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Abstract

This thesis develops several aspects of the theory of kernel distributions on manifolds.
Beginning with a section on prerequisites, it shortly outlines the most important concepts
needed from the fields of functional analysis, differential geometry and distribution theory.

The second chapter then deals with the kernel theorem by Laurent Schwartz, stating
that all linear and continuous operators D(X) — D'(Y) (for X and Y two manifolds) are
in fact kernel maps given by a distribution K € D'(X x Y) via (K - ¢)(¢) = (K, p ® )
for ¢ € D(X), ¥ € D(Y). After proving this theorem, regular and regularising kernel
operators are examined as special cases of kernel operators that allow an extension of the
kernel map to distribution spaces.

The last chapter then moves on to microlocal analysis on manifolds, where first of
all an intrinsic, coordinate-invariant definition of the wave front set for distributions on
a manifold is given. Ultimately, the thesis returns to kernel operators and investigates
their microlocal properties, showing how the wave front set of a distribution of the form
K -u € D'(Y) for regular kernels K and compactly supported distributions u € £'(X) is

controlled by the wave front sets of K and u.
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Zusammenfassung

Diese Diplomarbeit behandelt mehrere Aspekte der Theorie der Kerndistributionen auf
Mannigfaltigkeiten. Dazu werden einleitend die wichtigesten Begriffe aus den Gebieten
der Funktionalanalysis, Differentialgeometrie und Distributionentheorie wiederholt.

Danach behandelt der Text den Satz vom distributionellen Kern auf Mannigfaltigkeiten
von Laurent Schwartz, welcher besagt, dass alle stetigen und linearen Abbildungen des
Raumes D(X) in den Raum D'(Y), fir X und Y zwei Mannigfaltigkeiten, durch eine
Kerndistribution K € D'(X x Y) und die Abbildung (K - ¢)(¢) = (K,p ®@ ¢) fur ¢ €
D(X) und ¢ € D(Y) gegeben werden kann. Anschlieend werden die Spezialfille der
regularen und regularisierenden Kerndistributionen besprochen, welche eine Ausdehnung
des Kernoperators auf Rdume von Distributionen erlauben.

Schliefflich wird das Thema mikrolokale Analysis im Hinblick auf Distributionen auf
Mannigfaltigkeiten und insbesondere fiir Kernoperatoren besprochen. Dazu wird zuerst
eine Koordinaten-invariante Definition der Wellenfrontmenge hergeleitet, welche es er-
moglicht von der Wellenfrontmenge einer Distribution auf einer Mannigfaltigkeit zu spre-
chen. Danach wird die Wellenfrontmenge von Distributionen untersucht, die von einem
Kernoperator stammen, d.h. die der Form K - u € D'(Y) fiir einen reguldren Kern K und

eine Distribution u € £'(X) entsprechen.
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1 Introduction

Kernel distributions are generalisations of kernels in integral transforms of the type

f o kf(y) = /X Kz, y)f(2)dz,

which map functions defined on X to functions defined on Y using a kernel function k
whose domain space is the product X x Y. In a standard L? setting for instance we
have that transforms of this type are linear and continuous under suitable conditions
on k, but by far not every bounded operator of the form K : L*(X) — L?*(Y) can be
given by a kernel function k on X x Y. In a distributional setting however, we have the
kernel theorem by Laurent Schwartz stating that we have a kernel distribution. To be
more precise, let A : D(X) — D'(Y) be a linear and continuous operator (with respect
to the usual topologies), then the kernel theorem states that there exists a distribution
K € D'(X xY) such that we have

(Al@)(¥) = (K, @¢) Ve e D(X),Vy € D(Y).

The first major aim of this thesis is to give a proof of this statement for X and Y two
manifolds, which, to begin with, requires an introduction into the field of distributions on
manifolds. After having proved the kernel theorem, we investigate several special cases of
these kernel operators, namely regular and regularising kernel operators. These kernels
allow an extension of the operator to larger, and even distributional, domain spaces.
Regularising kernel operators, which display the “nicest” behaviour, are the C*°-analogue
to integral transforms as introduced above.

After having explored the mapping properties of kernel operators to a satisfactory de-
gree, we turn to microlocal analysis and the wave front set of distributions, which is a
refinement of the concept of singular support. Subsequently a suitable theory for microlo-
cal analysis on manifolds is introduced, and the ultimate goal is to investigate the wave
front sets of distributions that are images of distributions under a regular kernel operator,
i.e. gaining information on the set WF(K - u) for K € D'(X x Y) regular and u € D'(X)

compactly supported. On manifolds the major issue is finding a coordinate-invariant,
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intrinsic definition of the wave front set for a distribution on the manifold.
The thesis mainly follows J. Dieudonné’s “Treatise on Analysis Vol. 77 [5], additional

references for specific sources and results are given in the text.



2 Prerequisites

2.1 Functional Analysis

This section is a short collection of results in functional analysis that will be needed at

various points later.

Theorem 2.1. (Banach-Steinhaus) Let E be a Fréchet space, F' a normed space. If H is

a set of continuous and linear operators E — F such that

sup ||u(z)|| < oo Vz € E,
ucH

then H is equicontinuous.
Proof. see [3, 12.16.4] O

Remark 2.2. In a distribution theoretic setting we will later read this theorem in the

following way: Let B be a bounded set of distributions. Then we have that

VK CC X 3m e N3C > 0Vu e BVp € D(K): [(u,0)| <C > |01 (x0),

|a<m

by simply applying the Banach Steinhaus theorem to the Fréchet spaces D(K). This in

particular implies that all the distributions in B are of order less or equal to m.

The following two lemmas will be needed for the proof of the kernel theorem. They
both deal with continuity issues for maps defined on Fréchet spaces or products of Fréchet

spaces.

Lemma 2.3. Let E and F be Fréchet spaces, G a Banach-space and let B be a bilinear
map B : E X F — G with the property that both of the partial linear maps B(x,.) and
B(.,y) are continuous for x € E resp. for y € F. Then B is continuous on E x F.

Proof. For a proof of this lemma see for instance [15, 5.1, p. 51] O
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Lemma 2.4. Let (E, 1), (F,7r) be Fréchet spaces and P : E— F be linear. If we know
that P is continuous with respect to some Hausdorff topologies 7 (on E) and 7" (on F) both
weaker than the original Fréchet space topologies, then it follows that P : (E,17g) — (F,TF)

s also continuous.

Proof. The closed graph theorem (cf. [3, 12.16.13., p. 103]) tells us that it suffices to show
that the graph of P is closed in E x F (endowed with the product topology 7 X TF).
This we will in turn show by proving that if (u,) — u (w.r.t. 7g) and Pu,, — v (w.r.t. 7p,
then Pu = v. We know from the assumption that (u,, Pu,) — (u,v) in the coarser, yet

Hausdorff, product topology, and so it follows that Pu is in fact equal to v. O

Proposition 2.5. Let E be a compact metric space, F' a normed space and (f,) an
equicontinuous sequence of functions C(E) — F. If (f,) converges to some g on E, then

the convergence is even uniform on E.

Proof. (cf. [3, Theorem 7.5.6]) O
Proposition 2.6. Any bounded subset of E(U) is relatively compact in E(U).

Proof. (cf. [4, Theorem 17.1.2]) O

Theorem 2.7. Let E be a metrizable and separable locally convex vector space and H an
equicontinuous subset of the dual space E'. Then the weakly closed hull of H in E’ is a

metrizable compact space with respect to the weak topology.

Proof. (cf. [3, Theorem 12.15.7]) O

2.2 Manifolds

As the main part of this thesis will be dealing with distributions on manifolds, a short
introduction to the theory of abstract manifolds will be provided here. For more details
I recommend Michael Kunzinger’s lecture notes for his course on ” Differential geometry”
[13, Chapter 2].

An (abstract) differentiable manifold X is defined to be a set X together with an equiv-
alence class of atlases. An atlas is a family of charts A = {(¢,V;) : i € I}, i.e. ¢; is a
bijective map V; — ¢;(V;) for V; C X and ¢;(V;) C R™ open, that are pair-wise compatible,
which means that ¥ (V) N Va) and 19(V) N Va) are open subsets of R and the change of

charts
Po 0 hy Py (Vi N V) — 1a(Vi N Va)
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is a C°°-diffeomorphism. In addition we have to have that M = J,.; Vi. Two atlases
A1, As are called equivalent if Ay U Ay itself is an atlas of M, i.e., if all charts of A; U Ay
are compatible. An equivalence class of atlases is called a differentiable (or C*°-) structure
on X.

We can define a topology on the manifold X with the help of the chart domains of a
so-called mazimal atlas, i.e. an atlas to which all possible compatible charts have been
added. The chart domains then give a basis of a uniquely defined manifold topology of
X, with respect to which, the charts (¢, V) are all homeomorphisms of V' — (V). (In
the special case that the manifold X is embedded into some R" this manifold topology
coincides with the trace topology of R” on X.)

The topology on X allows us to say what continuous functions are. Smooth functions
f: X =Y, for X and Y two C*°-manifolds, are defined in the following way: f is called
smooth (or C*°) if it is continuous and if for all p € X there exists a chart ¢ of X around
p and a chart ¢ of Y around f(p) such that

pofogt

is smooth. f is called a diffeomorphism if it is bijective and if f and f~! are both smooth.

Note that this definition is fairly easy because we simply transfer the problem of dif-
ferentiability to open sets in R™ and R™, where we know what smoothness of a function
is. In most situations this notion of differentiability will suffice, however in Chapter 4 we
will need a more refined concept, which I will shortly outline here: Before one can say
what the derivative of a function on a manifold is, one needs to locally approximate the
manifold by a vector space in order to have access to some sort of linear structure. We
stick to the idea that the derivative of a function is the linear best approximation, and
therefore we define the following concepts: Let M be a manifold, p € M with (¢, V) a

chart around p and let I C R be an interval:

(i) Two C*°-curves c1,co : I — M with ¢;(0) = p = ¢2(0) are called tangential at p with
respect to ¢ if (¢ 0 ¢1)(0) = (¥ 0 ¢2)'(0).
This notion is however independent of the respective chart and so we may define an

equivalence relation on the set of all curves ¢ near p by:
c1 ~ ¢ & ¢ and co are tangential at p.

We denote the equivalence classes by [c]p.

(ii) The tangent space of M at p is defined as T,M = {[c], | ¢ : I — M C*,¢(0) = p}.



2 Prerequisites

(iii) Let N be another manifold, f : M — N C*. Then T,,f : TyM — Ty, N, c]p —
[f ocly(p) is the derivative of f at p.

Using the derivative of a chart (¢, V') one obtains a bijection
Ty : TyM — Typyb(V) =R

that induces a well-defined vector space structure on 7,0, with respect to which the
derivative as defined above is indeed linear.

Ultimately we define:
e The tangent bundle of a manifold M is defined as TM := J{p} x T,M.

e The cotangent bundle of a manifold M is defined as T*M := J{p} x (T,M)*, i.e.
the fibres of the cotangent bundle are the dual spaces of the fibres of the tangent
bundle.

o Let f € C°(M,R), then the exterior derivative df of f is given by the map df :
M —T*M, p—T,f.

Hence the exterior derivative of a function is a smooth section of the cotangent bundle
and as such, it is a one-form.

We stop our discussion of differentiation on manifolds and return to their topological
properties: First of all manifolds always fulfil the first separation axiom, i.e. they are 7.
Unfortunately T5 is not necessarily given, but is often assumed by convention because
one does not want to work with topologies that are not Hausdorff. In particular, if the
topology of a manifold is known to be Hausdorff, then the manifold is locally compact, a
very useful property in topological constructions.

What is more, abstract manifolds fulfil the first axiom of countability and they have a
countable basis of the topology if and only if there exists a countable atlas. (Therefore all

compact manifolds are in particular second countable.)

We will assume all manifolds to be Hausdorff and second countable, not only because it
is generally more convenient but also because these two properties furnish us with some
very crucial tools for distribution theory. Firstly, we will need the partition of unity:

We have that if the manifold X is second countable and Hausdorff, then for any open
cover U of X there exists a partition of unity {x; | j € N} subordinate to ¢ such that, for
all j, suppy; is compact and contained in a chart domain.

Consequently, this will guarantee us the existence of cut-off functions around compact

sets K whose support lies in some open neighbourhood around K.
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And finally, we will need that any second countable Hausdorff manifold possesses an
exhaustion by compact sets, i.e. there exists a family of compact subsets (K;);jcn of M
with K; C K7, for all j, such that M =,y Kj-

2.3 Distributions on R"

Since n-dimensional manifolds locally look like open subsets of R™ and charts allow us to
transfer the topological structure in a nice way, distributions on manifolds share most of
their properties with distributions on R™. Indeed, for many of the statements later we
will initially argue why it suffices to show the statement for distributions on open sets.
Therefore, a survey of the most important results in distribution theory on R"™ will be
given here. For details and proofs see for instance the book by Friedlander and Joshi [8].

For €2 an open subset of R"™ the space of test functions is defined as
D(Q) := {p € C>(Q)| supp(y) is compact},

where

supp(p) = {z € Q| p(x) £ 0}

is called the support of p. We endow the space of test functions with the countable strict

inductive limit topology induced by the Fréchet spaces
D(Ki) :={p € C*(Q) | supp(p) € Ki},

for (K;)ier an exhaustion by compact sets of €. Such a topology is also referred to as an
(LF)-structure.

A note on this topology: Roughly speaking a strict inductive limit topology is a topology
on a vector space E that is induced by an increasing sequence (E,,) of locally convex vector
spaces with the properties that £ = |J F, and the topology induced by FE, ;1 on E, is
identical to the topology initially given on E,. We define on E the locally convex topology
given by the collection of zero-neighbourhoods A of all convex sets A in E such that ANE,
is a neighbourhood of 0 in F,, for each n € N.

If all E,, are Fréchet spaces we obtain an inductive limit topology with the following

properties (cf. Treves [18, chapter 13]):

e [, is a topological subspace of E. (This remains true even if the 'building blocks’

are only locally convex vector spaces.)
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e F is complete.
e A set B is bounded in F if and only if it lies in some E,, and is bounded there.

o Let u: F — F be a linear map into some locally convex vector space F'. Then u is
continuous if and only if, for each n, the restriction of u to E,, is a continuous linear

map into F'.

These facts are important for the theory of distribution as they give that sequential
continuity of a distribution is equivalent to continuity: Let u be a sequentially continuous
functional on D(€2). Then the restriction of u to any D(Kj;) is sequentially continuous, but
on the Fréchet spaces D(Kj;) this is equivalent to continuity. Therefore u is continuous on
D(Q).

Thus what needs to be known about the (LF)-structure on D(Q2) is that it gives rise to
the following concept of convergence: Let (¢,,) be a sequence in D(Q2), ¢ € D(12), then

— (1) 3K CC Q:¢p, ¢ € D(K) Vn, and
Pn — P
(2) Va: 0%, — 0%p uniformly on K.

Distributions are linear and (sequentially) continuous functionals on D(€2). Continuity

can be characterized by the semi-norm estimate

VK CCQIC>0ImeN: [(u,p)| <C D [10%l @) Vo € D(K).

laf<m

A distribution w is called regular, if there is a function f € C*°(€2) such that the action of

the distribution on a test function is given by
() = [ faplada Vo€ D).

A distribution u € D'(Q) is said to be of order m if, in the semi-norm estimate of u, m
can be chosen independently of K and m is minimal with that property. That means that
the action of the distribution on any test function ¢ only depends on derivatives of ¢ of
order less or equal to m.

A sequence of distributions u,, is said to converge to u € D'(Q) if it converges pointwise,
Le. lim(up, ©) = (u,p) Ve € D'(Q).

Even though distributions in D'(Q2) cannot be evaluated at points x € €2, they can be
localised to open subsets € of Q: u|p(ory = ulqr is defined as the map
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u:DY) - C
p = (U, p).

Two distributions u,v € D(Q) are said to coincide on ', if u|q = v|g. Consequently we

may define the support of a distribution u € D(£2) as
supp(u) := Q\{z € Qu = 0 on a neighbourhood of x}.

Such localisations to open subsets of ) retain enough information about the distribu-
tion, that if we know a distribution on an open cover of €2, the distribution is uniquely
determined. More precisely:

Let (£2;)icr be an open cover of 2 and u; € D'(2;) such that

ui|Qian = ’U,j‘QimQj Vi, j with ©; N € # 0.

Then there exists a unique distribution u € D(2) with u|g, =u; Vi€ I.
Having defined the support of a distribution, we can also look at distributions whose
support is compact. These can be uniquely extended to functionals on C*°(2) and satisfy

the semi-norm estimate

IK cCcQImeNIC>0:|(u,0)] <C Y [0l o) Ve € CP(Q).

laf<m

This in particular implies that distributions with compact support are of finite order.
We move on to operations that can be defined on distribution spaces. The definitions
of such operations are chosen in a way so that they turn out to be extensions of the
corresponding operators on test functions.
Firstly, any distribution u € D(2) can be multiplied with a C*°-function f by the
definition

<fu7§0> = (uaf90>

Nearly analogously we define derivatives of distributions

(0%u, ) = (=1)"N(u,0%).

Defining the tensor product and convolution of distributions is a bit more difficult, and
requires us to think about test functions that depend on additional parameters. Briefly

put, one wants to define the tensor product u ® v € D'(2; x Qg) of two distributions
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u € D'(Q) and v € D'(Q2) acting on some x € D(2; x Q) by

(u®w,x) = (v(y), (ul@), x(z,y)))

because this gives for splitting tensors that

<u DU, P& ¢> = <u790> ’ <’U>w> Vo € D(Q1)7 Vi € D(QZ)

Note that for this definition it has to be verified that y — (u(x), x(z,v)) = (u, x(.,y)) is a
test function on 9, which it indeed turns out to be. The tensor product is bilinear and
separately continuous.

For defining the convolution of two distributions, some sacrifices have to be made in
order to maintain a compact support on the right-hand side of the bracket. A straight-
forward way of achieving this is by assuming that one of the distributions has compact
support and multiplying the right-hand side by a cut-off around that support. So let
u € D'(R™) and v € D'(R™) with supp(v) compact and choose a cut-off p € D(R™) with
p =1 on a neighbourhood of supp(v). Then the convolution u x v € D'(R") is defined by

(u*v,p) = (u(z)@v(y),p(V)p(r+y) ¢ eDR").

This definition does not depend on the choice of the cut-off and the convolution is sepa-
rately continuous.
Convolution can be used to regularise distributions: More precisely, let p € C*°(R"),

u € D'(R™) and one of them with compact support. Then

(u p)(x) = (u(y), p(z —y)) € C=(R").

This property, separate continuity and the fact that the §-distribution is the neutral ele-
ment of convolution can be used to show that the space of test functions D(R") is dense in
D'(R™), resp. that D(Q) is dense in D'(€2). (One convolutes any distribution u € D'(R™)
with mollifiers p, — § (for n — 0c0). Then D(R") > u* p, — u 6 = u.)

Finally we turn to the Fourier transform for distributions and again we start by looking
at how the Fourier transform acts on test functions: The Fourier transform of a function
p € D(2) — D(R") is given by

5O = [ e plaa

10
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So one would be tempted to define the Fourier transform of a distribution u € D'(Q2) by
simply setting
(@, ) := (u, @),

yet there is a major problem with this. The Fourier transform of a test function is never
compactly supported, unless ¢ = 0. Therefore one either has to limit the definition to
u € &'(Q), the space of compactly supported distributions which can act on any C-
function, or introduce tempered distributions. These are defined as the dual space of the

Schwartz space

S(R™) := {1 € C®(R") | sup |z*DPy(z)| < oo Va, 3 € N"}.
T€R"
Fourier transform is an isomorphism on S(R™), and so there the definition works too. For
u € E'(Q) we even have that & € Op(R™) C C*°(R™) where

Oy = {f €C®R") |[Va e N IN € N3IC > 0Vz € R" : |9°f(x)| < C(1 + |z|)™}

and

() = (u,e9).

2.4 Distributions on Manifolds

On R", every locally integrable function defines a distribution by the natural assignment

o / f(@) - pla)d. (2.1)

However on manifolds we are faced with the problem that there is no a-priori notion of
integration. In order to keep the natural identification of functions and distributions, the
integral of the product has to be rendered meaningful in some way or other.

Therefore one-densities come into play as objects that can naturally be integrated on
manifolds, as they carry information on the volume element. (Even though a certain
measure or n-form (on oriented manifolds) for integration would basically work, such an
approach would be restrictive and impractical.) Before going into detail let me point out
that the main objective is to make the product in (2.1) a one-density so that it becomes
integrable. As the product of a one-density with a function is again a one-density, this
leaves us with a choice of putting the burden of being integrable either on the test function

or on the distribution. What is more, the product of a g-density and a ¢’-density is a

11
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(q+ ¢')-density, so the ”volume element” could also be shared by both objects in question.
All these three approaches are valid and which one to choose is more a matter of taste.
We will work with the case where the test objects remain functions and the distributions
carry the density-character.

In addition when defining distributions on manifolds one can on a more general level
consider test objects that map from M into some arbitrary vector bundle FE, instead
of simply into the complex plane. As this causes only little inconvenience in notation
the general case will be introduced here, although later we will be working only with
test objects that map into C. We now begin with a more detailed discussion (for more

information cf. [9, 3.1)):

Definition 2.8. Let W be a real vector space of dimension n and A"W be the n-fold

antisymmetrised tensor product of W. A one-density p on W is a map
w: AW {0} - C
such that for all 0 # s € R and for all 0 # w € AW we have

u(sw) = |s| - plw).

Since A"W is one-dimensional, a one-density p on W is uniquely determined by its value

on a particular w # 0. The vector space of all one-densities on W is denoted by Vol(W).

Because we want to use these densities for integrating, we want to know about their
transformation behaviour under a change of variables, which is just as we would require it

to be. Namely let (v;)}_; and (w;)—; be two bases of W and v; = ) a;w;, then we have
p(or A Avp) = |det A| - p(wy A -+ Awy). (2.2)

(Compare this to the transformation behaviour of n-forms on a manifold, which do not give
the modulus of the determinant. Hence n-forms can only be used to define the integral of
orientable manifolds, where the positive sign of the determinant can be forced by choosing
an oriented atlas. On oriented manifolds the concepts of densities and n-forms coincide.)

We can use the given transformation behaviour to define one-densities on manifolds as
sections of a (complex) line bundle whose transition functions are the analogue of (2.2).
Bearing in mind that a given family of transition functions uniquely determines a vector
bundle over X we only need to recall some basic facts of vector bundles and sections before

we can give the definition of the volume bundle over X.

12
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A vector bundle with base space X will be denoted by (F, X, ) and for a chart (V, )

in X, a vector bundle chart (V,¥) over 1) will be written in the form

U:a (V) = (V) x KY
2 (), ¥ (2), - 0" (2) = (V(p), (2)),

where p = 7(z) and the typical fibre is K”. Let (V,, ¥,) denote a vector bundle atlas,

then we write
‘I]oc o \Ilgl(y’ w) = (¢aﬁ(y)a 11ba,3(y)w)v

where o3 = 14 0 @bgl is the change of chart on the base and .5 : ¥g(Va NVg) —
GL(n/,K) denotes the transition function.

For a given vector bundle F over X we will denote the dual bundle, that is the bundle
whose fibres are the dual spaces of the fibres of E, by E*.

We will denote spaces of C¥-sections (0 < k < 00) in the bundle (E, X, ) (with compact
support) by I'*(X, E) (resp. by I'*(X, E)), and local sections over the open set V C X
by T¥(V, E) (resp. by T¥(V, E)). The local expression of a section v € T'(X, E) in a chart
(Va, Uy ) is defined as

o = (Wo)suly, = Wy ouly, o ;" € T(tha(Va), R™)

x> (2, ug (@), g (1)),
where u, = 1, ou ol € C®(1ho (V).
After this prelude we can now define the volume bundle over a manifold.

Definition 2.9. Let (V,,%4)s be an atlas for X. The volume bundle over X denoted
by Vol(X) is the one-dimensional complex vector bundle given by the following cocycle of

transition functions

1,baﬁ : ’QZJﬁ(Va N V/@) — R \ {0} = GL(l,R)
Yap(y) : = [det D(Ya 0 5" )(y)| ™
= |det D(v5 0 5 ") ()|
where z = ¥,5(y).

It can be verified that the definition via the transition functions actually gives the vector
bundle {J,e x{p} x Vol(TX).

13



2 Prerequisites

Definition 2.10. For g € T9(X, Vol(X)), (Va, %a)a an atlas (V,, relatively compact) for
X and (fa)a a partition of unity subordinate to (Vg), we can finally define the integral

/X” N ;/V Jap = Z/%(Va) fa($a (@) pa(z)de,

where p,, is the local expression of p in the chart (Vg ,).

of u by

That this definition works and is independent of the choice of the atlas and the partition
of unity is due to the fact that the densities so nicely emulate the transformation behaviour
of multiple integrals. In two steps this definition can be extended to so-called non-negative
densities that take values only in Rar and then to any non-compactly supported densities.
Since every one-density on a manifold gives rise to a measure by which we can integrate,
we will sometimes write [ f(z)du(z) instead of [y fpu.

Having settled the question of how to integrate on manifolds we can now turn to defining
test functions and distributions. We want our test objects to be compactly supported
sections in a bundle over the manifold X, therefore we need to define a suitable topology
on section spaces. To do this we repeat the construction of the R™ case with slight
modulations.

One first looks at the spaces I'°(V, F') = T'(V, F') and endows them with a topology that
turns them into Fréchet spaces. More precisely, fix a vector bundle atlas (Vo,, ¥4 )aca and
a fundamental sequence of compact subsets (K3, ), of ¥4(V,) and then define the family

of semi-norms

n/

Pomal) =3 sup |0 ( o uly, 03 (2))],
T3 weKg,lvI<s

where s € Ny and m € N, a € A. In this topology convergence in I'*°(V, F') translates to
convergence in all T(V,, F) 2 C® (1o (V)™ , i.e. convergence of coefficient functions.

Now we look at the space I'c g (X, F') := {u € I'(X, F) | supp(u) € K} for K CC X,
which is a closed subspace of some I'(V, F'), for an appropriate choice of V', and therefore
a Fréchet space as well (cp. D(K) C D(2)). Completely analogous to the R™ case we
define I'.(X, F) as the inductive limit of the Fréchet spaces I'c (X, F') and as such it
is a locally convex vector space that induces the Fréchet space topology on each of the
I'c x(X,F). What is more every bounded subset of I'.(X, F') is contained (and bounded)
in I'c g (X, F) for some K CC X. Finally we may now define distributions (or also

distributional densities):

Definition 2.11. Let E denote an arbitrary vector bundle over X. Distributions with

values in E are continuous linear forms on I'.(X, E*). We denote the space of distributions

14



2.4 Distributions on Manifolds

with values in E by D'(X, E ® Vol(X)).

Some notes on this definition:

(i)

(iif)

The most general version of this definition using ¢- and (1 — ¢)-densities would define
the space of distributions as the topological dual of the space I'.(X, E* ® Vol 79(X))
and denote the thus emergent space of E-valued distributions of densitiy character
q by D'(X,E ® Vol!(X)).

A special case of our definition that will be important for us is if £ = X x C, when
we obtain the space of distributions on the manifold X. (If furthermore X = Q an
open subset of R" we recover the usual distribution space.) We denote this space

simply by D'(X).

It should not be a surprise that again analogous to the R” case there is a semi-norm
characterisation of distributions with values in E using the semi-norms pg ,, o defined
above: A linear functional T on the space I'.(X, E*) is a distribution in the above

sense iff

VK CcC X 3s € No,m € N3aq,...,a; 3Cx > 0: [T ()| < Ck sup psm.a; (),
i

for all ¢ € T'c g (X, E¥).

We are still left with checking that this definition of distributions indeed solves the issue

of providing a natural way to identify (locally integrable) functions with distributions. To

this end we consider the canonical vector bundle homomorphism

tI‘(E):E®E*—>XX(C

that is induced by the dual action of v* € Ej on v € Ej,. Then we can assign to a pair
(f,u) €TYX,E® Vol(X)) x ['.(X, E*) a density which may be integrated via the vector

bundle homomorphism

(.].) = trm) ® idvoiy) : E® E* ® Vol(X) — (X x C) @ Vol(X) = Vol(X),

Therefore we can define the action of some locally integrable section f € I''(X, E®Vol(X))
on a test function ¢ € I'.(X, E*) by

Ti(g) = (f.0) = /X (f o)

15



2 Prerequisites

By the properties of the integral the map T is linear and continuous, and hence defines
a distribution. Moreover the assignment f ~— T is linear and injective.

Ultimately we close this paragraph by investigating the relationship between distri-
butions on R™ and those on manifolds. As already mentioned before, locally these two

concepts agree in a very nice way. More precisely we have the following theorem:

Theorem 2.12. (Local Description of Distributions) Distributions with values in E ®
Vol(X) can be identified with families (Ty)a of distributions T, € D' (1ha(Va),R™) satisfy-
ing the transformation law

To = (Yoo ‘I’gl)A(Tﬁ%

where U 1= (V1)

Proof. 1 will only give a rough outline of the proof, for details cf.[9, 3.1.4].

Let (Va, U,) denote a chart of (E*, X, 7). We start by looking at the map (¥,). :=
Uy ouoth,! : T'(Vy, EB*) — I'(¥ha(Vy), R"). Then we restrict it to sections with compact
support to obtain

(Wa)s : De(Va, E¥) — FC(@ba(Va),R”/),

which can be shown to be an isomorphism of (LF)-spaces (using that W is a vector bundle

1

isomorphism). Then we consider the adjoint map of (V,); ", namely

\I’g = ((\I/a)*_l)/ 1 Te(Vas E*)/ - FC(wa(Va)aRn/)/
<\I/{)¢\T’ u) = (T, (lIla)*_lu> = (T, (\I/a)_l ouop).

But upon closer inspection we see that the topological isomorphism defined by W7 actually

gives the desired identification, since
A D (Va, E @ Vol(X)) — D' (¢ (Va), R™).

So we can assign to any distribution 7" € D/(V,, E @ Vol(X)) a family (7,) of the
respective local expressions Ty, = WA (T|y.,) € D' (o (Va), R™) satisfying (T, u) = (Th, ta),
as can be easily verified.

Straightforward calculation gives the transformation behaviour. O

Remark 2.13. (i) This theorem will be useful when simplifying problems on manifolds
to open subsets of R™. Especially once we have managed to localise distributions to

chart domains with the use of partition of unity, it allows us to identify such a local
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2.4 Distributions on Manifolds

distribution with a distribution on an open subset on R", since in this case we only

have one chart and hence only one local expression.

(ii) In addition to this theorem describing F-valued distributions locally, there is a the-
orem shedding light on the global structure of the distribution space. More precisely
they can be viewed as sections in the bundle E ® Vol(X) with distributional coeffi-

cients, i.e.

D'(X,E ® Vol(X)) = D'(X) ®c(x) (X, E ® Vol(X)).

17






3 Kernel Distributions

Kernel distributions are generalisations of kernels in integral transforms, which are maps

of the type
fro k) = [ W) f(@)de (3.1)

Typically, integral transforms map a class of functions defined on X to functions defined
on Y with the help of a kernel function & that is defined on X x Y.

In the more general distribution setting one therefore starts off with a kernel distribution
K € D'(X xY) and looks at the map

o— K-peD(Y)
(K- p,9) =(K,p®1)

for ¢ € D(X),v € D(Y). The kernel theorem states that in this way, K gives rise to
a continuous map D(X) — D'(Y) and that, conversely, every mapping of this type is
generated by a kernel distribution K € D'(X x Y).

Especially the second part of this result is quite astonishing, since it does not hold in
the classical case. For instance in an L? setting, by far not every bounded operator from
L?(X) to L*(Y) can be represented by a kernel k(x,y) € L*(X x Y). Indeed, for X =Y

not even the identity map can be given by an L2-kernel, since

f(y) = /X k() f(2)de

is solved by the Delta-distribution k(z,y) = d(x — y). Since we will show that kernels are
unique even in the broader distribution setting, d(z — y) has to be the unique solution to
the equation. And &(z — y) obviously does not lie in L?(X x X).

So in the first paragraph of this chapter we will give the proof of the kernel theorem
and state some immediate consequences. We will also look at a wide variety of operators
and compute their kernels. In the second paragraph on regular kernel distributions we
have a closer look at a special type of kernel map, which maps not only into D'(Y),

but more specifically into the set of smooth functions on Y, £(Y’). These operators will
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3 Kernel Distributions

allow us to extend the domains of kernel maps by using the transposed map of kernel
distributions. In doing so, we can gain kernel operators that map £'(X) — D'(Y), or even
larger distribution spaces if additional conditions are fulfilled. Ultimately we briefly look
at regularising operators, that show an even nicer behaviour. They are the C°°-analogue
to integral operators as introduced above.

For more information cf. Dieudonné [5, 23.9-23.11].

3.1 The Kernel Theorem

One more warning before stating the kernel theorem: By common abuse of notation both
the kernel K € D'(X x Y') and the associated operator from D(X) to D'(Y) are denoted
by K. Here we will however refrain from doing so until the kernel theorem is proved, that
is when we know it is safe to equate the two. This is why in part (ii) of the theorem, the

operator is initially denoted by A.

Theorem 3.1. (L.- Schwartz) Let X, Y be two differentiable manifolds.

(i) Let K be a distribution on X xY . Then for every ¢ € D(X) the linear form defined
as ¥ — (K, o ® ) is a distribution on D(Y) denoted by K - ¢.

Furthermore the map ¢ — K - ¢ : D(X) — D'(Y) is linear and continuous with
respect to the usual topologies, i. e. VL CC X the restriction of K - ¢ to D(L) is
a continuous map from the (F)-space D(L) into the space D'(Y') equipped with the
weak topology.

(ii) On the other hand, let A be a linear operator D(X) — D'(Y) with the property
that for each compact subset L of X the restriction of A to D(L) is a continuous
map from the (F)-space D(L) into the space D'(Y') equipped with the weak topology.
Then there exists a unique distribution K € D'(X xY') such that for ¢ € D(X) and
Y € DY)

(K0 ® %) = (K - 0,9) = (A(g), 9). (3.2

Proof. (i) In order to show that K - ¢ is a distribution on D(Y') we need to verify that for
every compact subset H of Y the map ¢ — (K - p, 1) = (K, ® 1) is a continuous linear
form on D(H). However using a finite partition of unity (f,) on Y subordinated to some
open cover consisting of chart domains of Y with ) fo(y) = 1 for all y € H we see that

we can effectively limit our inspection to the domain of a chart of Y.
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3.1 The Kernel Theorem

Similarly we may write ¢ as the finite sum of functions with small support and therefore
assume that supp(¢) lies in the domain of some chart of X.

All in all we see that it suffices to show the desired continuity when the supports of
both 3 and ¢ lie within respective charts of X and Y, which allows us to use Theorem
2.12 on local descriptions of distributions on a manifold and assume that X and Y are

open subsets of R™ and R™. Therefore we need to show that

IC>03INeN: (Ko@) <C > [IDY|pc(ry Vi € D(H).
o] <N

Because K is a distribution on the product space we know that

VACCX xY3IC>03INeNVD e D(A): (K,®) <C > | D104,
IyI<N

which gives for pry(A) D H and ® = p®1) (hence DY (p @) (x,y) = D%p(x) D% (y) with
(o, B) =), that 3C > 03N € N Vi) € D(H) :

(K-p,) = (Ko@) <C > |DP0llpec(xy > I1ID*¢l ooy
1BI<N la|<N

<C- Z | DY || oo ()

la|<N

for C = 62|g|gﬁ HD’@@HLoo()Q. Upon setting N = N we obtain continuity of K - ¢ on
D(H). As the map is clearly linear we have shown that K - ¢ € D'(Y).

Since also linearity of the map ¢ +— K - ¢ is obvious, it only remains to show that the
map ¢ — K - ¢ : D(X) — D'(Y) is continuous. Due to the (LF)-structure of D(X) this
means that for any compact subset L of X we have to estimate the D’'(Y')-semi-norms of
K - ¢ by the D(L)-norms of ¢ € D(L), i.e. we have to show that for any arbitrary but
fixed p € D(Y)

90, > 03N €N: (K 0,0 <Cp S D% Vo € DIL).
la|<N

But this can be obtained exactly as before by interchanging the roles of X and Y.

(ii) Now we have to prove the existence and uniqueness of a distribution K on the
product space X x Y that fulfils

(K, @¢) = (K- p,¢) = (A(p), ).
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3 Kernel Distributions

We begin by discussing uniqueness, which can be seen rather easily: Formula (3.2) deter-

mines the continuous functional K on the dense subspace
DX)®@D(Y)C DX xY)

(cf. for instance in [8, Theorem 4.3.1]) and therefore, if such a K exists, it has to be
unique.
The existence is a lot harder to prove and will require some work. It will be shown in

two steps and before going into all detail I want to sketch what is going to happen:

(1) In Step 1 we will assume that X and Y are open subsets of R” and R™ respectively
and that A maps any test function ¢ € D(X) to a distribution that can be given by
a continuous function f, € C(Y) C D/(Y). Being a continuous function its action

on a test function ¢» € D(Y') is given by

(A(9), ) = (fr ) = /Y Fo(y)w)dy,

and we want the kernel K € D'(X x Y) to act on splitting tensors in just the same
way. To this end we introduce the distribution Fy(¢) := f,(y), in accordance with

the above integral, and note that

Fy((p@9)(,y) = foy)(y)-

From this we see that K € D'(X x Y) can actually only be defined as
K(®):= / Fy®(.,y)dy, for all ® € D(X xY).
Y
Showing that this definition works will take some effort.

(2) In the second part of the proof we effectively reduce the problem of defining a suitable
distribution K € D'(X x Y) to the case we dealt with in Step 1. That X and YV
may be assumed to be open subsets of R” and R™ can be justified by using Theorem
2.12 and the fact that localisations, e.g. to the elements of an open cover consisting

of chart domains, uniquely determine a distribution.

Obtaining distributions that can be given by a continuous function and that thus
allow a definition of K as above is harder to achieve. Yet essentially, we use the

structure theorem of distributions that allows us to write any compactly supported
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3.1 The Kernel Theorem

distribution A € D/(Y) as
A = (01...0m) 1 3 (Egpa x A),

where, for an appropriate choice of ¢ and Eqy2, (Eg42 * A) is a continuous function.
The partial derivatives do not bother us much, as we can get rid of them by moving

them to the test functions.

Having set the basic line of action, we begin to work out the details:

(1) First we assume that X is an open subset of R” and Y an open subset of R™ and that
for every ¢ € D(X) the distribution A(¢) on D(Y') can be identified with a continuous

complex function denoted by f, on Y. So now

A:D(X)—C(Y)
A(p) = fo

and the premise of the theorem says that this map is continuous from D(X) to C(Y'), when
C(Y) is equipped with the weak topology induced by D’(Y). But we can use Lemma 2.4
to obtain that A is continuous even with respect to the finer Fréchet space topology on

C(Y). Having established this we consider for every y € Y the linear map

SD = flp(y) € (C>

which we now know to be continuous on D(X) and which thus defines an element of D’(X).
We denote this element by F,(¢), thus

Note that we can apply F,, € D'(X) to a test function ® € D(X x Y) in the following
way: We have

Fy(@(.,y) = fo(.y) ()

where (fp(.y))yey is a family of continuous functions on Y.

What we are interested in are the properties of the map

y = Fy(®(,v))-

Due to the compact support of ® also the support of y — F,(®(.,y)) is compact (since
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3 Kernel Distributions

for y ¢ pry(supp(®)) the function ®(.,y) vanishes identically and A is linear). We
claim that y — F,(®(.,y)) is continuous: Let (y,) be a sequence converging to y € Y,
H :=pri(supp(®)) and L a compact subset of ¥ with y,,y € L for all p. Then ® is

uniformly continuous on H x L and therefore we know that
Ve>030>0:|(2,y)— (2", y")| <6 = |0, y) — 2", y")| <,
which in particular gives for large p that
(@, yp) — (2, y)| £ 0= |@(z,yp) — P(2,y)| <€ Vze€H.

Repeating this argument for the derivatives of ® yields that ®(.,y,) — ®(.,y) in D(X)

and so also fe(.y,) — fa(y) inC (Y') because of the continuity of A. Therefore we obtain

‘pr((b(-,?/p)) - Fy(‘b(~,y))| = |f<1>(‘,yp)(yp) - f(I’(.,y)(y)|
<o) Up) = fo( ) D+ [fo( ) (V) = fo) W)

which tends to 0 for p — oo.

Now we are in a position to postulate that the action of the distribution K we are

seeking can be given by the following formula:
T / F,(®(,y))dy ¥d € DX xY). (3.3)
Y

We have already established that the integral exists because the function under the integral
is continuous with compact support. It remains to show that the integral in fact defines a
distribution, i.e. that it describes a continuous linear functional on D(X x Y), and that
it fulfils the desired property (3.2). Linearity of K is clear from the definition (3.3).

We show (sequential) continuity: Let M CC X x Y and ®, be a sequence in D(M)
tending to 0. Then the support of each function ®,(.,y) is contained in L := pr{ (M) and
for y ¢ H := pry(M) we have that ®,(.,y) = 0. Hence

/ Fy(®y(.,9))dy :/ Fy(@y(.,y))dy.
Y H
Note that when y runs through the compact set H the distributions F}, form a bounded

set in D'(X): If B is a bounded subset of D(X), continuity of the map A gives that
{fsl¢ € B} is a bounded set in the Fréchet space C(Y). Hence we can have an upper
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3.1 The Kernel Theorem

bound on the action of (F})ycm on the test functions in the set B, i.e.

3C > 0:supsup |[{F,(¢)}| =supsup [{f-(y)}] < C.
yeH peB yeH peB
Therefore the family of distributions (Fy)yecn is in particular pointwise bounded on
D(X) and thus, according to the uniform boundedness principle [Theorem 2.1] for the
Fréchet space D(M), equicontinuous. Therefore the integrand in the definition of K,

K:®— /YFy(CI)(.,y))dy,

which converges to 0 for any fixed ¥y, does so even uniformly for y € H and so K is indeed
continuous.

Finally K satisfies (3.2), since replacing ® by ¢ ® ¥, ¢ € D(X) and ¢ € D(Y), yields
that

K(p®9) = / Fy((p ® ) (. y))dy = /Y Fy (@) (y)dy =

Y

—/Yfgo(y)w(y)dy— (A(p), )

(2) The general case: First we justify why we may assume without loss of generality that
X =R™, Y = R" and why it is enough to seek a distribution K € D'(U x V), that satisfies
(3.2) for all p € D(U) and ¢ € D(V), where U C X resp. V C Y relatively compact and
open:

Let (Uy) resp. (Va) be covers of X resp. Y consisting of relatively compact open sets.
Due to the uniqueness of the distribution K € D'(X x Y) and the fact that localisations
uniquely determine a distribution (cf. [8, Theorem 1.4.3.]), it suffices to prove the existence
of suitable K, g € D' (U, x V) that fulfil property (3.2) on their domains. The uniqueness

also guarantees that any K, g, K, s are compatible on overlapping domains, i. e.
Kaﬂ = K%(s on 'D((Ua N UW) X (Vg M V;;))

Again we may assume that the (U,) resp. the (Vp) lie within the domains of some charts
of X resp. Y and therefore use Theorem 2.12 to reduce our problem to the simpler case
where they are relatively compact open subsets of X = R"™ and Y = R™.

A note on continuity: We know that the bilinear form (¢, ) — (A(p), 1)) is separately

continuous on the product of the (F)-spaces D(U) and D(V'). Thus joint continuity follows

from Lemma 2.3, a property we need in the subsequent construction.
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Let Vy be a relatively compact open neighbourhood of V in Y. Then there exists a

neighbourhood W of the origin in D(U) such that the set

N = {A()|lpy) : ¢ € W}

is bounded in D'(V}):

Continuity of the map (¢,%) — (A(p),1) on D(U) x D(Vp) gives the existence of 0-
neighbourhoods W in D(U) and W' in D(Vj) such that [(A(¢), )| < 1for p € W, o € W',
The 0-neighbourhood W' is absorbing, this means that for every bounded subset B of
D(V}) there exists an o > 0 such that B C o - W/, hence !B C W’. Therefore (by
pulling out the factor a~! and bringing it to the other side)

[(A(p), ¢)| < afor all 4 € B

and N is indeed bounded in D' (Vj).

From this and Remark 2.2 it follows that there exists a ¢ € N such that the distributions
in N are at most of order . We can get this to even hold for all ¢ € D(U), because there
always exists a real number # > 0 such that o € W (and multiplication with a scalar
cannot change the order of a distribution). Also, the order remains unchanged if we choose
a cut-off function h around V whose support is contained in V; and multiply A(P)lpevy)
by it. So all in all h - A(¢)|py) € D'(Vo) for ¢ € D(U) is at most of order ¢, where we
define ¢ to be the smallest even number greater or equal to ¢.

Now we use the structure theorem for distributions (cf. Friedlander-Joshi [8, Theorem

5.4.1.]) to rewrite h - A(yp) in the following way:
h- A(p) = (01..0) " (Bgia * (h - A(9)))-

Here E442 € C9(Vp) is the standard fundamental solution of the partial differential operator
(01...0,,)92. For an explicit definition confer [8, Section 5.4.]. The benefit of this is that
for all ¢ € D(U) the convolution Egyg * (h - A(yp)) yields a continuous function on Vj.

Furthermore, the map
@+ (Egr2 x (h- A(p)))

is continuous from D(U) to D'(V}), as

(Eqr2 % (h- A(p),¥) = (A(p), h - (Egq2 * 9)).

Therefore we can use Step 1) of our proof to find a distribution R on U x Vj such that for
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3.1 The Kernel Theorem

¢ € D(U) and ¢ € D(V)) we have

<Eq+2 * (h ' A(‘P))/‘ﬂ) = <R7 P 1/J>

But now for all ¢ € D(U), and for all ¢ € D(V) (that are extended to Vj trivially)

Eqi2% (h- A(p)), (01...0m) "))

(R, 0 @ ((81...0m)TH20)) = (
= (—)™ D (010 ) (B x (0 A(9)), )
=
=

h-Ae), )
A(p), h - ) = (Alp), )
And so finally (A(p),¥) = (((91...0m)9 )" R, ® ) for all ¢ € D(U) and ¢ € D(V),

where ((01...0,,)7%2)" denotes differentiation with respect to the last m coordinates in
R™*" and the theorem is proved. O

Remark 3.2. (On the kernel theorem)

(i) There is also a so-called elementary version of the existence proof in (ii), that in
particular does not recourse to the structure theorem for distributions, but uses

convolution and regularisation instead.

Roughly the idea of the proof is to assume one knew the kernel distribution K that
generates the map A : D(X) — D'(Y), and could convolute it with a mollifier

Ve = Y1 @ = o va(D) @a(Y),
(for ¢1 € D(X) and 2 € D(Y') suitably) such that ¥, — g o) for € — 0.
This would give for € small enough that
(K« W) (2',yf) = (K(z,y), ¥e((2,y) = (z,9)))
= B n(C D e uY)

Em+n

32 1 "

2 L (T2, (LY =

emtn € €

If we knew K existed, we would also know that K. — K for ¢ — 0. On the other
hand if one can show that K. converges to some Ky € D'(X x Y) (which it does),
and that this limit fulfils equation (3.2), that would yield the existence of K.
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3 Kernel Distributions

(iii)

28

In the end things boil down to showing the equation

(Ke, 01 ® o) = (A1 % 1.e), P2 % Poe),

which basically says that the mollifiers in the definition of K. behave nicely and can

be moved to the test functions in the regular way. Together with

(Ke, 61 ® d2) 2 (Ko, ¢1 ® ¢3),

and

(A1 % P1e), 2 * Poe) 9, (A(d1), P2)

this finishes the proof. For the details see Hormander [11, Theorem 5.2.1.].

On a more abstract level the kernel theorem can be read as stating that
L(D(X),D(Y))2D'(X xY).

This functional analytic approach to the kernel theorem can be found in Treves [18,
Ch. 51, Theorem 51.7] (who is working on open sets instead of manifolds). Treves
uses closures of projective tensor products of nuclear spaces to prove the theorem of
L. Schwartz, and the major advantage of his approach is that this particular result
is actually only one of many kernel statements his theory easily yields. Other results

deduced within his approach would be for instance that
L(S(R"),S'(R™)) = S'(R™™™), or

LIC®(X),E(Y)) = (X x Y).

These would be analogous kernel theorems for tempered distributions or for distri-

butions with compact support.

On a historical note the tensor product of spaces of test functions and distribu-
tions was defined by Laurent Schwartz in 1950 in [16] and the kernel theorem was
announced only shortly afterwards in [17]. In both publications Schwartz used a
decomposition of test functions in X7 x X5 into sums of tensor products of test func-
tions in X; and X», i.e. he emphasised the fact that D(X1)®D(Xz) = D(X;1 x X»),
where ® denotes the completion of the tensor product. Later versions of the proof

of the kernel theorem then used a decomposition by Fourier series expansion or, as
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outlined in (i), regularisation and convolution.

In relation to the kernel theorem also the Peetre theorem is worth mentioning. It is

an addendum that tells us that if K is a continuous linear map
K :D(X)— C*(X)

with supp(Kwu) C supp(u), then K is a differential operator with C'*°-coefficients.
Details on the Peetre theorem can be found either in the original publication (cf.
[14]) or also in Dieudonné [4, section 17.13].

(iv) The isomorphism given by the kernel theorem tells us essentially that we may identify
the operator from D(X) to D’(Y') and the respective kernel distribution in D'(X xY).
Therefore it seems natural and convenient to denote them both by K, even though
strictly speaking this is a slight abuse of notation. We will from now on follow these

conventions, seeing that we have shown the one-to-one correspondence.

(v) To prove the kernel theorem we used Theorem 2.12 on local descriptions of distri-
butions on manifolds in order to obtain w. 1. 0. g. that X and Y are open subsets of
R™ and R™. This trick works in most of the cases, and therefore we will now often

simply assume X and Y to be open subsets of R"” and R™ for convenience.

The only instances where we really need to work on R™ is when we discuss Fourier
transform or convolution, because these cannot be properly localised. For material

explicitly working on manifolds see for instance [1].

Example 3.3. (i) If X and Y are open subsets of R” and R™ respectively, and the
kernel K € D'(X x Y) is a locally integrable function, then we regain the notion of

integral transform as in (3.1), i.e.

and in particular the integral exists.

Whenever K is a function on X x Y with the property that K(z,.) : y — K(z,y) is
locally integrable on X, i. e. when K allows us to define K - f like we did above via
the integral, K is called an integral operator given by the kernel function K. Here

it is sometimes useful to distinguish between the function and the kernel operator,
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(iii)

30

and in this case we denote the function by Ky and the respective distribution and

kernel operator by K.

(The identity mapping)

Let X =Y be an open subset of R". Then kernel of the identity map I : D(X) —
D(X) C D'(X) is the distribution

(1,8) = (5(x — y), Bz, y)) = /X B (e, 2)d.

This can be either seen from formula (3.2) that says

L o®d) = (I o) = (o, 4) = /X o(@)(x)dr,

or, since the identity does indeed map into a subspace of C(X), by following the
steps of the proof.

For A = I we get that f, = ¢ and that Fy(¢) = ¢(y). Similarly for ® € D(X x X)
we have that Fy(®(.,y)) = (®(.,y))(y) = ®(y,y) and therefore by (3.3)

(I1,9) = /X O(z,z)dx = (§(z —y), P(z,y)) .

(Partial differential operators)

Let again X =Y an open subset of R” and let P be a differential operator with C*°

coefficients defined on X,

P(z,0)= > aq(z)0"

laj<m

Then the image of P when applied to test functions is a subspace of C(X) and hence

we can use (3.3) to compute
(K,®) = /P(x,@x)é(az,y)b:ydy, Vo € D(X x X).
Using the kernel §(z — y) € D'(X x X) of the identity map we can rewrite this as

(0(z — ), P(x,0:)®(x,y)) = (P'(x,0:)d(x — y), (2, y)),

where P! is the adjoint of P. So K(x,y) = P!(z,0,)d(x — y).
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(iv)

In particular, if m = 0 and hence P = g € C*, then we have that the kernel of the
multiplication map ¢ — gy is g(y)d(x — y).

If P=0;,j=1,...n, then the kernel is given by —(9/0,,)d(z — y).

(Convolution)

We can also via kernel theory give an alternative representation of the convolution
of two distributions, one of which has compact support. Let again X =Y = R" and
u € D'(X). Then we compute the kernel K,, of the map

@ = (uxp)(y) = (u(z), p(y — ),

which is a continuous map D(R") — C*>°(R"), when C*°(R") is equipped with the
weak topology induced by D'(R™). According to (3.3) K, is given by

<Ku7(I)> = f(u(x),(b(y—x,y))dy
= [{u(y — ), ®(z,y))dy, (3.4)

hence K, = u(y — x).

The examples above can be seen as special cases of convolution, since the identity
operator can be represented as convolution with &, where (3.4) immediately gives
I =6(y—x). Also 0% = (0%) xd = ¢ * (0%)) and so the kernel is given by
(0%8)(y — x) = (=1)!*192, as computed above.

Remark 3.4. (The transposed map) So far in this chapter we have been looking at the
map ¢ — K - p: D(X) — D/'(Y) we obtain through

(K, p@¢) = (K- ¢,1)

for K e D'(X xY), p € D(X) and ¢ € D(Y). However we can also let K act on 1 first,

i.e. look at the map

Kt: DY) — D(X)
Y= (Ko@) = (K'-1,0),

which we call the transposed map of K. The maps K and K! are adjoints of each other,

in the following sense:

(K- o,0) = (K,p@1) = (K" -9, ). (3.5)
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Naturally the kernel theorem also holds for the transposed map and we will see in the

next section that the interplay between these two maps allows us to extend certain kernel

transforms to larger domains.

Example 3.5. (i) If we return to convolution, formula (3.4) allows us to compute the

transposed kernel K of the map K.

(K-, ) = /<u(:c), ply — )Y (y))dy
_ /(u(a:), P(y)(x +y))dy
_ / (u(x), ¥(@ + v))e(y)dy,

hence (K, - ¥)(y) = (u(@), ¥ (2 +y)) = (@) (y), and K, : D(R") — C*(R").

Let X and Y be manifolds and p and v be one-densities on X resp. Y. Suppose
that the kernel distribution K is given by a continuous function Ky on X X Y
together with the volume element p ® v, i.e. a kernel whose action is given by
(K, p @) = [,y Kolz,y)e(x)i(y)u(r) @ v(y). Then we obtain the kernel map
K :D(X)—-D(Y)

(K - 0)(y) = /X Ko(z, y)p(@)du(z) @ v

for ¢ € D(X) and almost all y € Y, and the transposed kernel K is given by

(K ) () = /Y Ko(z,y)b(y)du(y) ® .

We shall call distributions on X x Y whose volume element o € Vol(X x Y') can be
split up into densities 0 = p ® v for p € Vol(X) and v € Vol(Y') integral operators,
they are the analogue on manifolds to the the operators defined in Example 3.3 on

open subsets of R™.

To close this paragraph we now turn to support properties of kernel distributions. We

will give a criterion for finding out whether a distribution K - ¢ is compactly supported or

not. To this end we first introduce some notation that will allow us to conveniently work
with subsets of X, Y and X x Y.

Notation 3.6. Let R be a subset of X x Y and A (resp. B) be a subset of X (resp. Y).
The we denote the set pro(R N (A x Y)), i.e. the set of all y € Y where there exists an
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x € A such that (z,y) € R, by R(A). Analogously we define R~!(B) := pr; (RN (X x B)),
the set of all x € X where there exists a y € B with (z,y) € R.

We immediately have that if A is a compact subset of X, B is a compact subset of Y
and R C X x Y closed, then both the sets R(A) and R~!(B) are closed in Y resp. X. We
show the statement for R(A): Let (y,) be a sequence in R(A) and let y, — y. Then we
know from the definition of R(A) that there is a sequence (z,) in A such that (z,,y,) € R
for all n € N. Since A is compact we can have that (z,) converges to some = € A, by
choosing a subsequence if necessary. Then we obtain that (z,,y,) € R and moreover
(Zn,yn) — (x,y), which consequently has to lie in the closed subset R too. Thus we can

conclude that y is indeed in R(A). The statement for R~!(B) is shown analogously.

Proposition 3.7. Let K be a distribution on X XY and R = supp(K). Then we have
that

supp(K - ) € R(supp(¢))
for all ¢ € D(X), resp. supp(K* - ) C R~ (supp(v))) for all ¢ € D(Y).

Proof. Let A = supp(p), then we have to show that we have (K - ¢,¢) = (K, ® 1) =0
for every test function ¢ € D(Y") whose support B satisfies BN R(A) = (). But this follows
immediately, since the support of ¢ ® ¥ is a subset of A x B, which is then disjoint to the

closed set R. The second statement is shown analogously. O

Remark 3.8. (i) If we have a closed subset F' of Y which contains the support of
K - ¢ for all ¢ € D(X), we can even gain information on the support of the kernel
distribution K. More precisely we have supp(K) C pry L(F): Suppose to the contrary
that there existed a y ¢ F and an € X with (z,y) € supp(K), then we could
choose a neighbourhood V' of y with V N F = () and two test functions i) € D(V)
and ¢ € D(X) such that (K, p ® 1) # 0. Therefore y € supp(K - ¢) C F, which is a

contradiction to the choice of y.

(ii) Proposition 3.7 implies that if R(L) is compact for every L CC X, the support of
K - ¢ is also compact for all ¢ € D(X), and therefore K : D(X) — E'(Y).

If we now consider the map

(K" ,0) = (Ko@) = (K - p,9),
cE'(Y)

we see that we can actually allow ¢ to be in C* with non-compact support, since

the right-hand side of the equation is defined for all » € C*°. So using a regularity
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property of the map K, we can extend the transpose K' to £(X) — D'(Y).

In the next chapter on regular kernels we look at a class of kernel distributions that
allows us to extend the maps K and K¢ even to distribution spaces. But before doing

so we prove that the condition used above is not only sufficient but also necessary.

Proposition 3.9. Let K be a distribution on X XY and R = supp(K). The distribution
K - ¢ has compact support for all ¢ € D(X) if and only if R(L) is compact in'Y for all
LccX.

Proof. That the condition is sufficient we saw in Remark 3.9, to see that it is necessary
we argue by contradiction: We suppose that 3L CC Y such that R(L) is not compact.
First choose a sequence of relatively compact open sets Vi, C Y with V;, C V41 and
Y = UVi and a set L CC X such that IOi’(L) is not relatively compact. Additionally
choose a relatively compact, open neighbourhood W of L in X. Then we inductively

construct a sequence of functions (fx) in D(W) and a sequence (gx) in D(Y) with the

following properties:

(a) supp(gx) N Hy = 0 for Hy, = (J; 4 supp(X - f;) UV} (which are all compact by

assumption),

(b) (K- fi,gr) # 0.

This is possible since we know by assumption that there is a y; € R(L) with yi ¢ Hj and

consequently an xp with (g, yr) € R. Then it follows that there is a function f € D(W)
and a function g, € D(Y') with support disjoint to Hj, such that

(K - fr,g9x) = (K, f ® g) # 0.

Subsequently we may define a sequence of positive real numbers ¢ so that

(a) the series f =), ¢ fi, converges in D(W),
(b) exl(K - fr, gj)| < 47%¢;[(K - fj, g;)| for all k > j.

Such a sequence of ¢;, exists since we can cover the compact set W by finitely many chart
domains of X and thus assume w.l.o.g. that X = R"™. Then one can obtain (a) by choosing
the ¢ small enough to guarantee cy|D® fi,(z)| < 27F for z € W and |a| < k. Proceed
inductively to satisfy condition (b) by multiplying ¢ by a sufficiently small factor to ensure
that the inequality holds for all j < k (note that the right-hand-side is non-zero).
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By continuity, K - f =Y, cx(K - f) with respect to the weak topology on D'(Y') and

thus we have

(K- fogi) = e (K - £r95) + ) en((K - fi), 95|

k>j

> e (K - f5, 90+ 1D arl(K - fr), 95)]

k>3]

1
§Cj!<K-fj,gj>| >0

v

for all j, which already contradicts the assumption that K - f is compactly supported. To
see this remember that the g; were constructed in a way that their supports lie outside
U< j Vi, where the Vj, are a growing sequence of compact sets that cover Y. The above
calculation yields that supp(K - f) intersects the support of every g;, hence it cannot be

compact. ]

Remark 3.10. In addition, the following statement holds:

Let K be a distribution on X x Y and R = supp(K). Then the operator K can be
extended to a linear and continuous operator £(X) — D'(Y) if and only if R™1(H) is
compact in X for all H CCY.

To see that the condition is sufficient is fairly straight-forward: Let K be a distribution
such that R™Y(H) is compact in X for all H CC Y. Then we have that for every test
function ¢ € D(Y) the intersection R N (X X supp()) is compact, and thus (K, f ®
) is defined for all f € £(X). Since we can choose a cut-off function h over the set
R~'(supp(¢)) we obtain the the extended map K : f — (K,hf @ ¢) = (K, f ® ) is
continuous on &£(X).

To see that the condition is also necessary requires some more work, for details cf. [5,
23.9.8]

3.2 Regular Kernels

In this paragraph let X and Y be open subsets of R™ and R" for reasons of simplicity.
To begin with, let us suppose for instance that K* -1 can be identified with a function
in C(")(X) for all ¢ € D(Y). Then K* 4 can act not only on test functions ¢ € D(X), but
even on any distribution u € C'(")(X), where C'")(X) denotes the dual space of C(")(X)
which is the space of all compactly supported distributions of order m < r. This is
since we have that (K-, u) is defined for all ¢» € D(Y) and u € C'")(X). The map
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K!: DY) — C"(X) is continuous with respect to the weak topology on C")(X), but
then by Proposition 2.4 also with respect to the stronger Fréchet space topology.
Therefore we can extend the operator K to a map C'")(X) — D'(Y) by setting

(K -u,¢) == (K*-,u) Vuel" vipeDX). (3.6)

This definition also shows that the linear map K : €' (X) — D'(Y) is continuous with
respect to the weak topologies on C'")(X) and D’(Y). Moreover we obtain the following
result, which extends Proposition 3.7 to the larger space C’ () (X) :

Proposition 3.11. Let K be as described above and set R = supp(K). Then we have for
every distribution u € C'")(X) that

supp(K - u) C R(supp(u)).

Additionally any compact subset H of Y that satisfies supp(u) N R™Y(H) = 0 is disjoint
to supp(K - u).

Proof. Let ¢ € D(Y') be a test function whose support B is disjoint to R(supp(u)). Then
supp(u) x B is disjoint to R and hence we can choose an open neighbourhood U of supp(u)
in X such that even (U x B)N R = 0.

Now we regularise the distribution u by convoluting it with a sequence (¢y) € D(R™)
that gives (u* @) € D(R™) and (u* @) — u in the weak topology on C'(")(X). This gives
that (K - (ux* pg), ) — (K - u,1) and together with the fact that supp(u * @) C U for
k large enough we obtain that (K - (u * ¢g), 1) = 0 and hence also (K - u, 1) = 0. This
proves the first assertion.

The second assertion now follows like this: supp(u)NR™1(H) = 0 < (supp(u) x H)NR =
0 < R(supp(u)) N H = (). Therefore, according to the first statement, supp(K - u) N H =
0. O

Example 3.12. Let X C R™ and Y C R™. We consider an integral operator given by the
kernel function Ky € C")(X x Y'). Then we have that (K*-¢) € C")(X) for all ¢ € D(Y)

since we have that
oK' )(w) = [ @2Kale, o)y Via] <7

Therefore K - u is defined for all u € €' and in addition K -u is in C(")(Y) given by the

formula
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First of all uw is compactly supported, and so the right side of the equation is defined.
Furthermore the right-hand side is in (") (Y") since

Da(“a KO(,Z/)) = <U,D€;)K0(.,y)>, (38)

as can be easily verified (or seen in [8, Theorem 4.11.]). The equality in (3.7) is gained by
the following calculation: V¢ € D(Y) :

(K u, ) = (u, K- ) = (Ko, u® ) = (¥(y), (u(@), Ko(z,9))) = ((u, Ko(.,y)), ¥ (y))-

We now define regular kernels, a class of kernel distributions that yields even “nicer”

spaces:

Definition 3.13. K € D/(X x Y) is called a regular kernel distribution, if the following

conditions hold:
(i) For every test function ¢ € D(X) we have K - p € £(Y)
(ii) For every test function 1 € D(Y) we have K' -1 € £(X)

In this case both K -u for u € £'(X) and K- v for v € £'(Y) define a distribution on Y’
resp. on X via
(K- u,y) = (u, K* - ) Vo € DY)

and

(K" v,0) = {(v,K -¢) VYo DX).

Furthermore the maps K : £'(X) — D/'(Y) and K': £&'(Y) — D'(X) are continuous with
respect to the associated weak topologies. If K is a regular kernel distribution, we also
call the corresponding operators K and K regular.

In particular K -, is a distribution for every x € X, defined by

(K - 05, 1) = (05, K' - ¢)) = (K" - ) (2)
for all v € D(Y').

Remark 3.14. Treves [18, 51.8] gives a characterisation of such regular kernel distribu-
tions. He calls a kernel distribution regular in x if (ii) from above holds, and shows for
these that

L(D(Y),C*(X)) = C=(X, D'(Y)).
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So regular kernels in x can be identified with the space of C*°-functions of x with values

in the distribution space D/(Y). Since the same is true for the dual case, we have that the

space of regular kernel distributions is isomorphic to the space

C®(X,D'(Y))NC>®(Y,D'(X)).

Example 3.15. (i) Once again we turn to convolution. In the previous section in Ex-

amples 3.3 and 3.5 we showed, that the kernel distribution (K, ®) = [(u(z), ®(y —
x,y))dy for u € D'(R™) gives rise to the two operators

K, : D(R") — C*°(R"),

(K- 9)(y) = (ux9)(y)

and

Kt : D(R") — C®(R")
(Ku - ) (x) = (@) ().

Therefore the kernel is regular and we can extend the operator K, to &'(R") —
D'(R™), thus regaining the full convolution map * : D'(R™) x &'(R™) — D'(R™).

Choose K = u® v for u € D'(X) and v € D'(Y). Then K - ¢ = (u,¢)v and
K4 = (v,¢)u, for p € D(X) and ¢ € D(Y) as usual. Clearly K is not regular for

arbitrary distributions wu, v.

If u and v are locally integrable functions f on X and g on Y, we obtain that K is
an integral operator with kernel function Ko(z,y) = f(z) - g(y). Is this the case, K
is regular if and only if f and g are C*. Integral operators with C*°-kernels Ky are
called regularising. They map £'(X) — £(Y) as can be seen from Example 3.12 and

are unique with this property, as we will see in the next section.

A small warning: While the concepts of regular kernel distributions and regular
distributions as defined in Section 2.3. coincide for integral operators, this is generally
not the case. By way of illustration we have seen that the identity mapping idp(x),

which is clearly regular, is generated by the kernel distribution 6 € D(X x X).

Proposition 3.16. Let K be a regular kernel distribution on X XY and R = supp(K).

Then the following are equivalent:

(i) R~Y(H) is compact in X for all HCCY.
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(ii) The operator K' maps D(Y) into D(X).
(iii) The operator K maps £'(Y) into £'(X).

(iv) The operator K can be extended to a continuous and linear map E(X) — E(Y) with

respect to the Fréchet space topologies.

If any of the above conditions hold, we obtain that the operator K can be extended to a
linear map D' (X) — D'(Y) whose restriction to any bounded subset of D'(X) is continuous

wit respect to the weak topologies.

Proof. (i) < (ii) is clear from the definition of regular kernels and Prop. 3.9.

(i) < (4i1): Since K is regular we can have K' : £'(Y) — D'(X) by (K'-u, p) = (K-p,u).
The support of K - u is compact by Proposition 3.11 if and only if (i) holds.

(i) & (iv) Follows from Remark 3.10

Now we show the last statement: By (i),supp(K® - v) is compact for all ¢ € D(Y).
Regularity of the kernel gives that K' - € D(X) and hence the operator K can act on
any distribution v € D'(X) via (K - u,v) := (u, K - ¢). Continuity of the map u +— K -u

is obvious from the definition. O

Example 3.17. (i) (Partial differential operators)

Let X =Y and P be a linear partial differential operator on X. Then P is clearly a
regular operator and the support of the kernel distribution is a subset of the diagonal
of X x X (according to Example 3.3). Therefore we can extend the operator P to
any of the spaces as given in Proposition 3.16, in particular to P : D'(X) — D/(X),

ur— P-u.

In this particular example we can go even further and allow P - u to act on non-
compactly supported test functions ¢ € C*°(X), provided that the intersection of
supp(¢) and supp(u) is compact. Even though

(P u, ) = (u, P*- 1) (3.9)

in general need not hold, we can by-pass all difficulties by choosing a cut-off function
h € D(X) with h = 1 on a neighbourhood of the intersection of the supports
which we introduce as a factor on the right-hand side: To be more precise since

supp(P - u) C supp(P), we have that

(P-u, i) = (P-u,hip) = (u, P*- (W) = (u, P' - ),
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where we use the Leibniz rule in the last equality.

If the intersection is not compact, the two sides of (3.9) may be defined and still
disagree with each other: For instance let X = (0,1), u be a regular distribution,
P =4 and thus P! = —& . Then

1
(Pru) = ()= /0 o () d:
1
WP ) = —(u) = - /0 w(@)y/ (z)dz,

which agrees only if the boundary terms from integration by parts vanish. For v = 1
and ¢ (x) = z for instance, the top equation yields 0 whereas the bottom one gives
—1.

Let K be a regular distribution on X x Y. Then we define the linear map

K™ i 4p— Kt -1,

and we call K* : D(Y) — C*°(X) the adjoint operator of the operator K. We get

(K™ -y, 0) = (Kt 4,5) = (K, 2@ ¢) = (K, p @ 1),

for ¢ € D(X), ¥ € D(Y) and K the complex conjugate distribution of K. By this
calculation K'* is the operator defined by the kernel distribution K.

Let us now consider the special case that X = Y: For f € C*(X) an g € D(X)
(or f € D(X) and g € C>*(X) we get that the function fg is in D(X) and is in

particular integrable. We may hence define
(1.9):= | _f@aloyds

which coincides with the regular L? scalar product if the functions f and g are
in L?(X). Since we obtain C* functions for K - ¢ and K -1 we can rewrite the
action of these distributions with the help of (.,.) as (K - p,¥) = (K - ¢,%) and
(o, Kt -) = (¢, Kt - 1)) = (¢, K™ - 9). Therefore we can all in all rewrite condition
(3.5) as

(K -p,9) = (¢, K - 0).
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3.3 Regularising Operators

Let again X C R™ and Y C R™ unless stated otherwise.

In this section we are going to have a close look at regularising integral operators.
Remember that for X C R" and Y C R™, integral operators were defined as given by
kernel functions Ko € L} .(X x Y), hence y — Ko(z,y) is locally integrable on Y for
almost any x. (For manifolds integral operators are distributions in D/(X x Y') given by a
function Ky and a volume element o that can be split up into ¢ = p®wv for p € Vol(X) and
v € Vol(Y).) We call the integral operator regularising if additionally K is in C*°(X xY).

We return to Example 3.12 where we had that for a regularising operator K, K - u is

defined for all u € £ and given by the formula
(K - u)(y) = (u, Ko(., 9))-
Furthermore K - u is in £(Y") since
D*(u, Ko(.,y)) = (u, Dy Ko(.,))-

Hence regularising operators are indeed regular, and they have an even stronger property:
Not only do they map D(X) into £(Y), they even map &'(X) into £(Y). Regularising

integral operators are unique with this property, as we show in the subsequent theorem:

Theorem 3.18. We equip the space E'(X) of compactly supported distributions on'Y with

the weak topology by viewing it as the space of linear and continuous functionals on E(X).

(i) Let Ko be a C* function on X xY. Then K -u is a function for every u € £'(X)
given by the formula
(K - u)(y) = (u, Ko(., 9))- (3.10)

Furthermore the operator K maps every bounded subset of E'(X) continuously into
the Fréchet space E(Y).

(i) On the other hand let K be a linear map &'(X) — E(Y) that is continuous on any
bounded subset of E'(X), then K is the extension of a reqularising integral operator
to the space £'(X).

Proof. (i) The first claim is clear from what we noted above.
We prove the second statement: We have to show continuity on bounded subsets of

E'(X), and we initially note that such a set is metrizable with respect to the weak topology:
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Boundedness of the set B means that
AC>0Vbe BYf eC™®(X): (b f) <C.

This in particular implies equicontinuity of the set of linear functions in B, and allows us
to use Theorem 2.7 to obtain that B is metrizable.

Due to this it suffices to show sequential continuity of the operator K: therefore let (uy)
be a zero-sequence of distributions in £'(X). We have to show that the sequence K - uy

converges to 0 in £(Y), i.e.

VH CCY Wy € N™ 2 DY(K - u)(y) = (. D" (Ko(.9))) "0,

uniformly w.r.t. y € H. The function y — D"Ky(.,y), H — £(X) is continuous, and so
the set of functions (D" Ko(.,y))yen is compact in £(X). Furthermore the set of linear
forms uy on £(X) is equicontinuous according to the Banach-Steinhaus theorem. This
allows us to use Prop. 2.5 to obtain that the sequence of functions y — (ug, DV Ky(.,y))
converges to 0 on H not only pointwise, but even uniformly for £ — oo.

(ii) To prove this statement we need to find a way to define the kernel function Ky of
the integral operator we are looking for, and we achieve this with the help of the delta-
distribution: By assumption K -J, is a smooth function on Y for all x € X. Therefore we
may set Ko(x,y) := (K -0;)(y) for all y € Y, z € X and we now prove that this is indeed
the function we are looking for:

As a first step we show that K is smooth: For 2/ — =z, where 2’ stays in a compact
neighbourhood L(z) of x, we have that J,» converges to &, with respect to the weak
topology on &'(X) and hence also K - 6,y — K -, in £(Y). Moreover the set of all
(02)arer(x) is bounded and consequently (K -0,),¢ () is bounded in £(Y'). So we obtain
for all z,2’ € L(x), y,y/' € H CC X that

Kol o) — Kol 1)| < [Ko(', o) — Ko(a,9)| + [Ko(z', ) — Ko(z, y)|
<K - 00) (W) — (K - 8) ()] + (K - 62) () — (K - 8)(3)]
sup (1D,(K - ))) by — |+ 10 6 = K -0)(s)

IN

IN

sup (| Dy(K - 6,)()]) - ly — ¥/|+
yeH,x'€L(x)

(K - 0 — K - 82)(y)],

where the factor in the first term is bounded and the second term converges for the reasons
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given above. Therefore Ky is continuous.

We turn to the derivatives: Let D, denote differentiation with respect to the §t coor-
dinate of . Then D ;d, is the weak limit of of %(&Hh% —0,) in &'(X) for h — 0. As a
result

LK <G, — K 62) = K- D,

in £(Y) and therefore the derivative D, Ko = K - D, 0, exists on X x Y and y
D, Ko(z,y) is a smooth function on Y. Joint continuity of this derivative in x and y can
be gained as above (since again D, ;d,» converges weakly to D, d, for 2’ — x etc.). By
induction we obtain that all the derivatives DS Ky with respect to = exist, are continuous
on X x Y and that the functions y — DS Ky(x,y) are smooth on Y.

On the other hand, as K - §,/ converges to K - 4, in E(Y) for 2/ — z, we have that the
derivatives Dy} with respect to y of Ko(z,y) are continuous on X x Y. We obtain mixed
derivatives through substituting Ko(z,y) by D% K in the previous argument, and we have
thus shown that Ko € £(X xY).

Ultimately we show that the integral operator given by the function Ky, which we denote
by K’ for the moment, is indeed K, i.e. that Vu € £'(X) : K’ -u = K - u. We observe that

for 6, equality is immediate from the definition:

(K" 62)(y) = Ko(z,y) = (K - 6,)(y).

However, the delta distributions generate a dense subspace of the space of distributions,
i.e. we have the following statement:
Let u € £'(X). Then there exists a sequence of linear combinations ), ¢;»d,,, such
that

Z Ciply,, — u (for p — o0)
i
in the weak topology. (For a proof of this see for instance [5, Theorem 23.11.1].)
So since K’ is linear and continuous, we have the equality K’ -u = K - u for any u €
E'(X). O

Remark 3.19. This Theorem thus proves that regularising integral operators are really
the only kernel operators that can be continuously (with respect to the proper topology)
extended to the distribution space &'(X) and still yield C*°-functions. And yet, certain
kernel functions allow an extension to even the space D'(X), i.e. to distributions that need
not be compactly supported. From Proposition 3.11 it is no surprise that this is possible

only if the support of the kernel function Ky fulfils certain properties.
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Theorem 3.20. (i) Let Ky be a C*®-function on X xY and let R = supp(Ky) satisfy
that R~1(H) is compact in X for all H CCY. Then formula (3.10),

(K - u)(y) = (u, Ko(,9)),

defines a function K-u € E(Y) for allu € D'(X) and the operator K : D'(X) — E(Y)
is continuous on every bounded subset of D'(X) with respect to the weak topology on
D'(X) and the Fréchet space topology on E(Y).

(ii) On the other hand, let K be an linear operator that maps every bounded subset of
D'(X) continuously into E(Y). Then the action of K is given by formula (3.10),

where Kq is a C*®-function whose support R satisfies
VH cC X : R™Y(H) is compact in Y.

Proof. (i) To begin with we have that for any distribution v € D’(X) and any test function
v e DY)
R supp(u @) C R~ (supp()) x supp(v),

and so it is a compact set. Hence
(K,u@) = (u, K* ) = (K - u,)

is defined for all uw € D'(X). By (3.8) K - u is a smooth function and it only remains to
show continuity of the operator.

Choosing a sequence (uy) in D'(X) that converges to 0 in the weak topology, we have
to show that DY(K - uy) converges to 0 uniformly on any compact subset H of Y. By
assumption we know that the supports of the functions D*Ky(.,y) for y € H are con-
tained in a compact set L = R™1(H) and hence (D*Kq(.,y))yer € D(L). The set is
bounded there since it is bounded in £(X) and D(L) is a closed subspace of £(X). Since
the set of restrictions of uy to the Fréchet space D(L) is continuous and in particular
pointwise bounded, we obtain via the Banach-Steinhaus theorem that it is equicontinu-
ous. Analogously to the proof of continuity in part (i) of Theorem 3.18, it follows that
DY(K - uk)(y) = (ug, D*(Ko(z,y))) converges to 0 uniformly.

(ii) Before we can apply Theorem 3.18 we have to restrict the given operator K to £'(X),
which is possible since the embedding of £'(X) into D’'(X) is continuous with respect to
the topologies we are working with on these two spaces. So formula (3.10) holds for the

restriction of K and we also obtain the C*°-kernel K. Looking at Example 3.12 where we
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deduced the formula, we see that it also holds in the wider setting when u € D'(X).
The support property of Ky follows from continuity of the operator K and Remark
3.10. O

45






4 Microlocal Analysis

In this chapter we introduce the wave front set of a distribution, which is a refinement of
the notion of the singular support and contains information about the singularities of a
distribution. We start with a definition of W F(u) for distributions v on open subsets of
R"™ and work out some basic properties. Subsequently we turn to defining the wave front
set for distributions on a manifold, where the main task is to render the usual definition
coordinate-invariant. Finally we return to regular kernel distributions K € D'(X x Y)
and prove a theorem that will clarify the relationships of the wave front sets of K, any
distribution u € £'(X) and the distribution K - u € D'(Y).

4.1 Wave Front Sets on D'(2)

Let €2 C R™. We begin with a repetition of the definition of the singular support.

Definition 4.1. Let u € D'(Q). Then we define the singular support of u as
singsupp(u) := Q\ {x € @ : 3 U open neighbourhood of z : u|y € C*(U)},

where u|y = ulp)-

So roughly speaking the singular support tells us where, locally, the action of a distribu-
tion u cannot be emulated by any C°°-function. The wave front set will additionally give
an idea of some sort of direction where things go wrong at such points x € singsupp(u),
the question is how can we further analyse singular points to gain additional information
about then.

Here the Paley-Wiener theorem comes into play: It tells us that given a C°°-function
f with compact support, the Fourier transform of f, denoted by f or F (f), is rapidly

decreasing, i.e.

F()(E) = / 08 f(x)dz = O(E] ™) YN €N,

n
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resp.
Vn e N3C, >0:|F(f)(&)| < Cr(1+ &)™

Conversely, if f € £ with f rapidly decreasing, f is C*°. This allows us to give the

following characterisation of the singular support: = ¢ singsupp(u) <
3 U open neighbourhood of z : F(pu)(&) = O(|¢|™) Ve € D(U),¥YN € N.

Here we have introduced a cut-off function ¢ € D(U), which ensures that the product
pu € E'(R™) (when extended trivially) and thus enables us to apply the Fourier transform.

In the given characterisation, F(pu)(§) is rapidly decreasing for arbitrary £ € R™.
However it can happen that even if z is in the singular support of u, F(pu)(§) is rapidly
decreasing for certain &, for instance when { = tw for some vectors w € S,,_; := {w € R":
lw| =1} and ¢t > 0.

Example 4.2. Let R" = {(z1,22) : 1 € RP, x5 € R" P} for some integer 1 < p < n and
set w = 0 ® 1, where ¢ is the delta distribution on RP and 1 denotes the distribution given
by the constant function 1 on R"P. Then we obtain for all & € D(RP x R""P) and every
vector £ = (£1,&2) € RP x R"P that

F@u)(66) = [ e Ea(0,00)dn,

This function is rapidly decreasing if and only if & # 0, therefore for all £ = tw where
w = (w1,w2) € Sp—1 such that wy # 0. Note especially that in this case F(Pu)(&1,&2) is

rapidly decreasing even if ® is non-zero on the singular support of w.

We want the wave front set of u to contain only the pairs (x,£) where we cannot cut

off the support in = in any way to make F(pu)(§) rapidly decreasing. Thus we define:

Definition 4.3. (i) If u € D'(2), then the wave front set WF(u) of u is defined as the
complement in 7*Q\ {0} = Q x (R™\ {0}) of the collection of all (z¢, &) € T*Q\ {0}
such that for some neighbourhood U of xg, V of £ we have that for any ¢ € D(U)
and each N:

Flou)(t€) = O(r~ ) for 1 — oo, uniformly in € € V.

(ii) A subset I' of Q x (R™\ {0}) is called a cone, or conic, if

(,§) el = (z,7§) €T" Vr > 0.
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Remark 4.4. (i) By definition, the wave front set of any distribution w is a closed and

(i)

conic subset of 7*Q \ {0}. Additionally we immediately see that for u,v € D'(Q) we
have
WF(u +v) € WF(u) UWF (v),

and for g € C*°(X) we get that

WF(g - u) C WF(u).

In the context of conic sets it is often useful to use the cosphere bundle S*2 instead
of T*Q\ {0}. S*Q is given as a quotient of 7"Q\ {0} with respect to the equivalence
relation

(w0,&0) ~ (yo,10) < 20 = yo and 37 > 0: & = 7).

More explicitly

T*Q\{0} = Q@ x {{ e R" : £ £ 0}
S*Q:QX{EEIR’”;|§|:1}:Q><Sn—17

where [£] = 1 is simply the representative of the equivalence class. Hence a conic
neighbourhood W of a point (xo,&) € T%Q \ {0} can also be given by the product
of a neighbourhood U of z in {2 and a neighbourhood V' of £in 71 W is closed

I€l
(resp. open) in © x (R™\ {0}) if and only if U x V' is closed (resp. open) in £ x Sp,_.

Proposition 4.5. Let u € D'(Q) and 7 denote the projection (z,&) — x from T*Q\ {0} —
Q. Then we have that

singsupp(u) = m(WF(u)).

Proof. (C): If x ¢ n(WF(u)) = 3 £ € R*\ {0} such that (z,¢) € WF(u) = there exist
neighbourhoods Ug of x and Vg of £ such that for any ¢ € D(U) we have F(pu)(7§) is

rapidly decreasing for any £ € V as 7 — oo. For every & we intersect the neighbourhoods

Ve with S™~! and use compactness of the sphere to obtain a finite cover

Snfl —_ LnJ ‘/él
=1

By choosing U := [J;-_; Ug, we get that F(pu)(7€) is rapidly decreasing as 7 — oo for all

¢ € D(U) and ¢ arbitrary, and hence x ¢ singsupp(u).

(2): On the other hand if = ¢ singsupp(u) = 3 U open neighbourhood of x such that
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4 Microlocal Analysis

F(pu)(€) is rapidly decreasing for any || — oo = z ¢ 71(WF(u)). O

4.2 Wave Front Sets for Distributions on Manifolds

In this section we aim at defining the wave front set for distributions on manifolds, which
basically means we have to strip Definition 4.3 of any references to specific coordinates. Yet
there are also other steps that have to be taken, since for instance the Fourier transform
is not designed for manifolds but only works on R"™. Therefore we will address the arising

issues one by one.

Fourier transform and coordinate transforms: Before looking at how to emulate a lo-

calised Fourier transform on manifolds, shortly consider the more general problem of
coordinate-transformations of the (z,¢) variables. Given a chart change in the cotangent
bundle T*R™ given by a diffeomorphism « : R™ — R”™, then we get for ¢ € D(R") that

Fuor)(&) = /ei<x’£>u(ﬁ(x))dx = /ei<”_l(y)’£>u(y)|det dﬁfl(y)|dy.

If £ is linear, we can write on R" that x(x) = A -z and thus we have

Fluon)(€) = g [ €0 Fuldy = o F (A7),

Therefore (A~1)¢ is the respective transformation in the cotangent bundle, where ¢
(A~1)¢ is still linear. However if £ was not linear to begin with, the correspondence in the
cotangent bundle becomes less clear and it would be difficult to evaluate the asymptotic
behaviour, for which we need at least homogeneity in £ of degree 1. We need to keep
this in mind when starting to work on manifolds, and find a way that takes care of this

problem.

Fourier transform and manifolds: Since pu is compactly supported for any v € D'(X)

and ¢ € D(X) we can use the following formula for the Fourier transform

F(pu)(€) = (u, e ).

It is apparent that on manifolds, the term (., £) will cause trouble since we no longer have
a scalar product we can resort to, and therefore we have to find a suitable replacement
for it. In order to do this, we look at the essential properties of the scalar product, which
consequently any substitute should also have:

We initially note that (.,£) maps Q@ — R, x — (x,§), so we are looking for a substitute
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of the form
P: X — R

Like the scalar product, 1 should be C*°. Furthermore, we consider the gradient of (.,¢)

with respect to = and obtain that

D((.,€)) = &

This is vital here due to the following argument: In the Fourier transform, the term e~#*:¢)
is an oscillating test function, producing waves that pass over the distribution u and these
waves propagate in the direction of £&. (Which, if not immediately clear, can also be seen
from the following line of argument: The fronts of such testing waves are to be found where
the scalar product (z,£) remains constant, that is at level hypersurfaces of the map (., &).
The wave fronts are perpendicular to the direction in which the wave propagates, and
level hypersurfaces of (., &) are in turn perpendicular to the gradient of (.,£). Therefore
the wave moves along £.) We want to locally remain in control of the direction of passing

waves, and so we deduce the following condition:

dip(zo) = &o,

where d denotes the exterior derivative d : C'(X) — I'(X,T*(X)), the appropriate substi-
tute for D when acting on scalar functions on manifolds.

In the previous section we saw that it is vital for asymptotic analysis that we obtain an
expression that is homogeneous of degree 1 in £&. We ensure this by using the same trick
as already before, instead of letting || go to infinity, we use a factor 7 — oo which we
pull out of ¢ from the beginning, thus to a certain extent forcing homogeneity. After all
this, we propose that our definition of the wave front set of a distribution on a manifold
should look like this:

Let X be a manifold and u be a distribution on the manifold. Then (z9,&)) €
T*(X) \ {0} is not in the wave front set of u, denoted by WF(u), if for any real-
valued function ¢ € C*°(X,R) with diy(z¢) = & there is an open neighbourhood Uy
of xy such that for any ¢ € D(U) we have

(u,e ™) = O0(rN) 7 - 00, NeN.

We argue why this would yield a valid generalisation of the concept of wave front sets

on open subsets of R™, i.e. we show that the two concepts coincide on R™. The core of the

51



4 Microlocal Analysis

argument will be provided by the next proposition, which is a variant of the method of
stationary phase. It will help us investigate the asymptotic behaviour of integrals similar

to what we want to use in the definition.
Proposition 4.6. Let m € R, § < 1. Let f be a smooth and real-valued function on R™,
and g € C®(R™ x R") with g(x,t) =0 for x ¢ K CC R™ and

%g(x,t) = O™ Hlely  for t — oo, (4.1)

uniformly in x € K. Then we are interested in the asymptotic behaviour of the integral

I(t) := /n et @ g(z,t)dx. (4.2)

We set
Yy={x € K:Df(x) =0},

which is the set of stationary points of f with respect to the integration variables. Assume
that for every N there exists a neighbourhood €} of Xy in K such that

glz,t) = Ot™N)  fort — oo, uniformly in x € Q. (4.3)

We have that
Ity =0@t™) fort— oo,

for all N € N.

Proof. For detail see [7, 1.2.], as only a sketch of the proof is provided here:

Using a cut-off around X7 in D(Q2) and the fall-off (4.3) of g on Q one can obtain the
desired asymptotic behaviour of the integral by straightforward calculation. The case
where ¢ is not rapidly decreasing, i.e. where therefore D f(x) # 0 for all z € K Nsuppg,
is more difficult.

To show the fall-off of the integral in this case one can choose a partial differential
operator P = Yc¢;(x )az , ¢j € C*°(R™) such that Pf = 1 in a neighbourhood of K Nsupp g.
Then

I(t) :/eitf(m) (x,t)dx = ( 1/P N g(x, t)da

07! [ P g(a,0)ds
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Thus by repeatedly applying integration by parts one can obtain for all £ that
16 = @)* [ P (g(at)da

, and so it follows from (4.1) that I(t) = O(t™T%%F) for t — oo and for all k. Since § < 1
this yields the desired fall-off. O

The next proposition now guarantees that the proposed definition of the wave front set

coincides with Definition 4.3 for distributions on R".

Proposition 4.7. Let u € D'(Q). Then (x9,&) ¢ WF(u) (as defined in 4.3) if and only if
for any real-valued C*-function v on R™ with Dip(xg) = & there is an open neighbourhood
Uy of xg such that for any ¢ € D(Up) we have

(u, e ™) = O0(rNY  for T — 0.

Proof. The “if” part is trivial: Simply choose for ) the scalar product (.,¢) : R” — R and
rewrite (u, e Y0 as F(pu)(T€).

To show the other direction we assume that (zg,&) ¢ WF(u), i.e. there exist neigh-
bourhoods U of zg, and V' of £y such that we have for each ¢ € D(U) and each N:

Flpu)(r€) = O(r~N)  for 7 — oo, uniformly in ¢ € V.
Let p € D(Up) be equal to 1 on a neighbourhood of supp(¢). Then we get

(u, e ™) = (pu, e V0 p)
= (Flpu), F e ™p))

= (2m) " (F(u)(©), / £/ ® (1) d)
= (2m) " [ [ e o) o) € dode
§27¢ (277)"T"//e”“’”’@w(x))p(x)dx-f(gou)(Tf)df

Now we apply the last proposition, or rather its proof, to the integral

To this end we start by looking at the stationary points of the oscillatory function: Setting
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f(z, &) = (x,&) —¢(z) and D, = (a%j)lgjgn the derivative with respect to the integration
variables, we obtain that D, f(z,£) = £ — Dy(x). Since Di(xg) = &, we can choose a
small neighbourhood Uy of xy such that |D, f(z,§)| = [ — Dy(x)| > e for £ ¢ V. Here V
is the neighbourhood of &y that we get according to the definition of the complement of
the wave front set.

So for £ ¢ V we can apply the method of integration by parts as in the proof of Prop.
4.6 where we can explicitly choose P = |¢ — D|=2(¢ — D, 8%>' This method yields an

estimate of the form
I < Cr-m7FA+ 1), foré¢Vir>1LkeN.
On the other hand |F(pu)(7€)| < C(1 + |7€])! for some [, and
| Fpu)(r€)| < Cp- 7%, foréeV,r>1,

for any k if Uy C U, and U again as in the definition. These two estimates together give
the desired result that (u,e () = O(r~N) for 7 — oc. O

Consequently we can now formulate a definition of the wave front set for distributions

on manifolds.

Definition 4.8. Let X be a manifold and u be a distribution on the manifold. Then
(x0,&0) € T*(X) \ {0} is not in the wave front set of w, denoted by WF(u), if for any
real-valued function ¢ € C*°(X,R) with diy(z¢) = & there is an open neighbourhood Uy
of o such that for any ¢ € D(U) we have

(u, e ™0y = O(rN) 17— 00,N eN.

Remark 4.9. (i) How we defined the wave front set on manifolds is not the only way
one can go about to reach a coordinate-invariant definition. One can for instance also
look at the behaviour of wave front sets under a pull back given by a diffeomorphism
f Q1 — Q9 and use this to define the wave front set via charts. However unlike the
definition we gave, this is not an intrinsic approach as one has to resort to charts,
which we did not have to do. Details on this approach can be found for instance in
Chazarain [1, 8.3] or also in Hérmander [11, 8.2].

(ii) The original approach to wave front sets for distributions on manifolds as proposed

by Hérmander in [10] is yet another one. There, Hormander used pseudo-differential
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calculus on manifolds to define the wave front set as the intersection of the charac-
teristics of all pseudo-differential operators of order 0 that give a C*°-function when
applied to u € D'(X).

(iii) A note on the next chapter: Having reached a definition of the wave front set on
manifolds, we can from now on w.l.o.g. work on open subsets of R" again, using
the usual trick of local descriptions of distributions on manifolds. The results of the
following section remain true on manifolds, but to keep proofs and notation simple

we only discuss the case of open sets in all details.

4.3 Microlocal Analysis of Kernel Maps

The aim of this section will be to prove estimates on the wave front set of distributions
that arise out of regular kernel maps, i.e. we prove a relation between WF(K) (for K €
D'(X xY) regular), WF(u) (for u € D'(X)) and WF(K - u). As already mentioned, the
previous section allows us to restrict our inspection to the distribution spaces on open
subsets X of R” and Y of R™. Before we can state and prove this theorem, we need to
make some preparations, in which we follow Dieudonné [5, 23.12].

First of all we derive a useful formula for the Fourier transform of a distribution of the

form K - u:

Proposition 4.10. Let K be a regular kernel distribution in D'(X x Y) with compact
support and let F,, denote the Fourier transform on R™. The we have for every u € £'(X)
and for every n € R™ that the function & — (FrynK)(—&,n)(Fru)(§) is integrable on R™

and we have the formula

FnlK - u)(n) = (2m)™" / (B ) (€, 1) (Fe) ().

n

Proof. Let eg(z) = 7€) and e, (y) = e for (z,¢) € R® x R™ and (y,7n) € R™ x R™.
By assumption K -u € E'(Y) for any u € &'(X) (see Prop. 3.16) and K* - ¢, € £(X).
Additionally we have that

Fu(K -u)(n) = (K -u,e,) = (K" e,,u) VneR™

Let ¢ € D(Y') be a cut-off around supp(K - u), then we obtain

(K - u,ey) = (K - u,tey) = (Kt - (vey), u),
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and since both sides of the last expression are compactly supported we have

(K"~ (Yey),u) = (Fu (K' - (Yey)) , F ' (w). (4.4)

Now we look at the expression F, (K' - (¢e;)) and rewrite it as

Fu (K" - (ten)) (€) = (K" - (Vey), ec) = (K, ec ® (ey))

and since K is compactly supported we may assume 1) = 1 on pry(supp(K)) such that

(K, ec @ (Yey)) = (K, e¢ ® €y) = (FnnK) (&, ).

Putting things together we thus have that

Fo (K' - (en)) (§) = (FamnsnK) (&),

and so since K* - (e,) € D(X) C S(R™) (again by Prop. 3.16) for any 7, we get that
€ FrinK (1) € S(RY).

Returning to equation (4.4) we have a brief look at the term F, !(u): We know that
u € £'(X) and consequently F, *(u) is a polynomially bounded function and thus we can

write

(Fu (K" - (e)) s F () = (Frnan K (), FyH(w)

- / Fonin K (6, 1) (F V) (€) de
— (2m) / Fonin (6, 1) (Fo) ()€
— (2m)" / FoninE (— €, 0) (Fue) (€)dE.

O

As a next step we turn to a lemma that will help us in constructions involving conic
neighbourhoods. To this end we introduce the following notation: For any subset V' of
Sn—1 be denote the set of all t£ € R™ \ {0} for £ € V and ¢t > 0 by RLV.

Lemma 4.11. Let W be a closed cone in X x (R™"\{0}), G be an open and conic neighbour-
hood of W in X x (R™\ {0}) and let x € pr; W. Then there exists an open neighbourhood
U of x in pry W and an open set Q C S,_1 such that

(a) {x} x QDWW N ({z} x S,_1),
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4.3 Microlocal Analysis of Kernel Maps

(h) UxRQCG,
(c) U xRYQ is a conic neighbourhood of W N (U x R™\ {0}) in pry W x (R™\ {0}).

Proof. We choose the open set 2 C S,,_1 such that we have
Wn({z}x Sp-1) C{z} xQCG.

Now we prove by contradiction that there has to exist a neighbourhood U of z in pry W
that satisfies (c¢) in the statement (by our choice of € (a) and (b) both hold).

So we assume that for all open neighbourhoods U of = in pry W, U x R €} is not a conic
neighbourhood of W N (U x R™ \ {0}). This implies that there exists a sequence xy — x

in pr; W and a sequence & in S,—1 with
(zk, &) €W and & ¢ Q.

However since S,,—1 is compact, we can suppose that the sequence & converges to some
&€ S,-1 with £ ¢ Q. But then (x,¢) is in W and by the definition of € this implies that

& € ), which contradicts the construction of the sequence. ]

Remark 4.12. One more observation on the wave front set:

From the definition of the wave front set we directly get: Let u € D'(X) and suppose
that z¢ € singsupp(u). Moreover, let Uy be an open neighbourhood of zy in X and let
Q C S,,_1 open be such that

(Up N singsupp(u)) x (R.€) is a conic neighbourhood of WF(u) N (Up x (R™\ {0}))

in singsupp(u) x (R™\ {0}). Then we have that for every £ € S,,—1 \  there is a neigh-
bourhood Ug of x¢ in Uy and a neighbourhood V¢ of £ in S,,_1 so that we have
Vo € D(Ug) VE € N3IC, >0Vt >0Vne Ve:

[, e M) < C(1+ 1),

If we cover the compact set S, 1\ {2 by finitely many neighbourhoods V¢, and if we choose
U C (N, Ug;, then we have that for every ¢ € D(U) and every k € N there exists a Cj, > 0
such that V¢ > 0 and even Vn € S,,_1 \ 2 :

[(u, e M) < Ci(1 +1)7".

o7



4 Microlocal Analysis

We now introduce the setting of the theorem:
Let X (resp. Y) be an open subset of R™ (resp. R™) and let K be a regular kernel
distribution in D/(X x Y), i.e. the associated operator K maps £ (X) — D'(Y). We

additionally assume the following:
(WF1) WE(K) N {((z,9),(£,0)) € (X xY) x (R™™\{0}))} =0
(WF2) WF(K) N {((z,9),(0,n) € (X xY) x (R™™\{0}))} =0

Ultimately we denote the set of all ((z,y), (£,7)) € (X xY) x (R"*™\ {0})) for which

((z,9), (=&, m) € WF(K)
by WF/(K).

Theorem 4.13. Under the given assumptions we have for all u € £'(X)
WF(K -u) C WF/(K)(WF(u)). (4.5)
Remember that the notation on the right-hand side describes the set of all

(y,m) € Y > (R™\ {0})

for which there exists some (z,£) € WF(u) such that ((z,v),(&,n)) € WF/(K) (resp.
((z,9), (=& n)) € WF(K)).

Proof. We will prove the relation (4.5) by showing that if a point (yg,70) is not an element
of the right-hand side, i.e. (yo,n0) € WF'(K)(WF(u)), it follows that (yo,70) € WF (K -u).
To be more precise, let (yo,n0) with w.l.o.g. |n| = 1 be such that there exists no pair (z, &)
that fulfils

o (x,8) € WF(u),
o (#,y0) € singsupp(K) =: S,
0 (($,y0), (*5,7]0) € WF(K)

Then it follows that (yo,n0) € WF(K - u).
Since u € &'(X) it is compactly supported and we may choose a cut-off function h
around its support such that w = hu. Then clearly it follows that K - u = K - (hu),

and we may interpret K - u as the image of u under the operator that is given by the
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4.3 Microlocal Analysis of Kernel Maps

kernel distribution (h o pry) - K. Therefore we can assume that the singular support S
of K satisfies for any compact subset H CC Y that S™!(H) is compact in X, and so
we can in particular assume that S~1(Up) CcC X for any compact neighbourhood Up
of yo. We proceed by showing the following statement, which is slightly stronger than
(y0,m0) ¢ WE'(K)(WF(u)):

There exist a compact neighbourhood Uy of (yo,70) in Y x Sy,—1, a conic neigh-
bourhood G’ of WF(u), a conic neighbourhood G” of WF(K) and ¢2 > ¢; > 0
such that we have for any ((x,y),(=¢§,n)) € G” with (y,n) € U}, that (z,£) ¢ G’
and ¢; < [¢] < ea.

Let Uy be a compact neighbourhood of gy and consider the conic sets

(%)

Z" = (87 (Uo) x Up) x (R™™\ {0}) NWF(K),

and
7' = S HUp) x (R™\ {0}) N WF(u).

Moreover, let (Z/

Z" resp. Z' such that

) resp. (Z},) be a decreasing sequence of closed conic neighbourhoods of

z" =2 pri(Z)) € S~HUy) x Uy
resp.
z'=(\% pry(Z},) € S~ (U).-

By this construction there exists a K € N such that Z; C G” resp. Z; C G’ for any
neighbourhoods G” of WF(K) resp. G’ of WF(u) and for all & > K. We argue by
contradiction and suppose that for all neighbourhoods G” of WF(K) resp. G’ of WF(u)
and ((z,y), (—&,n)) € G” with (y,n) € U] either (z,£) ¢ G’ or ¢; < |£| < ¢ is violated:
So we suppose there exists a sequence of points ((zx, yx), (—&k, Mx)) € Z; (which has to
be in any neighbourhood G” for k large) with (yg,mx) — (yo,n0) (therefore (yg,nx) € Up

for k large enough), which satisfies one of the following conditions:
1. |&k| — 0 for k — oo,
2. |&| — oo for k — oo, or
3. (k. &) € Z;, for all k (= (xx, &) € G for large k).

Since yx, € Uy for large k we have that z € S™1(Up) (as (zk, yx) € pry(Z)) € S™1(Up) xUp)
and so by compactness of S~(Up) we can have z;, — z € S~H(Up).
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4 Microlocal Analysis

o If |&x] — 0, then Um((zg, yk), (—&k, mk)) = ((x,40), (0,1m0)) € Z” C WF(K) in con-

tradiction to our assumptions on the distribution K.

e On the other hand if |{;| — oo, one could assume that the sequence & /|| converged

to some & € S,_1, and using that Z} resp. Z” is conic we would obtain that

lim((zp, u1), <—é’;‘, T =" (@), (€.0)) € 2" € WE(E),

again in contradiction to the assumptions on K.

So we may assume that ¢; < || < ¢ for any k and two constants ca > ¢; > 0 and
consequently the sequence ((zx, k), (—&k, M) has to fulfil property 3, i.e. (z, &) € Z,
for all k. We again get from compactness that the sequence £ takes some limit & €
R™\ {0} and so we furthermore have that lim(xg, &) = (2,&) € Z' C WF(u) and likewise
((z,y0), (=&, m0)) € WF(K). This contradicts the choice of (yo,m0) ¢ WF'(K)(WF(u))
and so we have proved (x).

Choose G’ and G” as in (x). We apply Lemma 4.11 twice: Once for W = WF(u)
and G = G’', and once for W = WF(K) and G = G”. Then we have that for every
x € S7Y(yo) exist a relatively compact neighbourhood V, of  in X, a relatively compact
neighbourhood U, C Uy of yg in Y, an open subset €2 of the sphere S,,_; and an open
subset Q7 of the sphere S, ;,,—1 such that

o (VuNpr(WF(u))) x (R%€,) is a conic neighbourhood of WF (u) N (V, x (R™\ {0}))

that is contained in G’,

o ((Vu x Uy) Npr(WF(K))) x (R%Q7) is a conic neighbourhood of WF(K) N ((V, x
Uz) x (R™*T\ {0})) that is contained in G”.

We cover S~1(yo) by finitely many open sets V; = Vz;; furthermore let U be a neighbour-
hood of yo that is contained in the intersection of the sets U, and let {2 be a neighbourhood
of ny in Sy, that satisfies U x Q C U/; finally we set

I = RiQ;j

and
I = RO

After these constructions we return to our main argument, which is proving that (yo,n0) ¢
WF(K - u): Let ¢ € D(U) be a test function on Y, we show that for any & € N there
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4.3 Microlocal Analysis of Kernel Maps

exists a constant C} > 0 such that
| Frn(o(K -u)(tn)] < Cpt™  ¥neQ,t>1. (4.6)

Let (1) be a finite sequence of positive functions in D(X) with Vj : supp(v;) € V; and
>_;j¥j(z) =1 on a neighbourhood of S~1(y). By linearity it suffices to show (4.6) when
(K -u) is replaced by the distributions ¢(K - (1ju)) := Kj-u, where the kernel distribution
K is compactly supported and regular. Therefore we can apply Proposition 4.10 to obtain
that

n

Fm (K - u)(tn) = (27)_"/ (Frnnd5) (=€, tn) (Fru) (§)dS.

Hence we have to find an upper bound for the right-hand-side integral with respect to
n € Qandt > 1. Since both v and K are compactly supported, we have that their Fourier
transforms are in Oy (R™), the space of functions whose derivatives can be bounded by

polynomials (see Section 2.3.). Hence there exists C' > 0 and p € N such that

[FrnnKG(=E, tn)| < C(1+ €] + 1),
[Fru(€)| < C(1+ €))7

holds.

By choice of I'; and I} as being contained in pry(G’) and pry(G”), (*) and the fact that
n € Q C pry(Up) we have that either (—¢,n) € T/ or nn € I'}, but both cannot hold at the
same time. So at least one of the points is not contained in the neighbourhood F;- resp.
'Y of pry(WF (u)) resp. of proy(WF(K)) and we have the following two cases:

(a) We have
_¢ eI’ d g ¢ 1
t 1 i an t 70

and so also £ ¢ I'; and e1t < [¢] (see (x)). Then by Remark 4.12 there exists for any
k € N a constant Cj, > 0 such that we have for every £ ¢ I'; that

| Fou(€)] < CL(1 + |€) 7"
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4 Microlocal Analysis

From this we get that

|\ Finan K (=€ tn) Fu(€)| < CLO(L + €] + t)P(1 + [¢])F

1 p
< CCy, <1 + <1 + Cl) |§> :
(L+ )P (1 + [g) st
< C«(l + ’5‘)—71—1(1 + Clt)—k’-i-p-i-n-i-l

assoon as k >p—+n+1.

(b) The second case is where
{ F// t 1‘\//

Then again by Remark 4.12 we have for any k& € N we have a constant C}/ > 0
independent of 7 € € such that

| Fonen B (=€, 1) < CE(L+ ¢+ €))7
Similar to (a) we thus gain that

| Fonin K (=€, tn) Fu(§)] < CROA + [¢] + )7 (1 4 [¢])?

L+ [+ )P A+ [¢] + )P (1 4 (g
(L) P A+ )P (1 4 [¢))P
SO+ ) (1 o) Freend

<cyc
<clo

fork >p+n+1.

Consequently we see that in both cases we get an estimate of the type
“Fm'i‘”Kj(_g? tn)fu(f)’ < Ck(l + ’f‘)fnfl(l 4 t)*k+p+n+1

forn € Q,t > 1 and any £ € R™. Since k is arbitrary, we can integrate over & due to

the factor (1 + |¢])™"~!, and have the desired fall-off in ¢ from the second factor (1 +
¢)~kApntl =

Remark 4.14. On the conditions (WF;) and (WF3): For the theorem we had to insist
that the kernel K was not only regular but also fulfilled:
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(WF1) WF(K) N {((z,),(£,0)) € (X x V) x (R*™\{0}))} =0
(WF2) WE(K) N {((z,y),(0,n)) € (X xY) x (R \{0}))} =0

These conditions are stronger than regularity of the kernel distribution K, in fact they

imply it: Remember Remark 3.14, where we gave a characterisation of regular kernels by:
KeD (X xY)regular & K € C®(X,D'(Y))NC™(Y,D'(X)).
Hormander shows in [10, 2.5.13] that
(WF{) = K € C*(X,D'(Y)),
and so likewise
(WF3) = K € C*(Y,D'(X)).

(These implications can also be deduced from Dieudonné [6, 23.65.5].) Therefore (WF)
and (WF3) together imply that K is regular, but the converse is not true.

For any regular distribution K € D'(X x Y') we only have the following, weaker state-
ment: Let S = singsupp(K), then we have for any u € £'(X) that

singsupp(K - u) C S(singsupp(u)).

For a proof of this see [5, 23.12.11].

Example 4.15. (i) (Convolution) Let u € £'(R™) and denote by K, the convolution
operator £'(R™) — D'(R™) given by the regular kernel distribution K, (z,y) = u(y —
x) € D'(R™ x R™). Then we have:

(a) Since we know K to be regular we may at least apply Remark 4.14 to the kernel

operator K, and we easily obtain for
S = singsupp(K,,) = {(z,y) € R*" : (y — x) € singsupp(u)}
that

singsupp(u * v) C S(singsupp(v)) = {y | 3= € singsupp(v) : (z,y) € S}
= {y | 3z € singsupp(v) : (y — =) € singsupp(u)}
= {y | 3z € singsupp(v) : y € {z} + singsupp(u)}
= singsupp(u) + singsupp(v).
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4 Microlocal Analysis

This is a well-known result which we obtain here as an easy corollary, but

without the preceding theory it is usually not so easy to prove.

(b) Yet we have even more: The kernel operator K, fulfils (WF;) and (WF3) since

WEF(Ky) = {((z,9), (=£,8)) | (y — 2,£) € WF(u)},

which we do not prove here but refer the reader to Hormander [11, p. 270]
or Friedlander-Joshi [8, Section 11.4] for an elegant proof based on pull-back

results for wave front sets. So we may apply the Theorem 4.13 to obtain that

WEF(uv) C WF'(K,)(WF(v))
={(y,n) | Iz,8) € WF(v) : (z,y,—&,n) € WF(K,)}
={(,n) | 3(z,8) € WF(v) : n =& A (y — 2,€) € WF(u)}
L (w426 | 3(x,6) € WF(v) : (2,€) € WF(u)}.

§
§

(ii) Let X =Y and g € D(X). Then the regular operator K, : D(X) — D(X), ¢ +— gp

is given by the kernel distribution
Ky =93y @ [ gla)0(a,a)da,

(see Example 3.3). Hence the support as well as the singular support of K, are given
by the diagonal {(z,z) € X x X}. To find the wave front set of K, we look at the
Fourier transform of ®K, for & € D(X x X) near the singular support, which is
given by

F(OK,)(E.n) = /X ¢ HEE ) (1) D (2, ),

since K, € £'(X x X). From this we get that

WE(K,) = {((z,2), (£, —€)) € (X x X) x (R*"\ {0}) : z € supp(g)},

which obviously satisfies (WF1) and (WF2). Therefore we may apply Theorem 4.13

to regain that

WF(g-u) C WF(u) forue D'(X),g€ D(X),
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4.3 Microlocal Analysis of Kernel Maps

which we already remarked in Remark 4.4. We get this result for any u € D'(X)

since K is compactly supported and so we can cut-off u outside pr;(supp(Ky)).

As in Example 3.3 we can interpret the multiplication operator as a special case of
a partial differential operator, and similarly to multiplication operators we get that

we can apply the theorem and obtain the formula
WFE(P - u) C WF(u),

for P a partial differential operator and v € £(X). So multiplication operators as

well as partial differential operators do not increase the wave front set.

This statement remains true for even one more level of abstraction: For pseudo-

differential operators and their kernels we have that
WF(Ky) C {(z,z,—0,0) : 2,0 € R"},
(cf. [12, 18.1.16.]) and so

WF(Ky - u) € WF' (Kyg)(WF(u))

C{(y,m) | 3z, &) € WF(u) : (z,y,—§,m) € WF(Ky)}
= WF(u).

We no longer have this inclusion if we move on to Fourier integral operators, whose
wave front sets are considerably more complex but can be described geometrically.
For more information on Fourier integral operators see for instance Duistermaat [7,

chapter II resp. IV].
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