) (pm*T)(z)  (z €R",meN).

(Note that T, = T}, on B, (0) and supp (T,) C m - supp (x).)
Let ¢ € D(R™) arbitrary. Then we have for m sufficiently large that

(T, ) = / T, (2)p(z) di = / T (@) p() dz = (T, ).

Hence also 1), — T in D'(R™). O

This allows us to finally give a proof of Theorem 1.1.9, stating that D(£2) is dense
in D’'(Q2) for any open set ) # Q C R™:
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Proof of Theorem 1.1.9. Let (K,,) be a compact exhaustion of 2 (as introduced
after Definition 2.3.1), and pick x,, € D(K,n+1) such that y,, = 1 in a neighborhood
of K. Let T € D'(Q) and set T, := xmT. Then T, € £'(Q) C &'(R™). Let
p € D(R™) be a mollifier as in the proof of Theorem 4.3.2. Then it follows from
Proposition 4.2.4 (i) that for each m there exists some €, > 0, &, \, 0 (Mm —
o0) such that, setting p,,(x) := e, "p(x/e,,) we have supp (Tr, * pm) C Q (hence
Ty * pm € D(Q)).

Our aim now is to show that T, * p,, — T in D’'(). Thus let ¢ € D(Q). Then for
some I’ € N we have supp (¢) C Ky, so

(T,0) = (T, Xm®¥) = (Tm,p) Ym>1". (4.3.2)

Furthermore, there exists some kg € N such that for all £ > kg we have

Ly := supp (z = pr(y)e(x + y)) € supp (@) + B, (0) € Q.

As Ly O Lgyq for all k, there exists some I’ > kg such that Ly C K, for all
k,m >1". Now set [ := max(l’,"). Then for each m > [ we obtain

supp (z — /pm(yW(w +y)dy) C L, C K,

SO

(T % pm, ) = <Tm(w),/pm(y)<ﬁ(w +y) dy>
(Tnio)

@ [t +y) dy>

<Tz(x),/pm(y)<ﬂ(r +y) dy> = (Ti * pm, ¥)-

Now p, — d in D'(R™) and supp (pm) C supp (p1) for all m. Therefore Theorem
4.2.5 (ii) implies

m—r o0

(T % pmy 0) = (T % pms ) — (T1,0) = (T, )
by (4.3.2). O

4.3.3 Theorem. Let L: D(R™) — E(R"™) be a linear map. Then the following
statements are equivalent:

(i) L is continuous and Yh € R": 7,0 L = Lo T, i.e. L commutes with transla-
tions.

(is) NT € D'(R™): Ly =T * ¢ holds for all p € D(R™).

Proof. (ii) = (i): Linearity of L is clear and that convolution commutes with
translations follows from Proposition 4.2.4 (iii). Smoothness of T'* ¢ is ensured by
case (i) in Theorem 4.3.1.
It remains to prove that ¢; — 0 in D(R") implies T * ¢; — 0 in E(R™). Since
0%(T * ;) =T = (0%p;) by Proposition 4.2.4 (ii), it suffices to show the following:
VK € R"™ we have T * ¢; — 0 uniformly on K.
Let K € R™ be arbitrary and let Ky € R™ such that supp (¢;) C K for all j. Then
by (4.3.1) and (1.1.1) applied to T' we can find m € Ny and C > 0 such that for all
re K

T @j(x)] = (T, p(z = N < C Y [0°Qllo, i~ Ko

la|<m
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hence
IT % @jllocc <C D 10°@jllock g =0 (j = 00).

lal<m

(i) = (ii): Uniqueness of T follows by considering V¢ € D(R™)

(T(y), p(=y)) = (T, (0 = .)) = T * ¢(0) = (Lp)(0),

since this equation determines the action of T'.

To show existence we make the ansatz
(T, ) == L(Rp)(0) = Lp(0) Vo € DR"),

where we have put Rp(y) := @(y) = ¢(—y). (Note that RRp = ¢.) By continuity
and linearity of L the corresponding properties for T follow, that is, T € D'(R™).
(We have T' = (evaluation at 0)o Lo R , which is a composition of linear continuous
maps.) Finally, if ¢ € D(R™) and « € R™ are arbitrary, then commutativity with
translations implies

Lo(x) = 7-2(Lp)(0) = L(T—2¢)(0) = (T, R(T—2¢)) = (T, R(p(. + )))
=(T(y), p(~y +x)) =T * ().

4.3.4 Examples. (i) Let h € R" and ¢ € D(R"), then

O * (@) = (On, p(z —.)) = p(x — h) = (),

thus translation 75, corresponds to convolution with dj,.

(ii) Let P(9) = 3_4<m a0 be a PDO with constant coefficients aq € C. Clearly,
P(0) defines a translation invariant map D(R™) — D(R™) C £(R™). We have for
any ¢ € D(R™)

P@p= > aad®o= Y a,0"(0x)

laj<m lal<m

- Z aa(aaa)*spz( Z ao‘aaa)*@:T*@’

lo|<m o] <m

where T':= 3, <, @a 076 = P(0)d.

4.4 Non-compact supports

So far, we have defined the convolution for S € £ and T € D’ by its action on a
test function ¢ as

(S*T,p) = (S(x) @ T(y), p(z +y))-

Inspecting the right-hand side of this equation, we realize that all that is required
for the above formula to work is to have the function

supp (S) x supp (1) = C,  (z,y) = p(z +y)

compactly supported. This in turn would be guaranteed (for all ¢), if the map
supp (S) x supp (T') — R, (x,y) — x + y has the property that inverse images of
compact subsets of R are compact in supp (S) x supp (7).
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4.4.1 Definition. Let X andY be locally compact topological spaces and f: X =Y
be continuous. Then f is said to be proper, if for every compact subset K CY the
inverse image f~1(K) C X is compact.

4.4.2 Lemma. Let A C R" be closed and f: A — R™ be continuous. Then A is
locally compact®. Furthermore, f is proper if and only if the following holds:

Vn>03y>0Ve e A: |f(z)|<n = |z| < 7.

Proof. Let x € A and K(z) be a compact neighborhood of z in R™. Then
U(x) = AN K(x) is a compact neighborhood of x in A. Hence A is locally compact
(since the Hausdorff property of A is clear).

If f is proper, then f —1(%) is compact in A, hence (also compact and) bounded
in R™. Therefore we can find v > 0 such that f~!(B,(0)) C B,(0), which means
that |f(x)] <n implies |z| < 7.

Conversely, suppose that for any n > 0 we can find v > 0 with the above property,
ie., f71(B,(0)) C B,(0). Let K € R™. By continuity the set f~*(K) is closed in
A, thus also closed in R™ (since A is closed in R™). Choose n > 0 so that K C B,(0).
There is v > 0 such that f~(K) C f~*(B,(0)) € B,(0). Hence f~'(K) is also

bounded. In summary, f~!(K) is compact. O

Suppose S,T € D'(R™) are such that the map supp (S) x supp (T) — R", (z,y) —
x + y is proper. If n > 0, then there exists v > 0 such that the following holds for
every (x,y) € supp (S) x supp (T):

lz+yl<n = max(|z|,|y[) <. (4.4.1)

Let p,x € D(R™) with p =1, x = 1 on a neighborhood of B (0).

We claim that the restriction of the distribution (x.5) * (") to B,,(0) is independent
of the choice of p and x. By commutativity of the convolution it suffices to show
this for .

Thus let x; € D(R™) also have the property that y; = 1 on a neighborhood of
B+ (0). Then supp ((x1 — x)S) N B,(0) = ) and we will show that also

supp (((x1 — x)55) * (pT')) N By(0) =0 (4.4.2)
holds. Indeed, let z € R™ satisfy |z| < n and
z € supp (((x1 —x)S) *(pT")) C supp ((x1—x)S)+supp (pT) C supp (S)+supp (T).

Then z = x + y with = € supp ((x1 — x)S) and y € supp (pT') and (4.4.1) implies
that =,y € B,(0). In particular 2 € supp ((x1 — x)S) N B4(0) = 0, a contradiction.

By (4.4.2) we have ((x1 — x)S) * (¢T) |, (0)= 0 and therefore

(x19) * (pT) = (x5) * (pT) + ((x2 = x)5) * (pT) = (xS) * (pT) on By(0).

Thus we are led to the following way of defining the convolution S« T when neither
S nor T need to be compactly supported.

4.4.3 Definition. Let S,T € D'(R"™) such that the map

supp (S) x supp (T) = R", (z,y) — x +y is proper.

3In general (topological) subspaces of a locally compact space may fail to be locally compact.
(E.g. Q with the inherited euclidean topology of R is not locally compact; see also examples with
sine curves in R? as in [SJ95, No. 118,1]).
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Then we define the convolution S« T € D'(R™) as follows: For any n > 0 and
¢ € D(R™) with supp (¢) € By(0) we set

(ST, ) == ((xS5) = (pT), ¥), (4.4.3)

where the cut-off functions x and p are as above.

4.4.4 Remark.

(i) If S € &' (R™) and T € D'(R™), then the convolution according to Definition
4.4.3 coincides with S * T as constructed in Theorem 4.2.2.

Proof. By compactness, supp (S) is bounded, say, supp (S) € Bgr(0). Hence
properness of the map supp (S) x supp (T') — R", (z,y) — x+y follows, since
x € supp (S), y € supp (T) and |z + y| < n implies |y| < n+ R. Thus we
may put v := 7 + R to satisfy (4.4.1). With cut-off functions y and p as
above, we now obtain xS = S. Furthermore, if ¢ € D(B,(0)) then pT' =T
on the set {y | Iz € supp(S) : x +y € supp (¢)}, hence (S * (pT),p) =

(S(@), (p(WT (y), p(x +y))) = (S(),(T(y), p(x +y))) = (S* T, ). O

(ii) Relations analogous to those stated in Proposition 4.2.4 also hold for the con-
volution defined in Definition 4.4.3. In particular, we have again the formulae

(ST, ) = (S(z), (T(y), p(z +9))) = (T(y), (S(z), ¢z +))),
supp (S * T) C supp (S) + supp (7),
0;(S+T) = (0;S)*T = S« (0;T) and 7, (S*T) = (7,9) * T = ux* (1, T),

and separate sequential continuity of (S,7T") — S T.

The proofs are easy adaptations of those in Proposition 4.2.4, based on (4.4.3).
Alternatively, cf. [Hor66, Chapter 4.9] for an equivalent approach and more
detailed proofs. (Equivalence of the approaches follows from Exercise 2 in the
same Section of that book.)

(iii) Similarly, convolution of finitely many distributions T4, ..., T,, € D'(R™) can
be defined under the condition that

supp (T1)x. . .xsupp (T,n) — R™, (M, 20™) = 2M 4. 420 is proper.

In this case, we have also associativity of the convolution, in particular, if
T1,Ts, T; satisfy the above properness condition, then

Tl*TQ*T;g:(Tl*TQ)*Tg:Tl*(TQ*Tg).

(Ct. [FJ98, Section 5.3].)

Warning: Associativity may fail if the properness condition is violated even
in cases where both convolutions (T3 xT») * T5 and T} * (T3 * T3) do exist. For
example, on R we have

(168 *Y =(1"%6)«xY =0%xY =0, whereas
1 (0 *Y)=1%(0xY')=1%(0%x§) =15 =1.

4.4.5 Example. D/ (R) := {T' € D'(R) | Ja € R : supp(T) C [a,00[} is a
convolution algebra,, i.e., D', (R) is a vector subspace such that convolution is a
bilinear map *: D/, (R) x D/, (R) — D/ (R) and (D’ (R), +, *) forms a ring.

(In addition, we have dyp € D/, (R) as an identity with respect to convolution and
commutativity of x.)
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If T1,...,T, € D', (R), then the properness condition in (iii) above holds, since we
may first choose a common lower bound for the supports and then boundedness
of the sum forces boundedness of each summand. Thus we obtain convolvability
and associativity. That 77 * T, again belongs to D’ (R) follows from the relation
supp (11 * T») C supp (T1) + supp (7). Finally, bilinearity is immediate from the
definition.

Similarly, one can show that D’ (R) :={T' € D'(R) | 3a € R : supp (T') C] — o0, a]}
is a convolution algebra.

4.4.6 Remark. Alternative description of primitives (or antiderivatives): Let
a,b € R with a < b and p € C*°(R) be such that p =0 when # < a and p =1 when
x> b.

For any T € D'(R) put
T_:=(1-p)T and Ty :=pT.

Then T' = T_ 4Ty with T_ € D’_(R) and Ty € D’ (R). Since also (Y —1) € D_(R)
and Y € D’ (R), we may define

S:=Y-1)*T_+Y T, € D'(R)
and obtain
S = ((Y=1)+T ) +(Y*Ty) = (Y =1)sT_+Y'5T, = 6+xT_+6xT, =T_+T =T.

In particular, for any R € D', (R) the distribution Y*R € D/, (R) is an antiderivative.

4.5 The local structure of distributions

In the introduction to [H6r90], Lars Hoermander states that “In differential cal-
culus one encounters immediately the unpleasant fact that not every function is
differentiable. The purpose of distribution theory is to remedy this flaw; indeed, the
space of distributions is essentially the smallest extension of the space of continuous
functions where differentiability is always well defined.”

While we already know that any continuous function has derivatives of arbitrary
order, we have not yet verified the second part of Hoermander’s statement, on
D’ being the smallest extension of the space of continuous functions. This is the
purpose of the current section.

4.5.1 Examples. (i) As one of the first examples of differentiation we had Y' = §
in D'(R). We see that in a sense the “primitive function” of § is thus more regular
than ¢ itself. In fact, Y is a regular distribution, since Y € L (R) C L (R). Let
us look at a “primitive function” of Y, namely the kink function

zy = 2zY(x) (x € R).

Indeed we have by the Leibniz rule (Proposition 3.1.5) 2/, = (Y (z))" = Y (z) +
z6(x) =Y (z). We observe that . is even continuous* and that 2/ = é.

Successively defining primitive functions with value 0 at x = 0 we obtain with the
functions 251 € C*~2(R) the relations

21 (k)
((kil)!> =6 (k=23,..).

4Since any other antiderivative differs from 2, by a constant, we deduce continuity of any
primitive function of Y.

67



This follows easily by induction.

(ii) The multidimensional case: We use coordinates = (x1,...,%,) in R” and put
() ) ()
E = . 4.5.1
v (G=E (o
Then Ej € C*~2(R") and we have
(0102 0B, =6  (k=2,3,...). (4.5.2)

In the terminology of Section 3.5, we may restate (4.5.2) as follows: Fj is a funda-
mental solution for the partial differential operator (0y ---9,)*. Furthermore, Y is
a fundamental solution for %, x4 is a fundamental solution for (%)2 etc.

The following theorem shows that indeed distributions are a minimal extension of
the space of continuous functions:

4.5.2 Theorem. LetT € D'(R™) and Q@ C R™ be open and bounded. Then there
exists f € C(R™) and a € N§ such that

T |o=0%(f la)-

Thus, locally every distribution is the (distributional) derivative of a continuous
function.

Proof. The boundedness of {2 allows us to choose ¢ € D(R™) with ¢ = 1 on Q.
Weset T =T, then T |o=T |q and T € &'(R™). By Corollary 2.3.7, T is of finite
order N, say. We have

T=6+T = (81'“877,)N+2EN+2*T,
(4.5.2)

hence it suffices to show that Fpy o * T is continuous.
Let p € D(R™) be a mollifier and p.(z) = p(z/e)/e™ (x € R™, 0 < e < 1). Consider

fe = (Eny2 * T) * P,

which is in C°(R") by Theorem 4.3.1. Since T and p. both have compact support,
we may use associativity and commutativity of the convolution and obtain

fe(x) =T (Exy2 % p:) () (T(y), (Ena * pe)(a —y))-
€C* Th. 4.3.1

(43.1)

Recall from Theorem 1.3.4 (ii) that Exio * p. — Enio in CY(R?) as ¢ — 0. In
particular, (En42 * pe) is a Cauchy net in CV(R™).

Since T € &(R") and is of order N we have the seminorm estimate (2.3.1) with
derivative order N and some C > 0 and a fixed compact set K € R™. Applying this
to fo — f, (0 < e,n < 1) we obtain for any compact subset L € R™ and arbitrary
zelL

|fe(@) = fy(@)| = (T(y), (Ex+2 % pe — Ena % py)(x —9))|

SO Y 0%(Ensz * pe — Enva py)(a = oo,
lo|<N

<C Z [0%(ENy2 * pe — Ent2 * pp)llco,L—K-
la|<N
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Upon taking the supremum over x € L we deduce that (f:) is a Cauchy net in
C(R™), thus converges uniformly on compact sets to some function f € C(R"™).

On the other hand, by separate sequential continuity of convolution we also obtain
the convergence

fe=Enyax (Txp:) = Enyax (T*6) =EnyaxT (e —0).
Therefore the equality Eyio % T = f € C(R™) must hold, completing the proof. O
For compactly supported distributions we even obtain a global result:

4.5.3 Theorem. Let T € E'(R™) and U be an open neighborhood of supp (T).
Then we can find m € N and functions fg € C(R™) (5] < m) with supp (fg) € U

such that
T=> 0fs.
[B]<m

In other words, every compactly supported distribution can be (globally) represented

by a finite sum of (distributional) derivatives of continuous functions.

Proof. Choose  C R™ open and bounded such that supp (T) € Q € Q € U.
The local structure theorem provides us with a function f € C(R™) such that
T o= 0%(f la)-

Let x € D(2) with x = 1 on a neighborhood of supp (7). Then we have for any
¢ € C*(R")

(Twp) = (T, xp) = (0°f,xp) = (=1)°Nf,0*(x))  [Leibniz’ rule

=Z(—1>a'(§) (f,0°Px ) =Z(—l)'a”'(Z)@ﬁ(faa—ﬂx),w

B<a (—1D)IBID8(f 0o—Fx),p)  PSO

= <5B((_1)Ia\+\ﬁl (g)ma‘ﬁx),@ (3" 0% 15, 0).

BLla B<La

=:fs

4.6 Fundamental solutions and convolution

Now that we have convolution as a tool at our disposal, let us revisit the concept
of fundamental solution. Recall from the discussion preceding (3.2.5) that in order
to solve

PO)T =S
for a constant coefficient linear PDO P(0), knowledge of a fundamental solution E
allows one to obtain a solution by convolution: T := S % E

P(O)(T) = P(O)(E)«S=5+S5=S.

This requires that £ and S be convolvable, i.e., we need to ensure the existence of
the convolution defining T (e.g., by requiring S to have compact support).

Let us illustrate the implications of these observations in two cases of differential
operators whose fundamental solutions we have already calculated in Section 3.5,
beginning with the wave operator on R*.
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4.6.1 Theorem. Let S € D'(R*) with supp (S) C {x | zo > 0}. Then the wave
equation
OT = (-0 + 97 + 05+ 03)T = S (4.6.1)

has a unique solution T € D'(R*) with supp (T') C {z | 9 > 0}. This solution is
given by T = S x ET. It satisfies supp (T) C supp (S) +'T.

Proof. We first have to show that T = ET % S is well defined. According to
Definition 4.4.3 this can be done by verifying that

+: T x supp (S) — R*

is proper. For this we use Lemma 4.4.2. So let (|2/|,2") € I'", y € supp (S), and
[(I2"], 2")| + (0, 4")| < 7. Then [’ +yo <7, so |2'| < n and yo <7, and

=1y +2' -2/ <[y +2'| + 2| < 20,
giving the claim. So indeed T'= ET % S is well defined and
OT)=0E")*S=§+5=85.
Finally, to obtain uniqueness, suppose that T € D'(R*) is another solution with
support in {z | g > 0}, and set R := T — T. Then since supp (R) C {x | o > 0},
the convolutions in the following calculation are well defined:
R=0+R=0(ET)*R=E"+0(R) = 0.

d

4.6.2 Corollary. ET is the unique fundamental solution of O with support in
{z | 2o > 0}.

Proof. Set S = ¢ in Theorem 4.6.1. |

Theorem 4.6.1 remains valid under the assumption supp (S) C {z | =9 > ¢} for
some ¢ € R. Also, analogous results hold for E~.

Now let us compute the solution ET xS more explicitly. Given ¢ € D(R?), using
Remark 4.4.4 (ii) we have

(BT S,¢0) = (S(y), (BT (z), p(x + y)))
__1 e+ o, 2" +y)
e <S ), / 2] d > (4.6.2)

1 o(lz" =y +yo,2") .,
= —— {8, d
x'+y' =z’ 47 < (y) / |J}/ — y/| v

In particular, for S = Ty with f € C°>°(R*) we obtain

<E+*S’g0 7/ |‘T _y|+y07 )f(y)dx’dy'dyo

(@f(xo — |z’ = y',v")

dzdy’.
|z" — 3| e

o'~y [ +yo—rzo 4T
Thus for f € C*°(R*):

B flo) = - [ LoV

— y' ... retarded potential.
4 |z’ — /|
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Analogously,

1 [ o+l —yy)

- — dy’ ... advanced potential.
4 2" —y/|

E™ «x f(z) =

Using this, (4.6.2) gives:

(B« f,0)=(f,E-x¢)  (p€DR")).

Next we turn to the heat operator P = 9y — A,,, this time considering the corre-
sponding initial value problem

Pv=0 onR; xR"

_ (4.6.3)
v(0,2) = f veC*Ry xR")NCOR,; x R™).

Here,
C'Ry xR™") = {v € C°(Ry x R™) | 3o € CO(R x R™) : v = |g, x&n }-

Equivalently, C°(R, x R™) consists of those v € C°(R,. x R™) that can be extended
continuously to the boundary (a v as above can then be defined by o(t, x) = v(—t, x))
for t < 0.

Since distributions in general do not possess restrictions to boundaries, we first
need to find a reformulation of the initial value problem (4.6.3) in a purely distri-
butional way. The procedure we shall use can also serve as a blueprint for other
such problems.

Let us begin by supposing that v is a solution to (4.6.3) and define

vé(t,x) == { g(t,x) izg (4.6.4)

Thus v° is the cutoff of an extension of v to R x R™ at the boundary {0} x R™ of
R* x R™. Then using integration by parts and (4.6.4),

(P, @) = (vC,PT<p> = —/ v(0¢ + A)p dxdt
{t>0}

/{ (ﬁtvfAv)cpd:z:dtJr/v(O,:c)cp(O,z) dx:/f(x)cp((),:r) dz

t>O}T
for any ¢ € D(R x R™). Thus in D'(R x R™) we have
Pv® =4(t) @ f(z). (4.6.5)

This motivates us to view (4.6.5), together with supp (v°) C R, x R" as the distri-
butional equivalent of the initial value problem (4.6.3). So we are looking for some
T € D'(R x R™) such that

P(T)=4() ® f(x), (4.6.6)

where (we can even allow) f € D'(R"), with supp () € Ry x R™. To simplify
things we assume f € £'(R™), so that §(¢) ® f(z) has compact support. Then

T:=E(t,z)* (6(t) ® f(x)) (4.6.7)

with E' the fundamental solution from (3.5.1) exists and satisfies (4.6.6). Also,
the support of E is Ry x R™, and supp (6(¢) ® f(z)) is contained in {0} x R™, so
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supp (T) € Ry x R™ by Proposition 4.2.4 (i), verifying that T is indeed a solution
to the distributional initial value problem.

We close this section by showing the compatibility of the distributional solution
concept with the classical one. To this end we will establish that the solution T
from (4.6.7) is in fact smooth on R4 x R™ and that it converges to f in D'(R™) as
t — 0+. Solet ¢ € D(R x R™). Then

(T, p) = (E(t,2) @ 5(s) @ f(y), (s + 1,2 +y))

= (). [ Bta)ett,-+y) i)

< /Eta:— tx)dtdx>

Recall from (3.5.1) that F is C* on R} x R™. Therefore, if ¢ € D(R; x R™)
and if o € D(Ry x R™ x R™) is a cutoff-function that is 1 on a neighborhood of

supp (¢) x supp (f), we have
< /E (t,z —y)p(t, ) dtdaj> (f(y) @ o(t,z),o(t,z,y)Elt,z —y))
= [ Bt~ g)ett. o) dtda

It follows that
T=(f(y),Etz-y) t>0. (4.6.8)

By Corollary 3.6.6, this shows that 7' is C*° on ¢ > 0. This also implies that
T satisfies P(T) = 0 on ¢t > 0 in the classical sense. To determine the limiting
behavior, let ¢ € D(R™). Then for ¢t > 0 we get

/E t,x)p(x)dx = (4“1)71/2 /go(:ﬂ) -l5F dx

=n % /so(Qyt%)e"y‘2 dy — ¢(0)
as t — 0+ by dominated convergence. This means that

t£m+ E(t,x) = §(x)

in D'(R™). Combining this with (4.6.8), Theorems 4.3.1 and 4.2.5 imply that T — f
in D'(R™) as t — 0+.
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Chapter 5

Temperate distributions and
Fourier transform

5.1 The classical Fourier transform

Recall that L'(R™) is the vector space of equivalence classes of Lebesgue integrable
functions f on R™, i.e. [, |f(z)|dz < co as Lebesgue integral, modulo the relation
of ‘being equal (Lebesgue) almost everywhere’. Following traditional abuse of notion
and notation we typically work with elements of L' as if they were functions, thus,
strictly speaking, mixing up a representative with its equivalence class.

The Fourier transform of a function f € L'(R") is defined to be the function
F(f): R® — C, given by (z£ denoting the standard inner product of x and ¢ on
Rn)

~

F(HE) = f&) = (z)e ™t dx (£ €R™). (5.1.1)

R™

(For every ¢ the value of the integral is finite, since |f(x)e™¢| = |f(x)| is L-
integrable; furthermore, F(f)(¢) does not depend on the L!-representative, since
altering f on a set of Lebesgue measure zero does not change the value of the
integral.)

The following result lists some basic properties of the classical Fourier transform.
5.1.1 Theorem.

(i) For every f € L'(R™) the Fourier transform f:R™ — C is continuous and
satisfies

~

FOI<Ifln  veern (5.1.2)

(ii) If f,g € L*(R™), then
/ f(2)§(x) da = / F(&) g(6) de. (5.1.3)

(iir) If f,g € LY(R™), then v — [ g(z) = ff(y)g(x —y)dy defines an element
f*ge€ LYR") and we have

—

(fx9)=F-3 (5.1.4)
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Proof. (i) As remarked immediately after the definition, £(€) is well defined and
finite. Moreover, the triangle inequality for integrals yields

©1 < [15@e = do = [17@]da =11 7]a

If & — & as k — oo, then f(x)e™ ™% — f(x)e™ ™ pointwise and |f(x)e™ 5| <
|f(x)| provides an L'-bound uniformly for all k. Thus dominated convergence
implies f(&x) — f(€) (k — o0), hence continuity of f.

(ii) By (i) we have that |g| < ||g||1, hence g is bounded and fg € L'(R"). Further-
more,

[t@a@de= [ 1) [g@)e<acde= [90) [ et arae

- / a(€) Fle) de.

(iii) Observe that (z,y) — f(y)g(x — y) is L-measurable and

/ [ (y)g(e —y)l d(x,y) = / 1/ ()] / lg(z —y)| da dy

- / F@ gl dy = gl lIflls < oo.

Hence z — [ f(y)g(z — y) dy = f * g(z) defines an integrable function on R™. We
determine its Fourier transform as follows

(Fea© = [t rg@do= [ [ 1wt~ piyds

= /f(y)/g(ﬂﬁ—y)@‘“”£ dwdy /f / e e gz dy

- / Fly)e / g(2)e™i%€ dz dy = f(g) a(e).
[ —"

=3(&)
O
Our plan is to extend the Fourier transform to distributions by the standard pro-

cedure of transposition, i.e., letting F act on test functions. It turns out, however,
that D(R™) is not an appropriate space of test functions for this operation:

If fe L'(R") C D'(R") and ¢ € D(R") C LY(R"), then (5.1.3) gives

(f,0) = (£, 8).

Thus it is tempting to try defining the Fourier transform of any 7' € D/'(R™) by our
standard duality trick in the form

(T,¢) = (T,3).

However, if ¢ € D(R™) then @ cannot have compact support unless ¢ = 0. For
simplicity, let us give details in the one-dimensional case: Let R > 0 such that
supp (p) C [—R, R]. Using the power series expansion of the exponential function
and its uniform convergence on the compact set [—R, R] we may write

—ix = —i)k R >
o= > a3 (GF [ patar) - ¢ = Y aet
 J-R k=0

R r—o k=0

=ag
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where |a;| < 2R||¢||oo R¥/k!. This shows that $(¢) is represented by a power series
with infinite radius of convergence, thus is a real analytic function (that can be
extended to a holomorphic function on all of C). If supp () is compact, then @
vanishes on a set with accumulation points, hence ¢ = 0 (everywhere). (As we will
see below, this implies ¢ = 0.)

We conclude that F(D) € D and ask the question, whether there is a function space
Y on R” with D C Y C L' N & such that F(Y) C V.

A further natural requirement will be that ) should be invariant under differentia-
tion. Observe that then we further obtain that Vi € )

—

Br0(6) = / ¢, 0(x) d = — / (it )e " p(z) da = i&; B(€)

should belong to ). By induction we deduce that also multiplication by polynomials
should leave ) invariant. Furthermore, a calculation similar to the above shows
(xj)” = 10;@ etc. Thus, we are led to the additional condition that also

Py Cy  Va,feNp

should hold. As we shall see in the following section, an appropriate function space
is given by considering smooth functions ¢ such that 2*9%p(z) is bounded (for all

a, B).

5.2 The space of rapidly decreasing functions

To avoid extra factors of the form (fi)|°“ from popping up in many calculations, it
is very common to introduce the operator

1 )
Dj::fﬁj (]:1,,71)

)
and D = (Dy,...,D,). Note that we then have D;(e'®*) = £;e'*¢ and furthermore,
p(D)(e¥*) = p(&)e’s if p is any polynomial function on R™.

5.2.1 Definition. Let ¢ € C*(R"™).

(i) The function ¢ is said to be rapidly decreasing if it satisfies the following
semi-norm condition

Vo, BEND : qap(p) := sup [z*DPp(2)| < co. (5.2.1)
IGR’”

(i) The vector space of all rapidly decreasing functions on R™ is denoted by S(R™).

(iii) Let (pm) be a sequence in §(R™). We define convergence of (pm) to ¢ in
S(R™) (as m — o0), denoted also by @, L @, by the property

Vo, € N§ : gaplom —@) =0 (m — 00).
(Similarly for nets like (ve)o<e<i-)
5.2.2 Remark.

(i) Let ¢ € C*°(R"™), then condition (5.2.1) is equivalent to the following statement

C
o 3 . |DY < — R™. 2.2
VyeNgVI € Ng3IC >0: |DVp(x)] < L Vo € (5.2.2)
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It is obvious that (5.2.1) is a consequence of (5.2.2). On the other hand, (5.2.1)
implies’

Vy € NoVE€Ng3IC >0:  sup |DVp(x)| + sup | [z|**DVp(x)] < C,
TER™ rER™

>sup, cn | (14217 D7 ()|

which in turn gives (5.2.2) upon noting that 1/(1 + |z|?*) < C,/(1 + |=|)! when
2k > | with an appropriate constant CY ;.

(ii) We clearly have D(R™) C §(R™) C £(R™).

(iii) An explicit example of a function ¢ € $(R™) \ D(R") is ¢(z) = e~¢l*I" with
Re(c) > 0.

(iv) Convergence in §(R™) (and, in fact, also the topology of §(R™)) is equivalently
described by the increasing sequence of semi-norms

Qr(@) == Y qaple)  (keNy).

lal,|B|<k

(‘Increasing’ since k < k' implies Q(¢) < Qi (¢).)

Moreover, we claim that convergence (and also the topology) in §(R™) can also be
described by the metric d: §(R™) x §(R™) — R, defined by

Nk Qrle—¥)
de) =2 2 o oy

(Regarding the abstract theory in the background, this stems from the general fact that
a locally convex vector space is metrizable if and only if its topology is generated by a
countable number of semi-norms. The construction of the metric is as in [Hor66, Chapter
2.6, Proposition 2].)

We comment on the proof of the above claim:

e In showing that d indeed defines a metric the only nontrivial part is the triangle
inequality d(¢,¥) < d(¢, p)+d(p,1). Use that the function f: [0, co[— [0, co],
f(z) =2/(1+2), is increasing and that Qx(¢ — 1) < Qr(p —p) + Qr(p— ).
Finally, in every summand (as k = 0, 1,2, ...) use the following simple estimate

. . at+b a b a b
valid for any a,b > 0: THets = T7ems T 1758 < T4a + 193

e That convergence with respect to the metric d implies §-convergence as defined
above is clear. Conversely, assume that (¢,,) is a sequence converging to ¢ in
8. We have to show that d(@m, ) — 0 as m — oo.

Let € > 0. Chose N € N so that € > 1/2¥~1. There exists mg € N such that
QN (pm — @) < £/4 holds for all m > mg. Thus we obtain for any m > mg

<QN(om—¢) <1
N /_/— —_—
K Qrlem — ¢ —x Qrlom — ¢)
d(om, ) 2- —+ —
kzo 14 Qk(om — @) kEN:H L+ Qrlpm — )
_N_ 1
< Qnly Zz k4 Z 27k = m= @) 21=27N") 4 o2
k=N+1
e €
<--2(1-0 - =
4 ( )+2
L(putting B = v and o = 0,2e1, ... 2en, 4e1,...,4en,. .., 2ker, ..., 2ke, successively)
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In particular, since §(R™) is a metric space, we need not distinguish between con-
tinuity and sequential continuity for maps defined on §(R"™).

5.2.3 Theorem. S$(R") is complete (as a metric space).

Proof. Suppose (p;) is a Cauchy sequence in S(R™). Recall that Cy(R") :=
C(R™) N L*°(R™) equipped with the norm || || is a Banach space. For every
a, B € NI we obtain that (z*DPp;) is a Cauchy sequence in C,, thus converges to
some o8 € C.

Put ¢ := ¢g,0. As in the proof of Theorem 1.1.4 it follows that ¢ € C* and that
DPp = g for all B € N2,

Moreover, since ¢, 5 = Ch-limaz*DPp; = pointwise-limz*DPp; = z%pg 5 we
deduce that also z*DPp = 0.8 = Pa,8-

If N € Ny is arbitrary, but fixed, then we have for any a, 8 € N2 that ||z D?p|| s <
0. — 22 DPon|loo + [[2*DPon |l < 00, hence p € S(R™). Finally, the Cauchy
sequence property of (z®D? ;) provides for any € > 0 an index mg such that

|#*D%e = 2*DPqilloc = lim [l2°DPp; — 2Dl <& (12 mo).

Therefore ¢; — ¢ in S(R™) as | — oo. O

5.2.4 Definition. The space of slowly increasing smooth functions is defined by

OuR™) :={f €C®R") |Va e NyIN € NgIC > 0Vr € R" :
0% f(x)] < C(L+ [2))™ }.

Clearly, polynomials belong to Oy (R™).

The following result clarifies the relation between S(R™) and other function spaces
we have been considering before.

5.2.5 Theorem.

(i) Let P(x, D) be a partial differential operator with coefficients in Oy (R™), i.e.,
P(z,D) = Z a~(z)D"” (ay € Op(R™)).
lv[<m
Then P(x,D): §(R™) — 8(R™) is linear and continuous.
(i) D(R™) C 8(R™) with continuous embedding.
(ii) D(R™) is dense in S(R™).

(iv) §(R™) C LY(R™) with continuous embedding.

Proof. (i): Linearity is clear. To show continuity we prove that ¢; — 0 in 8 implies
P(z,D)p; - 0in 8 (as j — o00). For any «, 8 € Nj we have ¢, g(P(x,D)p;) <
Zlvlﬁm da,8(ayD7p;). Upon application of the Leibniz rule it only remains to
estimate a linear combination of terms of the form (o < )

|2 |DP = ay (2)] |D7 0;(2)| < 2] C(1+ [V D¢ ()] < CQrlvy),

for k sufficiently large, and this upper bound tends to 0 as j — oo.
(ii): Clearly ¢; — 0 in D implies p; — 0 in 8.

7



(iii): Choose a cut-off function p € D(R™) with p(z) = 1 when |z| < 1.
Let ¢ € 8(R™"). Define ¢;(x) = ¢(z)p(xz/j) (j € N), then ¢; € D(R™) and
o(x) — ¢j(x) =0 when |z| < j. We show that ¢; — ¢ in 8. In fact,

Ga5 (9 = #5) = Go,p(p(2)(1 = p(2/]))) < Cap Sup Sp [z DY p(z)] = 0
vI<I8l |z 2]

as j — oo because |2 DVp(x)] < || 72 32 51<|a) 2 95,4 (¢) for [z] > j.
(iv): For any ¢ € §(R™) and N such that (1 + |z|?)~N € L}(R"),
1+ 2PN e@)| < C D7 gaole):

la|<2N

Therefore, ||¢||z1 < éZm‘SgN Gor0(p), with C' = C|(1 + |z]*) V|| 1. O

Thanks to Theorem 5.2.5 (iv) the Fourier transform is defined on 8§ C L! and
Theorem 5.1.1(i) gives F(8) C Cp. We will show that, in fact, Fourier transform is
an isomorphism of 8. We split this task into several steps, starting by proving the
following exchange formulae:

5.2.6 Lemma. For any ¢ € $(R™) and a € Nij we have
(D%) (&) = £22(8) (5.2.3)

and

(@) (&) = (=1)!*IDG(¢), (5.2.4)
in particular, o € C*(R™).
Proof. By Theorem 5.2.5 the functions D%p and 2%p belong to §(R™) C L(R"),

hence we may take their Fourier transforms and relieve the calculations in Section
5.1 of their informal status: First, we apply integration by parts and find

(Do) () = / Djp(w)e " d = — / (@) (&))" dr = &3(¢)

and (5.2.3) follows by induction. Second, standard theorems on differentiation of
the parameter in the integral imply that ¢ is continuously differentiable and

~D;E(©) =D, [ @) dn = [ (@) ae e = (w07,
Equation (5.2.4) and smoothness of @ then follow by induction. O
5.2.7 Lemma. F(8(R™)) C 8(R™) and ¢ — @ is continuous S(R™) — S§(R™).

Proof. Let ¢ € $(R™). We know from the previous lemma that @ € C*(R")
and that the exchange formulae hold. To show that @ belongs to §(R™) we have
to establish an upper bound for g, s(P) = supgegn |€DBG(€)|, where a, 3 € N
are arbitrary. Repeated application of the exchange formulae and the basic L>®-L!-
estimate 5.1.1 (i) give

€*D7@(€)| = |2 F(a"9)(€)] = |F(D*(27¢))(€)] < /ID“(fﬂ%(x))ldf&

Hence qqo.5(¢) < ||D*(2Pp(z))|| 11, which as in the proof of Theorem 5.2.5 can be
estimated some C'}- | 5 <y ¢vs(¢) for suitable N. This proves that $ € S(R")

and also shows continuity of the Fourier transform as a linear operator on §(R™).
d

78



5.2.8 Lemma. The Fourier transform of the Gaussian function x — exp(—|z|*/2)
in 8(R™) is given by
(eflw\2/2)A(§) = (2m)"/2e 1€ /2,

—z2/2

Proof. In dimension n = 1 we note that g(z) =e satisfies the following linear

first-order ordinary differential equation
g (z) +zg(x) =0 (5.2.5)

with initial value g(0) = 1. (Recall that any solution to (5.2.5) is of the form
f(z) = ce=**/2, where ¢ = f(0).) Applying Fourier transform, (5.2.5) and the
exchange formulae yield

i€9(8) +1ig'(&) =0,
thus g also solves the differential equation (5.2.5). Therefore we must have g(§) =
cexp(—€2/2) and ¢ = §(0) — [ exp(—€2/2)d¢ — /2.

In dimension n > 1 we then calculate directly using Fubini’s theorem

/e—imkﬁke—mi/Q dxy = H /g\(fk)

1 k=1

=

(7 2pe) =

k

(2m)/2—€0/2 — (212 1P 2,

|
=

k=1
O
5.2.9 Lemma. For any ¢ € §(R™) the Fourier inversion formula
1 N ix n
p(z) = (%)n/ P(Eetd¢  (zeR™) (5.2.6)

holds.

Proof. For any a # 0 and f € S(R™):
1

‘a|n

(@ @)y (©) = [ fanye S dr = [ e d = SoF(26). 627

Recall that (5.1.3) gives for any ¢, € S(R™)

[ev=[ed (5.2.8)

Now let ¢ € §(R™) be arbitrary and put (&) = e~1=¢*/2 where e > 0. Then (5.2.8)
together with (5.2.7) and Lemma 5.2.8 imply

[==a/e]

[o@eeetrag = B [ o@ett/enan £ @y [ peae 2 az.

=:lc =ire

(27T)n/2

E”l

As € — 0 we have by dominated convergence

L [ Bl

and that
re = (21)"(0) / 2 4z = (2m)p(0),

—_—
=(2m)"/2[by 5.2.8]
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hence
(0) = (2m)" / B(¢) de. (5.2.9)

From this we will obtain the result by translation. To this end, we first note that
for any h € R™ and f € §(R™)

(rnf)Y () = / P+ h)e € do — / Fly)e= 0 g — ¢ Fe). (5.2.10)

(Translation of f corresponds to modulation of f)

Thus we finally arrive at

(@) = () (0) = (2m)" / (o) (€) de = (21) / eEG(E) de

(5.2.9)

a

5.2.10 Theorem. The Fourier transform F: S(R™) — 8(R"™) is linear and contin-
uous with continuous inverse F~1 given by

Fl(a) = (2m)7" . D€t dE (¥ € SRM)).
Hence we have for all ¢ € $(R™)
7= (2m)"p (5.2.11)
(recall that $(z) = p(—z) and § = ).

Proof. By Lemma 5.2.9 the formula for 7! gives a left-inverse of F on §(R"),
ie., F~'o F =ids. Hence F is injective.
To prove surjectivity of F let ¢ € 8(R™) be arbitrary. Then (5.2.6) yields

1
(2m)"

o(z) = / B(E)e S de = / (2m) "3 (—€))e™ € dg = F((2m)"5).

Moreover, noting that (5.2.7) with a = —1 implies F () = (F¢)™ for any ¢ € S(R™),
the above equation means

o= F((2m)"3) = (27) "F(@) = (2m) "B

Continuity of F has been shown in Lemma 5.2.7 above and that of F~! follows in
the same way (the integral formulae are completely analogous). O

5.3 Temperate distributions

5.3.1 Definition. A temperate distribution (also: tempered distribution) on R™
is a continuous linear functional T: §(R™) — C, i.e., pp = 0 in 8 = (T, i) — 0
in C. The space of temperate distributions on R™ is denoted by 8'(R™).

As noted in 5.2.2(iv), for maps defined on the metrizable space $(R™) continuity
is equivalent to sequential continuity. Also, as in the cases of D’ and &’ there is
an “analytic” characterization of continuity of linear functions on 8 in terms of
seminorm estimates:
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5.3.2 Theorem. Let T: S(R™) — C be linear. Then T € §'(R™) if and only if the
following holds: 3C > 0 AN € Ny such that Yo € §(R™)

(T,0) <CQN(P) =C Y qaple) =C Y [lz°D7¢|. (5.3.1)

lal,|B|<N lal,|B|<N

Proof. Clearly, (5.3.1) and ¢ — 0 in 8 imply (u, pr) — 0. Conversely, suppose T
is continuous but (5.3.1) does not hold: Then VN € N Jppn € §(R™) such that

(T, on)| > NQn(pn).

Then pn # 0 and ¥y := on/(N Qn(¢n)) (N € N) defines a sequence in § with
do,s(¥n) < 1/N when N > max(|al,|8]), but [(T,¥n)| > 1, a contradiction. O

5.3.3 Remark. Since D(R™) C §(R™) with continuous dense embedding (cf. The-
orem 5.2.5(ii),(iii)) we have for any 7' € 8'(R™) that

Tlpmry € D'(R™)

and that the map 7"+ T |p(g») is injective 8'(R") — D’(R™). Thus we may consider
8'(R™) as a subspace of D'(R™). The latter point of view can serve in alternatively to
define 8' to consist of those distributions in D’ which can be extended to continuous
linear forms on 8 O D (e.g., see [FJ98, Definition 8.3.1]).

5.3.4 Theorem. Any T € §'(R"™) is of finite order, i.e., 8'(R™) C D(R™).

Proof. This is immediate from the seminorm-estimate (5.3.1). O

In particular, we may consider operations defined originally on D’ (differentiation,
multiplication etc.) and study under what conditions these leave 8’ invariant, thus
defining corresponding operations on §'.

5.3.5 Proposition. Let T' € 8'(R™). Then we have
(i) Yoo € Ng: 0°T € 8'(R™)
(i) Vf € Oy (R™): f-T € 8'(R™)

(#ii) Let P(x, D) be a partial differential operator with coefficients in Opr(R™), then
P(z,D): 8'(R™) — 8'(R™) is linear and sequentially continuous.

Proof. (i) and (ii) are immediate from Theorem 5.2.5(i).

(iii) follows by direct inspection from from (i) and (ii); alternatively, one may use the
general property that adjoints of (sequentially) continuous linear maps are weak*-
sequentially continuous; cf. Proposition 2.1.2, where this property was shown ex-
plicitly for D’ and a transfer to 8’ is easy. O

5.3.6 Remark.

(i) We have £'(R") C 8'(R") C D/(R?) C D'(R™).

That £ C 8’ follows from the discussion in Remark 5.3.3, since & C D’ and
wr — 0in § implies pr — 0in &.

The inclusion 8’ C DY, follows from the fact that N occurring in the estimate
(5.3.1) is valid with global L*°-norms.
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Each of the above inclusions is indeed strict: For example, 1 € 8'(R™)\&'(R™),
since [{1, @) < 6] < o (1 + la])~ "Dz - Q1 (p), but supp (1) = R™ is
not compact.

Second, the function u(z) = ¢*” defines a regular distribution in u € D'O(R),
but u is not defined on all of $(R), since p(z) = e~ yields (u,p) = [ ldz =
oo (alternatively, any approximating sequence D(R) 3 ¢; — ¢ in §(R) yields
((u, ¢;)) unbounded).

(ii

~—

Recall that for any 1 < p < oo the vector space LP(R™) is defined analogously
to L', only changing the integrability condition to || f[|, := ([zn [f(2)[? )|P dx)'/P <
00. Furthermore L>°(R™) consists of (classes of) essentially bounded L-
measurable functions f on R™ with norm || f|| o = esssup,cgn |f(2)| (= inf {M €
[0,00[| |f| £ M almost everywhere}).

(LP(R™),||.|lp) is a Banach space for every 1 < p < co.

We have

LP(R™) C 8'(R™).

Proof: By Holder’s inequality ([Fol99, 6.2 and Theorem 6.8.a]), if f € LP(R"™)
and ¢ € $(R™), then

11
I(fr o)l < /Ifsol < fllpllellq (1; t 1).

The standard S-estimate |¢(x)| < Qi(¢)/(1 + |z|)!, valid for every I € Ny,

gives d
lell? :/|gp(x)\qu < Qz(cp)q/m

and thus shows continuity of ¢ — (f, ¢) upon choosing [ sufficiently large to
ensure lqg > n. a

(iii) Let f € C(R™) be of polynomial growth, i.e., 3C;, M > 0:
|f ()] < C(1 + |z)M Vx € R".

Then f € 8'(R™), since we for any p € §(R™)

ﬂ|</ﬁ|@|</c-ﬂ|MQ“)

(14 J])!
=6 [ v
T/

where Cj is finite, if [ > M + n.

Note that we automatically obtain that also 9% f € §'(R™) due to Proposition
5.3.5(i).

5.3.7 Definition. Let (T}) be a sequence in 8'(R™) and T € 8'(R™). We say
that (T;) converges to T in 8'(R™), denoted T; — T (j — o0), if Ve € S(R™):
(Tj,¢) = (T,¢) (j = 00). (Similarly for nets (Ts)se]o,l] etc.)

5.3.8 Theorem. 8'(R™) is sequentially complete.

Proof. Using the norms ¢ — ¢q () instead of ¢ — ||¢| o, this follows exactly as
in the proof of Theorem 1.1.8. g
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5.3.9 Theorem. D(R"™) is sequentially dense in 8'(R™).
Proof. Let w € D(R"), w =1 on B(0), and let p € D(R™), [p =1, supp (p) C
B1(0) and p = p for all z. Given any T' € S'(R™) and k € N, wi- (T'*pq ;) € D(R™),
where wy () := w(x/k) and py /i (x) = k"p(kz). Therefore it suffices to show that
wi - (T * p1yi) — T in 8'(R™), i.e., that for any ¢ € §(R™) we have
(Wi (T pryi) = T,) = (T, pryp * (wp) =) = 0 (k= 00).

So we have reduced the proof to showing that p; * (wrt) — % — 0 in §(R"). Now

211+ 0P o)) 2070w = [ [0%(n) (i~ ) — 0%0(a)lo(w) dy

— % [10°() (2 - ) - () (@)oly) dy

o [10°(r)(w) — 0 0()lotw) dy = A+ B,

Here,

A=s // (0 (2~ 22)) dopty) dy
=—a:‘*// ZB 0 wkw)( ky)i dop(y) dy,

so since |y| < 1 in the integrand,

C
|A] < — sup sup |z¥07Y(x — 2)] (5.3.2)
[YI<IB]+1z]<1

(with C a generic constant, here and below). Moreover,

1
agy _ < |yl N — SNlehy g7 —
207 = 2) < Jol o (L e — ) DI — o)
<c
(14 ]z — 2| + 2] |z | |
<C =C(1 < o2l
- (14 |z — z])le C( +1+\x—z|) s¢C
<|z|<1

so |[A] < % — 0 (k — 00). Finally, 9% (wg)(x) — 0% (x) = 0 on By(0), so also

|B| < sup Clz“9Py| < C sup ! qa+eh5(1/1) —0 (k— 00).

|| >k |z|>k T
O

5.3.10 Corollary. LP(R") is dense in 8'(R™) for all 1 <p < 0o
Proof. This is clear since D(R™) C LP(R™) (1 < p < 00). O

To conclude this section we mention the following global structure theorem for
temperate distributions (see [FJ98, Th. 8.3.1] for a proof similar to that of Theorem
4.5.2):

5.3.11 Theorem. Any temperate distribution is a derivative of some polynomially
bounded continuous function.
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5.4 Fourier transform of temperate distributions

We have now collected sufficient information to construct an appropriate extension
of Fourier transformation to distribution theory. If u € L*(R") we may consider
it as an element of 8'(R™) (by Remark 5.3.6(ii)) and Theorem 5.1.1 (i) gives u €
Cy(R™) C L>®(R™), so u € 8'(R™) by 5.3.6(ii) again.

Thus, since for any ¢ € §(R™) C L'(R") also @ € 8§(R") C L'(R"), we obtain

(U, @) = /ﬁ(ﬁ)ap(f) T /u(x)@(m) dx = (u, @). (5.4.1)

T
[5.1.1(id)]

Observe that the right-most term can be extended to the general case T € §'(R™):
Since ¢ +— @ is a (continuous) isomorphism on §(R™), the map ¢ — (T, ) defines
an element in 8'(R™).

5.4.1 Definition. If T € §'(R™), then the Fourier transform f, or FT, is defined
by

(T, ) :=(T,p) Yo € §(R™). (5.4.2)

5.4.2 Theorem. The Fourier transform F: 8 (R™) — 8'(R™) is linear and bijec-
tive, F as well as F~' are sequentially continuous. We have again the formulae

~
= -

T=02m)"T (5.4.3)
(where (T, @) := (T, 3)) as well as F'T = (2x)~"(T)".
Moreover, if u € LY(R™), then U according to (5.4.2) coincides with its classical
Fourier transform (as L*-function).

Proof. Compatibility of the distributional with the classical Fourier transform on
functions u € L*(R") follows from (5.4.1).

Speaking in abstract terms, it follows that F is an isomorphism on 8'(R™) since it
is the adjoint of an isomorphism on §(R™). The latter statement includes also the
weak*-continuity of F and F~!. However, we give an independent proof for our
case here.

Linearity of F is clear, as is the sequential continuity of F from (5.4.2).
To prove injectivity, assume that T = 0. Then we have for every ¢ € $(R™) that
0= (FT,F L¢) = (T, ), hence T = 0.
To show surjectivity we will first derive (5.4.3). Let T € 8'(R™) and ¢ € $(R"),
then -

(T0)=(T,0)=({T,¢) = @m)"T¢)=02m)"T ¢), (5.4.4)
[(5.2.11)]
which (since ~ and F commute on 8, hence also on §8'), replacing T by T in (5.4.4)
implies T' = F((27)~"T"). In particular, this yields surjectivity of F and the stated
formula for the inverse. O

Next we list a number of properties of the Fourier transform on 8’, which follow
directly from the corresponding formulae on 8 and the definition as adjoint of the
Fourier transform on 8.
5.4.3 Proposition. For any S,T € 8'(R™) we have

(i) Va €Np: (D°T)"=¢*T, D*(F18)(€) = F1(£°5)
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(i) Vo € NI (z9T)" = (=)l DT, z2F~1(S) = (1)l F~1(D*S).
(iii) Yh € R": (1,T) = e 4T,

(iv) Yh e R™: (ehT)~ = 7,7,

(v) (T =(T)".

Proof. Applying the definition of the action of T' on any ¢ € S(R™) we obtain (i)
and (ii) from Lemma 5.2.6 (the formulas for S follow by setting S := F(T')), (iii)
and (iv) from (5.2.10) and a similar direct calculation showing

(€ p) "=

(alternatively, use (5.2.11)), and (v) from (5.2.7) with ¢ = —1. Finally, we note
that all identities claimed above also follow by continuous extension from the fact
that they hold on the dense subspace §(R™) of §'(R™). ]

5.4.4 Examples. (i) We directly calculate for arbitrary ¢ € §(R™)

<3\a <P> = <67 (ﬁ> = @(0) = a(li(p(x) de = <1;(,0>,

therefore we obtain R
6=1. (5.4.5)

~
=

Moreover, since 0 = ¢ and ¢ = (27) "% we may further deduce that

~

(8,9) = (8,9) = (2m)7"(6,@) = (2m) (1, 8) = ((2m) "1, ),

hence R
1=(2m)"4. (5.4.6)

(ii) Let ep () := e®" (h € R™), then e; € Oy (R™) C 8'(R™) and
Fep = F(e"® 1) = 1,1 = (2m)" 76 = (27)" 6.
(iii) The Fourier transform of the Heaviside function Y € L*(R) C 8'(R):

Since Y/ = § we have i€ Y = 5 =1 and hence }A/(ﬁ) = —i/€ when £ # 0.

Note that on R\ {0} the function £ — 1/¢ coincides, as a distribution, with the
principal value vp(1/¢). Furthermore, since by Example 1.2.7 £ - vp(1/¢) = 1,

¢ (Y(€) +ivp(1/€)) = 0.

By Example 3.4.3, (T'(§) = 0 implies T = ¢ with a complex constant c. Hence it
remains to determine the constant ¢ in the equation Y + i vp(1/£) = ¢d.

Note that 6 = 6, Y = 1 =Y, and vp(1/€)” = —vp(1/€) and recall that Fourier
transform commutes with reflection ~. Thus we calculate

=cd

. = P e
cd=cd=Y +ivp(1/§) =1 -Y) —ivp(1/§) =1— (Y +ivp(1/9))
=2md —cd = (2w — )9,

hence ¢ = m and we arrive at

Y=n6é— ivp(%) (5.4.7)
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(iv) Since ¥ = (2m)Y = (27)(1 — Y (z)) we may use the result of (iii) to deduce a
formula for F(vp(1/z)) as follows

ivp(l/z)=nd—-Y =rl—-2aY =r—2r(1-Y) =7 (2Y —1).
—_———
=sgn(§)

Therefore we obtain

vp(1/z)(§) = —imsgn(§).

5.4.5 Remark. Let P(D) be a linear partial differential operator with constant
coefficients, i.e.

P(D)= Y caD*  (ca €C).

la|<m

If T, f € 8'(R™), then the exchange formulae from Proposition 5.4.3 (i),(ii) applied
to each term in P(D) give

~ -~

PDYT=f <« PEOT=].

Thus, the action of P(D) is translated into multiplication with the polynomial P(§).
In certain cases, this trick allows (a more or less) explicit representation of solutions.
Moreover, the above equivalence provides important additional information in the-
oretical investigations regarding regularity and solvability questions, see Chapter
6.

5.5 Fourier transform on & and the convolution
theorem

Recall from Theorem 5.1.1 (iii) and (5.1.4) that we have for any f,g € L'(R")
where the product on the right-hand side means the usual (pointwise) multiplication
of continuous functions. In the current section we will prove the analogous result
for the convolution product, if f € 8 and g € £'. Then f € & and we have to
clarify the meaning of f - g in a preparatory result on the Fourier transforms of
distributions in &’.

5.5.1 Theorem. If T € &' (R"), then T € Oy (R™) C C®(R") and we have
T(€) = (T(x), e ™) VE € R™. (5.5.1)
Moreover, T can be extended to an entire (holomorphic) function on C™.

Proof. Smoothness of the function h: & — (T'(z),e~"*¢) follows from Corollary
3.6.6 (ii), and in particular any derivative D*h is given by

Dh(€) = (T(x), D(e™)) = (T(w), (—a) ™).

The O)s-estimates for h follow directly from the seminorm estimate (2.3.1) for T,
which provide a compact neighborhood K of supp (T), a constant C > 0, and an
order of derivative N € Ny such that

IDh(&)| = (T (2), (—2)%e ™) < C Y sup |97 (ae ") < C'(1+ |V,
—_———

reK
BIsN <Cp x€]17]
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where Cp i and C’ denote appropriate constants.
Let ¢ € D(R™) arbitrary, then T ® ¢ € £'(R™ x R™) and

(T ® p(w,€),e7¢) = (T(x), (p(€), e 7)) = (T, @) = (T, ).
~5()

On the other hand,

(T p(@,),e7") = (o(€), (T(w), e ™)) = / h()e() de,
=h(&)

hence T = h and therefore (5.5.1) holds.

Finally, again by Corollary 3.6.6(ii) we obtain smoothness of the function
R™ +iR" =C" 5 (=£¢+in = (T(z),e ) = (T(x),e ™) € C

and, since 26‘5(6*”&”) i= (O, + 10y, ) (e~ T21) = 0, we also obtain

O=T(C) = (T(x), 0 (e~ ¢+m)) = 0.

Thus the Cauchy-Riemann equations are satisfied in each complex variable, which
means holomorphicity of 7" as a function on C™ (cf. [For84, p. 261]). O

5.5.2 Lemma. If S,T € £'(R"), then (S+T) =8 - T.

Proof. Since supp (S*T') C supp (S)+supp (T') we have S*T € E'(R™). Therefore
(5.5.1) gives

(BT)(E) = (S +T(2), €)= (S © T(x, y), e <))
= (S(@), e (T (y),e ")) = S(&) T(€).

a

5.5.3 Theorem. (Convolution Theorem) Let S € 8'(R"™) and T € £'(R™). Then
S« T belongs to 8'(R™) and we have

o —

(S«xT)=28-T. (5.5.2)

Proof. Theorem 5.5.1 implies that 7' € Oum(R™), hence TS e 8'(R™) by Proposi-
tion 5.3.5 (ii). Since the Fourier transform is an isomorphism on 8'(R™),

NReSRY: R=TS.

We determine R by its action on any test function ¢ € D(R™), upon noting that
@ = (2m)~" @, as follows:

Since D C 8 is dense we obtain R =S xT. O
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Chapter 6

Fourier Analysis and Partial
Differential Equations

In this final chapter we consider further applications of distribution theory to linear
partial differential equations. The key tools we are going to employ are the space
of temperate distributions and the Fourier transform.

6.1 The Malgrange—Ehrenpreis Theorem

In Section 3.5 we derived fundamental solutions of several important linear PDEs. A
key question determining the usefulness of distribution theory as a tool for solving
such equations is whether any linear partial differential equation with constant
coefficients possesses a fundamental solution in the space of distributions. It was one
of the great early breakthroughs of the theory when in 1954/55, B. Malgrange and
L. Ehrenpreis independently were able to answer this question affirmatively. Both
proofs were non-constructive, relying on the Hahn—Banach theorem. Subsequently,
a number of authors were concerned with finding explicit general formulae for such
fundamental solutions. For a brief historical account and many references we refer
to [OW15]. Below we present the most elegant proof of an explicit representation
known to date, due to Peter Wagner, [Wag09)].

6.1.1 Theorem.  (Malgrange-Ehrenpreis) Let P(§) = 2, <y Ca€” be a non-
identically vanishing polynomial with complex coefficients of degree m. Let P, (§) :=
Zlalzm ca&® and pick n € R™ with P,,(n) #0. Let Ao, ..., A\m be pairwise different

and set
m

a; = H (/\j — )\k-)il.

k=0,k#j

Then

Jop— > aemtFS! <w> (6.1.1)

Pm(2n) =0 P(Z€ + )‘jn)

is a fundamental solution of P(9), i.e., P(O)E = 4.

Proof. We first note that, for any fixed A € R, the set N := {{ € R" | P(i{+\n) =
0} has Lebesgue measure zero. Indeed, after a linear change of variables we may
assume that P, (1,0,...,0) # 0. Then any set Ng := {&; € R| P(i(&1,§') + \n) =
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0} is finite, and so by Fubini’s theorem we have

:/ng:/RH 5 dy de' = 0.

P&+ M)
5= Blie )

showing that (6.1.1) gives a well-defined distribution.
Next, observe that for any T' € D/(R™) and any [ € {1,...,n} we have

3l(eCmT) = et® O+ Q)T
and iterating this we get 9%(e“*T) = €% (0 + ()T for any a, so
P(0)(eS*T) = e*P(d + ¢)T. (6.1.2)

Consequently,

*(R") € §'(R™),

Using (6.1.2), together with Proposition 5.4.3, for any S € 8'(R™) and any ¢ € C"
we get

P(9) (X" F718) = " P(0+ ()F 1S = e“" F 1 (P(i€ + ¢)S)

Inserting S = :giiz) and ¢ := Ay for any A € R, this gives
L (PGET ) [
P Anx 1 — ,ANT 1 P A )
(0) (e F (P(z'f ) M F (P (i€ + An))

Again by Proposition 5.4.3,
FoHPGE+ M) = FoH(P(—i€ + M) = FH(P(—i€ + M) - 1)
= P(—0+ M)F (1) = P(—0 + An)s.
Also, analogous to (6.1.2), we have
(=0; 4 2 (X T) = —An; AT — 79, T + 2\ ™ T = X% (—0; + An;) T,

and iterating this gives P(—0 + 2\n)(e**T) = e**P(—0 + An)T. Putting all of
the above together, we arrive at

x ——1 P(’Lf + /\77) _ nrp _ D n
P(0) (W F (w» = MTP(—0 + \n)d = P(—0 + zxn)(%?g)

m—1

=P(=0+2X\)d = X" P, (20)6 + > AFTY,,
k=0

for certain distributions T}, € &'(R™). Therefore,

m—1
AT P (20)8 + D AT
J k=0

3

P(9)

Finally, as we know from the Vandermonde-calculation in the proof of Theorem
3.2.6, the a; are chosen such that they satisfy the system of linear equations

N s [0 k=0,...,m—1
j=0

so indeed P(J)E = ¢, as claimed. O
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6.2 The elliptic regularity theorem

Recall from Definition 3.5.1 that the singular support of a distribution T € D’()
is the complement of the largest open set U C Q such that T|y € C(U).

6.2.1 Lemma. Let S € £'(R™) and T € D'(R™). Then
singsupp S * T' C singsupp S + singsupp 7. (6.2.1)

Proof. Choose p,1 € C*°(R"™) such that p = 1 in a neighborhood of singsupp S
and ¥ = 1 in a neighborhood of singsupp 7. Then

S¥T = (pS + (1= p)S) * (VT + (1 = )T)
= (pS) * (WT) + (pS) * (L = &)T) + (1 - p)S) * T + (1 — p)S) * (1 — W)T).

Here, the last three terms are all smooth functions, so

singsupp S * T' C singsupp (pS) * (¥1") C supp (pS) * (T') C supp p + supp ¢.
Since this holds for all p and v as above, the claim follows. O

6.2.2 Definition. Let P(D) = }_, <, aaD* be a linear partial differential oper-
ator with constant coefficients. Then P(£) := |, <, @a&” is called the symbol of
P and the homogeneous polynomial op(§) = Z\a|:m ao&® := P, () is called the
principal symbol of P. The PDO P,,(D) is called the principal part of P. P is
called elliptic if op (&) # 0 for each £ # 0.

6.2.3 Example. Both the Laplace operator A and the Cauchy—Riemann operator
01 + 109 are elliptic.

The following important result states that solutions T to elliptic equations P(9)T =
S are as regular as the right hand side S:

6.2.4 Theorem. Let P be an elliptic PDO with constant coefficients. Then for
all T € D'(Q2) we have
singsupp T' = singsupp P(T). (6.2.2)

In other words, any elliptic operator is hypoelliptic.

Proof. Since P is elliptic, ¢ := mingcgn-1 |op(§)| > 0. Then for all £ € R™ we have
lop(€)] > c|¢|™, and there are constants ¢y, ..., ¢y, such that

[P()] > cle|™ —cale|™ ! = = e

Consequently, for each a > 0 there exists some ¢ > 0 such that |P(§)| > a for all
€ > t.

Pick x € D(R™) such that 0 < x <1 and x =1 on |[¢| < ¢. Then the function I_TX
is globally bounded by %, hence is an element of L (R™) C §'(R™). Fixing such a
and ¢, set E := F~1(13X), then

B = 15

rn\{0} is smooth. To see this, note first that for all «, 3

(6.2.3)

and we claim that F
(2°DE) = (-1)PIDP (¢ E).
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Now for [¢| large we have |DP(¢2E)| < ’ Q) | where Q is a polynomial of degree

P2|/'3|

m2!Pl + |a| — |B] — m (as is easily checked by induction). Therefore,
D (e E)| = O(lg[l*=Plmm) - (J€] = o0).

Setting 8] := |a| +n —m + 1 we get that (z°D*E)" € L*(R") and the proof of
Theorem 5.1.1 shows that 2° D®E € C(R"). Given any x¢ # 0, there exists such a
B with xg # 0 and so D*FE is smooth in a neighborhood of xg, which establishes
our claim. In particular, singsupp E C {0}.

By (6.2.3), (P(D)E)(§) = P(§)E(§) =1 = x(§), so
PD)E=6—-F 'x=:6—p, (6.2.4)

where p € C*°(R"), so singsupp E = {0}.

Now let Q' be open and relatively compact in £ and choose some ¢ € D(Q2) with
Y =1on Q. Then (6.2.4) gives

YT =6 (Y1) = Ex (P(WT)) + p* (YT).
Here, p x (¢T) € C°° and singsupp (E * P(¢T)) C singsupp P(¢¥T) by Lemma

6.2.1. It follows that singsupp (¢T) C singsupp P(¥T). But the converse inclusion
is obvious, so

singsupp (¢T') = singsupp P(¢T).
Since ) as above was arbitrary, singsupp (T") = singsupp (PT). O

A distribution E as constructed in the previous proof, i.e., such that P(D)E = §+p,
with p smooth is called a C'"*°-parametrix of P. Next, we prove the characterization
of hypoellipticity referred to in Example 3.5.2:

6.2.5 Theorem. Let P(D) be a linear PDO with constant coefficients. Then the
following are equivalent:

(i) P(D) is hypoelliptic.
(it) There exists a fundamental solution E of P(D) with singsupp E = {0}.

Proof. (i)=(ii): By the Malgrange-Ehrenpreis Theorem 6.1.1 there exists a fun-
damental solution E € D'(R"™) for P(D). Hence P(D)E = 4. It follows that
singsupp F = singsupp 6 = {0}.

(il)=(i): If such an F exists, then (6.2.4) holds with p = 0. From here, it follows

exactly as in the proof of Theorem 6.2.4 that singsupp P1 = singsupp 1 for any 7.
O

6.3 The Paley—Wiener—Schwartz theorem

For a function f on R™ the Laplace transform of f is defined by

P /e_p’”f(:n) dx (peCh).

Setting p = i( we obtain the Fourier—Laplace transform
¢ /e_icxf(sc) dx, (6.3.1)
9
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which formally equals the Fourier transform but with a complex ‘dual’ variable ¢
and reduces to the Fourier transform if { = ¢ € R™. If f is a bounded measurable
function with compact support then (6.3.1) defines an analytic function on C™.
We are going to extend these notions to tempered distributions and bring in some
complex variable techniques. In order to properly study this transform, we first
collect some basic facts on analytic functions of several complex variables.

Let f € C1(X) with X C C", then
dfzza—%dzj+za—%dzj7
Jj=1 Jj=1

where we have used the notation

z (z1, .oy 2n) = (X1 + iy, ..., Tp + 1Yn)

z (217---72n):(zl_iyla-”vxn_iyn)
0 1 . 0 1 )
873. = 5(8mj—zayj), T%:i(aijrz@yj).

The function f is called analytic if the Cauchy—Riemann differential equations, i.e.,
0f/0Z; =0 hold for all 1 < j <n.

For w € C" and r = (r1,...,7,) € (Ry)™ we call the set
D(w,r) ={z: |z —wj| <r; (1<j<n)}
a polydisc of radius r around w and we clearly have D(w,r) = Dy x -+ x D,,, with

Dy, = D(wy,ri). A repeated application of the one-dimensional Cauchy formula
gives for any analytic function f on X and any z € D(w,r), a polydisc in X,

=& [ [ el

0D, oD,

Since differentiation under the integral is permitted we see that f € C*°(D(w,r)).
Moreover, zp — Cki is analytic on Dy, so the derivatives 9% f of f satisfy the

Zk
Cauchy—Riemann equations, hence are analytic in D(w,r) as well. By the fact that
X can be covered by polydiscs we have that any analytic f on X is actually smooth
on X with all its derivatives again analytic on X.

We may now proceed as in the one-dimensional case to see that any f that is analytic
on X has a power series expansion around any point w € X. To make this more
explicit, note first that on Dy,

11 1 1 i(zk—wk)l
=2k CGe—wel— 220 Go—wp o NG —wi/

Therefore the series

(z —w)® B 1
Z (lewl)"'(Cn*wn)(wa)a B (lezl)"'(gnfzn)

lee|>0
converges uniformly and absolutely on any compact subset of D(w,r). Hence we
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may integrate in (6.3.2) term-wise to obtain

@)= (55) 3 - w)

la[>0
. f(&yeyCn)
BD/ a[{ (G —wi) (G —wn)( —w)® Ay b (6.3.3)
-y (Z—aif”)aaaf(w),
le|=0 '

with the convergence being absolute and uniform on compact subsets of D(w,r).
For the last equality we have used

o " f(¢
o fw) = (5 ) ol /BD/ (glwl)m(ci)wn)@w)a dc; ... dér,

9Dy

which again is a consequence of (6.3.2).

The only fact about these basic properties of analytic functions we are going to use
in the sequel is uniqueness of the analytic extension, i.e., the following statement.

Let X C C" be open and connected. If f is analytic on X and there is a point
w € X with 0% f(w) = 0 for all a, then f=0 on X.

To prove this assertion set Y := {z € X : 9%f(z) = 0 Va}, which is closed as the
intersection of a family of closed sets. But by (6.3.3) each point in Y has a polydisc-
shaped neighbourhood contained in Y, so Y is also open. By connectedness of X
we have that Y = X or Y = (). The latter is impossible since w € Y and we are
done.

Finally, recall from Theorem 5.5.1 that for any T' € £&'(R™) the Fourier transform,
which is given by R 4
T(€) = (T(x),e™"¢) (€ €R"),

can be extended to a holomorphic function on C™. This leads the way to the
following definition.

6.3.1 Definition. Let T € &'(R™). Then we call the function
T(C) = (T(x),e™™) (CecC”) (6.3.4)
the Fourier-Laplace transform of T

6.3.2 Remark.

(i) As already indicated above, Theorem 5.5.1 tells us that the Fourier-Laplace
transform of any T' € £'(R™) is an entire function.

(ii) In case T = u € D(R™)(= &'(R™) NC>*(R™)) equation (6.3.4) obviously reduces
to
T(¢) = / u(z)e” ¢ dx (6.3.5)
Rn
and in case ( = £ € R™ (6.3.4) gives back the Fourier transform.
The following result establishes a connection between the support of a distribution

and fall-off properties of its Fourier—Laplace transform. This fact has far-reaching
consequences in microlocal analysis, cf. Section 6.4 below.
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6.3.3 Proposition.

(i) Let T € E'(R™) with supp (T') C B,(0). Then there exist C, N > 0 such that

IT(Q)] < C(1 4 [¢)hN el (Cecm). (6.3.6)
(i) Let T € D(R™) with supp (T) C By(0). Then for any m > 0 there exist
Cpn > 0 such that

IT(C)] < Cra(1 4 [¢]) ™ el (Cecm). (6.3.7)

Proof. (i) Let p € C*°(R) such that p(t) =0 fort < —1 and p(t) =1fort > —1/2
and set

() = p([¢*(a® — |2]*)) (Cecn).
We then have ¢ =1 for ¢ = 0, while for ¢ # 0 we find

1
pelw) =0 for [af? > a +]¢|72 and pc(x) = 1 for [af? < o+ ¢ 72,

hence, in particular, ¢, € D(R™) for ¢ # 0. By the support condition on 7" we may
write

T(¢) = (T(x), pe(x)e™ ).

Now since T is smooth, it is bounded on |¢| < 1. To obtain the estimate (6.3.6) also
for |¢] > 1, we note that in this region we have supp (p¢) C {|z]* < a® +1} = K.
So we may use (1.1.1) to obtain the existence of N, C' with

7)) <C Y ID2(pe(@)e™ )=,

la|<N
hence the claim follows from the Leibnitz rule since on K we have for |{| > 1:
IDpc(x)| < Cal¢*V!
and, since |z|? < a® + [¢|72 implies |2| < /a2 + [([2 < a+ [¢|7":

IDYe= 7| = |c[Mlelmellel < [¢[lelmelatic ™) < (¢l galtme o1

(ii) Let now T € D(R™), then by (6.3.5) T(¢) = [e T (x)dz and we may use
integration by parts to obtain

¢T(C) = / e DT () du Yo € Np.
So for all «
Tl < DTy sup ekl / da
zesupp (T)
|z|<a
< C|IDT|| oo (rmye™™!,
which gives the claim. O

The following theorem shows that the above estimates are actually characterizing.

6.3.4 Theorem. (Paley-Wiener-Schwartz) Let a > 0 and let f: C* — C be
analytic.
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(1) f is the Fourier—Laplace transform of some T € E'(R™) with supp (T') C B,(0)
if and only if

JC,N >0: |f(O)] <O+ [¢|)Nealtme] (¢ eCn). (6.3.8)

(ii) f is the Fourier—Laplace transform of some T € D(R™) with supp (T') C B,(0)
if and only if

VYm >0 3C, >0: |f(O)] < Cp(1+|¢|) melmd] (CeC™). (6.3.9)

Proof. (i),(ii) =: In both cases this is just Proposition 6.3.3.

(ii) <: To begin with we set m =n+ 1 and ( =& € R™ in (6.3.9). Then £ — f(§)
is in L'(R™) and by the same reasoning as in 5.1.1(i) we find that

T(x) = (2m) " / ¢ £(¢) de (6.3.10)

is continuous.

Now setting m = |a| +n + 1 in (6.3.9) we find that also £ — £¥f(€) is in L' (R")
for all || < m and we may differentiate under the integral in (6.3.10). So we have
that T € C*°(R"™).
We claim that

supp (T') C {|z| < a}. (6.3.11)

Since each of the functions (; — f({) is analytic we may use Cauchy’s theorem
in each of the variables {; (1 < j < n) to shift the integration with respect to ¢;
in (6.3.10) into the complex domain, namely (given any n; € R) from R C C to
R +in;. By (6.3.9) the integrals parallel to the imaginary axis vanish in the limit,
and we may replace (6.3.10) by
¢=&+in
T =n) " [ e 2 @n [ e s e

Im¢=n R
where n € R™ is arbitrary. Now again setting m = n + 1 in (6.3.9) we obtain

|T(x)] < (2m) " Cpyre®l =7 / (1+ € +in)) " dg < Cetlrl=o,

R integrable

Next, we set n = ta/|z| (t > 0) and obtain |T(z)| < Cel*~1#Dt, By taking the limit
t — oo we see that T'(x)=0 if |z| > a, which establishes (6.3.11).

Knowing that 7' € D(R") we may apply the Fourier inversion formula in 8 (Lemma
5.2.9) to obtain T'(§) = f(§) for all £ € R™. Moreover, we know from Theorem
5.5.1 that T" extends to an analytic function on C", so by uniqueness of analytic
continuation we obtain 7' = f on C".

(i) <: By Remark 5.3.6 (iii) and (6.3.8) we have that f[g« € 8'(R"). So by Theorem
5.4.2 f|rn is the Fourier transform of some T € 8'(R"), i.e., T = f|gn.

Let now p be a mollifier and set T, := p. *T. Then by the convolution theorem
5.5.3 and formula (5.2.7) we find

—

T.(€) = p=(&)T (&) = pe&) f(£).

Next we combine 6.3.3 (ii) for p(e.) with (6.3.8) to obtain that T. extends to an
analytic function on C™ such that for all m € Ny the estimate

ITo(O] < Con(1+€[¢)) ™™ C(1 + [ Neletolime]

96



A+eh™ 1 1
(I+e[Chm+N = emtN (1+[C))™
we see that T, satisfies (6.3.9) with a + ¢ replacing a. So by (ii) we find some
S € D(R") with § = T and supp (S) C {|z| < a+¢}. Hence S = T. and we obtain
supp (T) C {Jz] < a+ ).

Next we show that actually supp (T') C {|z| < a}. If zg & B,(0) then there exists
g0 > 0 and a neighborhood V' of xg such that |y| > a + &g for all y € V. So by the
above T, = 0 on V for all € < gy and we have for all ¢ € D(V)

(T, ) = lim (T, ) = 0.

holds. Upon replacing m by m + N and noting that

So T'|y = 0, hence zq ¢ supp (T).

Finally we proceed as in (ii): Again Theorem 5.5.1 says that T extends analytically
to C" and by the fact that T|g» = f|r~ and by uniqueness of analytic continuation
we have T'= f on C", concluding the proof. O

6.4 Spectral analysis of singularities, wave front
sets

Up to now we have only rather crude tools at hand to study the structure of the
singularities of a given distribution. In particular, the singular support gives a
measure of the size of the set where a distribution is not smooth. Using it one can
also obtain certain insights into the regularity of various operations on distributions.
For the case of convolution, recall from (6.2.1) that

singsupp (S * T') C singsupp (S) + singsupp (T) (S e&'(R"), T € D'(R™)).

A versatile and powerful tool for a closer study of the structure of the singularity
set of a distribution is provided by the Fourier transformation. It allows one to
distinguish regular and irregular frequency directions. We first introduce some
terminology:

6.4.1 Definition. A set ' C R™\ {0} is called a cone if for every £ € T' and every
A > 0 we have X € T'. A cone T is called a conic neighborhood of &, € R™ if T' is
open and &y € T'.

The following abbreviation will be useful for studying asymptotic behavior:

=1+ (EeR™). (6.4.1)

6.4.2 Definition. The set of reqular frequency directions of T € £'(R™) is
Too(T) :={& € R"\ {0} | 3 conic nbhd Vg of & :
VN € N 30y : V€ € Vo [T(6)] < Cn ()~}
The set of irreqular frequency directions of T is
(1) =R\ Too(T) U{0}) = R"\ T'oo (T) NR™ \ {0} € R™ \ {0}

Since ' (T') is an open cone, X(T') is closed in R™\ {0}. Moreover, X(T') is a cone:
let £ € X(T) and let A > 0. Then &y & T'o(T) obviously implies Ay & T'o (T).

The following result shows that X(7") encodes the regularity of T":
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6.4.3 Lemma. Let T € &'(R™). TFAE:
(i) T € D(R™).
(ii) X(T) = 0.

Proof. (i)=(ii): If T € D(R"), then (6.3.7) shows that I'xo(T) = R™ \ {0}, so
3(T) = 0.
(ii)=(i): By assumption, ['w(T) = R™ \ {0} 2 S"~!. Thus any & € S" ! has a
conic neighborhood V¢, in which T is rapidly decreasing. Since S™~! is compact, it
is covered by finitely many such neighborhoods, so for any N € N we can find some
Cn > 0 with .

T <Cn()™™  (E€R™).

Choosing N > n it follows that, in particular, Te LY (R™), so
T(a) = F (D)) = (2m) " [ 40 de
In particular, T' is continuous. Moreover,
9°T(z) = (27)~"il! / €36 (¢ de

is continuous for any « since the integrand is in L*(R™). Thus, T is smooth. O

In order to extend the above notions to distributions with not necessarily compact
support, we use localization. We first need the following preparatory result:

6.4.4 Lemma. Let T € &'(R™) and let ¢ € D(R™). Then
E(eT) € X(T).

Proof. Let 0 # &y, & € X(T'). Then there exists a conic neighborhood T of £, and
for each NV € N there is some Cn > 0 such that

7)) <COn(©)™  Veel.

Let I be a conic neighborhood of & with IV N S"~ 1 CTVNsS*t eI nsS™ 1 It
then suffices to show that (pT') is rapidly decreasing in I (as this will imply that
o & X(¢T)).

Let ¢ € D(R™). Then

(5.5.3)
= ((2m) " % 4, ),

so (¢T) = (2m)~ "1 « ¢.
Since T' € &'(R™), Theorem 6.3.4 implies that T is analytic and that there exist
C, M > 0 such that

T <Ca+Eh™ (R, (6.4.2)

Also, ¢ € S(R™), so
(6TY(€) = (2m) T % 3(€) = (2m) ™" / ST (€ — ) dn.
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Since I" N S"~1 € T, there exists some ¢ € (0, 1) such that
B(I'nS" N ={¢es" [ Iel'nS" ¢ —n| <e} CT, (6.4.3)

We now claim that, whenever £ € TV, n € R™, and |n| < €[], it follows that {—n € T.
To see this, we distinguish two cases: First, if |£| = 1, then |n| < ¢ and the claim
follows directly from (6.4.3). Second, if 0 # £ is arbitrary, then by the first case

§

— T T
g ger e

<e, er’'ns =
’|§|' |€|

since I' is a cone.

After these preparations we are now ready to show that indeed (¢T') is rapidly
decreasing in V. Let £ € TV. Then

w1y = o[ [

[n>el¢|

p(n)T(E — ) dn + / ST — ) dn],

Inl<el¢|

and we will show that both summands are rapidly decreasing in £ € T".
Since ¢ € §(R™), for any N € N there exists some Cy > 0 such that

()| < Cn(m)~N. (6.4.4)

Combining this with (6.4.2) we obtain

‘/n|>€£ f )

<Cy sup (p)"t=N.C. ()=t (14 1€ — ™ dn
inl><le] nl><e] —_—
<{&) M ()

< Cn sup (pg)nti=NEMM ()~ dy
Inl>ele] Inl>ele]

< C(é‘, N)<£>n+lfN+2M’

for N > n + 1+ 2M, implying rapid decrease in . For the second term we note
that, as we saw above, |n| < ¢|¢| and £ € T imply £ — n € T', where T is rapidly
decreasing. Combining this with (6.4.4), for any N we get

T(& —n)dn| < Cy ()= (€ — )N dn.
’/n<alf| ‘ /

In|<el€]

Here, | —n| > [£] — |n| > (1 —¢€)[¢], so
C‘N/ ()~ — )N dn
Inl<elé]

< Oy(1—e) MgV / ()= dy < C(e, N) (),

n

showing that also in this case we obtain rapid decrease in £. O

The previous result motivates the idea of micro-localization:

6.4.5 Definition. Let T € D'(Q), and let x € Q. The cone of irregular frequency
directions of T at x is

= {Z(e-T) | ¢ € D(Q), p() # 0} (6.4.5)

99



Note that, being an intersection of closed cones in R™ \ {0}, 3,(T) itself is such a
cone.

6.4.6 Lemma. Let T € D'(Q) and let I 5 1 — ¢, be a net in D(Q) such that
o (x) #0 for all v and such that supp v, — {x} (i.e., for any neighborhood U of x
there exists some 1y such that supp (p,) C U for all v > ). Then

(i) Z(p,T) = X,(T) (as closed cones).
(“) ﬂLeI E(QOLT) = Em(T)'

Proof. (i) Let V be an open cone containing ¥, (T') = ({Z(p-T) | ¢ € D(Q), p(x) #
0}. Then

(E@D) NS ) CV=0=[)E(eT)Ns" " NR"\V)).

The sets in this last intersection are compact, so there exist ¢1,...,¢; € D(Q) with
wi(x) # 0 for 1 <i < jsuch that 0 = N_,(Z(p:T)NS™ 1N (R™\ V)). Since V is
a cone we conclude that

(Sle) NS CV = ((E(e) C V.

1 i=1

e

7

By assumption there exists some ¢y € I such that for each ¢« > ¢y we have
J
suppp, € [ |{y € Q| ¢ily) # 0}
i=1

(which is an open neighborhood of z). In particular, H{Zl w; # 0 on supp¢,, so
Y=,/ 11—, vi € D(Q), and we can write

0, = Q1 PP,

for each ¢ > 1g. For such ¢, Lemma 6.4.4 implies

J
S(p.T) = Z(p1 - oT) € S(pr - 9,T) € [ SleiT) € V,
=1

giving the claim.

(ii) Any closed cone T is the intersection of all open cones containing it: indeed, it
suffices to observe that

rns™ = ()BTns" ).
e>0

By (i), any open cone containing ¥, (7") also contains (1, ; £(,7"), so (6.4.5) implies
(Z(e.T) € Sa(T) € () Bl T).
el el
6.4.7 Proposition. Let T € D'(Q) and let x € Q. TFAE:
(i) x ¢ singsupp (T).
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(i1) There exists some ¢ € D(Q) with p(x) # 0 such that T € C>*(Q).
(iii) B.(T) = 0.
Proof. (i) (ii) is clear.
(ii)=(iii): For ¢ as in (ii), Lemma 6.4.3 implies that 3(¢T) = (. Thus
Z:(T) = [({E(e-T) | ¢ € D(Q), p(x) # 0} = 0.

(iii)=-(i1): As in the proof of Lemma 6.4.6 (i) it follows that there exist 1,...,¢; €
D(Q) with @;(x) # 0 for all i = 1,...,j and (\/_, ©(¢;T) = 0. Now choose some
v € D(), p(x) # 0, such that supp ¢ C ﬂle{y € Q| vi(y) # 0}. Then, with a ¢
as in the proof of Lemma 6.4.6,

S(eT) = S(pr---90T) C [ S(eiT) = 0.

=1

Lemma 6.4.3 now implies that ¢T € D(Q), so (ii) follows. O

6.4.8 Definition. Let T' € D'(Q). The wave front set of T is

WE(T) = {(2,£) € @ x (R"\ {0}) | £ € X (T))}.
Some fundamental properties of wave front sets are collected in the following result:
6.4.9 Theorem. Let T € D'(Q), then:

(i) WE(T) is closed in  x (R™\ {0}) and conic in the second component, i.e.:
(2,€) € WE(T), A > 0 = (2, \6) € WE(T).

(i) pr(WF(T')) = singsupp (7).
(1ii) If T € E'(R™), then pry(WF(T)) = X(T).
Proof. (i) Let (y,n) € (2 x R"\ {0}) \ WF(T). Then

0#n &%y (T)=({Z(¢-T) | ¢ € D(Q), ply) # 0}.

Hence there exists some ¢ € D(Q2) with ¢(y) # 0 and n € Z(¢T), i.e., n € Lo (¢T).
Pick an open neighborhood U of y contained in the interior of supp ¢, as well as a
conic neighborhood V' of 7 contained in I'so(¢T"). Then

(y;m) € U xV C (2 x (R"\{0}))\ WE(T).

WF(T) is conic in the second component since each ¥,(T") is a cone.
(ii) By Proposition 6.4.7,

pr(WF(T)) = {z € Q| 3,(T) # 0} = singsupp (7).

(iii) Let W := pro(WF(T)). Then if £ € W, for a suitable x and any ¢ € D(Q)
with p(z) # 0 we have € € ¥,(T) C 3(¢T) C 3(T). Thus W C E(T). Moreover,
W is a cone.

We claim that

W N S™ = pry(WF(T) N (supp (T) x S™1)).
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Indeed, if £ € W N S™~! then there exists some z € € such that ¢ € 3,(7T), and
|¢€] = 1. In particular, € singsupp (T") C supp (7). Since (z,§) € WF(T), it
follows that € € pro(WF(T) N (supp (T) x S™71)). If, conversely, ¢ is contained in
the right hand side, then there exists some x € supp (T') such that (x,&) € WF(T)
and [¢] = 1.

In particular, W N S™"~! is compact and W is a cone, so W is a closed cone.

Now let V' be a conic neighborhood of W. Then V also is a conic neighborhood of
Y. (T), for each = € Q. Hence for any = € € there exists an open neighborhood
Uy of z with ¥(pT) C V for every ¢ € D(U,) with ¢(z) # 0 (see Lemma 6.4.6
(1)). Since supp (T) is compact, there exists a finite covering of supp (7') by such
Uz, ---,Us,. Now pick such ¢; € D(U,,) with Y7, ¢; = 1 near supp (T'). Then

N(T) = E(i«pﬁ) C OZ(tpiT) cV.

Again using that W is the intersection of all open cones containing it, we conclude
that £(T) C W. Altogether, it follows that W = X(T). O

6.4.10 Examples.
(i) WF(9) = {0} x (R™\ {0}).

Indeed, using Theorem 6.4.9 we have

pr; (WF(9)) = singsupp (6) = {0}
pry(WF(0)) = X(6) = R™ \ ({0} UT'(6)).

Here, I'(9) is the set of all £, € R™ such that d=11is rapidly decreasing in a conic
neighborhood of &y, hence is empty. Consequently, () = R™ \ {0} and our claim
follows.

(ii) Here we consider an entire class of examples, namely that of Euclidean measures
on subspaces of R™. Let V be a linear subspace of R™, dS the surface measure on
V and let up € C*°(V). Then

(= [ ploula)as@) (o eDERY)
is a Radon measure, hence a distribution of order 0 on R™. We claim that
WF(u) = supp (u) x V4 \ {0}. (6.4.6)

To see this, let ¢ € D(R™). Then ¢ - u € £'(R™), and decomposing any & € R™ as
E=¢ +¢" €V @Vt we have by Theorem 5.5.1

(1o = |

e pwunla)as(@) = [ e pau(@)ds(a).  (647)
\%4

%

If © & supp (u) D singsupp (u), then (z,&) € WF(u) for all £ by Theorem 6.4.9 (ii).
So let 2 € supp (u) and let I' be a closed cone in R™\ {0}. We distinguish two cases:

a) TNVE=0.

We first show that under this assumption we have
Je>0VeEel: |g <cle] (6.4.8)

Replacing £ € T" by £/|¢| and noting that (£/|£])' = £'/|¢] we see that it is sufficient
to prove (6.4.8) for any £ € I'NS™ 1. So suppose that this property is not satisfied,
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then there exists a sequence &; in I'N S"~! with 1 = [§;] > JI€;], implying that
£ — 0.

We have §; = £ + &/, and since S"~1 is compact we may extract subsequences
(denoted by the same letters) such that & — & € S"~ ' NT, £ — 0, and §F — &
(noting that V, V* are closed). Hence & = &) € TNV, a contradiction.

Now let ¢ € D(R™) with ¢(x) # 0. Using integration by parts in (6.4.7) we obtain

(pu) (@) < Cn(L+ 1NN < O+~
(6.4.8)

for all £ € T. Thus we have shown that (pu)”is rapidly decreasing in any closed
cone that does not intersect V=.

b) TNV+ #£(.

Then there exists some £ € N V+, and so also A\ € TNV for each A > 0. Let
v € D(R™) with ¢(x) # 0. Then by (6.4.7),

(u) (\E) = / e 00 (2 )ug(2)dS () = (u, @) =: ¢y # 0

v
for a suitable ¢ (since = € supp (u)). Consequently, (¢u)”is not rapidly decreasing
in the direction of ¢, implying that (z,¢) € WF(u) for each ¢ e TN VL.

This class of examples underlies Hérmander’s motivation for the name ‘wave front
set’: By the Huygens principle a wave always propagates in a direction perpendicular
to the tangent space of the wave front.

(iii) By Theorem 6.4.9, any wave front set is closed in © x R™\ {0} and conic in its
second component. One may ask, conversely, which subsets of Q x R™\ {0} can be
realized as wave front sets of distributions on ). Interestingly, the answer is that
all such sets are wave front sets of distributions. Indeed, given such a set S, pick a
set

{(zr &) €Sk EN, [&] =1}
that is dense in (R" x S"~1)N S, and let ¢ € D(Q) such that [ ¢(z)dz = 1. Then

T(r) = 3 elh(e — )RS (2 e R,
k=1

is even continuous and WF(T) = S. For a proof we refer to [H6r90, 8.14].

Next we address the question of how standard operations on distributions influence
the wave front set.

6.4.11 Proposition. Let T € D'(Q).

(i) If f € C>=(Q), then
WEF(fT) C WE(T). (6.4.9)

(i) Let P be a linear PDO with C*° coefficients. Then
WF(P(T)) C WF(T). (6.4.10)

Proof. (i) It suffices to show that, for any « € Q we have ¥, (fT) C 3,(T). This,
in turn, will follow once we verify that, for any ¢ € D(Q), X(¢fT) C X(¢T). Now
pick ¢ € D(2) such that ¥ = 1 on a neighborhood of supp (¢), so that ¥y = .
Then by Lemma 6.4.4,

Y(pfT) = S((0f)eT) € N(eT).
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(ii) By (i) it suffices to show the claim for P = D®. Pick nets ¢,, x, in D(Q), p, =1
near z, x, = 1 near supp ¢,, supp (x,) — {z}. Then by Lemma 6.4.4,

5. (DT) € 5(p, DT) = 5(p. D (x.T)) € B(D*(x.T))

Now for any S € £'(Q), (D*S)(€) = £*5(¢), so £(D*S) C ©(S). Applying this to
the above, we get

E2(DT) € X(x.T),
which converges to X, (T) by Proposition 6.4.6 (i). O
6.4.12 Remark. More can be said about the transformation of wave front sets by

elementary operations on distributions. For the proofs of the following results we
refer to [FJ98, H6r90].

(i) Let S € D'(R™), T € D'(R¥). Then
WF(S® T) C (WF(S) x WE(T)) U (WF(S)x (supp (T) x {0}))
U ((supp () x {0}) x WE(T)).

(ii) Let f: Q — Q' be a diffeomorphism, and let 7' € D'(€2’). Then

WE(f*T) = {(z, (Df(x))" -n) | (f(x),n) € WF(T)}.

This means that under coordinate transformations the wave front set transforms
like a subset of the cotangent bundle. Based on this observation, one can define the
wave front set of a distribution on a manifold M as a subset of T*M.

(iii) Suppose that S,T € D'(R") are such that WF(S) + WF(T) (with + the usual
sum of subsets, cf. Section 4.2) does not contain any 0-direction. Then one can
form S % T and use this to define the product of S and T by

S.T:=F YS«T)
(which is obviously compatible with the product of smooth functions). Then
WEF(S-T) CWF(S) UWF(T) U (WF(S) + WF(T)).

(iv) The main application of microlocal analysis is the study of regularity properties
of partial differential equations. If P is a PDO of order m with C'*° coefficients and
principal part P,,, the characteristic set of P is defined as

Char(P) := {(z,£) € R" x (R"\ {0}) | Ppn(z, &) = 0}.

Then for any T € D'(R™), we have the following fundamental result on the propa-
gation of singularities

WF(T) C Char(P) UWF(P(T))

Thus, if T is a solution to the PDE P(T) = f, then the singularities of T are
contained in the set Char(P)UWF(f). Note that, if P is elliptic then Char(P) = 0.
In this case, due to Proposition 6.4.11 we obtain that WF(T) = WF(P(T)), i.e.,
the singularity set is exactly preserved. In particular, by applying pr; we confirm
the elliptic regularity Theorem 6.2.4, i.e., singsupp (P (7)) = singsupp (7).
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6.5 Fourier transform on L?, Sobolev spaces

A standard result (from analysis or measure theory) states that C.(R") is dense
in LP(R™) when 1 < p < oo (see, e.g., [Fol99, Proposition 7.9]). Using the regu-
larization techniques already seen in Theorem 4.3.1 we may in turn approximate
C.-functions uniformly by test functions in D and thus conclude in summary that

D(R™) (as well as §(R™)) is dense in LP(R") (1 < p < 00). (6.5.1)
(Cft. also [Fol99, Proposition 8.17])

6.5.1 Theorem. (Plancherel) If f € L2(R™) then the (S'-)Fourier transform f is
also in L*(R™). Moreover, Parseval’s formula (5.1.3), i.e

Jreeia= [ 0
is valid for all f,g € L*(R™) and we have

1 fllze = 7)™ | f]| L2 (6.5.2)

Proof. Step 1: Let f,g € 8(R™).
Then f,3 € S$(R™) and (5.1.3) holds. If we set g = ?then

Fa) = [Fweray =T (=) = ().
hence g = (27)" f and (5.1.3) implies (6.5.2) in this case.

Step 2: Let f € L*(R") and g € §(R").

We have ( f g) = [ f(z) g(x)dz and the Cauchy-Schwarz inequality gives
(Foa) = (£, 3)] < 1112 11g] 2 s 2m)" 2 | £l 2|9l 2
[Step 1]

Since 8 is dense in L?, the above inequality shows that the linear functional g
(f,g) on 8(R™) has a unique continuous extension to L?(R"), which we denote again
by f. In view of the Fréchet-Riesz theorem ([Wer05, Theorem V.3.6]) there exists
a unique v € L?(R") such that we have

Yoe L (Fg) = (pr0)1e = / () () da.

If ¢ € 8 we obtain (f, ) = (T,¢), thus 7 = fholds in 8 and therefore f € L?
and Parseval’s formula (f,g) = (f,9) is valid with f,g € L?. Now (6.5.2) follows
exactly as in Step 1. a

6.5.2 Corollary. The linear map (2w)~"/? F |L2(rn) defines a unitary operator on
L2(R™).

Proof. Replacing f by fand g by g in Parseval’s formula yields

o= [Fo5©d - [fogode - [Foiwd

[Parseval]

— (2m)" / F@) (@) dz = (20)" (f,g) 12
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thus the linear map f — (27)~"/2 f is an isometry on L2. Since f = (27)~"/2 F(h),
where h := (2r)™"/2 f~ € L%, the map (2m) /2 F |2rn is also surjective (as
operator on L?), hence it is unitary. O

Plancherel’s Theorem 6.5.1 implies that for u € 8'(R™) we have

u € L*(R") <= a¢c L*R").
Moreover, by the exchange formulas (Proposition 5.4.3(i),(ii)) we know that differ-
entiation of u amounts to multiplication of @& with polynomials and vice versa. In
this way derivatives of u are linked to growth at infinity of . The definition of
Sobolev spaces is based on this observation and allows one to measure smoothness

of u in terms of L2-estimates of its Fourier transform. We start by introducing some
notation.

Let s € R and £ € R™. In the following we shall write

A= A(E) = (1+[6%)3 (= (€)) and hence X* = \*(€) = (1+[¢[*)%.

6.5.3 Definition. Let s € R. We define the Sobolev space H*(R™) (sometimes
also called Bessel potential space) by

H*(R"™) := {u € &(R"™) : X4 € L*(R™)}.
6.5.4 Remark.

(i) Note that if w € H*(R™) then by definition 4 is a function.
(ii) From Plancherel’s theorem 6.5.1 it follows that H°(R") = L?(R"™).

6.5.5 Proposition.

(i) The spaces H*(R™) are Hilbert spaces with scalar product

(ufv)s = (2m) " / N25()a(€)D(¢) de (6.5.3)

and (associated) norm
Julfy = 2r) " [ X ©la(e) s (654

(i) For all s € R we have that S(R™) C H*(R™) is dense.

Note: The factor (27r)~™ in (6.5.3) was introduced to have
l[ullL> = [lull mo,
cf. (6.5.2) in Plancherel’s theorem. Moreover, we have
lull e = (2m)~ 2N | e

Proof. (i) The scalar product exists by the Cauchy-Schwarz inequality and the
definition of H?®. Indeed we have

/W@ A0| < X% 2| A% e
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Moreover, sesquilinearity and non-negativity is clear. To show positive definiteness
assume that (u|u)s = 0. Then we have

/A25|a|2=0 =  a(¢)=0ae = u=0¢cL*R")

— 1=0eSR") = u=0€HR").
5.3.6(ii)

To show completeness of H*, let (u;); be a Cauchy sequence in H*(R™). Then \°4;
is a Cauchy sequence in L?(IR™), hence is convergent. Let v € L?(R") be its limit
and set u := F 1 (v(&)A(€)~%). Then a\* = v € L2(R"), so u € H*(R"), and

(2 2lla; = e = | [ 222(©)la; - aP(e i) = /w (© - v ]’

= ||A*G; —v|jg2 — 0 (j — 00)

(ii) Clearly, S(R™) C H*(R") for all s: By Theorems 5.2.5(i) and 5.2.10, u € S(R™)
implies A\ € S(R") C L2(R™).
To show denseness, let v € H*(R"™). By (6.5.1) there exists (¢;); € D(R™) with

©; — A5 in L*(R™). (6.5.5)

Now set 1; := F 1 (A"%p;) € 8(R™). Then we obtain
——

eDCs

lu— sl = (2m)2 ( JERGIOE Aswj(€)|2d€>2

1

— (on) ( / |AS(§>@(5>—¢j<§>|2d5)2 Ny

where convergence is due to (6.5.5). O

6.5.6 Example. We have

e H*R") < s> g

Indeed,

b=1
Se H(R") <= A\ 0eL?R") <= A%(€) < C(1+)~° € L3R

d§

6.5.7 Proposition.
(i) For s >t we have H*(R™) — HY(R™) continuously.
(ii) Let P(D) be a linear PDO with constant coefficients of order m, then
P(D): H*(R™) — H*"™(R")
18 cONtiNuouUs.
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Proof. (i) Let s > ¢, then

lullge = (2m)% (/ NG Zda)

X () ale)Pdg ) " <

(ii) We prove the statement for P(D) = D, the general case follows analogously.
Let u € H*(R™), then by the exchange formula (Prop. 5.4.3(i)) we have

XTM(E) [Dou| < (14 |§|2>'“2’" i(¢)|

< (AHEP)TE A+1EhE Ja©)
= (L[ @)l = x*(&) la@)l,
so D% € H*~™(R"™) and || D%u||gs—m < ||ullg=. O

6.5.8 Remark. Due to Proposition 6.5.7(i) it makes sense to introduce the spaces

H*R") := (| H*(R") and H™*(R") := | ] H*(R").
seR seR

We immediately see that we have the inclusions
$(R™) C H>*(R™) C H™*°(R") C §'(R™).

In fact all these inclusions are strict: (1 + |2|?)™™ € H*°(R") by Theorem 6.5.13
below but not in §(R™) and 1 € 8'(R™) \ H~*°(R").

6.5.9 Remark. Let ¢,1 € §(R™) and regard ¢ as a regular 8'-distribution. Then
we have by Corollary 6.5.2

(o, 9) = / p@yp(@)dr = (@) = (2m) " (D, §)e

?
(=

(2m)" / BEOP(—€) de = @m) [ A (E)D(E) N (©)p(—E) d,

A

hence by the Cauchy-Schwarz inequality

ool < @n ™ [ IB©e(-0ld€ < [Wlla—lelu. (650)
Since $(R™) is dense in H*(R™) for all s (Proposition 6.5.5(ii)) we may extend the
map
(0, 9) = (0, 9)

uniquely to a continuous bilinear map H*(R™) x H*(R™) — C which we write as

(w:0) > ) gere = 200" [ al©)a(-€)de. (6.5.7)

Note that (6.5.6) gives

(6.5.8)

[y ) s s | < | g
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6.5.10 Theorem. The bilinear form ( , )p-« g« of (6.5.7) induces an isometric
isomorphism

H°[R") — (HS(R”))/ (the topological dual of H®).
In other words, H~*(R™)-distributions are precisely the continuous linear forms on

H*(R™).

Proof. By (6.5.8), for any u € H™*(R"), the map ®, : v = (4, v)g—= pg- is a
continuous linear form on H*(R"™) with | ®,|| < |Ju||z-s. Now set

vo := F AT (€)a(—9)).
Then since u € H%(R"), X\*6g = A~%a(—¢) € L?(R™), meaning that vy € H*(R").
Furthermore, by (6.5.7),

(o) ze = (2m) " [ J(OPN () dg =l
We have
—n/2 2s —4s ~ 2 1/2
[vollm= = (2) [ APOATFOIEIdE| = [lullg---
Thus 99 := vo/||vol| = satisfies ||0g||gs = 1 and Py, (0g) = ||u|/g-+. This shows that
[[@ull = |lull -+, so that
H*(R™) — H*(R")
u+— o,

is an isometry. It therefore only remains to show that this map is surjective. So let
u’ € H*(R™)'. Then since H*(R") is a Hilbert space, by the Riesz-Fréchet theorem
there exists some w € H*(R™) with

() = (o). = (2r)" [ X ©o(eTE de.
Now set u := F~H(w(—£)A?*(€)). Then u € H*(R") and u/(v) = (u,v) g s =
@, (v) for all v € H*(R"), i.e., v’ = Py, O

6.5.11 Remark. Do not be confused by the fact that (as is the case for any
Hilbert space) (H*)' is also isometrically isomorphic to H? itself. This isomorphism
is induced by the mapping ( | )5 rather than (, )g—« g-.

Composing these two mappings we obtain an isometric isomorphism from H*(R™)
to H~*(R™) which is essentially given by the (Pseudo-differential) operator A?¢(D)
defined via F(A%*(D)u) := A\?*4.

Our next task is to show that Sobolev spaces consist of functions whose derivatives
belong to L?. An overall understanding of this statement is best reached via the
use of Pseudo-differential operators. Since this is beyond the focus of the present
course we will restrict ourselves to the case of the spaces H™(R™) with m € Ny.
We start with a little technical Lemma, which, however is easily proved also in the
general case s € R.

6.5.12 Lemma. For all s € R we have
u€ HYR") <= w,Dyu,...,D,yu € H*(R™)
and in this case the norms satisfy the equality
n
lullFreen = llullre + D I1DjullFre

j=1
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Proof. We have \2(¢) = 1+|¢2 =1+ > ¢7 and so again by the exchange formula
Proposition 5.4.3 (i)

LA = A2l = Al + 30 A al® = a2 + Y A Dyul.
j=1

Jj=1

This leads to the following characterization of H™ for m € Ny:

6.5.13 Theorem. Let m € Ny, then we have
H™R") = {u € 8'(R"): D & L*(R™) for all o < m}.
Furthermore, H™(R"™) is the completion of D(R™) w.r.t. the norm

el = ([ 3 ipewpar)”

la|<m

Proof. We prove the first assertion by induction. The case m = 0 is clear from
6.5.4(ii) (resp. Plancherel’s Theorem). The inductive step is due to Lemma 6.5.12,
since

6.5.12 Ind. hyp.
we H"(R") < u,Djue H"(R")VI<j<n <= D% e L*R")V|a| <m+l.
We now show that the completion of (D(R™), ]| [|™)) is H™(R™).

Let (¢;); be a Cauchy sequence in D(R") w.r.t. || [|(™. Then (D%p;); is a
Cauchy sequence in L2(R™) for all |a| < m and so there exist u, € L?(R") with
D%p; — u, in L*(R™)

and we claim ¢; — up w.r.t. || [|™. Hence we have to show that |[D%p; —
D%ugp|lrz — 0 V]a| < m. To do so it suffices to show D%uy = us V]| < m
since then ug € H™(R™) by (i). We have for all 1) € D(R™) (where convergence in
both cases is due to the Cauchy-Schwarz inequality)

/wD%pj — /wua and

Jopres =02 [ o0 = (0! [wpro = [ Do,

So we obtain [(D%ug — ua)® = 0 V¢ € D(R™) which establishes the claim due to
denseness of D(R") in L?(R") (cf. Remark 6.5.1).

Let u € H™(R™). Then by (i) D%u € L?(R") for all |a| < m. We proceed by
smoothing u: Let p be a mollifier and set u. := u* p.. Then by the standard results
on smoothing (see 4.2.4(ii) and e.g. [Fol99, Theorem 8.14]) we have

D%, = D%(ux* p.) = (D) % p. and || D% — D%u|r2 — 0 V|a| < m. (6.5.9)

Let now ¢ € D(R"), 0 < ¢ <1 and ¢ =1 on B;(0) and set g.(z) := p(ex)ues(x).
Then g. € D(R™) and we have

—0 in L2

—_—
D(ge—u) = ple)(Du: = D°u) + (p(e) = 1) Du

+D*(p(e.)ue) — p(e.) D,

= > () L @) D Pue,

20 | fpse<oo | ll2<00



So by (6.5.9) D®g. — D%u in L?(R™) V|a| < m, hence ||ge — ul|™ — 0. O
6.5.14 Corollary. Let m € Ng.

(i) The norms || ||™ and || ||gm are equivalent on H™(R™).

(ii) Let u € H=™(R™). Then there ezists fo € L*(R™) (Ja| < m) such that

U= Z D% f,.

la|<m

Proof. (i) Let (u;); € H™(R"). Then we have

uj =0 wrt. || ||ge <= %0; — 0in L? for all |a| <m
<= F(D%; ) — 0in L? for all |a| <m
< D% — 0in L? for all |[a| <m
— u; = 0wrt. || [|™.

(i) Let w € H™™(R"). Then (1+ |¢[*)”% 4 € L*(R") and so §(§) := a(&)(1 +
> |§j|m) € L*(R") and finally

1©+ > lma©) =30 + & Bl gce).
= - ,

€L?

Hence the assertion follows by applying F 1. a

One of the most useful features of Sobolev spaces is also connected with the fact that
Sobolev norms measure smoothness. Indeed if we suppose the Sobolev order, i.e., s
in H*(R™) to be high enough as compared to the dimension n of the space, then the
functions are actually continuous and vanish at infinity. This means in the context
of the H™-spaces: if one can prove the L2-property of sufficiently many orders of
derivatives one in fact gains regularity. To prove this statement we need two results
from the classical theory of the Fourier transform, the Lemma of Riemann-Lebesgue
and the Fourier inversion formula for L'-functions.

6.5.15 Lemma. (Classical Fourier inversion formula) Let g € L*(R™). then

(Flg)a) = 2m) [ gt de
which is a continuous and bounded function.

Proof. Since g € L}(R") C 8/'(R") (Remark 5.3.6 (ii)) we conclude from Theorem
5.4.2 that F~1g =: f € 8'(R"). So for ¢ € §(R™) we obtain

(5.4.4) f=geL!

e L en e £ en / 9(6)p(€) de

i / / e 2 dx de
|

e [ ot de pla) do

which shows that (F~lg)(z) = f(z) = (2m)™" [ g(&)e™*¢d¢. O

(E’—}fl)
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6.5.16 Lemma. (Riemann-Lebesgue) If f € L'(R™) then f € CY(R™) (where C§ =
{f € CO(R™)| Lm0 f(x) = 0} is the space of continuous functions vanishing at

Proof. In view of Theorem 5.1.1 (i) we only have to show that f vanishes at
infinity. This is elementary for f being the characteristic function of a rectangle.
Indeed for n =1 we have

b

) ‘ —iaf _ —ibe
for = [emtar == 50 (g~ )

a

and the general case is analogous. The case of a general f € L'(R™) follows since
the characteristic functions of rectangles are a total set in L!(R™) (i.e., their finite
linear combinations are dense). O

6.5.17 Theorem. (Sobolev embedding theorem,)
(i) If s > % then H*(R™) C C§(R™).
(ii) If s > k + 2 then H*(R™) C C§(R") (= {f € CFR™)| limyye0 0*f(x) =
0 V]a| < k}).

Proof. (i) Let u € H*(R") with s > n/2. Note that £ — (1 + |¢[*)™* € L*(R"™)
and we set f = A5G which by definition is in L2(R™) with || f|z2 = (27)™/?||ul| g
So we obtain using the Cauchy-Schwarz inequality

o < ||f||L2(/(1 +1¢1%)7* d€)* < C||flle2 < Cllulla
—_——
eL!
hence @ € L'(R™). So Lemma 6.5.15 tells us that u = F~'4, where F~! is the
classical inverse Fourier transform. Finally by Lemma 6.5.16 (applied to F 1) u is
in CJ.
(ii) Let uw € H*(R™) with s > k + n/2. Then by Proposition 6.5.7(i),(ii)) D%u €
H*~F(R") for all |a| < k and by (i) DY € CJ(R™) for these a. O

6.5.18 Corollary. If u € H>*(R") then u € C°(R").

6.5.19 Remark. One can show that
u € H*(R"), ¢ € S(R") = pu € H*(R")

with the map v — pu being continuous on H*(R™). This result tells us that
PDOs with S-coefficients operate continuously on the scale of Sobolev spaces. A
proof involves Young’s inequality for p = 1 and ¢ = 2 (hence r = 2) and Petree’s
inequality which can be proven by elementary means and reads

1+ ¢
L+ [nf?

t
) =2aie g
for t € R and &,n € R™. For details see [FJ98, p. 125].

The theory of Sobolev spaces is vast and has many applications in the theory of
PDE, see e.g. [Fol95, Chapter 6] for a start. One striking feature is Rellich’s theorem
which states that under certain conditions the embedding H® < H' (s > t) is
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compact, hence from any bounded sequence in H® one may extract an H*-converging
subsequence — an argument which is frequently used in existence proofs in PDE.

A standard reference on Sobolev spaces, with emphasis put on the LP-based spaces
of integer order, i.e.,

W™P(Q) :={u € LP(N) : D% € LP(Q) for all |a| < m}

for m € Ny and 1 < p < oo is [AF03].
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singular support, 44, 91
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