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Abstract

We examine the general theory of pseudodifferential operators on flat Euclidean
space and apply results to the Laplace-Beltrami operator A, on a Riemannian
manifold (M, g). In particular, we show that A, on the manifold (R",¢) is an
elliptic pseudodifferential operator. Furthermore, we calculate the leading order
terms of its parametrix. Using normal coordinates on Riemannian manifolds,
we reduce the parametrix. Finally, in dimensions two and three we calculate
the Schwartz kernels K_5(z,y) and K_4(z,y) of the leading order terms of this
parametrix. Using this parametrix we show that if Aju = f on (R",g), then
u = [pn(K oz, x —y) + K_4(x,2 — y))f(y)dy + h(x), where h(z) € C' if the
dimension n = 3 and h(z) € C? if the dimension n = 2.
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Introduction

In an abstract sense, finding a solution to the Laplace (or Poisson) equation
Au = f is easy. After we compute the Fourier transform, the equation turns
into —|€[20(€) = f(€), and the solution to the original equation is found using the
inverse Fourier transform, such that u(z) = F~'[—f/|¢|?]. Similarly, for a linear
partial differential operator D with constant coefficients, a solution to the partial
differential equation Du = f can be found, in theory, with relative ease.

However once the coefficients of the linear partial differential operator D also be-
come space dependent, this theoretical solution already breaks down. By defining
the symbol of this operator D, we may still use Fourier theory, however many
“nice” properties are still lost. One such example is the composition of linear
partial differential operators. The theory of pseudodifferential operators aims to
solve these issues, by generalising the types of differential operators.

Moreover, the theory of pseudodifferential equations is necessary, once one looks
at PDEs on smooth manifolds. Since for many manifolds we can only give lo-
cal charts, we cannot even expect that the theory of constant coefficient partial
differential equations suffices. This thesis gives an introduction to the theory of
pseudodifferential equations, and gives some applications of it in the theory of
partial differential equations on manifolds.

Chapters 1 and 2 give an introduction to the theory of pseudodifferential equations,
and are based on books on pseudodifferential operators such as [Wonl14], and on
distribution theory such as [FJ98] and use some functional analysis theory found
in books such as [Con19].

In Chapter 1 we focus on distribution theory. We show that tempered distributions
can be approximated by Schwartz functions. Furthermore, we define the Fourier
transform, and use some elementary properties to compute the Fourier transform
of some homogeneous distributions.

Chapter 2 gives the definition of a pseudodifferential operator, and discusses how
one composes two pseudodifferential operators, and shows that finding an (approx-
imate) inverse to a pseudodifferential operator is possible, if the operator is elliptic.
Furthermore, we show that pseudodifferential operators are bounded linear oper-
ators between Sobolev spaces, and show that if a pseudodifferential operator 7}, is
elliptic, then the solution u to the pseudodifferential equation T,u = f is smooth
whenever f is smooth.

Chapter 3 gives an introduction to the theory of pseudodifferential equations on
smooth manifolds. It starts by defining an elliptic pseudodifferential operator on



a Riemannian manifold, called the Laplace-Beltrami operator A,. We explain the
necessary material from Riemannian Geometry that can be found in more detail
in [Leel8] and [Leel3], and using the machinery built up in the previous chapters,
we then compute the approximate inverse of this Laplace-Beltrami operator, and
give an integral operator representation. Using this integral representation, we
finish by giving approximate solution to the pseudodifferential equation Aju = f.

Some final remarks before the mathematics starts. I have tried to prove every
theorem, proposition, lemma and corollary in this thesis, for only very few do I
refer the reader to a different source. I hope, therefore, that my fellow Master
Mathematics students with some background in Fourier analysis can then follow
the thesis from cover to cover. Finally, I have tried to keep any falsehoods and
mistakes from entering this thesis, but I will never be completely certain that I
have found and corrected all of those which did.

Notation convention

Notation will be explained where necessary, however for some quantities used
throughout this thesis notation is given below

(a) A multi-index « is an element of Nj, with length |a| = >°7 | a;, order
m = max; «;, factorial o! = H?:1 a;!. The set of multi-indices has a natural
partial ordering, such that § < aif 5, < «; forall j =1,...,n. If 8 < a,
then the binomial (;) =l (gj)

(b) The partial derivative 9/0z may be denoted by 0, and the multidimensional
partial derivative 9 = [7_, 8% in R™. Finally, DY = (—i)*l9g.

(c) A will denote the Laplacian Y77, 97 .

(d) If X is any topological vector space, then X’ denotes its continuous dual
space.



1 Preliminaries

In this chapter, some preliminaries are discussed such as distribution theory. Most
information can be found in books such as [FJ98].

1.1 Linear partial differential equations

Pseudodifferential operators can be seen as a generalisation of constant coefficient
linear partial differential operators. We give a definition of linear partial differen-
tial operators below.

Definition 1.1 (Linear partial differential operator). On R™ a constant coefficient
linear partial differential operator D of order m is a linear operator of the form

D= > a.D", (1.1)
la|<m
where « is a multi-index, and D® is a derivative.

Definition 1.2 (Symbol). For a linear partial differential operator D of order m,
define its symbol P(D)(&) by its Fourier transform. In formulaic terms

PD)(€) = Pp(§) = ) aa&™ . (1.2)

laf<m

The definitions above are used very widely, but can be extended to greater gener-
ality as done below.

Definition 1.3 (Linear partial differential operator). On R™ a linear partial dif-
ferential operator D of order m is a linear operator of the form

D(z) = Y aa(x)D (1.3)

laj<m

where a, () may now depend on the variable z.

Definition 1.4 (Symbol). For a linear partial differential operator D(z) of order
m, define its symbol P(D)(z, &) by its Fourier transform. In formulaic terms

P(D)(z,€) = Po(,6) = Y aa(2)&" . (1.4)

laf<m



We will see in the next sections what we mean by the Fourier transform of an
operator. Even though it is not evident at this point, we will see that the definition
is consistent.

1.2 Schwartz functions and Tempered
distributions

In this section we look at the space of Schwartz functions, and its continuous
dual space of tempered distributions. We show that the Schwartz functions are
sequentially dense in the tempered distributions.

Definition 1.5 (Schwartz space). On R™ there is a set of functions S(R™) given
by all f € C*°(R") such

suRp |2”(D*f)| < oo, for all multi-indices a, 3. (1.5)
TzeR™

Together with the semi-norms p, s(f) = sup,cgn |2°(D°f)| for all multi-indices a
and 3, the Schwartz space is a locally convex Fréchet space.

The first proposition shows that the Schwartz functions are also elements of the
LP-spaces. We will use this fact throughout this thesis.

Proposition 1.6 (S(R") C LP(R™)). For p € [1, oo] there is a continuous inclusion
of function spaces S(R™) C LP(R™).

Proof. Separate the cases p = oo and p # oco. For p = oo, the inclusion is obviously
true, since sup, g [2°(D°f)] = || f]leo < 00, whenever f € S(R™).

For p € [1,00) notice that ¢ = f? € S(R") whenever f € S(R™). Hence, it is
sufficient to show that f € L'(R"), whenever f € S(R™).

Take N > n an integer then (1 + |z|*)™™ € L'(R"). Indeed:

1 oo pn—l
——dz=A,_ —  d
/Rn (1)~ " T

1 00 1
<A, _ 1d —d
= n1(/0 7“+/1 (1+r2) r)<oo

where A,,_; is the (hyper-)surface of the n — 1 Euclidean (hyper-)sphere S™~! in
R™. Thus using the fact that f is a Schwartz function there is some finite constant
C > 0 such that

(1.6)

sup (142N f(x)| = C . (1.7)
Hence, c
and f € LY(R"). [ |



In this thesis we will work mostly with tempered distributions.

Definition 1.7 (Tempered distributions). Given the space of Schwartz functions
S(R™), define its continuous dual space S’(R™) with the weak-* topology. In other
words a tempered distribution is a continuous linear functional u : S(R") — R,
and we say that a sequence of tempered distributions wu, converges to 0 if and
only if for every ¢ € S(R") the sequence (u,, ¢) converges to 0 in R.

Sometimes tempered distributions are referred to as generalised functions. This
is due to the fact that they may be approximated by a sequence of Schwartz
functions.

Theorem 1.1 (Density of Schwartz functions in the tempered distributions). The
space of Schwartz functions S(R™) is sequentially dense in the space of tempered
distributions S'(R™) (with respect to the weak-* topology on S'(R™)).

We will prove this theorem in two steps: first we prove that S(R") C LP(R")
is dense for p € [1,00), and then, using the machinery built up, we will prove
S(R™) C S’(R™) is dense. For these theorema we need some preparations. In
particular, we need the convolution.

Definition 1.8 (Convolution). For functions f, g € L'(R™) define the convolution
operator by

(f *g)(x) = . flx—y)gly)dy . (1.9)
The following proposition shows some properties of the convolution operator.
Proposition 1.9. For f,g,h € L'(R") the following hold for the convolution.
(a) Associativity: (f*g)*h = fx*(g=*h)
(b) Distributivity: f* (g+h) = fxg+ f*h
(c) Symmetry: fxg=g* [

Proof. (a) Writing out the definition we see

((f * g) * h)() = / (f % )& — y)h(y) dy

]Rn

= [ [ se=y=2)g2)0z ) dy

_ / | (@ —w)glw —y)dw h(y) dy (1.10)

= Rnf(x—w) /ng(w—y)h(y)dy dw
= Rnf(ﬂf—w)(g*h)(w)dw

= (f*(g*h)(z),

bt



by Fubini’s theorem.
(b) Follows from the linearity of the integral.

(c) Follows by a change of variables. Indeed:

(f*xg)(x)= | flz—y)g(y)dy
o (1.11)

= . fw)g(z —w)dw = (g * f)(x) .

This completes the proof. [ |

It is possible to define the convolution operator on a tempered distribution by the
following prescription

(% u, ) = <u,g2*¢>> , (1.12)

if we assume that ¢ € Cg°(R") is a compactly supported smooth function, and
Y(x) = (—x). This prescription is also consistent, since if u € L'(R") then

Wrud) = [ (@ el ds
:/ Y(r —y)u(y) dy ¢(x) dz
- (1.13)
_ / L e = y)ola) dr uly) dy
~ [ @ty = (ud+0)

Now take a compactly supported smooth function ¢ € C§°(R™), with the proper-
ties that 0 < ¢(x) < 1, and ¢(—x) = ¢(x) for all z € R", and

- Y(r)de=1. (1.14)

We will see in upcoming sections that such functions exists. For € > 0 define 1,
by ¥.(x) = e "p(x/e), which satisfies

. e(x)da = . P(r) =1, (1.15)

by simple change of variables. Furthermore, the following proposition holds, which
is crucial for the proof of Theorem 1.1.

Proposition 1.10. Let p € [1,00) and take f € LP(R") a function. Then as ¢
converges to 0, the function . x f € LP converges to f.



Proof. We calculate in the p-norm the distance between ¢, * f and f:
r 1/p
loox £ =11y =| [ 1oex = 1v]
L/ R"
r 1/p
= [ [ v
L/ R"
p 1/p
dx} (1.16)
P 1/p
dx}

P 1/p
dx} .

= / Rnf(x—y)we(y) dy — f(z)

_ / /n(f(x—y) — F@))e(y) dy

:'/n/;u@—fm—f@»wmdy

Therefore, by Minkowski’s inequality it follows that

e lo< [ Wl ([ 15 sor)

(1.17)
S AL

where f,, denotes the translated function f(x+y). Now using the fact that the p-
norm is continuous under translations, it follows that for all § the distance between
f and f_.; converges to 0 as € converges to 0. By the dominated convergence
theorem, it follows that

: B <1 . o .
g [ = Fll <limy [ @Iy~ fludi=0, (119
which proves the proposition. m

Lemma 1.11. If f € Cy(R™) is a compactly supported continuous function, and
g € C°(R™) is a compactly supported smooth function, then

supp(f * g) C supp(f) +supp(g) and 9;(f * g)(x) = (f * (979))(x) . (1.19)

Hence, f * g is a compactly supported smooth function.

Proof. Let x € R™ be such that (f % g)(x) # 0, then

0 # . flz—y)g(y)dy (1.20)

hence there must be a point y € R™ such that f(x — y)g(y) # 0. Hence, we have
z = (z —y) +y € supp(f) + supp(9)-

Suppose now that x € supp(f *g) such that (f*g)(z) = 0, then for any ¢ > 0, the
ball B; , of radius ¢ around z contains a point z’ such that (f * ¢g)(2’) # 0. Then

7



there is a y such that f(2’ —y)g(y) # 0, such that x =2’ +tv = (' —y) +y + tv
for some vector v and some scalar t € (0,¢). Since for any € > 0 there is such an
a2’ it follows that = € supp(f) + supp(g).

Now to prove that fx*g is smooth, notice that it is sufficient to prove that, for any i,
the partial derivative 0,,(f * g)(x) exists, and that 9,,(f * g)(x) = (f * (02,9))(2),
since then h = 0,,¢g is also smooth. This is indeed the case by the dominated
convergence theorem, because both f, g are compactly supported, hence

Or,(f * g)(x) = O, . flz—y)g(y) dy

=8mi/ng(rr—y)f(y) dy (1.21)
/ Dugle =) () dy
((Oz;9) * [)(x) = (f * (0n,9)) () -

This proves that (f % g) is a compactly supported smooth function. |
We can now prove that S(R") is dense in LP(R").

o0), the space C§°(R™) of compactly supported

Proposition 1.12. For p € |1,
(R").

smooth functions is dense in L

Proof. The proof of this proposition will make use of the transitivity of dense sub-
spaces. In particular, we use that the simple functions are dense in LP(R™) to show
that the compactly supported continuous functions are dense in LP(R™). Then we
show that any compactly supported continuous function can be approximated by
a compactly supported smooth function.

Take a measurable set A, with finite measure. We will show that there is a com-
pactly supported continuous function f which approximates the indicator function
on A. Take € > 0,then because the Lebesgue measure is both inner and outer reg-
ular, there is a measurable open set U and a compact set K such that K C A CU
and p(U\K) = p(U)—pu(K) < e. Now by Uhrysohn’s lemma there is a continuous
function 0 < f <1 with supp f C U such that f|x = 1. Then

/ a — 1P = / N — [P < <. (1.22)
R" U\K

Now by taking finite linear combinations of indicator functions we obtain the
simple functions, hence the space of compactly supported continuous functions
Co(R™) is dense in the space of simple functions. Because the space of simple
functions is dense in LP(R™) it follows that Cy(R™) is dense in LP(R™). For a more
detailed proof see [Rud87] page 69.

Next notice that if f € Cyp(R"™) and g € C§°(R"™), then it follows for the convolution
f * g that supp f * g C supp(f) + supp(g), and that f * g is smooth, hence

8



f*g e C(R™). Thus, by using . from before, it follows that C5°(R™) is dense
in LP(R™).
Hence, the proposition is proved using the inclusion of function spaces given by

C2(RY) C S(R™) C LP(R™). n

Remark 1.13. The proof for p = oo falls apart because the compactly supported
continuous functions Cy(R™) is not dense in L*°(R™). A counterexample is the
constant 1 function, for which the approximation given in the proof does not
converge in the oo-norm.

For the full proof of Theorem 1.1 we will do the same steps for a tempered distri-
bution. First we prove that compactly supported tempered distributions approx-
imate general tempered distributions.

Lemma 1.14. If v € S’'(R™) is a tempered distribution, and if 0 < y < 1 is a

compactly supported smooth function which is one on a neighbourhood of 0, and

if we set y(z) = x(z/m), then w,, = x,,u converges to u in the weak topology

on §'(R™).

Proof. Take any ¢ € S(R"), then for the distribution (1 — x,,)u it holds that
(U= um, @) = (1 = xm)u, 9) = (u, (1 = xm)9) 0, (1.23)

if (1 — xm)¢ converges to 0 in all semi-norms on S(R™). We calculate for all «, 5

|2 DE(1 = Xm(2)) 9 ()]

B B\ ps-s(1 — x B o) (x
— e 3 (5) 02 1 )DL o)

B'<B

— [2°(1 = xo(@))(D2) ()

m—ro0

5 (1.24)
P m 18— DP=B N (x/m)(DP &)z
vt 3 (5 )m e DE am) (D2 )

B'<p
2°(1 = o (2))(D20) (@)

3 () )m e e pm @)

p<p

For each € > 0 and each ' < 8 we can choose an mg such that for all m > mg

we have
(ﬁ/) 157 sup
B rER™

Similarly, we can choose an mg such that for all m > mg we have

2°(1 = xm(@)(DI0) ()| < /181" (1.26)

2 (DS ) (w/m) (D] 6)(x)| < =/1BI" (1.25)

sup
reR™

9



Now by setting M = maxg<s{mg }, we have that for all m > M that

sup |2°D5(1 — xm)o| < e, (1.27)
zeR™

which proves the lemma. |

Corollary 1.15. Compactly supported tempered distributions are dense in the
space of all tempered distributions.

Lemma 1.16. If u € S'(R™) is a compactly supported tempered distribution and
1 € C°(R™) is a compactly supported smooth function, then

(ux1)(x) (1.28)

exists in the classical sense, is compactly supported and is smooth in the classical
sense.

Proof. Because u and 1 are compactly supported, the prescription from Equation
(1.12) applied to the compactly supported smooth function ¢, which is 1 on some
compact set K 2 supp(f) + supp(g), results in the fact that

(ux1)(x) (1.29)

exists in a classical sense. Furthermore, the calculations from Lemma 1.11 still
hold, and yield that (u *1)(x) is a compactly supported smooth function. [ |

Using the previous lemmata we are now able to prove Theorem 1.1.

Proof. We will approximate a compactly supported tempered distribution by a
compactly supported smooth function. Then using the fact that compactly sup-
ported tempered distributions are dense in the space of all tempered distributions,
the theorem follows.

Take v € S'(R™) a compactly supported tempered distribution, and . as in
Proposition 1.10, it follows that (u  ¢).) is compactly supported and smooth by
Lemma 1.16. Furthermore, it follows that (. * u) converges to w in the weak
topology.

Hence, C§°(R™) is dense in the compactly supported distributions, which in turn is
dense in the entire space of tempered distributions. This shows that the inclusion
of function spaces C3°(R") C S(R") C §'(R™) are sequentially dense. [ |

1.3 Fourier transform

This section is dedicated to the Fourier transform. We give a definition of the
Fourier transform, give elementary properties, and define the inverse Fourier trans-
form. Whole books can be written about the Fourier transform, so only the nec-
essary properties and facts are given.

10



Definition 1.17 (Fourier transform on S(R™)). For a function f € S(R"), define
its Fourier transform by

FUNO = F6) = g || @) e (1.30)

Notice that this integral is absolutely converging, since S(R™) C L'(R").

Proposition 1.18 (Properties of the Fourier transform). The Fourier transform
is an operator with the following properties:

(a) Linearity: FINf + pg) = AF[f] + pFlgl,
(b) Products and derivatives: F|z®D2f] = (—1)‘6|§QD?}"[]C] (&),

(¢) Convolution: F[f * g] = (277)"/2f -4,

(d) Translation and unitary multiplication: F[f(z +y)](§) = e S F[f(2)](€) and
Flevf(@)](€) = FIf (@))€ —y),

(e) Dilation: F[f(tz)] =t "F[f](t7&) for t > 0,

(f) Orthogonal invariance: Assume that f(Az) = f(z) for all A € O(n), then

A ~

FAE) = f(8),
(g) The Fourier transform is formally self-adjoint: [, fg= Jan [0

(h) The linear operator F1[f](&) = f = (2m)™/2 [, "¢ f(x) dz provides an

inverse to the Fourier transform,

(i) Plancherel-Parseval identity: || f]l2 = || f]|2.
for all functions f, g € S(R"), all scalars A, u € C and all multi-indices «, 3.

Proof. (a) Linearity follows by the linearity of the integral
(b) By partial integration it follows that

FIDAN) = oy [ D) o

=~y [, (0 )

- (27f§n/2 /R @) de

~

=& - f(€)

(1.31)

11



and by the dominated Convergence Theorem it follows that

Fley- 1) = gz |, ¢ @)do

- _(27r1)"/2 / (#0e™%) f(x)du

_ D, (W /R e p ) daz)

~

= _ijf(g) .
From (1.31) and (1.32) the formula F[z°Dg f] = (—1)/I¢*D{ F[£](€) follows.

(1.32)

(c¢) By Fubini it follows that

FLf = g)(€) = W / et = ylgly)dyde

= Gl / et | f(x —y)g(y) dy de
n R
1 | |
= o [ ) [ ey aray 09
ﬂ- n n

2m)
= ?;27;2 / ) e g(y)dy / e "D f(z)dz

n

(d) Simple calculations show

Flf@+9)](€) = /
— 1 / eiy'fe*i(ery)'éf(x + y) dx (134)
(x

and

(2 n
_ 1 ir(e—y (1.35)
= (27r)n/2 s (€ )f(m) dx
= Flf(@)I(€ —v)
(e) By change of variables
Flf(ta)] = — / e~ f(tz) du
—2m)n? Jpa
- (22;;/2 /n e (t_lé)f(y) dy (1.36)



(f) By change of variables

F(46) = s [ e @) e
= G / SIOLE
(2m)"/2 Jgn (137
1 " .
~ G LA dec ALy
1 ﬂy_ .
~ G L = 7€)
(g) By Fubini’s theorem
f()()da?— (27) ”/Q/n/n Zy:cf ) dyg(z) dz
(2m) n/Q/ / eV g(x) dwf(y) dy (1.38)
A W9l) dy
(h) For f € S(R™) we have
(F)Y (@) = (2m)™" / e f(E)dg (1.39)
Define I. by
L = (2m) ™ / eI 2 (g d (L40)

By the dominated convergence theorem I. converges to (f)¥(z) pointwise as
e — 0. So it satisfies to show that I. converges to f pointwise.

Simple calculations show that the Fourier transform of ¢(x) = e~ 1#*/2 is ¢(€).
Hence, if we set

g(€) = e eetIer/2 (1.41)

part (d) implies that
g(n) = e et/ (1.42)

Thus, by formal self-adjointness of the Fourier transform, it follows that

L) = )" [ @i a=en " [ g5

n

= (2%)_”/2/ eme 1Tl £ gy a¢ (1.43)
= f ((2m) "6 f

as € — 0 by Proposition 1.10. Hence, I. converges to f pointwise, and hence
it follows that F~! is an inverse to the Fourier transform.
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(i) Using the density of the Schwartz-functions we can define the Fourier trans-
form on L? by taking an approximating sequence of functions if the Fourier
transform is a bounded linear transform in the p-norm for ¢ € S(R™). This
is indeed the case for p = 2. First define ¢(x) = ¢(—z), then by a change of
variables

9O =0 [ e = 0 [ G

n

= (27) /2 / (@) dr = . .
Thus,
ol = / o = / ) dr
(0 1)(0) = (¢ *1)")"(0)
(1.45)

_ / (o ¢)A(§) ds = | @) de

.
_ / SR de = 1112,

which proves that the Fourier transform extends to a bounded linear operator
on L?, and is isometric on it.

This finishes the proofs to this proposition. [ |

Definition 1.19. For a general tempered distribution v € S’'(R™) define its
Fourier transform by the following prescription

i(p) =u(@)  peSR). (1.46)

The following theorem gives an estimate for the Fourier transform of a compactly
supported smooth tempered distribution.

Theorem 1.2 (Paley-Wiener). Suppose that u € S'(R"), and suppose furthermore
that there exists some constant a > 0 such that suppu C {|z| < a}. Then the
Fourier transform 4 of u is smooth and analytic. Furthermore, if u is smooth then
for any m =0,1,... there is a constant C,,, > 0 such that

[a(&)] < Cm(1+ €)™ . (1.47)

Proof. Because u is compactly supported we may see the Fourier transform of «
as

—(2m) (i) = (27) 2 / () dr (1.48)

To see this apply u to the Fourier transform of a compactly supported smooth
function ¢ for which ¢ = 1 on the support of u, and apply Fubini’s theorem.
Hence, the Fourier-Laplace transform defined by

3 . 1 —ix-(E+i
U(f + Z’f]) = W /|x<a e &+ ”)u(x) dx (149)

14



exists and satisfies 4(¢) = U(£+i0). Then by the dominated convergence theorem,
forany j =1,2...,n,

N 1 . .
0¢, — i0,,U = W/ (O, — 10y, )e " EFMy(z) dz = 0 . (1.50)
|z|<a

Hence, U (& + in) is holomorphic in all its variables, and thus analytic. It follows
then that @(§) is smooth and analytic.

Now assume that wu is also smooth, then w is in fact also a Schwartz function and
the previous proposition shows that

A 1 o (0%
€O < oy | DRI < Vaswp D@ < e, (151)

where V, is the volume of the ball of radius a. Now Equation (1.51) implies
Equation (1.47). [ |

1.4 Homogeneous distributions

In this section we define homogeneous distributions as in [Tay11l]. The aim of this
section is to compute the Fourier transform of the distributions 1/|z|™ for different
integer values of m and in different dimensions n. But first we define the singular
support of a distribution.

Definition 1.20 (Singular support). Let v € S'(R™), we say that u is smooth
on an open set 2 C R" if there is a function v € C*(2) such that v = v on
Q2. Finally, the singular support of u is the smallest closed set K such that wu is
smooth on 2 = R™\ K. We denote this singular support K by sing supp u.

The following shows a use of the singular support of a distribution.

Definition 1.21 (Homogeneous distributions). Let f € S(R™). We say that f is
homogeneous of degree m € C if

D(t)f(x) = f(tz) =t"f(z) forallt>0. (1.52)

By a change of variables it is clear that
/ (D) f(x)g(x)dz =t=" | f(a)(D(t™")g(x))dz . (1.53)
n Rn
Hence, we say that u € S'(R") is homogeneous of degree m if for any f € S(R")

(f,D(t)uy =t (D" f,u) =t™(f,u) forallt>0. (1.54)

We say that any such distribution « which satisfies this property is an element of
H, (R™).

15



Ezample 1.22. The delta-distribution § € S’'(R") is homogeneous of degree —n.
This is clear, since

(f,D(t)8) =t (D(t™")f,8) =t7"f(0) =t7"(f.0) . (1.55)

By Proposition 1.18 part (e), it follows that
FID@)f] = t(DE)F(f)) - (1.56)

Hence, the Fourier transform is a linear map
F o Hon(R™) — H oy n(R") . (1.57)

Define the set H7 (R™) as the intersection of distributions which are smooth outside
the origin, i.e. have singular support given by the set K = {0} and distributions
which are homogeneous of degree m. Then

Lemma 1.23. The Fourier transform F is a linear map

F:HE - HE (1.58)

Proof. Clearly from the previous discussion it follows that homogeneity is pre-
served. It is left to prove that F preserves smoothness outside the origin.

Take some u € H and take some 0 < ¢ < 1 € C°(R"), which is 1 on the set
{|z| < R}. Then u = ¢u+ (1 — ¢)u = uy +uy. By the Paley-Wiener Theorem 1.2,
it follows that F[u;] is smooth. Thus, the lemma is proven, once Flus| is smooth
outside the origin.

The following lemma will imply this fact.

Lemma 1.24. Let 87" C S'(R™) be the class of smooth functions, such that
|D2u(z)| < Co(l + |z|?)m=lel/2 = (g)ym=lel . For any u € SP*(R™) it holds that
ue C*R"\0).

Proof. We will show that for any u € ST the function 274 is bounded and continu-
ous, and that all of its derivatives are too. For m < —n, it holds that any function
u € 87" is absolutely integrable, hence it follows that the Fourier transform is a
continuous map

F: 8" = L®¥(R") N C(R") . (1.59)

Now take m to be arbitrary, then for u € S it holds that 22Dy € S~
hence

Dy (2%4) = F[DPu] € L=(R™) N C(R™) (1.60)
if | 5] > m +n + |a|. This shows that @ is smooth outside the origin. [ ]

We finish the proof of Lemma 1.23 by the observation that uy € SF e(m), since on
the set {|z| < R} we have us(z) = 0 and outside that compact set we have that
lus| < |u| < (14 |z]?)™/? because u is homogeneous of degree m. [ |
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Theorem 1.3. The Fourier transform of the distribution u(z) = 1/|x|* is given
by

ooy J1oglE] ifn=2,
u(g) - {2(n_4)/2F (% i 1) |£|2_n an > 3 (161)

Proof. Unfortunately, as our distribution v = 1/|z|? is not locally integrable on
R2, computing its Fourier transform is not immediately possible. The idea of
the following paragraphs will be to create an extension £, of our homogeneous
tempered distribution u € H¥,(R?) C §'(R?) such that Flu] = F[E,].

We define this £, € S'(R") by the following prescription
(0. Bt} = [ u(@)ole) ~vO)plallds ve SR, (162
R2

where p(z) € S(R?) is any radial function, which satisfies p(0) = 1. Now E,, is
no longer a homogeneous distribution, indeed:

(v, D(t)E,u) =172 /R2 u(z)[v(z) — v(0)p(te)] de =t (v, Epgeu) ,  (1.63)

so that D(t)E,u = t~?Epg),u. Notice furthermore, that E,u is identical to u on
R?\ 0. This is due to the fact that the prescription of E,u can be represented

informally as
Eou=u(x)[1 — p(x)d(x)] . (1.64)

Furthermore, the dependence on the radial function can be seen from the following

(v, B = Ba) = [ ula)bla) = p(a)}o(0) da
R (1.65)

= ([ o) - et an) (0.0)
Hence by Equations (1.63) and (1.65), it follows that
D(t)Eyu =t *[Epmeu — Eyu + Eyul

=t (/R2 u(z)[p(z) — p(tx)] d:l:) S+t Eyu
— omi? ( /0 R, dr) 5+ 2Eu

.
| | 1.66
— ot 2 <liﬁ)1/ —p(r)dr — / —p(tr) dr> 0+ t_2ELpu ( )
5 c T c T
*1 >~ 1
= omt2 (liﬁ)l/ —(r)dr — / —(r) dr) o+ t_2E¢u
€ £ r te r
B L ) te 1 Ly
= 2mt hﬁ)l o(r)dr |0+t “Eyu
€ € T



Using the fact that ¢(0) = 1 it now follows that

el0

te
D(t)Eyu = 27t > (hm/ 1(1 + O(r)) dr) §+t?Eyu
. T

= 27t 2 (liﬂr)l log(te) — log(s)) S+t 2Eu (1.67)

=t 2B, u+ 2rt *log(t)d .

Thus, by Proposition 1.18 part (e) it follows that
D(t)F[E,u] = F[E,u] + logt . (1.68)

Because E,u is rotationally invariant, it follows by Proposition 1.18 part (f) that
F|[E,ul is also rotationally invariant, hence there is some constant B, depending
on the choice of ¢, such that

FlEul(§) =log|¢| + B . (1.69)

Of course a “good” choice of ¢ would be a ¢ such that B = 0. We set this
distribution E, to be the finite part distribution PFr~2. In this case

F[PFr~3(¢) =log|¢| . (1.70)

This whole construction is the dimension two case of Theorem 1.3.

For the higher dimensional cases note that both =2 and 2~ are locally absolutely
integrable in R™, hence they both naturally define an element of S’(R™). Then by
Proposition 1.18 part (i), it follows, for any Schwartz function v, that the identity
(v,772) = ¢ (0,7 ") holds. In particular if we set v = eI’/ then & = e l¢*/2,

so that
e l=?/2 e~ l=1?/2
/ —2dx:c/ —de (1.71)
no |zl R |Z["

The left-hand side can be simplified by

<'U, 7“72> _ Anfl /‘OO 7’”73677“2/2 _ 2(7174)/2147171 /OO S(nf4)/2€fs ds
0 0

(1.72)
—o(/24 [ (ﬁ . 1)
" 2

whereas the right-hand side can be simplified by

<@, 7"2_"> = An—l/ p2ngn=lo=r?/2 _ An—l/ e *ds=A4,_1. (1.73)
0 0
Hence, we find an expression for ¢ given by

¢ = 2=/ (g . 1) . (1.74)
Consequently, we have proven the second part of Theorem 1.3. |
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More generally, using a similar construction, we can prove the following proposi-
tion.

Proposition 1.25. For m = —n — j with j = 0,1,2,... and for any u,, € S'(R")
of the form of
um(2) = [z["w(z/[z]) = #0, (1.75)
with w € C*°(S™1), there is an extension Eu,, such that F[Er™] exists and is
given by
FlEun](€) = w;(€) +p;(€) log [¢] (1.76)

where w; € Hf(R”) and p;(&) is a homogeneous polynomial of degree j.
Proof. First take any radial Schwartz function ¢(z) for which it holds that ¢(0) =

1 and 1 — ¢ vanishes with order at least j. Then define the tempered distribution
E, ju,, by the prescription

(@)
(v, By jtum) = /n um () [v(x) — Z .(O)xago(x) dz . (1.77)

Then, once again, E,, ju,, agrees with u,,(z) on R" \ 0, because, again the pre-
scription E, ju,, can be represented informally as

@ (4
E, jtum = Uy () |1 — Z 0 oz<! >x°‘gp(a:) . (1.78)

laf<j

Furthermore, the dependence on ¢ is then given by

(v, Egj = Ey.j)
= Z $ (/}R" U (z) (Y () — p(x))z® dx) <v,5(°‘)> . (1.79)

o <j
As before, we see that
D(t)E, jum = t" Epwye jtm , (1.80)
such that

D(t)Ep jum = t™ [ED(t)%jum — Ly jtm + Ecp,jum]
=t"FE, juy, + 1" Z %l(tj_‘o‘l — 1)5(0‘) +t"logt Z Va0 (1.81)

la|<j |oe|=3
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This is because by careful manipulations it holds that

2 5 UR az[w(x/|z|) (e — D(t)p) dx]

i Y] Pl e) as

-/ xa|:c|%<x/|x|>so<m>dx]
B (1.82)

. 1— t7n7|a\fm ol i
=l Ll i / 22wz /2] (x) do
€ o< ol R"\ Be
w3 el do
lal ] Ale,te)
= Z Yol — 1) 4 Z Yo logt .
la|<g la|=3

Here A(e,te) denotes the spherical shell with inner radius min{e, te} and outer
radius max{e, te}. Then, if we set Eu,, to be the extension given by

Eu,, i Um — Z Yo 0@ (1.83)
laf <y
we see that Fu,, agrees with u,, on R™\ 0, and because m = —n — j we also see
that
D(t)Eu,, = E, jum — Z Aot Tl 5@
o] <j
= " By jty + "> Ya(t71 = 1)5@)
lal<j
" logt Y a0 = Y et Is (1.84)
lal=j lal<j
=1"E, juy, — ™ Z Ya0@ 4+ t™ log t Z Yad
o<y lal=j
=t"FEu,, +t"logt Z %5(“)
lal=j

Hence, for the Fourier transform of Fu,, it follows that
D(t)F[ By =t F[Euy,] + t/logt Y~ 746" . (1.85)
laf=j
Suppose now that for |£| = 1 it holds that F[Fu,,| = w(£), then
FlBun)(t6) = t'w(§) +logt Y 1, (t€)*, for g} =1, (1.86)

laf=j
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and hence

FlEup] = w;(€) 4 p;(§) log ¢ (1.87)
where w;(§) € "Hfé (R™) and p; (&) is a homogeneous polynomial of degree j. W

Corollary 1.26. Suppose now further that w,, is of the form "7 with j a non-
negative integer, then there are constants C4, Cy such that F[FEu,,| is given by

FlBum] = Cil¢l + Csl&] log €] . (1.88)

Proof. The rotational invariance of u,,, implies rotational invariance of Eu,,. Then,
the Fourier transform F[FEu,,] is rotationally invariant. Equation (1.88) now fol-
lows, since the only rotationally invariant homogeneous distribution of degree j is
C1|€) and since the only rotationally invariant homogeneous polynomial of degree

j is Col&]. u
The following calculations of Fourier transforms will be used in Chapter 3.

Proposition 1.27. The Fourier transform of 1/|z|* on R? is given by
L 1
Fllal1] = Sl - SleP1ogle (189

Proof. Notice that from the previous corollary it is sufficient to find the constants
C1, (5. Notice furthermore, that

—4
0y — tim AcFle]

1.
¢—0  2log [¢] (1.90)

On the other hand by taking ¢ to be the radial function giving the PFr—2 extension
of =2, we find that the distribution |x|* - E,|z|™* is equal to the PFr~2. Indeed:

(0, |22l ) = (|af?v, E,lz|™*)
_ / el (lafo(a) ~ 12 Po(0)p(x)) do

(1.91)
= [ a1 (41a) = v0)(e)) do
= <v,PFr’2> ,
hence AcF[Jz] ] FPFY 1
T e St ] N S T e A 1.992
= I el — S log [¢] 2 (1.92)
Similarly, we have that
A —4 —F[PFr—2
Cr+ Oy — tim DTy ZFIPET] (1.93)
|€]—1 2 |€]—1 2
which finishes the proof. |
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We will use these results in Chapter 3 to calculate the Schwartz Kernel of the lead-
ing terms of the parametriz of the Laplace-Beltrami operator on a two-dimensional
space. The next results will allow us to do the same but in a three-dimensional
space.

Proposition 1.28. The Fourier transform of z;z;/|z|® on R? is a given by

Ve &
T (sl +58) o

Proof. Corollary 1.26 gives that
Fllz[7°] = Culg]® + Cal¢]* log [¢] (1.95)
hence by Proposition 1.18 part (b) it follows that

F {w—q = 0; F [|=|™°]

2 (1.96)
_ 3(IEP° + 1&P)(C1 + Calog [€]) + Ca(l1* + 41&i1%) ‘
§ ’
and that
We calculate the constant Cs first, and show that it is 0. Indeed,
A -6 ]2 |6
1200 — i A Flfol? el
_ o = D€ — Dof€[log €]
= lim =—-D,,
£=0 £l og [¢]
and
—4 -2
Dy — 1 LAl _ 1 Pl
¢~02  logl¢| ¢-02  log¢| (1.99)
g 2L V2 |
-0 2log €] [¢]
Hence, Cy = 0. Now we show that C; = /27/48. Indeed,
A -6 C1l2 . |6
190y = i 2Py FERE 2T (1.100)
&0 [¢] £=0 €]
and
Dy = Ly SI€1AF el = Ly S[€F[—lo] %) = —V2 1101
1= gl sl ) = i Sl I=lel ) = Ve (1.101)
Thus, C; = v/27/48 and hence the lemma is proven. [ |
Corollary 1.29. The Fourier transform of |z|~* on R? is given by
1
_Z\/zﬂﬂ : (1.102)
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1.5 Partitions of unity

This section is dedicated to the creation of a partition of unity on R". We show
that such a partition of unity exists, and give some properties.

Lemma 1.30 (Partitions of unity). On R” there is a partition of unity {¢x}32, of
compactly supported smooth functions, with

(a) 0 <9u(§) <1,

(b) For each £ € R™ there are at least one and at most only three k such that

U(§) # 0,
(c) 2opto¥r(§) =1 for all £ € R,
(d) suppthy C {§ € R": [¢] < 2},
(e) supp ey, C {€ € R™: 2872 < [¢] < 21}
)

(f) For each multi-index «, there is some constant A, that only depends on the
multi-index «, such that

sup [(924)(€)] < A2~ (1.103)

¢eRn

Proof. Take a compactly supported smooth function ¢ with the following proper-
ties

(a) 0<o(¢) <1

(b) o(§) =1for 1 <[¢ <2
(¢) ¢(§) =0 whenever |¢| < 5 or [¢] > 4

This function does indeed exist. Take f(t) = e '/t for t > 0 and f(t) = 0 for
t <0, then define

ft=3) 3

dio) = T (1.104)
—t 3
FaoeRi—y ¢ fort>3

Then this function satisfies all the properties above, as can be seen in Figure
1.1. Tt is a smooth function by construction, and has compact support, again by
construction.

Now set ¢(€) = S(I£]), 60(€) = d(|€] +2) and ¢r(€) = $(¢/257"), for k > 1 then

(a) For each £ € R™ there are at least one and at most only three k such that

or(§) # 0
(b) supp ¢y C {{ € R™: [§| < 2}
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Figure 1.1: Cut-off functions

(c) supp gy, C {€ € R™: 2872 < |¢] < 201}

Set (&) = oy Px(§), and let

(1.105)

then 1y satisfies properties (a) through (e) of the lemma. Now to prove part (f)
of the lemma, calculate the derivative

e -3 () (2750) @)

BLa
. (1.106)
a
=2 (5) (97(3©) ) (@ Pog/2" ) -2 Cmleat,
g d
BLa
For each 3 the partial derivative
1
b=
(3)©
ag(l)q)> <ag(1>q)) (1.107)
= Z Csm) g 0 o )
BO+LD O =p
where the sum is taken over all possible multi-indices 3%, ..., 3% which partition

B, and where Cza) g2 g is a constant. We now claim that for each multi-index
7 there is a constant C,, such that

(07@)(6)| < G271 (1.108)
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for all £ € supp(¢). If we assume this claim to be true, then for all £ € supp(¢y)

1 Coy -+ Cﬁ(l)g—klﬁ\
‘86 (5) (f)‘ < Z ‘C,B(Uﬁ(?) ..... 6(l)| |(I)(£>|l+1

BB 4.y =B (1.109)
< C;}g—k\ﬁl 7
and hence
(8%) ()] < Z( ) 2 HAIC, o~ tk-la=s] _ 4 o-Hal (L.110)
B<a

which proves part (f). To finish we need to prove the claim made in Equation
(1.108). We take three cases: k=0, k=1 and k > 2.

First take k = 0, then { € supp vy implies { € supp ¢; for j = 0,1, 2, and hence
(@7®)(€) = (9760)(€) + Z 9¢)(€/207 127Nl (1.111)

Thus, because all functions are compactly supported, any of their derivatives are
compactly supported, which have a maximum such that

[(072)(§)| < C . (1.112)
Similarly, if & = 1, then for all £ € supp(t1) we have € supp(¢;) for j =0,1,2,3.
Thus,
3
(O70)(€) = (0760) () + D> _(9)(¢/2 )27 U=Dhl, (1.113)
7j=1

such that

(D7®)(&)| < ij(glvl +142 M4 272lv|) ny
= C_/y<22|“/| 4ol 1 4+ 2*\’7\)2*|’Y| (1.114)
for all £ € supp(¢1).

Now assume that k& > 2, then for all £ € supp(¢) we have { € supp(¢,) for
J=k—2k—1k k+1,k+ 2, and it holds that

k+2

= Z 0;(€) (1.115)
thus -
(09)(¢) = 'Z (07¢)(g/2~ )27kl (1.116)

Therefore, there is a constant C” such that

[(07®)(€)] < C”( (k=3)vl L 9=(k=2)lv 4 o=(k=D)In| 4 9—klylg—(k- 1)Iv\)

— (23N 4 221l 4 9l —hhyg—kh (1.117)
= C(2°N + 22D 2Pl 41 4 27 Py kT

which finishes the proof of the claim and the lemma. |
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2 Pseudodifferential operators

In this chapter we look at pseudodifferential operators on flat Euclidean spaces
and is material adapted and expanded upon from [Wonl4]. We define pseudo-
differential operators, look at how to compose two pseudodifferential operators.
In the second section we show that pseudodifferential operators are bounded linear
operators on L2. Furthermore, we show that pseudodifferential operators can be
expressed as an integral operator using its Schwartz kernel. In the third section we
look at elliptic pseudodifferential operators, and give their approximate inverse,
the so called parametrix. Finally, in the last section we look at some applications
of pseudodifferential operators on Sobolev spaces, and give an elliptic regularity
result.

2.1 Symbols

In this section we give an introduction to pseudodifferential operators. In par-
ticular, we give the definition of pseudodifferential operators, and show how to
compose two pseudodifferential operators.

Definition 2.1 (Symbol). Let k be a real number. We say that a smooth function
a(xz,&) € C*°(R™ x R™) is a symbol if for all multi-indices «, 5 there is a constant
Co 3 > 0, which depends only on the multi-indices «, 3, such that

Dy D{a(r,€)| < Cap(1+ (€)' (21)
for all (z,€) € R® x R™. Denote the set of symbols of order k as S*.

Recall that in Definitions 1.2 and 1.4 we defined the symbol of a partial differential
operator. This definition generalises the symbol of a partial differential operator.
We also define homogeneous symbols.

Definition 2.2. We say that a symbol a(z, &) € S* of order k is homogeneous of
degree k, if there is some positive constant R such that

De(t)a(x,€) = a(w, t€) = t"a(,€) (2.2)

outside some compact set {|¢| < R}.

We will see later that homogeneous symbols have additional properties.

Using Definition 2.1 we are able to define a pseudodifferential operator.
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Definition 2.3 (Pseudodifferential operators). For a symbol a of order k£ define
a linear operator T, : S(R") — S(R") by

(Tf)@) = s [ €Sl O f(©)ae

(2.3)
= F ! a0 f(9)] -

We will see at a later stage that this operator extends uniquely to an operator
T, : S'(R") — S'(R™).

Asymptotic expansions

The sum of two symbols ay and a; of orders ky and k; respectively, is a symbol
of order max{ko, k1}. The following definitions, lemmata and propositions show
that even a series of symbols is a symbol under certain conditions.

Definition 2.4 (Asymptotic expansion). Let a(x,£) € S* be a symbol, and let
k=ko >k >ky>...>k; = —o0 be a sequence of decreasing numbers, and a,
be symbols of order k; such that

N-1

a—Y a;eS (2.4)

J=0

for every integer N > 0, then Z;io a; is an asymptotic expansion of a, and write
o

an~ Z aj . (2.5)
§=0

The following proposition shows the uniqueness of an asymptotic expansion.

Proposition 2.5. Suppose a € S* is a symbol with an asymptotic expansion of
a given by
an Z a; (2.6)
§=0

where a; € 8. Suppose further that two symbols a,b have the same asymptotic
expansion, then a — b € NperS* and T, — T, = T,,_; is infinitely smoothing, i.e. for
every f € §'(R"), the function T, f € C*°(R™) is smooth.

The following lemma shows that symbols of lower order can be included in higher
order symbol classes.

Lemma 2.6. Let a € S* be a symbol of order k, then a € S for any [ > k.
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Proof. Notice that since a € S*
D3 D{a(x,€)] < Cop(1+ €)1 < Cop(1+ €)1 (2.7)

thus a € S' also. [ |

Proof of Proposition 2.5. Notice that for every positive integer

N-1 N-1
a—b:<a—zaj>—<b—2aj>es’w (2.8)
5=0 5=0
then as N — oo, by Lemma 2.6, it follows that

— 4 ; k _ k
c=a-be lim (] 8'=()s". (2.9)
k>kn keR

The second statement we will defer to later at this stage, since we first need to
define the pseudodifferential operator on tempered distributions. We will still
call symbols ¢ € (g S* and their associated pseudodifferential operators T,
(infinitely) smoothing. [ |

Corollary 2.7. Let a(x,§) € C°(R"™ x R™) be a symbol of order k, such that there
is a positive constant R > 0, such that for all || > R it holds that a(z,&) = 0 for
all x € R", then a € NperS* and T, is infinitely smoothing.

Proof. Observe that there exists non-negative constants C, g, which depends only
on the multi-indices «, 3, such that

IDgD{a(w,£)] < Cas(1+ €)1 (2.10)

Observe that (14 |¢])*1# attains some maximum in the compact set |¢| < R. By
sufficiently changing the constant C,, s to some C, 5 notice that

|DgDfa(x,€)| < Cl (1 + €))7 (2.11)

for any m > 0. Together with Lemma 2.6, this shows that a € NyerS*, and by
Proposition 2.5 T}, is infinitely smoothing. |

We have now shown that if a has an asymptotic expansion, then a is unique up
to a symbol of order —oco. The following proposition states that if we have a
sequence of decreasing symbols, then there is a symbol, which has the series as its
asymptotic expansion.

Proposition 2.8. Let k = ky > k1 > ko > ... > k; — —oo be a sequence of

decreasing numbers and let a; be symbols of order k; respectively, then there is a
symbol a € 8* of order k such that

a~y aj. (2.12)
j=0
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Proof. Take 0 < ¢(§) < 1 € C3°(R™) a compactly supported smooth function
such that ¢ = 1 whenever |£| < 1 and ¢ = 0 whenever [{| > 2, and define
p=1—¢ e C®°(R"). Let (g;)jen C (0,1] be a decreasing sequence converging to
0, and set

= Z¢(5j§)aj(x,§) . (2.13)

This a priori infinite sum, has at any point (z9,&y) and any neighbourhood U
around it only finitely many terms, since for every such point and neighbourhood,
it is possible to find an integer NV such that for every 5 > N

Y(ej€)a;(z,€) =0 (2.14)
for every (z,£) € U. Hence, a(z,§) from Equation (2.13) is a smooth function
C>®(R™ x R™).

To show that a(z,€) is indeed a symbol, it is required to show that for any two
multi-indices «a, 3 there exists some constant C, g, which depends only on the
multi-indices o and (3, such that

‘Dngﬁa(%fﬂ < Cop(L+ g1 (2.15)
By the chain rule
[DgP(e€) < Auel®l where A, = sup | Dg(€)]- (2.16)
E n

Because supp¢(e§) C {§ € R" : 2/e < [¢] < 1/e}, it follows that Dg(y(g§)) is
non-zero whenever € < 2/|¢| < 4/(1+ [¢]). Then [Dgy(ef)| < AL (1 + |€))~lel and

| D2 D (e€)a;(x, &)l
E:CDAh%1+EWWWth%1+KWFW

v<B
< Cop (L4 [6) 7ML+ ()51 < 4ol (1 + [e)+1 101

(2.17)

Choose ¢; decreasing so, that 45]-6’0[75 < 277 for each j. Then set J so that for all
j > J it holds that k; + 1 < K then

|DgD{a(z,€)]

J
< Z ‘DaDﬂz/z g;€)a;(z,§) ) Z ‘DaDBl/J gi€)a;(z,§)

7=IH (2.18)

M- T

Oa63(1+|£|)k0 o1+ Z 4e; aﬁj(1+|f|)k s+l
j=J+1

AN 4277 (1 4 )Vl < Cap(1 + fg])o

A
Q%
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since the first sum is a finite sum of symbols of order ky by Lemma 2.6 and since
0 <1 < 1. The conclusion of this calculation is that a(z, ) is a symbol of order
k = ko.

Now
N—-1 N—-1
a(z,€) = > aj(x,) =—>_ d(;6)a;(x,&) + Z¢ e;€)a;(x, €) (2.19)
j=0 Jj=0 J=N

is a symbol of order ky, since Z;V:_Ol o(e;€)a;(z, &) is compactly supported in &,
and hence an element of the intersection NerS* by Corollary 2.7, and

> e(g8)a(x, ) € S (2.20)
j=N
is a symbol precisely of order ky by identical calculations as above. |

Composition of pseudodifferential operators

We use the theory from the previous subsection to show that the composition of
two pseudodifferential operators once again yields a pseudodifferential operator.

Theorem 2.1 (Composition of pseudodifferential operators). Let a,b be symbols
of order ki and ky respectively, and let T,, T, be the corresponding pseudodifferential
operators. Then there is a symbol ¢ := afb which has an asymptotic expansion
given by

—g)lel
(@) €) ~ 32 O gate, ) @202 ) (2.21)

«

of order ky + ko such that T, = T, o T}, is a pseudodifferential operator.

A small lemma precedes the proof of the theorem.

Lemma 2.9. Given a symbol a € S* of order k, and the partition of unity 1, as
defined in Lemma 1.30 there are symbols ai(z, &) = ¥r(£)a(x, ), such that

T,=> T, (2.22)
k=0

Proof. By construction, the sum of the symbols ax(z,§) is a(x,&). Furthermore,
by positivity of the integrand, it follows that

=1 R
> s | e 1 (@] ds
0

- /. Z au(, )] - [F(©)] de (2.23)

1

= 2 L ja(z,€)[ - |f(€)] d€ < oo
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because f € S(R™), and |a(x,£)| < Coo(1+]€|)*. Hence, by Tonelli’s and Fubini’s
theorema for exchanging integrals and series, it follows that

> Tt =3 7 | @ f©de

k:O

1 iz-€ £
= - e ar(z, &) f(€) d¢ (2.24)
a7 . ,2;

:W / e a(, ) f(€) de = (Tof)(x)

Hence, it follows that T, = > T,,. [ |

Proof of Theorem 2.1. Look at the composition of operators

5 1)n/2 /n eix{ak(x’g) (be)/\ (f) df

= @or / e ay(z,€) / e EUT ) () dy d
= @or / (L)) / ey (3, €) g dy
= W/%H(be)(y)[(k(xvx - y) dy )

(Tak. o be)(x) =

~~

(2.25)

where the interchange of integration is justified by the support of ax(z,&) being
compact in &, and where Ky(x,z —y) is the Schwartz kernel of ax(z, ) defined by

K, 2) = W /R eyl €) dé (2.26)
Then

(T o)) = i | (D)) Kl =) dy

(271r)" Koz —y) / e b(y, 1) f () dn dy

R n

1 (2.27)
= o [ [ Kt pe iy ay o an
(2’/T) n Rn
1 . .
— M
where ¢, is the symbol defined by
1 Ki( etly=a)np d
cr(, =@ |, Wz, —y (y,m) dy
1 (2.28)
—iznp (.
Qw)n/2 /R” Ky (z b(x — z,m)dz .
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Now ¢(z,&) = atb =Y ex(x, €), but what is still required to show, is that ¢ indeed
is a symbol of order k; 4+ ko and that ¢ does have the asymptotic expansion as
given in Equation (2.21).

After taking a Taylor expansion of b(z — z,n) around (x,7), by Proposition 1.18
part (b), and by the Fourier inversion formula, Proposition 1.18 part (h), it follows
that

ce(w,m) = Z (%b(;%g)) /n (_Z)Me*iz'”Kk(x,z) dz

|| <Ny (27T ,U/'
1 .
—|— W/ eizz.nKk(x, Z)RNl (xJ Z? 7]) dZ
(— @)Iul Otb(z,m)) s
=S P a;;/we VK, 7) dz
|| <Ny (2.29)
1 .
+ W/ e "“"Ky(z, 2)Rn, (x, 2,n) dz
Iul
- Z (0kb(x,m)) (D ax(x,m))
|| <N1

1

MChE /R e Ky (v, 2) Ry, (v, 2,m) d2

where the remainder Ry, (z,z,7n) can be given in integral form

Ry, (z,2,m) =N Y ﬂfo (1— )M=Y (d"b(x — 0z,1))db . (2.30)

|
=~ M

Thus for every integer Vi it is possible to write

_i\lul 0
w6 = 3 E G o) @b, ) + ST @E  (231)

u<my M k=0

with
1

(2m)n/2

We conclude that the sequence of decreasing order symbols

T\ (2,€) =

/ e Kz, 2) Ry, (v, 2,€) dz (2.32)
Rn

—q)lul
> S0 @tale. )(@24(0,9) (233

lu|=N NeN

now provides an asymptotic expansion of ¢(x, &) if the remainder terms are suffi-
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ciently decreasing, since for any integer Ny larger than NN it holds that

—q)lul
ew,6) = 3 0 pate, ) @0b(s, )

—)u
— &) - 3 T G, €)@, 0))

=

(2.34)

—q)lul
T S A G ),

- i)l
S 10w+ Y E ke, )00, €))

k=0 N<|pu|<Ny p

lies in S RN if and only if Y50 T\ (x,€) lies in SF+5~N. The following
lemma will establish this fact.

Lemma 2.10. For all non-negative integers M, there is a positive constant Cy, g 1N,
such that
IDEDTN)| < Capaa, (14 [€])f22M 2tk r2 =Nk (2.35)

forall z,6 € R" and all k =0,1,2,....

Assume this lemma for now. For all positive integers N, and all multi-indices «, 8
we can choose an integer M such that

(14 |24 < (14 [glrrha-1al (2:36)
Now find an integer N; so large that
ki+2M — N, <0 (2.37)
Then by Lemma 2.10, and by the choices on M and Ny, it follows that
fe% k
Dy DT

(—i)
10!

= |D2D{ | e(z, &) = > (O¢a(z,8))(0yb(x, §))

<y (2.38)

<Y Copan (L fe])frehem NPl sntnak

k=0

= Copl1+ JelrebeN I

for all z, £ € R™, and where
Cop = Copary, »_ 202NNk (2.39)
k=0

Hence, Theorem 2.1 is proved once we establish Lemma 2.10. |
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The following two lemmata imply Lemma 2.10.

Lemma 2.11. For all multi-indices «, f and non-negative integers N, there is a
constant A such that

12N 0200 K, (, )| dz < Agkitlal=Nk (2.40)
Rn

Proof. For this proof we use the inequality
2P = (Zz?) =2 ( ) < 3P (241)
— — Y —
j=1 =N ly|=N

for any z € R" and any multi-index ~, which partitions N. We now find that by
Plancherel’s theorem

270702 Ki)(x, 2)]* dz = | |92 (§0ar)(w, €)|* d€
-

:/Wk

where W}, is the support of 1, which we constructed in Lemma 1.30. Furthermore,
by part (f) of that lemma, and by the fact that £20%a(x, ) is a symbol of order
k1 + |a] it follows that there are constants Cy g/, A, such that

) / / 2 (2.42)
2 @)ag (§%0pal. ) 0" (O)| e

v <y

|27(0702 Kir) (w, 2)|* d=

Rn
2
Y 1+ al—|+ _ v
</ (Z(,)CQ,B,AHW"”'sz 'M) € )
Wi \y/<y v
2
< / (Z (7,)0(%577,2(“2)(’“a'—W) Aw,g—kw—w') a
Wi \y'<y 4

because (1 + [¢]) is bounded on Wj. Hence, it is possible to find a constant
Aq 8.k m, Which depends only on «, 3,7, k; and n, such that

|27(5’55’?Kk)(x, Z)|2 dz < Aaﬁgmkl,n2k("+2k1+2|a‘_2‘7|) . (2.44)
Rn

Therefore, by Equation (2.41), there is a constant A, gk, », which depends only
on «, 3, k; and n, such that

\z|2N|((‘9f@?Kk)(x, z)\2 dz < Aaﬂ,kl7n2k(”+2k1+2‘0‘|_2m ) (2.45)
Rn

Finally, to compute

=¥ 0208 K)o )] s = I + 1 =
R
(2.46)
[ @k [ 00 ) )] d
|2]<27F

|z|>2—F
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we use the Cauchy-Schwartz inequality on both integrals. Therefore, there is a
constant A; depending on «, 3, ki, n, N such that

1/2
I, < ( |z|2N|(8faij)(x,z)|2dz) (/ dz)
Rn \z|§2_k (247)
< A12k(n/2+k1+|a|fN)27nk/2 _ A12(k1+|a|fN)k )
Similarly, there is a constant A, depending on «, 3, k1,n, N such that
1/2

([ ppveeeereapa) ([ ka)

Rn |Z‘>27k (248)
< A22k(n/2+k1+|a\fon)|Sn71‘n71/22nk/2 — A32(k1+|a|f]\/)k )

Here |S™71| is the surface area of the hypersphere S"~! and As a constant equal
to A|S™"~!|n'/2. This finishes the proof. |

Lemma 2.12. For all multi-indices «, 3,y there is a constant C, g~ such that

(0207 0¢ R ) (@, 2,€)| < Caypy (L4 [€)RT1Y 7 [z (2.49)

¥'<y
Proof. We calculate using the definition of Ry, from Equation (2.30) its derivatives

azagﬁagRM(%Z,f)
N (=) 1
DI (3) Z (mz‘) [a-or (2.50)

(90t b(z — 0z,m)) (—0) 1 do

Thus using the fact that b is a symbol of order ks it follows that there are constants
Co gy, Cy and C, g such that

o[ N= L
0:0:00 (o2 < 3 30 30 () [ g
0

!
|ul=N1~'<y e
(Coporey (1 1€ (—0)7 1 6 (2:51)
< Cap (L DAY 7 M1,
v <y
with
Y
[ s B
lu[=N1 "=
since the integral
1
/ (1 -0~ (—ph—Tdg <1, (2.53)
0
which finishes the proof. |
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Proof of Lemma 2.10. For each multi-index we calculate

(00T ) (2, €)

Z(QW)””/H e @) (~ )’8Zﬁﬁﬁal{Kk(xvz)Rm(%z,f) dz

Hence by Leibniz formula we find that

r@<aaaﬁ:f’fv’j>><x,f>|

2 ()

a’'<avy'<y

[21°(07' 02 R, ) (2, 2,€)] - |05~ 01 Ki(, 2)| d= .

R’I’L

Now by Lemma 2.12 we find that
w(aaaﬂfrfv’?)(x, 3]

2 50 (8) (0) Cunt + )

a'<avy'<y

/ £ 3 e o o K )

,yllg,y/
. a
3 <a)( ) S oo (14 JE])
a'<ay'<y v V<

|Z||B|+N1—|’Y”\ . ‘a;“_a 83_7 Kk($7 Z)‘ dz ’
RTL

which by Lemma 2.11 can be reduced to

€020 TR)) (., €))

< T3 (2)(7) T Cooyti+ i)

a'<ay'<y
- A2 9(k1+Iy=>"[=1Bl=N1+ vk

_ aﬁ'yN1<1+|£D 9(k1+v[=[8l=N1)k
< Oaﬁ«,Nl(l + |€|) 9(k1+|y[=N1)k

N <,Y

Now because (1 + [¢])* < Cuy(1+ €)Y =30 opr 6,67, it follows that

(14 €)M - [(@208TE)(2,€)] < Coppny (1+ |€])F2 - 208720 -No)k

for any positive integer M, which finishes the proof for this lemma.

(2.54)

(2.55)

(2.56)

(2.57)

(2.58)

Using a similar proving techniques as we just used it is possible to extend pseudo-

differential operators to the tempered distributions.
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The formal adjoint of pseudodifferential operators

The following theorem which we do not prove, but which uses similar techniques
as the proof of Theorem 2.1 proves the existence and uniqueness, up to smoothing
operators, of the formal adjoint of a pseudodifferential operator.

Theorem 2.2. Let a(x,€) be a symbol of order k, and let T, be the corresponding
pseudodifferential operator, then the function b(x,&) given by

&) = Y- C g o) (2.50)

is a symbol of order k and Ty, is a pseudodifferential operator. Furthermore, for

all f,g € S(R™) it holds that

Tt = [ GN@s@ = [ (@@= (1. T) . (260)

A proof can be found in [Wonl14] section 9.

We will denote the formal adjoint of a pseudodifferential operator T" by T*. Us-
ing the formal adjoint we can extend pseudodifferential operators to tempered
distributions given in the following definition.

Definition 2.13. A pseudodifferential operator 7' : S(R™) — S(R™) extends to
an operator T : §'(R™) — S’(R"™) under the prescription

(Tu)(f) = uw(T*f) . (2.61)

This definition is consistent, since if u € S(R") then

uTT) = [ w@T T = [ @o@Fede=Tup) . (26)

We can now also give the proof for the second part of Proposition 2.5.

Proof of the second part of Proposition 2.5. If c € §7° =, g S* it follows that
for every fixed zy € R™ the function ¢(&) := ¢(x¢, £) is a Schwartz function. Now let
v € 8'(R") be the Fourier transform of u € §'(R™), then v(c(€)e™ ) exists and is
finite, and continuous. Hence, we may set (Tu)(z) = v(c(x, £)e™®*). Furthermore,
because

v (c(w, )€™t — (g + te;, §)elotiet)
lim

t—0 t

= U(lg%fz‘c(%,f) + Oy,c(wo, &) + O(t)) <00,

(2.63)

it follows that any first partial derivatives exists. Because &;c(zo,€) and 0,,c(z0, )
are also Schwartz functions it now follows, by induction, that T,.u is a smooth
function in the classical sense. |
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Using the density of the Schwartz functions in the tempered distributions, Theo-
rem 1.1, we are also able to extend pseudodifferential operators. The extensions
agree on all tempered distributions.

In the next section we will delve deeper into Schwartz kernels, and use it to prove
that pseudodifferential operators are bounded linear operators on LP(R™).

2.2 Schwartz kernels and L? boundedness

Theorem 2.3 (Pseudodifferential operators are bounded linear operators). Let
a € 8° be a symbol, then T, : S(R™) — S(R™) extends to a bounded linear operator
Ty : LP — LP for all p € (1,00).

The extension of the pseudodifferential operator to a bounded linear operator
on LP of course coincides with the definition of a pseudodifferential operator on
tempered distributions. We first need some preparations for the proof.

Theorem 2.4. Let a(x,€) € S° be a symbol of order 0. Set

K(x,z) = (277)”/2/ e ta(x, &) de (2.64)

n

in a distributional sense. Then

(a) For each fized x € R", z — K(x, z) is a function defined on R™\ {0},

(b) For each sufficiently large integer N, there is a positive constant Cy such that
|K(x,2)| < Cy|2|™V, whenever z # 0,

(¢) For each fized x € R™, and each fized p € S(R™) which vanishes on a neigh-
bourhood around x, it holds that

(Top)(z) = K(z,x — 2)p(z)dz . (2.65)

R

Proof. Calculate for any multi-index «

n

(i2)°K (2, 2) = (27) "2 / e*¢02a(x, €) dE | (2.66)

such that for N = |a] sufficiently large we have that

2|V K (2, 2)| < (2m) 72 | |0ga(z, )] d¢
o (2.67)

< (2m) 2 (1 Je) N de

|
Rn

exists classically on R™\ {0}. This proves parts (a) and (b).
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To prove part (c), define for each = the tempered distribution u, by the prescription

wlo)= [ a@woe©)d  peSEY. (2.65)

Then for ¢ € S(R™) such that ¢ vanishes on a neighbourhood around z, it follows
that

(2m) " 2u, (¢ 5(8))
(2m) "2 (02 + 2))") (2.69)
(2m) %4, (p(z + 7))

(Tasp) ()

by part (d) of Proposition 1.18 and the definition of the Fourier transform of a
tempered distribution. Now by part (a) of this theorem, it follows that

(Tap)(x) = | K(z,—2)p(z +x)dz
e (2.70)
= K(z,x — 2)p(z)dz
Rn
for all ¢ vanishing in a neighbourhood around the origin. |

The following theorem will show that pseudodifferential operators always have
Schwartz kernels. The proof is omitted, but can be found in [FJ98].

Theorem 2.5 (Existence of the Schwartz kernel). Let X C R™ and Y C R™ be
open sets. A linear map p : CP(Y) — D'(X) is sequentially continuous if and
only if it is generated by a Schwartz kernel k € D'(X x Y),

(n,0) = (k.o @¢) ¢ e C5(X), »elF(Y). (2.71)

Moreover, k is uniquely determined by p.

The consequence is the following.

Corollary 2.14. Since the map T, : C°(R") — S'(R") : f +— T,f is sequentially
continuous, it follows that Ty, is generated by a Schwartz kernel K (z,y) which lies
in D/(R™ x R™).
In other words any pseudodifferential operator 7T, can be written as the integral
operator

(Tap)(x) = | K(z,z—2)p(z)dz (2.72)

]Rn

with y — K(z,y) a function on R"™ \ {0}.

The Schwartz kernel allows us to represent a pseudodifferential operator as an
integral operator. Using this integral operator we are able to give the singular
support from Definition 1.20 of T}, f given the singular support of f.
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Lemma 2.15. For any pseudodifferential operator 7, the singular support of T,u
is contained in the singular support of u.

Proof. Let xy ¢ singsuppu, and let ¢ € C§°(R") such that pu € C§°(R"), and
o(xg) = 1. Now choose ¢ € C3°(R") a compactly supported smooth function
0 < ¢ < 1 such that ¢» = 1 on supp ¢ and Yu € C°(R"). Then, since we can
write the pseudodifferential operator applied to u at zy as an integral operator, it
follows that

(@Tou) (o) = / o) K (0,0 — 2Ju(2)
= / o(0)Y(2)K (g, xg — 2)u(2) dz
g (2.73)

4 [ elan)( = v K (a2l dz
— (L) (o) + [ plan)(1 — V() K (an, — 2Julz) d

is smooth, since the first term is a pseudodifferential operator applied to a Schwartz
function, and since the integrand in the second term is zero on a neighbourhood
around the diagonal. Hence, oy ¢ singsupp T,u, and therefore sing supp T,u C
sing supp u. |

In general, we are able to see the Schwartz kernel of a pseudodifferential operator
as the inverse Fourier transform of the symbol a(z, §)

K(z,z) = (27r)_”/2/ e*Ca(x, &) de . (2.74)

n

Hence, using Section 1.4 we immediately find the following proposition.

Proposition 2.16. Suppose that a(z,&) is a homogeneous symbol of order k,
then
D.(O)K(z,2) == K(z,t2) =t 7" " K(x, 2) . (2.75)

In Chapter 3 we will compute the Schwartz kernels of the parametrix of the
Laplace-Beltrami operator. We will create the parametrix in a way such that
the symbols in the asymptotic expansion of this parametrix are homogeneous. In
the next section we define this parametrix. But now we move back to the proof
of Theorem 2.3.

Proof of Theorem 2.3. It is sufficient to show that for any a € SY, the pseudo-
differential operator 7, : S(R™) — S(R™) is a bounded linear operator on S(R™)
in the LP-norm, because by the density of S(R") in LP(R™), the pseudodifferential
operator will extend to a bounded linear operator on LP. We give the proof for
p = 2, but with some slight modifications the proof also holds for any p € (1, 00).

40



Now for the boundedness proof, let Z" be the set of all n-tuples, with integer
coefficients. Let m € Z" be vector, and let @, be a (hyper)-cube with centre m
and edges of length one, parallel to the coordinate axes. Let n(z) € C§5°(R") be a
compactly supported smooth function, such that n(z) = 1 for each z € Q. Define

am(7,€) by
am(aj?g) = n(f - m)a(x,f) ) (276)

then since a,,(x, &) has compact support in x it follows that

(T 0)(x) = (2) " / ¢, )p(€) d

n

= (2n)™" / ) et ( / ) e (N, €) dA) Q&) d¢ (2.77)

=(2n)™" / ) e ( / ) e Cam(N, €)p(€) dg) d\

with a,(X, &) = (2m) ™2 [o. e " a,,(z,€) dz, by the Fourier inversion formula.
Set Ty : S(R™) — S(R™) to be the operator defined by

(Tag)(z) = (2m) "2 / (N, €)p(€) dE . (2.78)

n

We will show later that for any integer NV there is a positive constant Cy such
that |a,, (A, )| < Cn(1+ |A))~. Assuming this, it holds that

IT5ellz = llam(X, )@l < (1 + ANV [@lla = (1 + M) lell2 | (2.79)

by the Plancherel-Parseval identity, Proposition 1.18 part (i). Using this and by
Minkowski’s integral inequality

7ol = 22 { |
Rn

' ) 1/2
/ M Thp)(z) d)\‘ dx}
Rn

) 1/2
< (2m)~"/2 { / (Tx)(z) dx} dA
n JRn (2.80)
= (2m)""2 | || Tapllz dX
R”
< C(2m) ™lglla [ (14 \)™ 4 < Dulels
for sufficiently large N. Furthermore, it follows obviously that
/ (Top) (2)]* dz < A |(Ze,.0) (@) dz < D Jlll5 - (2.81)

We want to give a bound on the sum over all m € Z" of the integral above. Let
Q;r be the cube with centre m and edges of length 2 parallel to the coordinate
axes, and let 7 be a cube with centre m and edges parallel to the coordinate
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axes such that @,, C @ C Q¥ and such that there is a positive § such that

m?

|z —z| >0 for all z € Q,, and all z € R"\ Q7.

Take a compactly supported smooth function 0 < ¢ < 1 with suppy C Q¥ and
¥(xz) = 1 on a neighbourhood of Q. Write ¢ = ¢ + o with ¢; = ¥y and
w2 = (1 — ). Then clearly T, = T,1 + T,po. Write

I = / (Tup)() [ da (2.82)

and

%=/|mmem (2.83)

m

Then by the previous calculations, and by the convexity of f(z) = |z|P it follows
that

I, = / (Tapn) (@) + (Tupo) ()

gz/ Tor]? + 2, (2.84)

< 2D} |lull3 + 27 -

We will now use Theorem 2.4 to give a bound on J,,. In particular for x € @Q,,
there is a constant Cy such that

(Tuga)(@)| = 2m) 2| | K,z =2)ea(2) dz|

= (2#)*”/2

| Kes-oe@al sy
R™M\Qs,
g@N/ 2 — 22| py(2)] d .

R™\Q7,

Now let A > y/n+ 1. Then there exists a constant C) y such that

_ o|—2N A - 2N

A+ |z —z)=2¥ |z — 22N

for all z € @,, and all z € R"\ Q% . Thus,

szg@nscawij' Atz —2)po(z)[dz (2.87)
R™\Q7,

for z € @,,. Note that we can give a bound on A + |z — z| by

Alr—zl=A+|lx—m+m—z|>X—|x—m|+ |z —m]|

2.88
>()\—4)+|m—z\2u+|m—z\ (2:88)
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where 1 = y/n/2 + 1. We can now give an estimate on J,,: by Minkowski’s
inequality and by Holder’s inequality

= (| RCEET ) "

2
[ oY),
N z
rag, (it Im—2))

1/2
(1 + |z = 2]) Vo (2) ]
< Cyn Oy, / / dx dz
2N N Rn\Q:n { - (M+ |m _ Z|)2N

e | oa(2) !
s, G m = 2772 (= =)V

1/2
{/ (u+|x—z|)2Ndx} dz
1/2
|02(2)?
< ConC d
< Con A,N{/Rn\% Gt [m = aD¥ z

1/2
! —2N T
{/Rn\% (1 + |m — 2|)N dz} {/m(u+!x—z\) d }

Hence, we can find a different constant C) y such that

1/2

dz

< OonCin /

(2.89)

1/2

|p2(2) |
Jm < O / dz . 2.90
MY Jamas, Gt T =2 20

Summing over all lattice points m we find that

Can Z / |p2(2)

mos (+ |m —z|))N

< Caw Z/ LG (2.91)

mezZmn n\Qm /’L + |m - Z|)

|22

MEL™ l#m

’ 2

dz

Now for all m,l € Z" it holds that

p+m—zl=p+m—-Il+l—z|>p+|m—1 —|l — 2|

2.92
>pu+m—I>1+m—1. 292
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Hence, by the positivity of the summands

|902
2 Z/ M+|m—2|) 4

meZ™ l#m

3 Y, e or

meZ" l#m

S5 S

mezn €T . (2.93)

= 1902 ) dz

2 PIRE L
1

= o2(2)Pdz Y

Z/ 2 TH il

-y L epas

m’ze;n (1+ ’m’|)N /R"

Hence, we can conclude that

agouz—/| L) @)z < S I,

meZ"

2
< 2DN Z / |2dI+2C)\N Z / —||—80|in E|Z|) dz
mezn mezn M (2 94)
2 '

<D )2 dz + 2C / |"”2) d
/|80 )7 dx + /\NZ (it Im— 2" z

mezn n\Q*

< {D+20A,N Z W}/ o(x)]* dz = Cllelf5 ,

m/EZ™

which means that T, is a bounded linear operator, if we can establish the bound
(X, &) < On(1+ [ADY. u

The following lemma finishes the proof for Theorem 2.3.

Lemma 2.17. For any integer N, and any multi-index « it holds that
[Dgam (A€ < On(L+ M) (L + Jg))7 . (2.95)
Proof. By Leibniz formula and integration by parts
(=i0)?(Dgam (. €))
)'5‘(27r) ”/2/ e’”“@f (77(:6 — m)D?a(az,&)) dz
1)18l(27r) /2 ’ (2.96)

= (-
= (-
Z< ( ) / e~ (n) (@ — m) (85*5’Dg‘a(x,§)) dz .
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Hence, because a is a symbol of order 0 it follows that

(=) Dgam(N, )] < Cap(1+ [€))7 (2.97)
from which the statement of the lemma follows. |
The proof of Theorem 2.3 holds for general p € (1,00) after establishing the fact

that T is a bounded linear operator, but requires Hérmander’s inequality, see
Theorem 2.5 in [H6r60).

2.3 Elliptic pseudodifferential operators and the
parametrix

In this section we look at elliptic pseudodifferential operators. For this class of
pseudodifferential operators, we will show that there exists an approximate inverse.
This approximate inverse will show that solutions to elliptic pseudodifferential
equations T,u = f are smooth if f is smooth.

Definition 2.18 (Elliptic pseudodifferential operator). A symbol a(x, ) € S* of
order k is called elliptic if there are positive constants C, R, which are independent
of x, such that

la(x, )] > C(1+ [¢)F for € > R. (2.98)

A pseudodifferential operator is called elliptic if its symbol is elliptic.

The following lemma shows that only the principal symbol needs to be elliptic for
the whole symbol to be elliptic.

Lemma 2.19. If b(z,£) € S* has an asymptotic expansion b ~ Y%, b, then b is
elliptic if and only if the principal symbol by is elliptic.

Proof. Since by is elliptic, there are constants Cy, Ry > 0, such that we have

lbo(z, )] > Co(1 + [£])* for |€] > Ry. Hence, because b is a pseudodifferential
operator, for |£| > Ry we have

Zbl<x>5) =

=1

> Co(1+ [€)F = Co(1 + [¢h™
= (L+[&))*(Co — Co(1 + [E) ) .

Because k1 — k < 0, there is a positive constant Ry, such that

[b(x, §)| =

bo(z, €) + Zbl(a:,f)‘

Co — Cp(1 + ¢+ > % for |¢] > Ry. (2.100)
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Now set R = max{Ry, Ri}. For |{| > R it follows that
[b(z, &) > C(1+[g])* (2.101)

and hence b(z, §) is elliptic.

Now assume that b(z,§) is elliptic, then there are constants Cy, Ry such that for
€] > Ro

Co(1+ [6])" < [b(z,8)| = < [bo(x, )| +

Zbl(xvg)

< [bo(z, &) + C' (1 + )" .

;b’(x’§>' (2.102)

Now there is some R; such that for |£| > R; it holds that C’(1 + |£])* can be
bounded by $Co(1 + £])*. Now for R = max{Ry, R;} > 0, C' = 1Cy > 0 and all
€] > R it holds that |by(z, &) > C(1+[€])*. Thus, the principal symbol is elliptic,
and the lemma is proved. |

The motivation for the following theorem arises from the elliptic pseudodifferential
equation
Tu=f, (2.103)

with a an elliptic symbol of order k and f € L? a function. We want to find the
function u such that T,u = f. The following theorem will show that there is a u
such that

Tou— f € C®R"). (2.104)

In a more general sense we want to invert the operator 7T, by some operator Tj.
We call the symbol b attached to this operator the parametrix of a.

Theorem 2.6. If a is an elliptic symbol of order k and T, is the corresponding
pseudodifferential operator, then there is an elliptic symbol b of order —k with an
asymptotic expansion given by

by b (2.105)
=0

where b_p_; is a symbol of order —k — [, such that there are smoothing operators
Ky and Ky such that

Ta 0] Tb =1+ K1 s and (2106)
TyoT, =1+ K, .

Proof. Giving an asymptotic expansion of b is sufficient, since Proposition 2.8

shows the existence of a symbol, given elements of an asymptotic expansion, and

Proposition 2.5 shows that if ¥ is a different elliptic pseudodifferential operator

with an identical asymptotic expansion, then T}_, is infinitely smoothing and may

be absorbed in the operators K; and K.
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The product of the symbols b and a is given by Equation (2.21):

(bta)(z, &) ~

a(x,§))(0¢b—r—;j(x,£)) - (2.107)

a j=0
Observe that the finite sums

) Z ' (2,€))(2b_1_ (2, €)

|a|<N j=0

Nt o (2.108)
= e, (. + 3 3 T @l )by (2.6)
J=1 |a|<N
are equal to
a(xaf)b—k(x7§)+
N-1 ‘a|
a(@, §)b—r—1 + Z a(@,&))(0F bor—;(x,§))
I=1 \81|<J;J<ll | (2.109)
i)l
+ Z (07 a(z,§)) (0 b_k—;(x,€))
la]+5>N
lo| <N
J<N
with ol
> e )@ ) es™ . @10)
jalzn ©
o] <N
J<N
Then set b_j to be the symbol of order —k given by
(o) - 1200 _ v 1)

a(z,€)  a(,€)

where 0 < ¢(§) < 1 € C§°(R") is a compactly supported smooth function such

that
)1 <R
¢(§) = {0 €] > 2R, (2.112)

Then b_j is a symbol of order —k. Indeed, since a(z,§) is elliptic, for 8 a multi-
index

|D; 1@| €] > 2R
|D{b k(. €)| = |Dﬁ ] R<|g|<2R
0 €] < R
5(1+ ¢y € > 2R (2.113)
< EE < YDA+ 6N M R < ¢l <2R
0 €| <R
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Because the set |£| < 2R is compact, it is possible to find a constant C’ such that

LS (Vo)1 + ey < o1 + jg) (2.114)
C Y

v<B

for all |£] < 2R. Then for D = max{1/C,C"} it follows that
|DZb_i (2, )] < D(1+ [¢]) 1A, (2.115)

Now inductively set b_;_; to be the symbol of order —k — [ given by

(_Z)‘a| fe fel
bopy(2,6) = — Z - (02a(x, €))(0gb——;(x,€)) | bi - (2.116)
lal+5=t
0<j<l
Then b_;_; is indeed a symbol, since it is the derivative, sum and product of

symbols, each of which (inductively) satisfy the symbol properties from Definition
2.1. Then by Equations (2.107) and (2.116)

(b-sta)(2,€) =1 - ¢(¢) € S (2.117)
and
> (-1 t0) (7,6 1
= (e (2.118)
= > ——(0a(@,))(98b4(w,€)) € STV,
A
hence

(bfa)(x, &) = (Z b_k_ljja> =14 R(z,¢) with R(z,§)eS™™, (2.119)

such that T o T, = Ty, = I + K5, where K> is infinitely smoothing.

It is still required to show that b is elliptic. By Lemma 2.19 it is sufficient to show
that b_, is elliptic. This is indeed the case, since for || > 2R

s (14 [£)7* (2.120)

-1, 6)| = > o

=
a(z,§)
because a(z,§) is a symbol. [ |
The construction in the proof creates a parametrix b(z,§) in which each of the

symbols b_j_; in the asymptotic expansion is not homogeneous, if a(z,§) is not
homogeneous. The next proposition aims to solve this.
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Proposition 2.20. Suppose that a(z, &) = ag(z, ) + ax_1(x, §) is an elliptic sym-
bol of order k, and both ay(z, ) and ap_1(z, &) are homogeneous of degrees k and
k — 1 respectively, then there is a parametrix ¢ ~ > _,° c_j_;, such that each o', _,
is homogeneous of degree —k — [.

Proof. Start by creating the parametrix b_j_; of the principal symbol a;. Since ay
is homogeneous of degree k, each of the symbols b_;_; are homogeneous of degree
—k — [. Now define the symbols

Copot = bpg + b5 (2.121)
where 0’ ,_, is defined by

-1

Vo ==Y ((an—1fbgm)— + (ardd ) —1)b_s
m=0 (2.122)

1—2
- Z(ak—lﬁbl_k_m>—lb—kz :
m=0

Then c_;_; is by construction homogeneous of degree —k — [, and is a parametrix
of a(z, &) = ap(x, &) + ap_1(x, &) also by construction. [ |

We will use this construction in Chapter 3 to compute the leading order terms
(I =0,1=1,1=2) of the parametrix of the Laplace-Beltrami operator.

2.4 Sobolev spaces and Elliptic regularity

In this section, we give a more general definition of the Sobolev spaces. We show
that pseudodifferential operators are bounded linear operators between Sobolev
spaces. This gives an immediate application of pseudodifferential operators.

Definition 2.21 (Sobolev spaces). For s a real number, define the Sobolev space
H?*(R™) of order s as the space of tempered distributions f such that

(L+[EP)2f(6) e L*(R) . (2.123)

Equivalently H* is the norm completion of the space of Schwartz functions S(R™)
with respect to the norm

A 1/2
1= ([ a+lepriiera) . 2120

Furthermore, there is an inner product (-,-) on H® such that the norm induced
from the inner product coincides with the norm given in Equation (2.124).

Notice the following things about Sobolev spaces.
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Remark 2.22. The function (1 + |£]?)*/? is a symbol of order s. Set J_, as the
pseudodifferential operator belonging to this symbol. Then H? is the set of tem-
pered distributions f such that J_,f € L?.

Remark 2.23. The space H? is L2.

Remark 2.24. If s is an integer k, then the Sobolev space H*(R") is identical to
the classical Sobolev space of equivalence classes of k times differentiable functions
in L? with the norm given by

e =) 1D fl2 - (2.125)

|a|<k
Using Theorem 2.3 we can give the following proposition.

Proposition 2.25. Let a € S* a symbol, then T, : S(R") — S(R") extends to a
bounded linear operator T, : H® — H*7*.

Proof. First notice that J,_,T,J, € S°, and hence by Theorem 2.3, it follows that
Js 1T Js : S(R™) — S(R™) extends to a bounded linear operator L? — L.

Then by definition of the Sobolev spaces it follows that 7, : S(R") — S(R")
extends to a bounded linear operator T}, : H® — H*~F, [ |

Using the previous sections we can give a formulation of the elliptic regularity.

Theorem 2.7 (Elliptic regularity). Suppose that a(z,£) € S* is an elliptic symbol.
Then for every f € H® there is an element u € H** such that

Tou—feC®R"). (2.126)
Furthermore, the singular supports of w and f are equal.

Proof. Using the parametrix b(z, &) € S7F of a(z,£) € S* we are able to find an
element u = T, f € H*** such that

Tau—f: (TaoTb>f_f: Klf (2127)

is smooth by Theorem 2.6.

To show that the singular supports are equal, we use Lemma 2.15. Indeed, we
have the inclusions

sing supp f = sing supp T,u C sing supp u (2.128)
and

sing supp v = sing supp 7, f C singsupp [, (2.129)
which proves the theorem. [ |
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3 Inverting the Laplace-Beltrami
Operator

In this chapter we will look at pseudodifferential operators on Riemannian mani-
folds. In particular, we look at the extension of the Laplacian on Euclidean space
to a pseudodifferential operator called the Laplace-Beltrami operator on a Rie-
mannian manifold. We show that the Laplace-Beltrami operator is elliptic, and
calculate its parametrix. Next we introduce normal local coordinates on a Rieman-
nian manifold, and give some properties, which we use to reduce the parametrix
of the Laplace-Beltrami operator.

3.1 The Laplace-Beltrami operator

On a Riemannian smooth manifold (M, g), there is a pseudodifferential operator,
the Laplace-Beltrami operator.

Definition 3.1 (Laplace-Beltrami operator). Let (M, g) be a Riemannian man-
ifold, i.e. a smooth manifold M with a positive definite symmetric bilinear form
gz : T.M x T,M — R, depending smoothly on x. Let (U,,p,) be a maximal
atlas. In local coordinates the Laplace-Beltrami operator is defined as

ZZ %(\ﬁ g7(2)0,) . (3.1)

where ¢" denotes the inverse matrix of the local Riemannian metric form g,;, and
lg(z)| = | det g;;(x)|. For convenience the dependence on z of the metric form g;;
will be omitted, whenever it is clear.

In this thesis we will assume that M = R" and furthermore we will assume that
there is some constant D, such that g;;(x) = d;; whenever |z| > D.

Proposition 3.2 (Symbol of the Laplace-Beltrami operator). The symbol of the
Laplace-Beltrami operator is given by

(A, = — Z Z <8$’|g| 94 0,97 — igijfi) & s (3.2)

=1 j5=1
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equivalently
(0,06 = =i (5 (Vlolg8) + (V%) —i (%)) . (3

where V|g| denotes the gradient of |g| and V - g%/ denotes the row-wise divergence
of g¥.

Proof. From Equation (3.1) it follows by Leibniz rule for differentiation that

T (Vi@ @0,

lel

_ZZ ( (\/_‘)gz‘j

=1 j5=1 (34)

+ V1910297 + V19| g”%)f?x
=1 1 (

Jj=

9" + Os 9" + g”a%) O, -

Replacing the derivatives d,, and d,, by their symbols —i&; and —i§;, respectively,
Equation (3.2) follows. [ |

Proposition 3.3. The Laplace-Beltrami operator is a pseudodifferential operator
of order 2. Furthermore, it is elliptic.

Proof. We have to show that there exists constants C, g, C’, R such that

(a) For all x,& € R™ and all multi-indices «, § it holds that
DEDEa(Ag)(,€)] < Cap(1+[€)*, (3.5)

where the constant C, 3 depends only on the multi-indices «, (.
(b) For all z € R" all [(| > R
|o(Ag)(,€)| = C'(1+[¢])” . (3.6)
For part (a), notice that since g;;(z) = §;;, whenever |z| > D, we have that
1D D{o(A)(x,€)]
<|Dp (62|_|j|gj + aml.g”‘) D¢,
< Cap(L+ €)1,

+|D2g" D (&) (3.7)
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because derivatives in x outside the compact set {|z| < D} are 0, and since inside
the compact set there is a maximum attained.

For part (b), notice that by Equation (3.3) automatically

lo(Ag) (2, )| = |i 2|Mvmwa%»+mv 99,6 + (¢, g¢)
> [(6,97¢) | > Cla)lglP  C(x) >0,

(3.8)

since g* defines for each z € R”™ an equivalent norm. Set C = infyepn C(z) > 0,
and set R > 0, such that |o(A,)(z,€)| > C|¢|* > 2 for [¢] > R. Then there is
indeed a constant C’ > 0, such that for all |{| > R it follows that for every z € R™

|o(Ag) (2, 8)] > C'(1+[€])* . (3.9)

Thus, o(4A,) is an elliptic symbol. Of course by Lemma 2.19 it would have been
sufficient to check if the principal symbol was elliptic. [ |

3.2 Parametrix of the Laplace-Beltrami operator

In this section we give a method for computing the parametrix of the Laplace-
Beltrami operator, such that each term of the parametrix is homogeneous in the
frequency variable.

Theorem 3.1. It is possible to write the symbols in the asymptotic expansion of
the parametriz of the Laplace-Beltrami operator A, from Definition 3.1 in terms
of homogeneous symbols.

Proof. Using Proposition 2.20 we will construct the parametrix in terms of homo-
geneous symbols. The principal symbol of A, is o9 = — (&, ¢¢). Furthermore,
define oy to be the difference o(A,) — o».

The symbols of the parametrix of the principal symbol oy = — (&, g¢) of o(A,)
can be found using Equation (2.116), and has terms

L 1-60)
< . (€, 97€) Oe, V(&) — 20(€) (ex,» 67€) '
S Oy g A .
o 22;<5 195>< (€ gIE) )TQ
However, if one only looks at |{| > R
T 1
o (5 gi¢g) 311)
<€k17g £> ‘
I;l < > <§ ZJ§>
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Now we give a correction term to 7_3 such that
T 309 = —T_9-01 (3.12)
with the correction term to 7_3 given by
i

e L Tl +(7-46)) 19

For the next term, 7_4, we find that

= [Z S {600, 00,66)

ko=1 ks=ko+1
((2 <6k27 gijek;%)) B 8 <ek37 g”€> <§7 gZJ§> (<ek27gij£>))
(€. g1¢)° (€. g1€)?
n 1 y
+ kzﬂ S (600,00, 9€)
((2 <ek’27 gijek2>) . 8 <€k27 gw€> <€7 gl]€> (<€k2>gij§>)>
(€ 97€)" (€. 976)° (3.14)
- i - i <eklvgij§>
- 7axk Z] 4 478xk K . .4
2 (oo §>{§1 (et 0°€) iy
i 2 <€k1’gij€k4> <ek:17gij§> <ek47 gij§>>
7azk J - — 12 -
(8:00,57¢) < (€ g96)" (€ g98)°
1 1 ] sy}
+ (5,9“5)3 (2‘9‘ <V‘g‘7g ek4> + <V g 7€k4>

4 {ep,,g"¢&) ( 1 g g
- - Vl0gl,g7¢) +(V - 9", ¢ )
o \2lgl YTV
for [£] > R. Next we correct for the terms of order —2 in the composition calculus

of 7_5 and 7_3 with o7 by adding

m (0'1 cT_3 — Z.VxO'l . V§T_2) . (315)

Inductively one is able to construct the parametrix of o(A,) where each symbol
T_o_ is homogeneous of degree —2 — k. |

3.3 Normal coordinates on a Riemannian
manifold

In this section we define normal local coordinates on Riemannian manifolds. We
will see that locally the metric tensor g;;(x) = d§;; + O(]x|?). These results we will
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use in the next section to reduce the terms in the parametrix. As a result we will
see that 7_3(0,£) = 0. This section uses material which can be found in more
detail in [Leel8]. From this section forward we will use the Einstein summation
convention, and assume the reader has familiarity with it.

Christoffel symbols and Curvature

Definition 3.4 (Christoffel symbols). We define

1
Iy = 59" (99 + 9391 — Digyy) (3.16)

to be the Christoffel symbols of a metric tensor g;;.
Using the Christoffel symbol, we define the Riemann curvature tensor.

Definition 3.5 (Riemann, Ricci and Scalar Curvature tensors). The Riemann
curvature R;;i; is defined to be

Rijki = gim (8]-1“172 — Ol + T3 — F?k y;) . (3.17)

Furthermore, define the Ricci curvature tensor to be
Rj = g"Riju - (3.18)

Finally, set R to be the scalar curvature, defined by
R=g¢"Rj . (3.19)

Different authors use different conventions for the Riemann curvature. Here we
have chosen the convention, such that the unit 2-sphere has a constant positive
scalar curvature of 2.

The Riemann curvature has symmetries, which we will use to reduce this tensor.

Proposition 3.6 (Symmetries of the Riemann curvature tensor). The following
identities hold for the Riemann curvature tensor

Proof. (a) Follows from writing out the definition of the Riemann curvature ten-
SOT.
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(b) The proof for this symmetry uses the metric compatibility
Orgij = Thygu + Thagi (3.20)

of the Christoffel symbol. Indeed, by writing out the definition of T, and
I'}; we see that

Finglj = %glm (OkGim + Oikm — OmGik) 915
=:%§T(6%gmz+w%gmn—-3mgm) (3.21)
= % (Okgij + Oigrj — 0;Gir)

and that
Thgu = lglm (OkGjm + 0jGkm — OmGijk) Gui

2
1

1

Hence, it follows that

Rijii + Rijik = gim (0,75 — 0T + T4, — T% ')
+ gkm (0,1 — 0T + TR — TH )
= gim (O;T5 — OL7L) + Grm (05T — OLT}) (3.23)
+ 205 (03 9km) — 205 (0igim) + 2153(05G1m) — 2175 (0iGrim)
+ 1 I F i FlmF]kglp FlkFnglp )

By applying Leibniz rule to 0;(I'j}gim) and to 0;(I'}}.gim) we notice that

Rijui + Rijik
= T3 (0i9km) — Tk (0igim) + U0 91m) — U5 (Digrm)
+ 10 D5 grp — U U gy + U Uiy — Uil 90
ﬂh@wrﬁww—ﬂ@%—%m)
+ U 0591m — 1%, 910) — 157 (Oigkom — T, 9kp)
= FmI‘pkgmp Fﬁlegmp + F%Fﬂgmp mezkgmp =0,

(3.24)

by the metric compatibility and by exchanging the indices m and p whenever
it is necessary.

(¢) This follows by combining the other parts of this proposition. Indeed, we see
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that
Rijii — Ry = Rijig + Riig + Rkl
= Riji — Rujr — Rirji
= Riju + Rijik + Rjiir + Rijir + Rjiw

3.25
= Rjiir — Riju + Ryja ( )
= Rjixr — Riji — Rjra
= Rjiir, + Rriji = Rjiir — Rikji -

By exchanging ¢ <+ 7 and k <> [ we find that
Rjar — Rikji = —Rjir + Ry (3.26)

such that
Rijii — Ryuij = Ry — Rigji
= — Ry + Riji (3.27)
= —Riji + Rpij =0 .

(d) Writing out the definition, we get
Rijii + Rijkit + Ruiji = gim (0,15 — O, + T4 — T8 T
+ Gim (06T — O, + T2 T — TR TT)

ki~ jp

- o o o (3.28)
+ gim (O — 0L + YT — THT)
=0 )
: k _ 1k
since I7; =T,
This finishes the proof of the proposition. [ |

Using the symmetries of the Riemann curvature tensor, we can show that the Ricci
curvature tensor is a symmetric tensor.

Proposition 3.7. The Ricci curvature tensor is symmetric, i.e. 2 = Iy;.

Proof. We calculate using the previous proposition the Ricci curvature tensor Rj;

le = gikRilkj = gikRkjil = _gikRjkil = gik (Rz'jkl + Rkijl)

1 . 1 : .
=R+ §glk (Riiji — Rikj) = Rj + 3 (ngRkijl - ngRikjl) (3.29)
= 15
which completes the proof. |

Using the Christoffel symbols we can give the geodesic equation. Solutions to
this differential equation are geodesics, which are the “shortest paths” on general
manifolds.
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Geodesics and the Exponential map

Definition 3.8 (Geodesics). A geodesic 7,(t) : I — M is the solution to the
coupled ordinary differential equation

B (t) + &' ()i ()5 (x(t) = 0 (3.30)
with initial conditions z(0) = p and £(0) = v.

Existence and uniqueness of solutions to ordinary differential equations implies
the following lemma.

Lemma 3.9 (Rescaling lemma). For every p € M, every v € T,M and every
c,t €eR
Tolct) = Yeo () (3.31)

whenever either side is defined.

For a full proof see Lemma 5.18 in [Leel8]. We denote the time-one solution by
the exponential map.

Definition 3.10 (Exponential map). The exponential map exp,(v) is the time-
one solution of the Geodesics Equation (3.30) with initial conditions z(0) = p and
%(0) = .

The inverse function theorem implies the following proposition.
Proposition 3.11. The exponential map is a local diffeomorphism.

Proof. By the inverse function theorem, it is sufficient to show that the derivative
dexp, : ToT,M = T,M — T,M is a linear isomorphism. To compute this deriva-
tive, we take a curve 7 starting at 0 € 7, M with initial velocity v, e.g. 7(t) = tv,
and compute the initial velocity of exp,o7. We get

d(exp,)o(v) = T _O(expp oT)(t) = % . exp,(tv) = 1 (t) = v, (3.32)

by the Rescaling lemma. We therefore conclude that the derivative dexp, is the
identity map, and that the exponential map is a local diffeomorphism. [ |

We use the exponential map in the definition of normal coordinates.

Normal coordinates

Definition 3.12 (Normal coordinates). We say that a neighbourhood U of p € M
is normal if it is the image of a star-shaped domain V' C T,M under the local
diffeomorphism exp,,.
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Taking an orthonormal basis (b*) of T,M with respect to the metric tensor g;;,
there is a linear transformation B : R" — T}, M such that the standard orthonormal
basis (e!,...,e") is mapped to E. We say that the local coordinates (z, ..., 2")
given by the chart ¢ = B~' o (exp, |y)”' : U — R" are the normal coordinates
centred at p.

Using the definitions, propositions and lemmata from above we can give the fol-
lowing proposition.

Proposition 3.13 (Normal coordinates). The following hold about normal coor-
dinates:

(a) There are normal coordinates.

(b) The normal coordinates are unique up to multiplication by a matrix A € O(n),
which is constant in z.

(¢) The normal coordinates of p € M are (0,0, ...,0).
(d) The Riemannian metric g;;(p) = &;;.

(e) If v ='0; € T, M, then the geodesic v, starting at p with initial velocity v, is
given by 7,(t) = (tv, ... tv").

(f) The Christoffel symbols vanish at p.
(g) All the first partial derivatives of g;; vanish at p.

(h) At p, the Riemann curvature R is given by
1
3 (0;019jk + 0;0kGu — 0i0kgj — 0;O1gik) - (3.33)

Proof. (a) The definition provides a construction for normal coordinates.

(b) Suppose (€') and () are normal coordinates centred around p, then the
images (b%) of (¢/) under B : R* — T,M and (V") of (¢’) under B : R* — T, M
form orthonormal bases of T, M with respect to the metric tensor g;;. Hence,
(%) differs from (b%) by an isometric transformation, and hence B o B~ is
an isometry, such that ¢’ = A%é’ for some orthogonal matrix A € O(n).

(c) This follows from the definition, since exp,(0) = p.

(d) The coordinates (b*) C T,M are orthonormal with respect to g;;. Hence, in
the normal coordinates g;; = ;.

(e) The exponential map exp, is the time-1 flow of a geodesic 7, (t) with initial
point p and initial velocity v. It follows that

p(1(t)) = B™" o (exp, |v) ™" o exp, |y (tv)

= B~ (tv) = (tv',. .., tv") (3:34)

in normal coordinates.
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(f) By the previous part with the geodesic equation at ¢ = 0, it follows that
@' ()i (6T (p) = v’ T (p) = 0 . (3.35)
In particular for v = 9, + 0, it shows that
Ik =0 (3.36)

for all a,b,k € {1,...,n}. We conclude that all Christoffel symbols vanish
at p in normal coordinates.

(g) By the metric compatibility of the Christoffel symbol
g + Fggjgil = OrYij » (3.37)
it follows, using the previous part, that at p in normal coordinates 0yg;; = 0.
(h) By the previous two parts of this proposition, it follows that
Rijit = gim (0,15 — O + T5 T — T, T
= O (0T — O.T})

Oim m
_ Om (aj (™ (Digg + Outia — Dagic)
2 (3.38)
— 0; (9™ (9i9rq + Orgiq — Oajr)) )
1
=3 (0:019j% + 0;0k9u — 0i0kgji — 0;01Gir) -
This finishes the proof for the proposition. |

The next theorem gives an expansion of the metric tensor in normal coordinates.

Theorem 3.2. The Taylor expansion of the Riemannian metric g;;(x) in normal
coordinates centred at p is given by

() = 6(p) — 3 Raa(p)as! + O(JaP) (339

Proof. We have from Equation (3.20) that in normal coordinates
910,9:5(0) = OL75(0)0,m; + O (0)dimn - (3.40)

By the fact that geodesics through the origin are given by twv it follows that by
differentiating the geodesic equation at time ¢ = 0 in normal coordinates that

0= all“fj(tv)vivj = 81Ffj(0)vivjvl : (3.41)

which is a homogenous polynomial of degree 3. Since the coefficient of the term
v'v?v! is the permutation of 9;I'};(0), it follows that

A% (0) + 0Tk (0) + 9;T7(0) = 0 . (3.42)
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Then in normal coordinates

Ririj + Rakj = Ojm (OpL5) — O:I')) + jm (O — O:1}3)

=0 (3.43)
such that by Equation (3.40)
1
0,019:5(0) = —3 (Riikj + Rikij + Rijei + Rikji)
1 (3.44)
= ~3 (Rikji + Rijk) -
Then it also follows that
1
Gij = 5@']‘ - gRikﬂl’kl’l + O(|$|3) , (345)
by the Taylor expansion, which finishes the proof. |

We can now also give the second derivative of the inverse ¢ and the absolute
value of the determinant |g| = | det g;;| in normal coordinates centred at p.

Corollary 3.14. The second derivative 9,0,,9" in normal coordinates at p is given
by
- 1., .
8p8mg” (p) = g(sm(;z] (Rk:plm + kalp) . (346)

Proof. Notice that by Leibniz rule

0p3m9ij (p) = apam (gikgklglj) (p)
= 0p0m(9™) (919" ) (p) + 9" 97 0,0 (g10) (P) + 9" gui0pOm(d”) () (3.47)
= 20,0m9" (p) + 6*6" 9,091 (p)

from which the statement follows. [ ]

Corollary 3.15. The second derivative 0,0,,|g| in normal coordinates at p is given
by

.
0p0mlg|(p) = —§5J (Rimjp + Ripjm) = —= Rpm - (3.48)

3

Proof. In normal coordinates at p the determinant det g = 1, hence on a neigh-
bourhood of p, the determinant is positive, and we can take derivatives there.

Since gi; = 8;j — 3 Ripjma?z™ + O(|z[?), it follows that

1 .. 1
detg=1-— gémRikﬂxkxl +O0(z*) =1 - ngZxkxl + O(|z?) (3.49)

by the definition of the determinant, and the Ricci curvature in normal coordi-
nates. The statement now follows directly. |
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In dimensions two and three, it is possible to write the Riemann curvature tensor in
terms of the scalar curvature and the Ricci curvature respectively, as the following
proposition shows.

Proposition 3.16. In dimensions two and three the Riemann curvature Rgp.q
tensor can be written as

R

Rabcd - 5 (gadgbc - gacgbd) ) (350)

and

R
Rabed = Racgoa + RoaGac — Raagve — RpeGad + B} (Jad9ve — YacGod) (3.51)
respectively. In normal coordinates centred at p € M, these expressions reduce to
R

Rabcd(p) = 5 (5ad5bc - 6a05bd) 5 (352)

and

R

Rabcd (p) = Rac(gbd + Rbdéac - Radébc - Rbcéad + 5 (5ad5bc - 6ac(sbd) (353)
respectively.

Proof. From Proposition 3.6 it follows that Ry has n?(n* — 1)/12 independent
components. For details of this claim see [Leel8] Proposition 7.21.

The upshot of this result is that if dim M = 2 that R;j;; has one independent
component. Notice furthermore that g.qgpe — gucgpa Satisfies the conditions of
Proposition 3.6, hence

Rabcd = f(R) (gadgbc - gacgbd) (354)

for some smooth function f of the scalar curvature. By contracting the Riemann
curvature to the scalar curvature we notice that

R= gbdgaCRabcd = gbdgac (gadgbc - gacgbd) f(R) = (4 - 2)f(R) (355)
hence f(R) = R/2.

Similarly, if dim M = 3, then R;;; has only six independent components, exactly
the same number of independent components as Rj; and g;; have. Notice that

R
Racgva + RyaGac — RadGve — RocGad + 5 (GadGbe — GacGbd) (3.56)

satisfies the conditions of Proposition 3.6. Notice furthermore that

R ac
(Racgbd + Rpagac — Raagve — RpcGad + 5 (GadGpe — gacgbd)) g

R 3.57
= " RacGvd + 3Rpa — Raady — Rpc0y + 5 (b0 — 39ba) (3:57)

= Rgpqg + 3Rpq — 2Rpq — Rgpa = Ria ,
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hence the map

G :{symmetric 2-tensors} — {curvature tensors}

R (3.58)
Rya = RacGed + Fvagac — Radgoe = RocGad + o (Gadgve = GacGba)
is a right-inverse to the map
Tr, :{curvature tensors} — {symmetric 2-tensors} (3.5)

Rabed = 9" Rabed = Ria -

Thus, G is injective and Tr, is surjective. But, because the dimensions of the
spaces are equal, we see that G and Tr, are isomorphisms. |

We use these results in the next section to reduce the parametrix of the Laplace-
Beltrami operator.

3.4 Parametrix of the Laplace-Beltrami operator
in normal coordinates

Combining the results from the two previous sections, then we can see that 7_3
from Equation (3.11) vanishes at py in normal coordinates. This is because the
derivative 0,, 9" (po) = 0, and because the correction to 7_3 from Equation (3.13)
vanishes also at py in normal coordinates, since o1(pg, §) is a sum of derivatives of
g at py. Furthermore, we are able to write 7_4 as

4 —88k:EkalE|”
=20 3 () ()

k‘Q 1 ks=ko+1

; 2 8[]PE,
+ Z < 1y O 9 ”£> (mﬁ - —|§|10k ) (3.60)

+ Z ( (O, O, X

6
e €]

o) 69E; + (D 01g' )5)

In the rest of this section we calculate this term in the case that the dimension n
is two and three.

Dimension two

Lemma 3.17. In normal coordinates in dimension 2 we can write

R
01, 00,,02(00,€) = 5 (OmlEl” = €n) (3.61)
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Proof. Using Corollary 3.14 and Proposition 3.16 we see that
ammampo-Q(pmg) = _8mm8mpgij§i§j

1
= _g(Rkplm + kalp)gkgl
R (3.62)
i (OkmOpt — OkiOpm + OkpOmi — OkiOmp) fkfl
R
= g (2’6‘26pm - 2£mfp)
which proves Equation (3.61). |

Lemma 3.18. In normal coordinates in dimension 2 we can write

0,1 (90, ) =~y (3.63)

Proof. Once again using Corollary 3.14 and Proposition 3.16, but also by Corollary
3.15 we find that

axpal(p07€) =—1 (

Oy, O,

9l
g7 + 05,0,,9" )6
2|g ’

. 1 ij 1 1 5lj
= —q (—— (Riikp + Riprs) 0 + §5k 6" (Ripii + Rkilp)) &

6
. R .y
= —z( B (OkpOir — OrkOip + OiOkp — Okrlpi) 6% (3.64)
+E(5ki5“(5 0l — Oki0pi + Okpli — Ordip) &
6 kiVYpl klYpi kpYli kiY%p J
(R R
= — (Efp + Eé-p)
which proves Equation (3.63). |

Proposition 3.19. In dimension 2, the —4 order term of the parametrix of the
symbol of the Laplace-Beltrami operator in normal coordinates centred at pg is

given by
R

W .

Proof. Using the previous two lemmata, we see that

_4<po,£>——[— > Gl — 6ns) (%)

1<p<m<2

—4(po, §) = — (3.65)

- X et et (3 - 5) =1 X 55 oo
1<p=m<2 1<p<2
_8REEG R (5%+§% - 8&%5%) _Zﬁﬁﬁ _ R
3 ¢ <1° E1° 3gle gt
This proves the proposition. |
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Dimension three

In three dimensions the calculations become a little more elaborate.

Lemma 3.20. In normal coordinates in dimension 3 we can write

1
02,,02,02(po, §) = —3 2 RS € + 2Ry €7 — 2Ryn€E,

— 2Rlpfl€m +R (ﬁmfp - 6pm’£‘2)

Proof. Using Corollary 3.14 and Proposition 3.16 we see that
D 00, 02(p0, €) = =04, 04,9765 = 0y, 0, 9156
1
= _g(Rkplm + kalp)fkgl
1
3

2Rk15pm5k€l + 2Rpm|§|2 - kagkfp - Rlpglgm

R
- Rkpgkgm - leglgp + 5 (2€m€p - 25pm|£|2)
which proves the lemma after relabelling the necessary indices.

Lemma 3.21. In normal coordinates in dimension 3 we can write
5Y) ;
02,01(po, &) = gRipﬁ :

Proof. Using Corollaries 3.14 and 3.15 we find that
2lg

1 i L ckig
= —i <_6 (Rpikp + Riphi) 07 + §5k 0" (Ryepis + sz‘lp)) & s

0w, 01(po, &) = —i ( g7 + 83:1,8%9”) &

(3.67)

(3.68)

(3.69)

(3.70)

which, using Proposition 3.16, and the fact that the trace of the Ricci curvature

is the scalar curvature, can be reduced to
i
3
— gHigl [(2Rk15ip + 2R;p0k1 — Riidp — Rpii — Ripdis — Rirdrp)

R
+ 3 (OkiOpt — 20810pi + Okplir) } ] 3

(3 + Ry~ 5 66 - 26,4 6)) = SRt

1

3

which proves the lemma.
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Proposition 3.22. In dimension 3, the —4'" order term of the parametrix of the
symbol of the Laplace-Beltrami operator in normal coordinates centred at pg is
given by

g Ripgigp
3 [El°

7-4(po, §) = (3.72)

Proof. Using the previous two lemmata, computeralgebra systems can find that
1
7_4(po,§) = —{
€17

2

1<p<m<3

Wl

- 8§p§m >

{2Rpm|§|2 — 2R, — 2Ry + Rfmf”] ( 1k

(3.73)
+ Z { [szléppg f + 2Rpp|£’2 4Rkp§ ép +R ( pp|£’ ) ]
20, 852,) z 2510} 32 R;;€'¢
e . 5R2p -2z
G } ’ Z ] =3 e
which finishes the proof. [ |

3.5 Schwartz kernels

In this section we look at the Schwartz kernels of the parametrices we found in the
previous section. Remember Theorem 2.5, which shows that the Schwartz kernel
exists. This result shows that we are allowed to calculate the Schwartz kernels
K_o_i(po,p) for 1 =0,1,2,....

In this section we calculate the Schwartz kernels for the leading two terms of the
parametrix of the Laplace-Beltrami operator in dimension two and three.

Theorem 3.3. The Schwartz kernel of order —2 is given by

K_5(po,p) = log |po — p| + K.5(po, p) n=2 (3.74)
—2(Do, 2(n—4)/2p<% —Dlp—po|>* "™+ K" 5(po,p) n>3 .

where K’ 5(po, p) is infinitely smoothing.

Proof. Notice first that if a(x,£) € S* is a symbol, which has compact support
in the ¢-variable as in the assumptions of Corollary 2.7, then the Schwartz kernel
K,(z,y) is also infinitely smoothing. This is because

L0 = s [ ate Qi@ ds e @), @)
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however at the same time
1
(Ta)(@) = e /R K, y)uly) dy (3.76)
Now the theorem follows directly from Theorem 1.3. ]

Theorem 3.4. On (R?, g), the Schwartz kernel K_4 in normal coordinates centred
at po is given by

1
K_ (Po, ) = —§R(po)|P—po|2

1 (3.77)
+ 5B (po)lp = pol*log [p — pol + KLy (po, p) .
with K’ ,(po, p) infinitely smoothing.
Proof. Notice that since R/|£|* is rotationally invariant
R R R

Fl—|(x)=F1 {—} —z)=F 1 {—} x), 3.78
] =7 ] 0= [ 1)
hence by Propositions 1.27 and 3.19, the theorem holds. |

Theorem 3.5. On (R3, g) the Schwartz kernel K_4 in normal coordinates centred
at po is given by

K_4(po,p) = 2\2% (R(po)\p — Do

Rij(po)(p — po)'(p — po )
|P - po‘

(3.79)
+

)+ Ko
with K, infinitely smoothing.

Proof. By Proposition 1.28 it follows in normal coordinates centred at p, that

e {J%U(Po)éiﬁjl W) =F {faj<po>§f5j} )

16 €16
_ \/% ij yiyj

YT (g + Bl

Hence, on (R3, g) in normal coordinates centred at po, it holds that

Ri; K )
zu@m=§rﬂ—%%ﬂ+KJmn

(3.81)
zzﬁﬁ(mmmw- Bl o).

3

with K’ ,(z,y) infinitely smoothing, by Proposition 3.22, which proves the theo-
rem. |
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The following theorem allows us to calculate the solutions to the pseudodifferential
equation
Agu=f. (3.82)

Theorem 3.6. Let n = 2 orn = 3, then for each f € L?, the function u' given by

u= [ Koo(z,x—2z2)f(z)dz+ | K_y(x,xz—2)f(2)dz (3.83)
R’I’L Rn
satisfies
u—u' € {Cj z:fn:Q : (3.84)
C' ifn=3

where u denotes the solution to the pseudodifferential equation (3.82).

Proof. Using the parametrix P of the Laplace-Beltrami operator A, we find a v’
such that for each f it holds

u— PfeC*R") (3.85)
for each n. Using the calculations above, we can write Pf as

Pfz) = / (K s(rw =)+ Ko,z = ) () de + (T, f)(a) - (380

We only need to show that 7., f is sufficiently continuously differentiable. Let
g € L? be such that § = f, then by the Cauchy-Schwartz inequality it follows that

O (Trs D@ < (2m)7 | €752, €)1 (©)] d

= (2m) "2 180 7s(. (0)] d (3.87)

1/2 1/2
<0 ([ jearigreac) ([ aera)

since £*7_5(x, &) is a symbol of order || — 5. By using spherical coordinates we
find that

/ (1+ €209 d¢ < 0o (3.88)

if and only if |a| < 1+ (5 —n)/2, which means in the case that n = 2 that |a| < 2
and in the case that n = 3 that |a| < 1. |

This theorem shows that given f € L? we can find an approximation ' given
by Equation (3.83) such that v’ differs from u by at most a C'! function in the
case that the dimension n = 3 and by at most a C? function in the case that the
dimension n = 2.
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3.6 Final remarks

This section will try to give some small insights into the use of this thesis.

Firstly, the Laplace-Beltrami operator: the operator can be given independently
of a choice of local coordinates. In particular, on a general Riemannian manifold
(M,g), we have A,f = div(gradf) for any f € C*(M,R). Notice that in this
case this definition for the Laplace-Beltrami operator is consistent with the Laplace
operator on M = R" and g¢;; = ¢;;.

In an equivalent way to the Laplace operator, the Laplace-Beltrami operator can
be used in partial differential equations on Riemannian manifolds. We already
discussed the Poisson equation

Agu=f (3.89)
in this thesis, but the heat-equation
aug, D kAu(et) k>0, (3.90)
and wave-equation
% = *A u(x,t) ceR (3.91)

extend naturally to Riemannian manifolds in this way; see for example [DP20;
CS19; Tzo23] and many others. Furthermore, some stochastic processes, which
can be modelled on R™ by partial differential equations can now be modelled on
Riemannian manifolds. The most important one is the random walk, which can
be modelled by the heat equation, also on Riemannian manifolds; see for example
INTT21].

In general on a Riemannian manifold, there may not be local coordinates, which
extend globally. Roughly, to use the calculations in this thesis, we give normal
local coordinates x° centred at a point pg, and extend these local coordinates to
R™ by defining a metric g;; which is g;; inside some ball of g-radius €y > 0 and
d;; outside some ball of g-radius €; > ¢y around p,. This can be achieved in a
way such that g;; is still smooth. Once such coordinates are given, we are in the
situation of the assumptions of the calculations in this thesis.

The calculations in this thesis can therefore be used for finding approximate solu-
tions of the Poisson equation on general Riemannian manifolds.
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Conclusion

In this thesis the theory of pseudodifferential operators was explored. In Chapter 1
we first gave an introduction to distribution theory, and the Fourier transform. We
showed that Schwartz functions approximate the tempered distributions. We then
showed that the Fourier transform extends to a linear isometric isomorphism on L2
Finally, we gave a method for computing the Fourier transform of homogeneous
distributions, and computed the Fourier transform of the distributions |z|~2, |z|~*
and others in the two- and three-dimensional cases.

In Chapter 2 we defined pseudodifferential operator using the theory built up in
the previous chapter. We showed that the composition of two pseudodifferential
operators is once again a pseudodifferential operator, and gave the symbol ac-
companying this operator. We then showed that a pseudodifferential operator
of order 0 is a bounded linear operator on L?, and used it to show that any
pseudodifferential operator is a bounded linear operator between Sobolev spaces.
Furthermore, we showed that a pseudodifferential operator has a Schwartz ker-
nel, which allows us to represent the pseudodifferential operator as an integral
operator.

Next we restricted ourselves to elliptic pseudodifferential operators, for which
we showed that an approximate inverse, the parametrix exists. We used this
parametrix to give a statement of elliptic regularity in Theorem 2.7.

Finally, in Chapter 3 we used all the material we discussed in the previous chap-
ters to compute the parametrix of the Laplace-Beltrami operator A,. We showed
that normal coordinates exist on a Riemannian manifold to simplify the expres-
sion we found. Furthermore, we computed the Schwartz kernel of the terms in the
parametrix of the Laplace-Beltrami operator, using the computed Fourier trans-
forms of homogeneous distributions in Chapter 1. To conclude, we showed that if
u’ is of the form of Equation (3.83) and w is the solution to Equation (3.82), then
u — ' is C'! if the dimension is equal three and u — v’ is even C? if the dimension
is equal two. This shows that given an input function f we can compute the
solution to Equation (3.82) up to a function which is continuously differentiable
if the dimension is small enough.

To finish, we gave some very rough outlines of how to use the calculations in this
thesis. I hope to be able to continue my research, use this material in further work
and get a deeper understanding of the material covered in this thesis.
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Popular summary

In this thesis we explore partial differential equations on manifolds. We start by
introducing constant coefficient partial differential operators D. An example of
these is the Laplacian given by

n
0%u
Ay = PO
— Ox;
which is the sum of the second derivative in each spatial direction of a function
u:R"™ — R. For any f : R" — R such that

JRECIRIEES

we can easily solve the partial differential equation
Au(z) = f(x) reR",
using the Fourier transform. In particular the solution is given by

u=F ' [=f(€)/IET,

where F~! denotes the inverse Fourier transform, and f(£) denotes the Fourier
transform of f(x). Unfortunately once the partial differential operator D is also
dependent on the position z, this solution breaks down.

This thesis gives an introduction to so-called pseudodifferential operators, which
extend the notion of space-dependent partial differential operators. We show that
two pseudodifferential operators can be composed to a new pseudodifferential op-
erator. Furthermore, we show that if a pseudodifferential operator T, is elliptic,
then an approximate inverse T, can be found, allowing us to solve the pseudo-
differential equation

Tau:fa

where f is as before. In particular, we find that v = T,f + g, where ¢ is an
undetermined smooth function.

The theory of pseudodifferential operators is necessary, since on a smooth manifold
M we can only give a local description of the spatial directions. We therefore
cannot expect partial differential operators with constant spatial coefficients. An
example of a pseudodifferential operator on a smooth manifold is given by the
Laplace-Beltrami operator A, on a Riemannian manifold (M, g). The Laplace-
Beltrami operator extends the notion of the Laplacian to Riemannian manifolds,
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but is space-dependent, and therefore requires the theory of pseudodifferential
operators. This thesis computes the leading order terms (up to 3'¢ order) T of the
approximate inverse of the Laplace-Beltrami operator, and shows that the solution
u to the pseudodifferential equation

Agu=f,
is given by u = T'f 4+ h, where h is a twice continuously differentiable function if

the dimension n = 2.

The Laplace-Beltrami operator can be used to define random walks on Riemannian
manifolds in a similar fashion as to how the Laplacian can be used to define
random walks on flat Euclidean space. This thesis does not go into that topic, but
it indicates a possible use for the Laplace-Beltrami operator.
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