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Abstract

The present notes give introduction to the theory of pseudo-differential oper-
ators on Euclidean spaces. The first part is devoted to the necessary analysis of
functions, such as basics of the Fourier analysis and the theory of distributions
and Sobolev spaces. The second part is devoted to pseudo-differential operators
and their applications to partial differential equations. We refer to the monograph
[1] by Ruzhansky and Turunen for further details on this theory on the Euclidean
space, torus, and more general compact Lie groups and homogeneous spaces. This
book will be the main source of examples and further details to complement these
notes. The course will contain the material from these notes and from [1], but not
everything, with the rest of the material provided here for the reader’s convenience.

The reader interested in the relations of this topic to the harmonic analysis
may consult the monograph [3] by Stein, and those interested in the relations to
the spectral theory can consult the monograph [2] by Shubin, to mention only very
few related sources of material.
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1 Analysis of functions

1.1 Basic properties of the Fourier transform
1.1.1 LP—spaces

Let Q2 C R™ be a measurable subset of R™. For simplicity, we may always think of )
being open or closed in R". In this section we will mostly have 2 = R".
Let 1 < p < oco. A function f: 2 — C is said to be in LP(Q) if it is measurable and

its norm ”
[ fllze) = </Q |f(a:)|pda;)

is finite. In particular, L'(€2) is the space of absolutely integrable functions on € with

HfHLl(Q):/Q\f(x)\dx.

In the case p = oo, it is said that f € L>(Q) if it is measurable and essentially bounded,
ie. if

12y = esssup,eq |f(2)]
is finite. Here esssup,cq |f(x)| is defined as the smallest M such that |f(z)| < M for

almost all z € Q. We will often abbreviate the || f||zr(q) norm by ||f||z», or by || f]|p, if
the choice of (2 is clear from the context.

1.1.2 Definition of the Fourier transform

For f € L'(R") we define its Fourier transform by

~

(FHE) = &) = / T (2

In fact, other similar definitions are often encountered in the literature. For example,
one can use e~¢ instead of e~?"®¢ multiply the integral by the constant (27)~"/2, etc.
Changes in definitions may lead to changes in constants in formulas.



1.1.3 Fourier transform in L'(R")

It is easy to check that F : L'(R") — L>*(R") is a bounded linear operator with norm
one:

1 F1lse < I£11-

Moreover, if f € L'(R"), its Fourier transform fis continuous, which follows from the
Lebesgue’s dominated convergence theorem. For completeness, let us state it here:

Lebesgue’s dominated convergence theorem. Let {f;}72, be a sequence of mea-
surable functions on 0 such that f,, — f pointwise almost everywhere on € as k — oo.
Suppose there is an integrable function g € L'(Q) such that |fi| < g for all k. Then f is

integrable and
/fdx = lim [ fpdx.

1.1.4 Riemann-Lebesgue theorem

It is quite difficult to characterise the image of the space L'(R"™) under the Fourier
transform. But we have the following theorem.

Riemann-Lebesgue Theorem. Let f € L'(R"). Then its Fourier transform ]? 5 a
continuous function on R™ vanishing at infinity, i.e. f(§) = 0 as & — oo.

Proof. It is enough to make an explicit calculation for f being a characteristic function
of a cube and then use a standard limiting argument from the measure theory. Thus,

let f be a characteristic function of the unit cube, i.e. f(x) = 1 for x € [—1,1]" and
f(z) = 0 otherwise. Then

n

nooa

fi ' - 1 |
f(&) = / e 2l dy = / e 2l dy ;= | | 2G| L
(-1, 31;[1 -1 ! —2mi&; 1

Jj=1

n

_ L ! 1 —2mi&; _ 2mi&;
() gl

J=1

The product of exponents is bounded, so the whole expression tends to zero as £ — oo
away from coordinate axis. In the case some of {;’s are zero, an obvious modification of
this argument yields the same result.

1.1.5 Schwartz space

We define the Schwartz space S(R™) of rapidly decreasing functions as follows. First, for
multi-indices o = (a1, -+ ,a,) and § = (B, -+, §,) with integer entries a;, §; > 0, we
define

o o

80‘90(1.) = axal e a:can(’p(w) and l’ﬂ = xfl e xﬁ’ﬂ
1 n

For such multi-indices we will write «, 5 > 0. Then we say that ¢ € S(R") if ¢ is smooth
on R"™ and

sup |x680‘90(:c)‘ < 00
zER™



holds for all multi-indices «, 5 > 0. The length of the multi-index « will be denoted by
o) =g + - + .

It is easy to see that a smooth function f is in the Schwartz space if and only if for
all @« > 0 and N > 0 there is a constant C, y such that

0%¢(2)] < Can(1+[2])™

holds for all z € R™.

The space S(R™) is a topological space. Without going into detail, let us only in-
troduce the convergence of functions in S(R"). We will say that ¢, — ¢ in S(R") as
Jj— o0, if p;, 0 € S(R") and if

sup 12°0%(p; — @) (2)| = 0
xeR™

as j — oo, for all multi-indices «, 8 > 0.
If one is familiar with functional analysis, one can take expressions

sup |2°0%(p; — ¢)(z)]
xER™

as seminorms on the space S(R"), turning it into a locally convex linear topological
space.
1.1.6 Differentiation and multiplication

Since the definition of the Fourier transform contains the complex exponential, it is often
convenient to use the notation

1 0
D;=—— and D% = D{* ... D,
J ZWialU an ! "

If D; is applied to a function of § it will obviously mean %a%* However, there should
J

be no confusion with this convention. The following theorem relates multiplication with

differentiation with respect to the Fourier transform.

Theorem. Let ¢ € S(R™). Then D;p(€) = &3(€) and T;5(€) = —D;3(€).

Proof. From the definition we readily see that

Di(e) = [ e (a (o)

This gives the second formula. Since the integrals converge uniformly, we can integrate
by parts with respect to z; in the following expression to get

§(€) = /n (=Dje ™) p(x)dx = /n e "D () da.

This implies the first formula. Note that we do not get boundary terms when integrating
by parts because function ¢ vanishes at infinity.



This theorem allows one to tackle some differential equations already. For example, let
us look at the equation

Au=f
with the Laplace operator
0? 0?
A= ... _
2t o

Taking the Fourier transform and using the theorem we arrive at the equation
—An*¢a = f.

If we knew how to invert the Fourier transform we could find the solution

_ _ -1 L=
b=t (W!s\Zf)'

1.1.7 Fourier transform in the Schwartz space

Corollary. Let ¢ € S(R"). Then

EDOB(E) = / e 2778 D3 (1) p(x)) .

n

Hence also

sup 1€PD3(9)| < steuﬂg (L + 2" D" (z*¢(x))]),

with C = [, (1 + |z])7"dz < oc.
Here we used the following useful

Integrability criterion. We have

dx
—F — < oo if and only if p > n.
/]R” (1+ |])7

We also have p
/ —x<ooifandonlyifp<n.
|z|<1 Eale
Both of these criteria can be easily seen by passing to the polar coordinates.

Corollary implies that the Fourier transform F maps S(R") to itself. In fact,
much more is true (see the next paragraph). Let us note here that Corollary
together with the Lebesgue’s dominated convergence theorem imply that the Fourier
transform F : S(R") — S(R™) is continuous, i.e. p; — ¢ in S(R™) implies p; — @ in
S(R™).



1.1.8 Fourier inversion formula

Theorem. The Fourier transform F : ¢ +— @ is an isomorphism of S(R™) into S(R™),
whose inverse 1s given by

o) = [ i

This formula is called the Fourier inversion formula and the inverse Fourier transform
is denoted by

cr*fxm:=/"e%”€ﬂ©ds

n

Thus, we can say that
FoF !'=F"1oF =identity on S(R").

The proof of this theorem will rely on several lemmas which have a significance on their
own.

1.1.9 Multiplication formula for the Fourier transform

Theorem. Let f,g € L'(R™). Then [y, fgdx = [, fGd.
Proof. We will apply the Fubini formula. Thus,

Fate = [ ][ et sty -

/;Ufﬂm%wwh@@z/ﬁmy

1.1.10 Fourier transform of Gaussian distributions

R

We will show the equality
/ e 2miat o= 2em?lal® g (27re)’”/26"5|2/(26). (1.1)

By the change of 2rx — x it is equivalent to

9 n/2
/eixfeew|2/2dx:(_ﬂ-) e 1E1%/(2¢) (1.2)

€

We will use the standard identities
/ e /24t = +/27  and hence / e 172y = (2m)™/2. (1.3)
— 00 R
In fact, (1.2) will follow from the one-dimensional case, where we have

/OO e*’itTeftQ/Zdt _ 6772/2 /OO 67(t+i~r)2/2dt _ 6772/2 /Oo e*t2/2dt _ \/%6772/27

where we used the Cauchy theorem about changing the contour of integration for analytic
functions. Changing t — /et and 7 — 7/4/€ gives

\/E/ e—itTe—etQ/th — /277'6_7—2/(26).

Extending this to n dimensions yields ([1.2)).

7



1.1.11 Proof of the Fourier inversion formula

Now we can prove the Fourier inversion formula [1.1.8, So, for ¢ € S(R"), we want to
prove that

o) = [ i

By the Lebesgue’s dominated convergence theorem we can replace the right hand side

by

RHS =lim [ ™ ¢$5(¢)e 2 16F d¢

e—0 Rn
- hi%/ / T o (y)e > T dydg  (change y — y + )
= 11_{%/ / e~ W p(y + x)e 2 P dyd¢  (Fubini’s theorem)

= lir% o(y + x)dy (/ 6_2“7‘/'56_26“25|2d§) (F.T. of Gaussian)
€E—r R n
=lim [ o(y+x)(2me) 2 /Iy (change y = /e2)

= 2m) " ?lim | o(Vez + x)e 1 2dz
R”

This finishes the proof.

Remark. In fact, in the proof we implicitly made use of the following useful rela-
tion between Fourier transforms and translations of functions. Let h € R™ and define
(thf)(x) = f(x — h). Then we also see that

@ h)(E) = / e (1, ) ()

n

e 2L f(¢ — h)dx (change y = x — h)

—

n

6727ri(y+h)-§f(y>dy

n

(3]

™

1.1.12 Convolutions

For functions f, g € L'(R™), we define their convolution by
(fxg)(x) = | [flz—y)g(y)dy.
R”L

It is easy to see that f* g € L'(R™) with norm inequality

1F gl @y < 1l gl @)



and that

frg=gx*f
Also, in particular for f,g € S(R"), integrals are absolutely convergent and we can
differentiate under the integral sign to get

O*(fxg)=0"fxg=f=0".
The following properties relate convolutions with Fourier transforms.

Theorem. Let ¢, € S(R™). Then we have
(1) fun pOda = [, POE;
(i) @ (&) = BOV(E);
(iii) v (6) = (B +)(©).
Proof. (i) Let us denote

so that ¥ = 1. It follows now that

[ov=[ =] ox=[ 70

where we used the multiplication formula for the Fourier transform.
(ii) We can easily calculate

—

i) = [ ermspnu@dn = [ et -y
= /n /n 672m(x7y)-590(x _ y)efzm'yfw(y)dydx
= /n /n 6_2”2"590(2)6_2”iy'§¢(y)dydz _ @(5){#‘(5)7

where we used the substitution z = x — y. We leave (iii) as an exercise.

1.2 Inequalities

This section will be devoted to several important inequalities which are very useful in
Fourier analysis and in many types of analysis involving spaces of functions.



1.2.1 Cauchy’s inequality. For all a,b € R we have

a? b
b< —+ —.
P=97"7
Moreover, for any € > 0, we also have
2

b
b<ea®+ —.
ab < ea —|—4€

The first inequality follows from 0 < (a — b)? = a? — 2ab+ b*. The second one follows

in we apply the first one to ab = (v/2ea)(b/+/2¢).
As a consequence, we immediately obtain the Cauchy’s inequality for functions:

1 1
[ @tola < 5 [ (5@P+lg@)Pde and [Ifelle < 5 (1510 + lolfae).

1.2.2 Cauchy—Schwartz’s inequality. Let x,y € R™. Then |z -y| < |z||y|.
Proof. For ¢ > 0, we have 0 < |z 4 ey|> = |z|> £ 2ex - y + €*|y|>. This implies
2y < o |z? + §|y[? Setting € = %, we obtain the required inequality, provided y # 0
(if y = 0 it is trivial).
An alternative proof may be given as follows. We can observe that the inequality
0< |2+ eyl” = |2 + 2ex -y + €*Jy|”

implies that the discriminant of the quadratic (in €) polynomial on the right hand side
must be non-positive, which means |z - y|* — |z]*|y|> < 0.

1.2.3 Young’s inequality. Let 1 < p,q < oo be such that % + % =1. Then
I ¥
ab < a—+— for all a,b> 0.
p q
Moreover, if € > 0, we have
ab < ea? + C(e)v?
for all a,b > 0, where C(¢) = (ep)~¥/Pq".

To prove the first inequality, we will use the fact that the exponential function z +— e*
is convex (a function f: R — R is called convex if

fre+ (1 —=71)y) <7f(z)+ (1 —7)f(y),
for all z,y € R and all 0 < 7 < 1). This implies
1

ab — ematinb _ e%lnai”—&—%lan < Zelne? lelan _ a_p ﬁ_
p q p q
The second inequality with e follows if we apply the first one to the product ab =
((ep)'/7a) (b/(ep)'/7).
As a consequence, we immediately obtain that if f € LP(Q) and g € L), then
fg € LY(Q) with

1 1
fg 1< — f pp+_ g qq~
1 fgllx pH |7 q|| 17

10



1.2.4 Holder’s inequality. Let 1 < p,q < oo with % —I—% = 1. Let f € LP(Q)) and
g € LYQ). Then fg € L*(Q) and

f ol = / Fglde < 11 f Il |9l o).

In the formulation we use the standard convention of setting 1/0o = 0. In the case of
p = q¢ = 2 Holder’s inequality is often called the Cauchy—Schwartz’ inequality.

Proof. In the case p = 1 or p = oo the inequality is obvious, so let us assume 1 < p < oco.
Let us first consider the case when ||f|[z» = ||g||ze = 1. Then by Young’s inequality
with 1 < p,q < 0o, we have

1 1 1 1
1Fgller < JW A + Cllollze = 24 2 = 1=l flleellgllza.

which is the desired inequality. Now, let us consider general f,g. We observe that we
may assume that ||f||z» # 0 and ||g||z« # 0, since otherwise one of functions is zero
almost everywhere in 2 and Holder’s inequality becomes trivial. It follows from the
considered case that
/ f g
Q

1 £1l» 1lallq

which implies the general case by the linearity of the integral.

dr <1,

General Holder’s inequality. Let 1 < py,...,pn, < 00 be such that pil 4o+ pL =1
Let fi, € LP*(Q) for all k =1,...,m. Then the product f,--- f,, € L*(2) and

1f1 fallo < T Il @)-
k=1

This inequality follows from Holder’s inequality by induction on the number of functions.
1.2.5 Minkowski’s inequality. Let 1 < p < oco. Let f,g € LP(Q2). Then
f +gllee@) < N[ fllze@ + [l9llLr@)-

In particular, this means that || - ||1» satisfies the triangle inequality and is a norm, so
LP(Q2) is a normed space.

Proof. The cases of p = 1 or p = oo follow from the triangle inequality for complex
numbers and are, therefore, trivial. So we may assume 1 < p < co. Then we have

1+ gllEey = / I+ gPde < / 4 g (f) + lgl)de

- / 4 gl flde - / 4P Yglde  (Holder's ineq p = p.g = —F—)
Q Q

<(/ |f+g|”d:v>p; [( / |f|pdx)’1’+ (f |g|pdx);] .

—1
= [1f + 9ll70 @ (1 flze(0) + 119l zo@)

which implies the desired inequality.

11



1.2.6 Interpolation for LP—norms. Let 1 < s <r <t < oo be such that % = §+ 1;—6
for some 0 <60 < 1. Let f € L¥5(Q) N LY(Q). Then f € L"(Q) and

1 1er@) < A% @11y
To prove this, we use that %7" + @ = 1 and so we can apply Holder’s inequality in the

following way:

(1-6)r

or
[isras= [1sea0-rae < ([ 1505an) " ([ e wma) ©
Q Q Q Q

which is the desired inequality.

1.3 Fourier transforms of distributions

In this section we will introduce several spaces of distributions and will extend the Fourier
transform to more general spaces of functions than S(R") or L'(R™) in the first section.
The main problem with the immediate extension is that the integral in the definition
of the Fourier transform may no longer converge if we go beyond the space L'(R") of
integrable functions.

1.3.1 Tempered distributions

We define the space of tempered distributions S'(R™) as the space of all continuous linear
functionals on S(R™). This means that v € S'(R") if it is a functional u : S(R") — C
such that

1. wis linear, i.e. u(ap + 1Y) = au(p)+ pu(v) for all «, 5 € C and all p, 9 € S(R™);
2. w is continuous, i.e. u(p;) = u(p) in C whenever p; — ¢ in S(R™).

Here one should also recall the definition of the convergence ¢; — ¢ in S(R") from|1.1.5|
which said that ¢; — ¢ in S(R™) as j — oo, if ¢;,p € S(R") and if

sup |270%(¢; — ¢)(2)| = 0
T€ER?
as j — oo, for all multi-indices «, 8 > 0.

We can also define the convergence in the space S'(R™) of tempered distributions.
Let u;,u € S'(R™). We will say that u; — u in S'(R") as j — oo if u;j(¢) = u(¢) in C
as j — oo, for all p € S(R™).

Functions in S(R™) are called the test functions for tempered distributions in S’(R").
Another notation for u(y) will be (u, ).

12



1.3.2 Fourier transform of tempered distributions

If u € 8'(R™), we can define its (generalised) Fourier transforms by setting

for all ¢ € S(R™).

Then we can readily see that also u € S'(R™). Indeed, since ¢ € S, it follows that
» € S and so u(p) is a well-defined complex number. Moreover, @ is linear since both
u and the Fourier transform F are linear. Finally, u is continuous because ¢; — ¢ in S
implies ¢; — @ in S, and hence

ules) = u(@;) = u(@) = ulyp)

by the continuity of both u from S(R™) to C and of the Fourier transform F as a mapping
from S(R") to S(R™) (see[L.1.7).

Now, it follows that it is also continuous as a mapping from S'(R") to S'(R"™), i.e.
u; — w in §’'(R™) implies that @; — w in §’(R"). Indeed, if u; — u in §’'(R™), we have

~

() = u;(P) = u(@) = u(p)

for all ¢ € S(R™), which means that @; — u in S’'(R").

1.3.3 Two principles for tempered distributions

Here we give two immediate but important principles for distributions.

Convergence principle. Let X be a topological subspace in S'(R™) (i.e. convergence
in X implies convergence in S'(R™)). Suppose that u; — u in S'(R") and that u; — v
in X. Then u € X(R") and u = v.

This statement is simply the consequence of the fact that the space S'(R™) is Hausdorff,
hence it has the uniqueness of limits property (recall that a topological space is called
Hausdorff if any two points have open disjoint neighborhoods, i.e. open disjoint sets
containing them). The convergence principle is also related to another principle which
we call

Uniqueness principle for distributions. Let u,v € §'(R™) and suppose that u(y) =
v(p) for all p € S(R™). Then u = v.

This can be reformulated by saying that if an element 0 € §'(R™) satisfies o(y) = 0 for
all ¢ € S(R™), then o is the zero element in S'(R™).

1.3.4 Functions as distributions

We can interpret functions in LP(R"), 1 < p < oo, as tempered distributions. If f €
LP(R™), we define the functional u; by

up(p) = | fle)p(r)d,

R

13



for all ¢ € S(R™). By Holder’s inequality, we observe that

ur (@) < [[fllzell@l]ze,

for % + % = 1, and hence uy(y) is well-defined in view of the simple inclusion S(R") C
L4(R™), for all 1 < g < oco. It needs to be verified that uy is a linear continuous functional
on S(R™). It is clearly linear in ¢, while its continuity follows from inequality

[us(p;) —up(@)] < || fllzelle; — ¢l|La

and

Lemma. We have S(R") C LY(R"™) with continuous embedding, i.e. p; — ¢ in S(R™)
implies that ¢; — ¢ in LI(R™).

To summarise, any function f € LP(R") leads to a tempered distribution u; € S'(R")
in the canonical way described above. In this way we will view functions in LP(R") as
tempered distributions and continue to simply write f instead of us. There should be no
confusion with this notation since writing f(x) suggests that f is a function while f(y)
suggests that it is applied to test functions and so it is viewed as a distribution uy.

Consistency of all definitions. With this identification, the definition of the Fourier
transform for functions in L'(R™) agrees with the definition of the Fourier transforms of
tempered distributions. Indeed, let f € L'(R™). Then we have two ways of looking at
its Fourier transforms:

1. We can use the first definition f(f) = [gn e 7 f(x)dx, and then we know that
f € L*(R"). In this way we get uy € S'(R").

2. We can immediately think of f € L'(R") as of uy € S'(R"), and the second
definition then produces its Fourier transform u; € S’(R™).

Fortunately, these two approaches are consistent and produce the same tempered distri-
bution uz = u; € S'(R"). Indeed, we have

ﬂ((p):/ ﬂgpdx:/ updr = u(p).

Here we used the multiplication formula for the Fourier transform and the fact that both
u € L*(R™) and u € L>®(R™) can be viewed as tempered distributions in the canonical
way. It follows that we have @(yp) = u(®) which was exactly the definition in[1.3.2]

Finally, we note that if u € L*(R") and also @ € L'(R"), then the Fourier inversion
formula holds for almost all z € R". A more general Fourier inversion formula for
tempered distributions will be given in [1.3.7]

1.3.5 Plancherel’s formula

It turns out that the Fourier transform acts especially nicely on one of the spaces LP(R™),
namely on the space L*(R"), which is also a Hilbert space. These two facts lead to a
very rich Fourier analysis on L*(R™) which we will deal with only briefly.

14



Theorem. Let u € L*(R"). Then u € L*(R") and
|[@]| 2@ny = ||u]] L2 mny (Plancherel’s formula)

Moreover, for all u,v € L*(R"™) we have

/ uodxr = / uodé (Parseval’s formula)

Proof. We will use the fact (a special case of the fact to be proved later) that S(R") is
sequentially dense in L?(R™), i.e. for every u € L?(R™) there exists a sequence u; € S(R")
such that u; — w in L*(R"). Then Theorem [1.1.12] (i), with ¢ = ¢ = u; — wy, implies
that
105 — llZ> = llu; — well7> — 0,

since u; is a convergent sequence in L?(R™). Thus, @; is a Cauchy sequence in the
complete (Banach) space L*(R"). Tt follows that it must converge to some v € L*(R").
By the continuity of the Fourier transform in §’(R") we must also have ; — win S’'(R").
By the convergence principle for distributions, we get that @ = v € L?(R"). Applying

Theorem [1.1.12} (i), again, to ¢ = ¢ = u;, we get
1@51[72 = Iy |22
Passing to the limit, we get
a7z = [JullZ:,

which is the Plancherel’s formula.
Finally, for u,v € L*(R"), let uj,v; € S(R™) be such that u; — v and v; — v in

L*(R™). Applying Theorem [1.1.12} (i), to ¢ = uj,v = v;, and passing to the limit, we
obtain the Parseval’s identity.

1.3.6 Operations with distributions

Besides the Fourier transform, there are several other operations than can be extended

from functions in S(R™) to tempered distributions in S’'(R™).

For example, partial differentiation % can be extended to a continuous operator

2 S'(R") — S'(R"). Indeed, for u € S'(R™) and ¢ € S(R™), let us define

(@)=~ (z)

It is necessary to include the negative sign in this definition. Indeed, if u € S(R™), then
the integration by parts formula and the identification of functions with distributions

vield
() . (8o (2o (3).
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which explains the sign. This also shows the consistence of this definition of the derivative
with the usual definition for differentiable functions. More generally, for any multi-index

«, one can define
(0°u)(p) = (=1)*lu(8p).

Then 0% : §'(R") — S’'(R") is continuous. Indeed, if ¢, — ¢ in S(R™), then clearly also
0%, — 0% in S(R™), and, therefore,

(0*u) (o) = (=1)Mu(%0r) = (=1)*u(0%p) = (0*u) (),

which means that 0%u € §'(R™). Moreover, let uy — u € S'(R™). Then

) = (<1l (%) — (<1)hu(@0) = 9"u().

for all ¢ € S(R™), i.e. 9* is continuous on S’(R").
If a smooth function f and all of its derivatives are bounded by some polynomial
functions, we can define the multiplication of tempered distributions by f by setting

(fu)(p) = u(fp).

This is well-defined since p € S(R™) implies fo € S(R™) if f is a function as above.

1.3.7 Fourier inversion formula for tempered distributions

As we have seen, statements on S(R™) can usually be extended to corresponding state-
ments on S'(R™). This applies to the Fourier inversion formula as well. Let us define
F~1on S'(R") by

(Flu)(e) = u(F o),
for u € §'(R") and p € S(R™). As before, it can be readily checked that F~! : §'(R") —

S'(R™) is well-defined and continuous.

Theorem. F and F~' are inverse to each other on 8'(R"), i.e. FF ' =F'F =id
on §'(R™).

To prove this, let u € §'(R") and ¢ € S(R™). Then by and definitions, we get
(FFu)(p) = (Fu)(Fo) = u(F ' Fo) = ulyp),

so FF~'u = u by the uniqueness principle for distributions. A similar argument applies
to show that F~1F = id.

To give an example of these operations, let us define the Heaviside function H on R by

setting
0, if =<0,
H@):{ 1, if x>0,

Clearly H € L*(R), so in particular, it is a tempered distribution. Let us also define
the d—distribution by setting

for all ¢ € S(R).
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We claim first that H' = ¢§. Indeed, we have

hence H' = 0 by the uniqueness principle for distributions.
Let us now calculate the Fourier transform of §. According to the definitions, we
have

5p) = 5(3) = 3(0) = / p(@)dz = 1(p),

hence 0 = 1. Here we used the fact that the constant one is in L*>(R™), hence also a
tempered distribution. It can be also checked that 1 = ¢.

1.3.8 (C§°(92) and sequential density

For an open set 2 C R", the space C§°(£?) is defined as the space of smooth functions
@ : {0 — C with compact support. Here the support of ¢ is defined as the closure of the
set where ¢ is non-zero, i.e. by

supp ¢ = {z € Q: p(x) # 0}.

It can be seen that this space is non-empty. For example, if we define function y(t) by
x(t) = e V¥ for t > 0 and by x(t) = 0 for t < 0, then f(t) = x(t)x(1 — t) is a smooth
compactly supported function on R. Consequently, p(z) = f(x1)--- f(z,) is a function
in C§°(R™), with supp ¢ = [0, 1]™.

Another example is function ¢ defined by ¥(z) = /(*F=1 for |2| < 1 and by
(x) =0 for |z| > 1. We have ¢ € C{°(R™) with supp ¢ = {|z| < 1}.

Although these examples are quite special, products of these functions with any
other smooth function as well as their derivatives are all in C§°(R™). On the other hand,
C§°(R™) can not contain analytic functions, making it relatively small. Still, it is dense
in very large spaces of functions/distributions in their respective topologies.

Theorem. The space C§°(R™) is sequentially dense in S'(R™), i.e. for every u € §'(R")
there exists a sequence u,, € C§°(R™) such that up — u in S'(R") as k — oc.

Lemma. The space C°(R™) is sequentially dense in S(R™), i.e. for every ¢ € S(R")
there ezists a sequence i, € C§°(R™) such that o — ¢ in S(R™) as k — oo.

Proof of Lemma. Let ¢ € S(R"). Let us fix some ¢ € C§°(R™) such that ¢y = 1 in
a neighborhood of the origin and let us define ¢, (z) = ¥ (z/k). Then it can be easily
checked that ¢ = e — ¢ in S(R").

Proof of Theorem. Let u € S'(R™) and let ¢ and 14 be as in the proof of the lemma.
Then yu € §'(R") is well-defined by (u)(p) = u(vy), for all ¢ € S(R™). We have that
Yru — u in §’(R™). Indeed, we have that

(Veu) () = u(rp) — u(p)
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by the lemma. Similarly, we have that ¢¥,u — U in §’(R"™), and hence also F ! (¢u) — u
in §’'(R™) because of the continuity of the Fourier transform in S’'(R™). Consequently,
we have

uky = U;(F (i) — u
in S'(R™) as k,j — oo. It remains to show that uy; € C5°(R™).
In general, let y € C5°(R") and let w = xu. We claim that F~'w € C*°(R"). Indeed,
we have

Fru)e) = wF o) = uel [ i) = [ wlep(a)ds,

n n

where we write we to emphasize that w acts on the test function as the function of
-variable, and where we used the continuity of w and the fact that we(e?™@¢) =
u(xe?™@ %) is well-defined. Now, it follows that F 1w can be identified with the function
(F'w)(x) = Ue(x(€)e*™ @), which is smooth with respect to z. Indeed, we can note
first that the right hand side depends continuously on x because of the continuity of u
on S(R™). Here we also use that everything is well defined since x € C5°(R™). Moreover,
since function y(€)e?™@¢ is compactly supported in &, so are its derivatives with respect
to x, and hence all the derivatives of (F!w)(x) are also continuous in x, proving the
claim and the theorem.

1.3.9 Distributions (generalised functions)

Since our main interest is in the Fourier analysis, we started with the space S'(R")
of tempered distributions which allows the definition and use of the Fourier transform.
However, there is a bigger space of distributions which we will sketch here. It will contain
some important classes of functions that S’(R™) does not contain.

Localisations of LP—spaces. We define local versions of spaces LP(2) as follows. We
will say that f € LY (Q)if of € LP(Q) for all € C3°(£2). We note that L7 (R™) are not
subspaces of S’(R™) since they do not encode any information on the global behaviour
of functions. For example, e/” is smooth, and hence belongs to all LY (R"), 1 <p< o0,
but it is not in §’(R™). There is a natural notion of convergence in the localised spaces

feLr (). Thus, we will write

loc

fom — fin L?

loc

(Q) as m — oo,

if f and f,, belong to LP(£2),. for all m, and if ¢f,, = ¢f in LY .
p € CF(Q).

The difference between the space of distributions D'(R™) and the space of tempered
distributions S’'(R™) is the choice of the set C§°(R") rather than S(R™) as the space of
test functions. At the same time, choosing C§°(€2) as test functions allows one to obtain
the space D'(Q) of distributions in 2. The definition and facts below are sketched only
as they are similar to

We say that ¢ — ¢ in C§°(Q2) if ¢, ¢ € C°(Q), if there is a compact set K C Q
such that supp pr C K for all k, and if

(Q) as m — oo, for all

sup [0%(¢r — @) (x)] = 0
xeQ
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for all multi-indices cv. Then D’(£2) is defined as the set of all linear continuous functionals
u: C§e(02) — C.

It is easy to see that C§°(R™) C S(R") and that if ¢ — ¢ in C3°(R™), then ¢ — ¢
in S(R™). Thus, if v € S'(R") and if ¢, — ¢ in Cg°(R"), we have u(pr) — u(y),
which means that v € D'(R™). Thus, we showed that S'(R") C D'(R™). We say that
up = u € D'(Q) if u,u € D'() and if ug(p) — u(p) for all ¢ € C§°(2). One readily
checks that u; — w in §'(R™) implies uy — u in D'(R").

Finally, one can readily see that the canonical identification [1.3.4]yields the inclusions

LY (Q) Cc D'(Q) for all 1 < p < 0.

loc

1.3.10 Weak derivatives

There is a notion of a weak derivative which is a special case of the distributional deriva-
tive from [1.3.6 However, it allows a realisation in an integral form and we mention it
here briefly.

Let 2 be an open subset of R™ and let u,v € L}, (). We say that v is the a'"~weak
partial derivative of u if

/u@agodx = (—1)'“'/1}90(11’, for all ¢ e C5°(Q).
Q Q

In this case we also write v = 9%u. The constant (—1)* stands for the consistency with
the corresponding definition for smooth functions when using the integration by parts in
Q. This is also the reason to include the same constant (—1)!%l in the definition in m
The weak derivative defined in this way is uniquely determined:

Lemma. Let u € L}, (Q). If a weak o' derivative of u exists, it is uniquely defined up

to a set of measure zero.
Indeed, assume that there are two functions v, w € L}, .(Q) such that

/u@agod:c: (—1)|a/v<pdx:(—1)|a/w<pda:,
0 0 0

for all ¢ € C3°(Q). Then [, (v — w)pdz = 0 for all ¢ € C5°(Q2). A standard result from
the measure theory now implies that v = w almost everywhere in §2.

Examples and Exercises.
(1) Let us define u,v : R - R by

u(z) = x, if =<1, o(z) = 1, if x<1,
11, i x>, -

Prove that v’ = v weakly.
(2) Define v : R — R by

x, if <1,
{ 2, it x>1.

Prove that v has no weak derivative.
(3) Calculate the distributional derivative of u from (2).
(4) Prove that the d-distribution is not an element of L} (R™).
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1.3.11 Sobolev spaces

Let 1 < p < oo and let k € NU {0}. The Sobolev space LE(2) (or WPk(Q)) consists
of all u € L} () such that for all multi-indices o with |a| < k, 0%u exists weakly (or
distributionally) and 0%u € LP(Q).

Since p > 1, we know that L7 (Q) C L},.(2), so we note that it does not matter
whether we take a weak or a distributional derivative.

In the case p = 2, one often uses the notation H*(Q) for L2(€2), and in the case p = 2
and k = 0, we get H°(Q) = L*(Q2). As usual, we identify functions in L?(€) which are
equal almost everywhere.

For u € L} (), we define

1/p 1/p

lullpe = [ S Horun, | = (3 / 0*urds |

o<k | <k

for 1 < p < oo, and for p = oo we define

HuHL,go(Q) = Z esssupq |0%u|.

lo| <k
It can be readily checked that these expressions are norms. Indeed, we clearly have
[ Aul[gp = [Allull

for all A € C, and |[[ul[z» = 0 if and only if u = 0 almost everywhere. For the triangle
inequality, the case p = oo is straightforward. For 1 < p < oo and for u,v € L} (),
Minkowski’s inequality implies

1/p 1/p
lutoll = | Do N0 u+0%lf, | < D (10%ullws + [[0%0]|s)”
| <k || <k
1/p 1/p
< Do Noralln |+ | D ol
| <k lor| <k

= [Jullgz + [lol|ze.

Localisations of Sobolev spaces. We define local versions of spaces L (2) similarly
to local versions of LP—spaces. We will say that f € LY (Q). if pf € L7(S2) for all
€ C5°(2). We will write f,, = fin L7 ()10 as m — oo, if f and f,,, belong to L¥ (2)0c
for all m, and if ¢f,, = ¢f in L (Q) as m — oo, for all ¢ € C§°(9).

1.3.12 Example of a point singularity

An often encountered example of a function with a point singularity is the following
u(z) = |z|~* defined for z € Q = B(0,1) C R",  # 0. We may ask a question: for
which a > 0 do we have u € L{(Q2)?
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First we observe that away from the origin, w is a smooth function and can be
differentiated pointwise with 9, u = —az;|z[~* " and hence also |Vu(z)| = |a||z|7*",
r # 0. In particular, |Vu| € L'(Q) for a + 1 < n. We also have |Vu| € LP(Q) for
(a+1)p < n So we must assume a + 1 < n and (a + 1)p < n. Let us now calculate the
weak (distributional) derivative of v in 2. Let ¢ € C§°(€2). Let € > 0. On Q\B(0,¢€) we
can integrate by parts to get

/ U0y, pdz = — / Oy uipda + / wpr’do,
Q\B(0,¢) Q\B(0,¢) 0B(0,¢)

where do is the surface measure on the sphere dB(0,¢) and v = (v!,...,v") is the inward

pointing normal on dB(0, €). Now, since u = |e|~* on dB(0, €), we can estimate

/ upr’ do
8B(0,¢)

as € — 0, since a + 1 < n. Passing to the limit in the integration by parts formula, we

get
/u@xjgodx: —/8mjug0dx,
Q Q

which means that 0, u is also the weak derivative of u. So, u € LY(Q) if u, |Vu| € LP(12),
which holds for (a + 1)p < n, i.e. for a < (n —p)/p.
We leave it as an exercise to find conditions on a for which u € L7 ().

< ||| o / € %o < Ce" 1 = 0
OB(0,¢)

1.3.13 Some properties of Sobolev spaces

Since LP(Q2) C D'(Q), we can work with u € LP(f2) as with function or as with dis-
tributions. In particular, we can differentiate them distributionally, etc. Moreover, as
we have already seen, the equality of objects (be it functions, functionals, distributions,
etc.) depends on the spaces in which the equality is considered. In Sobolev spaces we
can use tools from the measure theory so we work with functions defines almost every-
where. Thus, in equality in Sobolev spaces (as in the following theorem) means pointwise
equality almost everywhere.

Theorem. Let u,v € L}(2), and let o be a multi-index with |o| < k. Then

(i) 0%uw e Ly (), and 0%(0Pu) = 0°(0°u) = 0°Pu, for all multi-indices o, B such
that |af + |B] < k.

(ii) For all A\, € C we have Au + pv € LY () and 0%(Au + pw) = A0%u + pd*v.
(i) If Q is an open subset of 0, then u € Li(@)
(iv) If x € C3°(Q2), then xu € LY (Q) and we have the Leibnitz formula
0% (xu) =Y CE(0°X)(0° Pu),
B<a

al

where the binomial coefficient is CP = EIesE
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(v) L7(S2) is a Banach space.

Proof. Statements (i), (ii), and (iii) are easy. For example, if ¢ € C§°(£2) then also
0P € C(Q), and (i) follows from

/Gauaﬁgpd:ﬂ: (—1)|a|/u8°‘+ﬁ90d:1:: (—1)a|+|a+5/8a+5ug0dm,
0 e 0

Since (_1)‘O‘|+|a+6‘ — (_1)|B‘
Let us now show (iv). The proof will be carried out by induction on |a|. For |a| = 1,
writing (u, @) for u(p) = [, updz, we get

(0 (xu), @) = (—1)1*Nu, x0%p) = —(u, 0”(xp) — (0*X)p) = (xO%u, ) + {(3*X)u, ¥),

which is what was required. Now, suppose that the Leibnitz formula is valid for all
|B| < I, and let us take a with |a| = [ 4+ 1. Then we can write & = 5 + 7 with some
|8 =1 and |y| = 1. We get

(xu, 0%p) = (xu,0°(9"p))
= (—1)‘6|<85(Xu), d"¢) (by induction hypothesis)

= (—1)5|<Z Cgaaxﬁﬁfgu, 8'7g0> (by definition)

o<p

= (—1)/AHh] <Z C507 (979" ), g0> (set p=o0+7)

o<p

= (—1)kl <Z O (0% Pu + 07X u), ¢>

o<p

= (—1)“'<Z Cao’xd* " u, <p>,

pLla

where we used that Cg + Cf = C{Z] + CL_, = C4.

Now let us prove (v). We have already shown in that L? () is a normed space.
Let us show now that the completeness of LP(§2) implies the completeness of L} (2). Let
um, be a Cauchy sequence in L7 (€2). Then 0%u,, is a Cauchy sequence in LP(2) for any
la| < k. Since LP(Q2) is complete, there exists some u, € LP(€2) such that 0%u,, — u,
in LP(Q2). Let u = ... g, so in particular, we have u,, — u in LP(Q). Let us now show
that in fact v € LY(Q2) and 0%u = u, for all |a] < k. Let ¢ € C§°(€2). Then

(0%u, ¢) = (=1)"(u,0%0) = (1) lim (w0, %)

m— 00

= lim (00‘um, g0> = <ua7 90>a

m—r00

which implies v € L} () and 0w = u,. Moreover, we have 0%u,, — 0%u in LP(2) for
all |a| < k, which means that u,, — uw in L} (€) and hence LF(Q) is complete.
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1.3.14 Mollifiers

In we saw that we can approximate irregular function or (tempered) distributions
by much more regular functions. The argument relied on the use of the Fourier analysis
and worked well on R™. Such technique is very powerful, as could have been seen from
the proof of Plancherel’s formula. On the other hand, when working in subsets of R"™ we
may be unable to use the Fourier transform (since for its definition we used the whole
space R™). We want to be able to approximate functions (or distributions) by smooth
functions without using the Fourier techniques. This turns out to be possible using the
so-called mollification of functions.

Assume for a moment that we are in R again and let us first argue very informally.
Let us first look at the Fourier transform of the convolution with a J-distribution. Thus,
for a function f we must have ﬁ\f = 3}"\: J?, if we use that 6 = 1. Taking the inverse
Fourier transform we obtain the important identity

ox f=F,

which will be justified formally later. Now, if we take a sequence of smooth functions
7e approximating d-distribution, i.e. if n. — ¢ in some sense, and if this convergence is
preserved by the convolution, we should get

nexf—0xf=f ase—0.

Now, the convolution 7. * f may be defined locally in R", and functions 7. * f will be
smooth if 7, are, thus giving us a way to approximate f. We will now make this argument
precise. For this, we will deal in straightforward manner by looking at the limit of 7. * f
for a suitably chosen sequence of functions 7., without referring neither to d-distribution
nor to the Fourier transform.

For an open set 2 C R™ and € > 0 we define Q. = {x € Q : dist(z, 02) > €}. Let us
define n € C§°(R™) by

C’elz\%—l, if x| <1,
€Tr) =
(@) { 0, it |z| > 1,

where constant C' is chosen so that fR” ndx = 1. Function 7 is called a mollifier. For

€ > 0, we define
1 oy
ne(z) = Z"(Z)’
so that supp 7. C B(0,¢€) and fR" nedr = 1.
Let f € L} (). A mollification of f corresponding to 7 is a family f¢ =7, * f in Q.,
ie.

f(x) = / nele — ) f(y)dy = / L Sy, fora e,

Theorem. Let f € L}, (). Then we have the following properties.
(i) foe ().

(ii) f©— f almost everywhere as € — 0.
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(i) If f € C(2), then f¢ — f uniformly on compact subsets of 2.

(iv) f— fin L} () for all 1 < p < cc.

Proof. To show (i), we can differentiate f(z) = [, ne( (y)dy and use the fact
that f € L} (Q). The proof of (ii) will rely on the followmg

Lebesgue’s differentiation theorem. Let f € L} (). Then

hm|B:r;?“\/ (x)|dy =0 for a.e. x € Q.

r—0

Now, for all  for which the statement of the Lebesgue’s differentiation theorem is true,
we can estimate

@ -r@l=| [ =) - f(:v))dy‘

g/(( )|f<> F@)ldy

< Clpag) o 10— Ty

where the last expression goes to zero as e — 0. For (iii), let K be a compact subset of
Q. Let Ky C €2 be another compact set such that K is contained in the interior of K.
Then f is uniformly continuous on K, and the limit in the Lebesgue’s differentiation
theorem holds uniformly for z € K. The same argument as in (ii) then shows that
f¢— f uniformly on K.

Finally, to show (iv), let us choose open sets U C V C Q such that U C Vj and
V' C Qs for some small 6 > 0. Let us show first that |[f||zo@) < || fllze(v) for all
sufficiently small € > 0. Indeed, for all x € U, we can estimate

/ R y)f(y)dy‘

< / ( )ni YP(z — yntP(z — y)|f(y)|dy (Holder’s inequality)
B(x,e

< ([, nte—nm) o ([, te=nirera) "
Since [y, n(x — y)dy = 1, we get
[irerirs [ ([ ata=niswp)a
</ ( / y ne(fv—y)dx)lf(yﬂpdy
- [ 1y
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Now, let 0 > 0 and let us choose g € C(V) such that ||f — g||zr(v) < 0. (Here we used
the fact that C'(V) is (sequentially) dense in LP(V')). Then

I1f = fllr@w) <= 9@y + 119" = gllee@w) + |19 = fllze@)
<2||f = gllervy + 195 = 9llzrn
<26+ [|g° = gllze @y

Since g¢ — ¢ uniformly on the closure of V' by (iii), it follows that ||f¢ — f||rr@) < 36
for small enough € > 0, completing the proof of (iv).

The is a simple but useful corollary of the Lebesgue’s differentiation theorem, partly
explaining its name.

Corollary of the Lebesgue’s differentiation theorem. Let f € L}, (Q). Then

71"1—I>r(l)|er|/w = f(z) for a.e x €.

1.3.15 Approximation of Sobolev space functions

With the use of mollifications we can approximate functions in Sobolev spaces by smooth
functions. We have a local approximation in localised spaces L} (£2)., a global approxi-
mation in L7 (€2), and further approximations dependent on the regularity of the bound-
ary of Q. Although the set  is bounded, we still say that an approximation in L% (Q) is
global if it works up to the boundary.

Local approximation by smooth functions. Assume that 2 C R" is open. Let
fe L) forl1 <p<ooandk € NU{0}. Let f€ =ne* [ in Q. be the mollification of
f,e>0. Then f€ € C®() and f*— f in LY ()10 as € — 0, i.e. f¢— fin LY(K) as
€ — 0 for all compact K C §Q.

Proof. It was already proved in Theorem (i), that f© € C*(,). Since f is
locally integrable, we can differentiate the convolution under the integral sign to get
0°f¢ = ne x 0% in Q.. Now, let U be an open and bounded subset of {2 containing K.
Then by Theorem [1.3.14] (iv), we get 8*f¢ — 9*f in LP(U) as € — 0, for all |a| < k.

Hence

1F< = fllp iy = D 118 = 0 fll 0y — 0

|| <k
as € — 0, proving the statement.

Global approximation by smooth functions. Assume that 2 C R™ is open and
bounded. Let f € LY (Q) for 1 < p < oo and k € N U {0}. Then there is a sequence
Jm € C=(Q) N LE(Q) such that f,, — f in LY(S).

Proof. Let us write Q = (J;Z, ;, where
Q; ={zr € Q: dist(z,00) > 1/5}.

Let V; = Q,13\Q;11 (this definition will be very important). Take also any open V; with
Vo C Q so that Q = U‘;‘;OVJ Let x; be a partition of unity subordinate to Vj, i.e. a
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family x; € C5°(V;) such that 0 < x; < Land 3772 x; = 1in Q. Then x;f € L3(Q)
and supp(x;f) C V;. Let us fix some § > 0 and choose €; > 0 so small that function
i = Ne; * (X;.f) is supported in W; = Q;,4\€Q; and satisfies

1f7 - Xifller) < 627971

for all j. Let now g = Z;io f7. Then g € C*(f) since in any open set U in 2 there are
only finitely many non-zero terms in the sum. Moreover, since f = Z;’io X;f, for each
such U we have

g = fllez) < ZHfj = Xjfller@) < 52% = 0.
=0 =0

Taking the supremum over all open subsets U of (2, we obtain ||g — f]| e < 0, com-
pleting the proof.

In general, there are many versions of these results depending on the set €2, in par-
ticular on the regularity of its boundary. For example, we give here without proof the
following

Further result. Let Q be a bounded subset of R™ with C* boundary. Let f € LE(Q2) for

1 <p<ooandk € NU{0}. Then there is a sequence f,, € C*(Q) such that f,, — f in
LY ().

2 Pseudo-differential operators on R"

2.1 Analysis of operators
2.1.1 Motivation and definition

We will start with an informal observation that if 7' is a translation invariant linear
operator on some space of functions on R", then we can write

T(e2ﬂ'ix-£) — a(g)e%im-é for all 5 c R".

Indeed, if T" acts on functions of variable y, we can denote f(x,&) = T(e*™%*¢)(x). To avoid

unclarity here and in the sequel, denoting e¢(z) = >, we have f(z,&) = (Te¢)(x).
Let (m.f)(z) = f(z — h) be the translation operator by h € R". We say that T is

translation invariant if T, = 7, T for all h. By our assumptions on T we get

fla+h, &) = T(emmWHe) = 2T (e2ve) = 2™ f (2, €).

Now, setting x = 0, we get f(h, &) = > "¢ £(0,£), so we obtain the desired formula with
a(&) = f(0,€). If we now formally apply T to the Fourier inversion formula

f(x) = /R 2T F () de

n

and use the linearity of T', we obtain

T5e) = [ TE@OF@d = [ emtaFine
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This formula allows one to reduce certain properties of operator 1" to properties of the
multiplication by the corresponding function a(§), called the symbol of T'. For example,
continuity of 7' on L? would reduce to the boundedness of a(€), composition of two
operators T o Ty would reduce to the multiplication of their symbols a(§)as(§), etc.
Pseudo-differential operators will extend this construction to functions which are not
necessarily translation invariant. In fact, as we saw above we can always denote

a(:v, 5) — efQWix-gT(GZWixf),
so that we would have

T(62m‘:c~§) 2m;r§ (J] 5)
Consequently, reasoning as above, we could arrive at the formula

~

Tf) = [ @l Fe)de 2.1)

Now, in order to avoid several rather informal conclusions in the arguments above, one
usually takes the opposite route and adopts the last formula as the definition of the
pseudo-differential operator with symbol a(z,&). Such operators are then often denoted
by T, or by a(z, D).

The simplest and perhaps most useful class of symbols allowing this approach to
work well is the following class denoted by S™, or by ST{,. We will say that a € S™ if
a = a(x,&) is smooth on R™ x R™ and if

000¢a(z,€)| < Aas(1 + gyl for all a,8 and all z,€ € R™

Note that for partial differential operators symbols are just the characteristic polynomi-
als. One can readily see that the symbol of the differential operator

L= Z o ()03
la|<m

is given by

a(z,&) = > aq(x)(2mi€)",

la<m

and a € S™ if coefficients a, and all of their derivatives are smooth and bounded on R".

2.1.2 Freezing principle for PDEs
Suppose we want to solve the following equation for an unknown function u = u(x):
92
Tu)e) = 3 ale)g (o) = (@)
1<i,5<n

where the matrix {a;;(z)} is a real-valued, smooth, symmetric and positive definite. If
we want to proceed in analogy to the Laplace equation in [1.1.6] we should look for the
inverse of the operator L. In the case of an operator with variable coefficients this may
turn out to be difficult, so we may look for an approximate inverse P such that

LP=T1+E,
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where the error E is small in some sense. To argue similar to [1.1.6] we “freeze” L at xq
to get the constant coefficients operator

82
Loy =Y aij(wo) s
o a”(xo)@a:iaxj

1<i,j<n

Now, L,, has the exact inverse which is an operator of multiplication by

<—47TQ Z Qij (%)fz’fj)

1<i,j<n

on the Fourier transform side. To avoid a singularity at the origin, we introduce a cut-off
function xy € C'™ which is 0 near the origin and 1 for large £. Then we define

~

(P = [ neW(—w > %‘(Io)&ﬁj) (€ F(€)de.

1<i,j<n
Then we can readily see that

~ -~

(Lao P @) = [ @=x(OF O = 1)+ [ m<(x(e) - D)
It follows that
L, Py, =1+ E,,,

where

(o)1) = / T (€) — 1) F(€)de

n

is an operator of multiplication by a compactly supported function on the Fourier trans-
form side. Writing it as a convolution with a smooth test function we can readily see
that it is smoothing.

Now, we can “unfreeze” the point xy expecting that the inverse P will be close to
P,, for x close to xy, and define

-1
(Pf)(x) = (Pf)(x) = / i (—W > ay <x>§i£j) X(€) F(€)de.
" 1<i,j<n
It will be clear from a later discussion that we still have
LP=1+F;

with error E; being “smoothing or order one”. We can then set up an iterative procedure
to improve the approximation of the inverse operator relying on the calculus of the
appearing operators.
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2.1.3 Pseudo-differential operators on the Schwartz space

It can be shown that if a € S™ and f € S(R"), then T, f € S(R"). First we observe
that the integral in converges absolutely. The same is true for all of its derivatives
with respect to x by the Lebesgue’s dominated convergence theorem, which implies that
T.f € C*(R"). Let us show now that in fact 7, f € S(R"). Introducing operator

Le = (1 +47°[2*) 7 (1 — Ag)

with the property Lee?™ ¢ = ¢*™@¢ integrating (2.1)) by parts N times yields

(Taf) (l’) = /n €2ﬂix-£<L£)N[a(x’ §)f(§)]d§
From this we get
(T.f)(x)] < Cn(1+ |z|)~2

for all N, so T, f is rapidly decreasing. The same argument applies to derivatives of T, f
to show that T, f € S(R™).

The following convergence criterion will be useful in the sequel. It follows directly
from the Lebesgue’s dominated convergence theorem.

Convergence criterion for pseudo-differential operators. Suppose we have a se-
quence of symbols a; € S™ which satisfies uniform symbolic estimates

070g an(, €)] < Aap(1 + [€))™ 7,

for all a, B, all z,£ € R™, and all k. Suppose that a € S™ is such that ax(z, &) and all of
its derivatives converge to a(z,§) and its derivatives, respectively, pointwise as k — co.
Then T, f — T, f in S(R") for any f € S(R").

2.1.4 Alternative definition of pseudo-differential operators

If we writing out the Fourier transform in (2.1)), we obtain

@) = [ [ et o) fo)dude (2.

However, a problem with this argument and with this formula is that the &-integral does
not converge absolutely even for f € S(R™). To overcome this difficulty, one uses the
idea to approximate a(z,&) by symbols with compact support. To this end, let us fix
some v € C§°(R™ x R™) such that v = 1 near the origin. Let us now define

ac(z,§) = a(x, §)y(ex, €).
Then one can readily check that a, € C°(R" x R™) and

e if a € S™, then a. € S™ uniformly in 0 < € < 1 (this means that constants in
symbolic inequalities may be chosen independent of 0 < € < 1);

e a. — a pointwise as € — 0, uniformly in 0 < ¢ < 1. The same is true for derivatives
of a, and a.
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It follows now from the convergence criterion of that
T..f = T,f in S(R") as e — 0,

for all f € S(R™). Here T, f is defined as in (2.1). Now, formula (2.2) does make sense
for a. € C§°, so we may define the double integral in (2.2)) as the limit in S(R™) of T,_f,
i.e. take

e—0

(T, —hm/n/n mile=0) S, (x, &) fy)dyde, f € SR™).

2.1.5 Pseudo-differential operators on S’(R")

Recall that we can define the L?*-adjoint T of operator T, by the formula

(Tuf,9)r> = (f7T;g)L2a fr9 € S(R"),

where

(1, 0) 72 = / u(w)o(a)de

is the usual L?-inner product. From this formula we can readily calculate that

(Tx —hm/ / 2= (2, €)g(x)dxde, g e S(RM).

e—0

With the same understanding of divergent integrals as in (2.2)) and replacing = by z to
eliminate any confusion, we can write

W= [ [ e GGy, geSE)

As before, by integration by parts, we can check that T : S(R") — S(R™). Let u €
S'(R™). We can now define T,u by the formula

(T,u) (@) = u(Trp) for all o € S(R™).

- / / 7€ 2, €)p(2)dzd,

so if u, p € S(R™), we have the consistency in

We clearly have

L)) = [ Taulo)e(@)ds = (L@ = L) = [ ule)Tipade = u(T3)

n

One can readily check that T,u € S'(R™) and that T, : S'(R") — S’(R") is continuous.
Indeed, let u — u in S'(R™). Then we have

(Toue) (0) = un(T;0) = w(T;p) = (Tou)(e),

so Tyur — T,u in 8'(R™) and, therefore, T, : S'(R™) — S’(R") is continuous.
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2.1.6 Kernel representation of pseudo-differential operators

Summarising, we can now write pseudo-differential operators in different ways:

T,f(x) = / ooz, €) F(€)de

= [ [ e tae, o) fg)dud
// 25 (1, €) f(x — 2)dzdé

= /n k(x,z)f(x — 2)dz

= [ K(z,y)f(y)dy,

Rn
with kernels
Klo) = koo —9), ko) = [ @mala e
Theorem. Let a € S™. Then the kernel K(x,y) satisfies
3 -N
|07, K (2, )| < Clz -y

for N > m+n+|B| and x # y. Thus, for x # y, the kernel K(x,y) is a smooth function,
rapidly decreasing as |x — y| — oo.

Proof. We notice that k(z, ) is the inverse Fourier transform of a(z,-). It follows then
that (—2miz)*0Pk(xz, ) is the inverse Fourier transform with respect to £ of the derivative

0¢ [(2mi€)a(x, €)], i.e
(—2miz)*00k(x, z) = F¢ ' (08 [(2wig) a(z,€)]) (2).
Since (27i€)Pa(x, &) € S™HAl is a symbol of order m + |A], we have that
|0¢ [(2mi€) a(x,€)]| < Cap(e)™ 7.

Therefore, 92 [(2mi€)Pa(z,€)] is in L'(Rg) with respect to &, if |a| > m + n + |f].
Consequently, its inverse Fourier transform is bounded:

(—2mi2)*0%k(z, z) € L®(R?) for |a| > m +n + |A|.

Since taking derivatives of k(x,z) with respect to x do not change the argument, this
implies the statement of the theorem.

2.1.7 Smoothing operators

We can define symbols of order —oo by setting S = (), g 5™, so that a € 57 if
a € C* and if
|070¢a(z,&)| < Aapn(1+ €))7
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for all V.
Proposition. Let a € S™°. Then the integral kernel K of T, is smooth on R™ x R™.
Proof. Since a(z,-) € L'(R"), we immediately get k € L>(R"). Moreover,

858?k(x,z):/ ™= (2mig) 0P a(x, €)dE.

n

Since (27mi&)*0Pa(x, €) is absolutely integrable, it follows that from the Lebesgue’s dom-
inated convergence theorem that 9292k is continuous. This is true for all a, 3, hence k,
and then also K, are smooth. Let us write k,(-) = k(z, ).

Corollary. Let a € S~. Then k, € S(R"). We have

Tof () = (ko * f)(2)
and, consequently, T,f € C*°(R") for all f € S'(R™).

We note that the convolution in the corollary is understood in the sense of distributions.
We will prove it and discuss this notion in detail in the next section.

2.1.8 Convolution of distributions

We can write the convolution of two functions f,g € S(R"™) in the following way

(f *g)(x) = . f(2)g(x = 2)dz = . f(2)(rzRg)(2)dz,
where (Rg)(z) = g(—z) and (m,9)(x) = g(x — h), so that

(7 Rg)(2) = (Rg)(z — x) = g(x — 2).

Recalling our identification of functions with distributions, we can write

(f x9)(x) = f(r.Rg).

This can now be extended to distributions. Indeed, for u € §'(R™) and ¢ € S(R™), we
can define

(u* p)(x) = u(r: Ry),
which makes sense since 7, Ry € S(R") and since 7, R : S(R") — S(R") are continuous.
Lemma. Let u € S'(R™) and p € S(R"). Then ux ¢ € C°(R™).

Proof. We can observe that (ux*p)(x) = u(7, Ry) is continuous in z since 7, : S(R") —
S(R™) and u : S(R") — C are continuous. The same applies when we look at derivatives
in x, implying that u % ¢ is smooth. Here we note that we are allowed to pass the limit
through w since it is a continuous functional.

Now Corollary follows from the fact that for a € S™>° we can write T, f(z) =
(ky % f)(z) with ku(-) = k(z, ) € S(R™). So

(Taf) (@) = [ (7o REy).

If now f € S'(R™), it follows that T,f € C'* because of the continuity of f(7,Rk,) and
all of its derivatives with respect to x.
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2.1.9 L?*-boundedness of pseudo-differential operators

Theorem. Let a € S°. Then T, : L*(R") — L*(R") is a bounded linear operator.

Proof. First of all, we note that by a standard functional analytic argument it is
sufficient to show the boundedness inequality

I Tuf 2@ < ClIFl 2w (2:3)

only for f € S(R"), with constant C' independent of the choice of f. Indeed, let f €
L?(R") and let fp € S(R™) be a sequence of rapidly decreasing functions such that
fr — f in L3*(R™). Then by (2.3) we have

[ Ta(fx — fulll2@ny < Cllfx = fnllre@n),

so T, fx is a Cauchy sequence in L?(R™). By completeness there is some g € L?(R") such
that T, fr — ¢g in L?(R™). On the other hand T, fy — T, f in §'(R"). By the uniqueness
principle we have T, f = g € L*(R"). Passing to the limit in applied to fi, we get
| Tafl|2mny < C||f]|L2@rny, with the same constant C.

The proof of will consist of two parts, and we follow [3] in this. In the first part
we establish it for compactly supported (with respect to x) symbols and in the second
part we will extend it to the general case of a € S°.

So, let us first assume that a(x, &) has compact support with respect to x. This will
allow us to use the Fourier transform with respect to x, in particular the formulae

a(x, &) = / TGN, E)dA, AN, €) = / e ™" a(z, ) dx
with absolutely convergent integrals. We will use the fact that a(-,¢) € C°(R") C S(R™),

so that a(-,§) is in the Schwartz space in the first variable. Consequently, we have
a(+,€) € S(R™) uniformly in . To see the uniformity, we can notice that

(2miN)*a(N, &) = / e ITA0% (2, €)dx
and hence |(2mi\)*a(\, §)| < C, for all € € R™. It follows that

sup [a(\, €)] < Cy(1+ AN

¢eRn

for all N. Now we can write
Tof@) = [ emesalw O f(E)ae
= [ [ emesmaiao, o feanie
- [ SN

where

(SHN z) = TN Tane ().
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Here T5(5¢) f is just a Fourier multiplier with symbol independent of x, so by Plancherel’s
identity we get

Tae flle = I Taog fllze = [fa(X, ) fllee < sup @ O flzz < Cn (L + ANV fll 2,
for all N > 0. Hence we get

1Tl < [ ISFOMaedr < Cor [ (@4 IN) 1 lli2dA < €I o
Rn R™

if we take N > n.
Now, to pass to symbols which are not necessarily compactly supported with respect
to z, we will use the following inequality

|f () *da

e (Tt ]2 — 2™ (24)

[ ms@p < ey
|xt—x0|<1

which holds for every for every xqg € R™ and for every N > 0, with C'y independent
of x¢y and dependent only on constants in the symbolic inequalities for a. Let us show
first that (2.4) implies . Writing X|y—s0|<1 for the characteristic function of the set
|z — x0| <1 and integrating with respect to x yields

[ ([ rmitspa)am <oy [ ([ O,

Changing the order of integration, we arrive at

vol(B(1)) / Tf@)lde < Oy [ |fa)Pde.

which is (2.3). Let us now prove ([2.4)).

Let us prove it for x¢ = 0 first. We can write f = f; + fo, where f; and f, are smooth
functions such that |fi| < |f], |f2] < |f|, and supp f1 C {|z| < 3}, supp fo C {|z| > 2}.
We will do the estimate for f; first. Let us fix n € C§°(R™) such that n(z) = 1 for |z| < 1.
Then 0T, = T,, is a pseudo-differential operator with a compactly supported symbol,
thus by the first part we have

/ | T.fi () Pde = / Trafi(@)fdz < C | |fi(2)de < C/ |f (x)[dz,
flel<1} e R {

|z|<3}

which is the required estimate for f;. Let us now do the estimate for fo. If || < 1, then
x & supp fo, SO we can write

T, folx) = /{ e

where k is the kernel of T,. Since |z| < 1 and |y| > 2, we have |x — y| > 1 and hence by
Theorem 2.1.6] we can estimate

|k(z, 2 — 2)| < Cilz —y|™ < Cyly|™
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for all N > 0. Thus we can estimate

2 1/2

1/2
where by the Cauchy-Schwartz’ inequality we have C3 = Cs ( fRn Wdy) < oo for

N > n. This in turn implies

) ()2 )”2
T, folx)*de < C —— ,
/{M' fal@)f'de < (/ a+

which is the required estimate for f,. These estimates for f; and fo imply with
xo = 0. We note that constant Cy depends only on the dimension and on the constants
in symbolic inequalities for a.

Let us now show ([2.4]) with an arbitrary xy € R™. Let us define

a:vo(xvg) = CL(ZL’ - 1‘075)-

Then we immediately see that estimate for T, in the ball {|x—x¢| < 1} is equivalent
to the same estimate for T, in the ball {|z| < 1}. Finally we note that since constants
in symbolic inequalities for a and a,, are the same, we obtain (2.4) with constant Cy
independent of xy. This completes the proof of Theorem [2.1.9]

2.1.10 Compositions of pseudo-differential operators

Theorem. Let a € S™ and b € S™2. Then there exists some ¢ € S™ ™2 sych that
T.=1T, 0T, Moreover, we have

—le

2mi o o
e 30 B0 payop),
which means that for all N > 0 we have

)l
e 3 CTTE geayant) € st

o!
la|<N

Proof. Let us assume first that all symbols are compactly supported, so we can change
the order of integration freely. Indeed, we can think of, say, symbol a(x, &) as of

ac(r, &) = aw,§)y(ex, ),

make all the calculations uniformly in 0 < € < 1, use that a, € S™ uniformly in €, and
then take a limit as e — 0. Let us now plug in

@f)w) = [ [ ey, 1) dudg
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into

= / / 2 == m)g(y) dydn

T = [ [ [ mae ey, 0 (:)dzdgdydn

- // AT, €) f(2) dde,

/ / i@y (=0 g (3 )b(y, €) dydn
R™ JR™
/ 2w (1=8) g (2 mYb(n — €, €) dnp

n

= / g (x, €+ n)b(n, €) dn

to get

with

=

Here b is the Fourier transform with respect to the first variable, and we used that

-y n+ty—2)-&—(x—2)-{=(x—y) - (n—9).

Asymptotic formula. Let us assume first that b(z,£) has compact support in z (al-
though if we think of b as b, it will have a compact support, but the size of the support
is not uniform in €; so, we can approach the case of general symbols by treating the com-
pactly supported symbols in a way of getting estimates that are uniform with respect to
the size of the support). Since b is compactly supported in z, its Fourier transform with
respect to x is rapidly decaying, so we can estimate

[b(n, &) < Car(1 + )M (1 + [¢])™

for all M > 0. The Taylor’s formula for a(x,& + n) in the second variable gives

1
a(w, & +n) = D —0¢a(e ) + Ry(x.&m),

lo| <N

with remainder Ry that we will analyse later. Plugging this formula in to our expression
for ¢ and looking at terms in the sum, we get

/n e27rim-77 [aga(x, 5)77a}3(777 é‘) dn = (271'2')7'6“'8?0](35; g)aﬁb(% 6)7

so that we have

i) ~led
(0.8 = B0 S ol 90w + [ TRy e, € D00 €) i
’ la|<N "

Remainder. For the remainder in the Taylor’s series we have the estimate

|Ry(z,&,m)] < Cy|n|™ max {|0¢a(z, )| : || = N, on the line between ¢ and & + n}.
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Now, if |n| < [£|/2, then points on the line between £ and € + i are proportional to &, so
we can estimate

Ry (x, &m)| < O™ (L+ )™~ (Inl < I¢]/2)-

On the other hand, if N > m;, we get the following estimate for all £ and n:
|Ry(z,&n)| < CynlN (N >my).

Using the estimate for 6(77, ¢) and these two estimates, we get

[ o€ €) dn| < Covar(1 1™ [ )Mol
n Rn

e / (L4 )™Ml dn.

Inl=1¢]/2

Taking M large enough, we can estimate both terms on the right hand side by C(1 +
mitmz=N Making an estimate for 9292 Ry in a similar way, we can estimate
e

/ 920 Ry (, €, m)b(n, €) d'fz‘ < C(1+ fg]ymtma =i,

implying the statement of the theorem for b compactly supported with respect to x.

General symbols. We note that it is sufficient to have the asymptotic formula and
an estimate for the remainder for x near some fixed point zy, uniformly in zy. Let
X € C°(R™) be such that suppx C {z : |z — x¢| < 2} and such that x(z) = 1 for
|z — 2| < 1. Let us decompose

Since symbol b; = xb is compactly supported with respect to x, the composition formula
for T, 0T}, is given by the theorem, and it is equal to the claimed series for T}, 0T}, near z.
We now have to show that the operator T, o T}, is smoothing, i.e. its symbol cy(z,§) is
of order —oo, and does not change the asymptotic formula for the composition. Indeed,
we already know that the symbol of operator T}, o T}, is given by

co(7,€) = / / 2= = g (1, )by (y, £) dydn,
and we claim that

|02(xa§)| < ON(l + |€|)m1+m2—N for all N > 07 |:L‘ - 170| <

DN | —

In the above integral for ¢, we can integrate by part to derive various properties of its
decay. For example, we can integrate by parts with respect to n using the identity

Aqu\he%i(w—y)-(n—ﬁ) — (—47r2)N1|x _ y|2N1€27ri(z—y)'(n—£),
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N1
to see that in the integral we can replace a(z,n) by (_4?2’)’]\,?‘; ’"y)‘le ,

o ANg(x,n)
CQ(SL‘,&):/ / ity 5)( ’ _yPNlbz(y,f)dydn,

—4n2)M |z

1.e.

Here |x — 29| < 1/2 and y € supp(l — x) implies |x — y| > 1/2, so the integration by
parts is well defined. We can also integrate by parts with respect to y using the identity
(1- Ay>Nz€27ri(fr*y)-(nf£) = (14 47%¢ - 77’2)Nz627ri(:rfy)-(77*£)_

Moreover, we can use that 1+ |£] < 14| —n|+ 9] < (14 (£ —n])(1+ |n|), and hence

P R ) e
(L4 [€ =) = (L+[g])*M>

Thus, integrating by parts with respect to y and using this estimate together with sym-
bolic estimates for a and by, we get

(L4 [p[)ym™—2M (14 |¢])m
<(C d
e2(@, &)l // (11 o — g™ (1 + 1€ —p)2

SC [ (U N (L dydy
Rn

< C(1 + |gymmaN / (1+ )2 d,

n

if we take N = m; — 2N,. Now, taking large Ny and 2N; > N + n, we obtain the
desired estimate for co(x,&). Similar estimates can be done for 85‘8? co(x, €) simply using
symbolic inequalities for a and bs, so we obtain that co € S™ for |z — x| < 1/2.

Finally, we notice that (in the general case) we have never used any information
on the size of the support of symbols, so all constants depend only on the constants
in symbolic inequalities. Thus, they remain uniformly bounded in 0 < € < 1 for the
composition T,, = T, o T, , and we have ¢, € S™ ™2 with symbolic constants uniform
in e. Moreover, the asymptotic formula is satisfied uniformly in €. Since ¢, — ¢ pointwise
as € — 0, we can conclude that ¢ € S™ 2 that T, = T, o T}, and that the asymptotic
formula of the theorem holds.

2.1.11 Amplitudes

We have already seen that when taking the adjoint of a pseudo-differential operator, we
get the symbol which depends on the “wrong” set of variables: (y,&) instead of (z,&).
Nevertheless, we want the adjoint to be a pseudo-differential operator as well. For this
we need to study operators with symbols depending on all combinations of variables.
This leads to the definition of an amplitude. We will write ¢ = ¢(z,y,&) € Sm if
c € C®(R™ x R™ x R™) and if

1070)0¢ c(,y,€)| < Ca gy (1+[€))" 1

holds for all z,y,§ € R™ and all multi-indices a, 3,7. The corresponding operator Ty is
defined by

Taf)@) = [ [ el .6 f(0) dude
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As in2.1.4] we can justify this formula by considering c.(z,y, &) = c(z,y, £)y(ey, €€), with
v as in m Then ¢, — ¢ pointwise (also with the pointwise convergence of derivatives),

uniformly in S™ for 0 < € < 1, so Tje f — T f in S(R™) for all f € S(R"). Thus, Tj
is well defined and continuous as an operator from S(R™) to S(R™).

2.1.12 Symbols of pseudo-differential operators

Proposition. A pseudo-differential operatorT’ € W™ defines its symbol a € S™ uniquely,
so that T =T,. The symbol a(x,§) is defined by the formula

(l(l',f) — efZﬂix{T(eQWix-f).

The notation used in the statement is a useful abbreviation for

6727T’L'$-£T(627ri33-£> — 672m'9c-5 (T(627riy-§>) (l‘) — 672m'x-§ (T(e2m'(-,§)>) (LL’)

The formula for the symbol can be justified either in S’'(R") or as the limit in the
expression . A
€—2W2$~§T(627m:c~§<pe> SN a(x, 5)7

as o — 1 for a family of ¢, € C§°(R™).

2.1.13 Symbols of amplitude operators

Proposition. Let c € S™ be an amplitude. Then there exists a symbol a € S™ such that
T, = Tjy. Moreover, the asymptotic expansion for a is given by

274~ lel
a(z,§) — Z %agagc(x,y,fﬂy:x e SN YN >0.

!
lo] <N

Proof. The proof is similar to the proof of the composition formula [2.1.10] As in that
proof, we first formally conclude that we must have

CL(IE, f) — efQﬂi:U-éT(e%rix{)
_ / / e—27rim~§€27ri(m—y)~nc(x’ n n)e27riy~§dyd7]

= / ez, m, &+ n)e”™dn,

where ¢ = F,c is the Fourier transform of ¢ with respect to y and where we used the
change of variables n — 1 + £. By the usual justification, we may work with amplitudes
compactly supported in gy, and make sure that all our arguments do not depend on the
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size of the support of ¢ in y. Taking the Taylor’s expansion of ¢(z,n,& +n) at &, we
obtain

-~ 1 sy o
C(.Z',?%g—{—?’]) = Z aagc(xﬂ%f)?? +RN($a7775)7

lo| <N

where, as before, we can show that the remainder Ry (z,7,£) satisfies estimates
| R (z,m,&)| < Al (1 + )™M (1 + |¢)™ ™ for large M and for 2|n| < |¢],

and
|Rn(z,m, )] < Ap[Y (1 + |n|)™™ for all large M and N.

The last estimate is used in the region 2|n| > |¢| and, similar to the proof of the com-
position formula in Section , we can complete the proof in the case of ¢(z,y, &)
compactly supported in y.

To treat the general case where c(x,y, &) is not necessarily compactly supported in
y we reduce the analysis to the case when c(x,y,&) vanishes for y away from y = x.
For this, we can use the same argument as in the proof of the composition formula in
Section[2.1.10] where the estimate for the remainder by the integration by parts argument

becomes
1 + \77| ) 1 .
dydn = O((1 + [&])™ ,

for large Ny, Ny. The proof is complete.

Remark. Note that we can also justify the following alternative argument. We know
by Proposition [2.1.12| that for 7" € U™ its symbols can be defined by the formula

a(z, &) = e 2™ (T (e™E)) (z).

Let now T = T}, be the operator with amplitude c. Then Proposition [2.1.13] says that

we can write
Te) = [ [ e, uty)dyds.
for all u € C§°(R™). To show this, we write the Fourier inversion formula
uly) = [ emreate)e,

and, justifying the application of T to it and using formula for the symbol from Propo-
sition 2.1.12] we get
(Tu)(x) = / T ) (x)a(€)ds = [ ™ a(a,€)u(€)de.
n R’I’L

For the asymptotic expansion, we write

(Te2mit / / >V, y, m)e®™V S dydn
_ 627ri:v-£/ / e*Zﬂiy'nc(fx, T+y, &+ ﬁ)dyd'fh
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where we changed variables y — y + x and n — n + &, as well as recalculated the phase
in new variables as

(z—(y+2) M+ +y+z)-E=~y-n+a-&

Now, using the Taylor’s expansion and estimates for the remainder, we can obtain Propo-

sition [2.1.13] again.

2.1.14 Adjoint operators

Theorem. Let a € S™. Then there exists a symbol a* € S™ such that T, = Tj,~, where
T is the L*~adjoint operator of T,. Moreover, we have the asymptotic expansion

i) ol
a*(z,€) — Z %8?3?6(%{) € S" N, forall N >0,
|a| <N )
where a(x, &) is the complex conjugate of a(x,§).

Proof. As we have already calculated, we have T,- = T}, which is an operator with
amplitude c(z,y, &) = a(y,&). Applying Proposition [2.1.13] we obtain the statement of
Theorem 2.1.74]

2.1.15 Changes of variables

It is clear from the definition of the symbol class S™ that it is locally invariant under
smooth changes of variables, i.e. if we take a local change of variable x in the symbol
from S™, it will still belong to the same symbol class S™. We will now investigate what
happens with pseudo-differential operators when we make a change of variable in space.

Let U,V C R™ be open bounded sets and let 7 : V' — U be a surjective diffeomor-
phism. For f € Cg°(V), we define its pullback by the change of variables 7 by

(Tf)(z) = f(r ().

It easily follows that the new function satisfies 7f € C§°(U). Let now a € S™ be
a symbol of order m with compact support with respect to x, and assume that this
support is contained in U. Then we will show that there exists a symbol b € S™ with
compact support with respect to x which is contained in V such that 7='T,7 = T;. In
other words, we have

T T rf=Tyf forall fe Ce(V).

More precisely, we have the following expression for the “main part” of b:

Proposition. We have b(z,§) = a(7(x), [%]lf) modulo S™ 1, where [%}, = ((Dr)")~L.

Proof. We can write

(r7 M7 f)(2) = /n /n 62wi(r(m)—y)-£a(7<x)’é)f(T_l(y))dydg
= /n /n e2m'(7'(x)*f(y))'§a<7'(x),f)f(y)| det g—;|dyd£, (2.5)
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where we changed variables y — 7(y) in to get the last equality. Now we will argue that
the main contribution in this integral comes from variables y close to x. Indeed, let us
insert a cut-off function x(z,y) in the integral, where x is a smooth function supported
in the set where |y — x| is small and where x(z,z) = 1 for all z. The remaining integral

[ [ e ey (e @), 7 w)] det 5y

has a smooth kernel since we can integrate by parts any number of times with respect to
€ to see that the symbol of this operator belongs to symbol classes S~ for all N > 0.
Let us now analyse what happens for y close to x. By the mean value theorem, for y
sufficiently close to x, we have

T(@) = 7(y) = Loy(z — ), (2.6)
where L, , is an invertible linear mapping which is smooth in = and y, and satisfies
or
La:ac = a_ .
.= )

Using in , we get
27 Lg y(x—y)-§ 87— _
ety x(@, y)a(r(z), )| det a—y\f(y)dydf =
/ / WDy (1 y)a(r(x), L, ,£)] det g—y [ det L £ (y)dyde,

where we changed variables L] & — & and where L] is the transpose matrix of Ly,
and L/, = (LI )" Thus, we get an operator with the amplitude ¢ defined by

, or _
c(,y,€) = x(z,y)a(r(x), L, ,£)| det a—yH det L, |.

Applying the asymptotic expansion in Proposition 2.1.13] we see that the first term of
this expansion is given by

) or]’
(.9, )lyme = X(r, Dalr(2), L&) det 57| det L73] = a(r(x), {a—} ),

completing the proof.

2.1.16 Principal symbol and classical symbols

We see in Proposition [2.1.15| that the equivalence class modulo S™~! has some meaning
for the changes of variables. In fact, we may notice that the transformation

.9~ ). [] 6

is the same as the change of variables in the cotangent bundle T*R"™ of R™ which is
induced by the change of variables x +— 7(z) in R™. This observation allows one to make
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an invariant geometric interpretation of the class of symbols in S modulo terms of order
S™=1 We note that we can use the asymptotic expansion for amplitudes in the proof of
Proposition to find also lower order terms in the asymptotic expansion of b(x,¢),
but most of these terms will not have such nice invariant interpretation. Without going
into detail, let us just mention that Proposition allows to introduce a notion of a
principal symbol of a pseudo-differential operator with symbol in S™ as the equivalence
class of this symbol modulo the subclass S™ !, and this principal symbol becomes a
function on the cotangent bundle of R™. This construction can be further carried out on
manifolds leading to many remarkable applications, in particular to those in geometry
and index theory.

We will not pursue this path further in this chapter, but we will clarify the notion
of such equivalent classes for the so-called classical symbols which is a class of symbols
that plays a very important role in applications to partial differential equations. First,
we define homogeneous functions/symbols.

Definition. We will say that a symbol ar = ay(x,€) € S* is positively homogeneous (or
simply homogeneous) of order k if for all x € R™ we have

ap(x, \6) = Neay(z,€)  for all X > 0 and all [£] > 1.

We note that we exclude small ¢ from this definition because if we assumed property
ar(z, ) = Neay(x,€) for all £ € R™, such function a; would not be in general smooth
at £ = 0.

Definition. We will say that a symbol a € S}} is a classical symbol of order m if a € S™
and if there is an asymptotic expansion a ~ Y~ Gpm_j, Where each a,_y is homogeneous

of order m — k, and if a — Zi\fzo Uy € S™ N7 for all N > 0.

Now, for a classical symbol a € S7}' the principal symbol, i.e. its equivalence class modulo
S™=1 can be easily found. This is simply the first term a,, in the asymptotic expansion
in its definition. We will discuss asymptotic sums in more detail in the next section,
namely we will show that if we start with the asymptotic sum » " a@p_g, We can in
turn interpret it as a symbol from S™.

2.1.17 Asymptotic sums

Our next objective is to show how the constructed calculus of pseudo-differential op-
erators can be applied to “easily” solve so-called elliptic partial differential equations.
However, in order to carry out this application we will need another very useful con-
struction.

Proposition. Let a; € S™, j = 0,1,2,..., where the sequence m; of orders satisfies
mg > myp > mg > -+ and m; — —00 as j — 0o. Then there exists a symbol a € S™°
such that

CLNZaj:a0+CL1+CL2+...,
=0
which means that we have

k
&—ZajeSm’“,k:LQ,...

J=0
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We can also note that in this notation a ~ 0 if and only if a € ST = N,,crS™.

Proof. Let us fix a function y € C*°(R"™) such that x(§) = 1 for all [{| > 1 and such
that x(§) = 0 for all |{| < 1/2. Then, for some sequence 7; increasing sufficiently fast
and to be chosen later, we define
0= aimon (%),
i 7

Jj=0

We note that this sum is well-defined pointwise because it is in fact locally finite since

X (Ti) = 0 for [£] < 7;/2. In order to show that a € S™° we first take a sequence 7; such
J

that the inequality

0202 oyt (£

J

]| =z e @7)

is satisfied for all |a], |3] < j. We note that because the sequence m; is strictly decreasing
we can also replace the right hand side by 277 (14 |¢£])™+1~lel. We first show that function

§U0E X (%) is uniformly bounded in ¢ for each j. Indeed, we have

0, €l < 75/2,
£ 0¢ x (é) = ¢ bounded by C ‘ (é)
7j Tj

0, 7 < |€],

» 7i/2 <[] < 7l

so that |£*0¢x <%>

fact, we can also estimate
&) 5 — Jepates) le%) 5
9, 0¢ aj(z, &)X - = Z Cayas Oy O aj(x,é)ag X\ =
J a1toas=a J

< ST [Caral (L €)™l (1 4 gyl

al1tas=«

< 1+ felym
= [C+1eh ] @+ felym-tl,

Now, the left hand side in estimate (2.7)) is zero for || < 7;/2, so we may assume that
|£] > 7j/2. Hence we can have

< (' is uniformly bounded for all £, for any given j. Using this

CA+[EN <CU+]r/2) <27

if we take 7; sufficiently large. ThlS implies that we can take the sum of 97 O —derivatives
in the definition of a(x, £) and ([2.7]) implies that a € S™. Finally, to show the asymptotic

formula, we can write
§
Y- 3 wmen(£)
J

j=k+1
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and so

< C(1+ fg]ymlol.

k
eﬁ@la—Ej%]

J=0

In this arguments we fix a and 8 first, and then use the required estimates for all
Jj > |al,|B]. This shows that a — Z?:o a; € S™ finishing the proof.

2.2 Applications to partial differential equations
2.2.1 Solving partial differential equations

The main question in the theory of partial differential equations is how to solve the
equation

Lu=f

for a given partial differential operator L and a given function f. In other words, how
to find the inverse of L, i.e. an operator L~! such that

LoL'=L"'oL=1I (2.8)

is the identity operator (on some space of functions where everything is well-defined). In
this case function u = L~ f gives a solution to the partial differential equation Lu = f.

First of all we can observe that if operator L is an operator with variables coefficients in
most cases it is impossible or is very hard to find an explicit formula for its inverse L1
(even when it exists). However, in many questions in the theory of partial differential
equations one is actually not so much interested in having a precise explicit formula for
L', Indeed, in reality one is mostly interested not in knowing the solution u to the
equation Lu = f explicitly but rather in knowing some fundamental properties of wu.
Among the most important properties are the position and the strength of singularities
of u. Thus, the question becomes whether we can say something about singularities of u
knowing singularities of f = Lu. In this case we do not need to solve equation Lu = f
exactly but it is sufficient to know its solution modulo the class of smooth functions.
Namely, instead of L™ in (2.8)) one is interested in finding an “approximate” inverse of
L modulo smooth functions, i.e. an operator P such that

u=Pf

solves equation Lu = f modulo smooth functions, i.e. if (PL —1I)f and (LP —I)f are
smooth for all functions f from some class. Recalling that operators in ¥~* have such
property, we have following definition.

Definition. Operator P is called the right parametriz of L if LP — I € W~°. Operator
S is called the left parametriz of L if SL — 1 € W™=,

In fact, the left and right parametrix are closely related. Indeed, by definition we have
LP —1=R; and SL — I = Ry with some R, Ry € V~°°. Then we have

S =S(LP - Ry) = (SL)P — SR, = P+ R,P — SR,.
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If L,S, P are pseudo-differential operators of finite orders, the composition formulae
imply that Ry P, SR, € ¥~! ie. S— P is a smoothing operator. Thus, we will be mainly
interested in the right parametrix P because u = P f immediately solves equation Lu = f
modulo smooth functions.

We also note that since we work here modulo smoothing operators (i.e. operators in
U~—°°), parametrices are obviously not unique — funding one of them is already very good
because any two parametrices differ by a smoothing operator.

2.2.2 Elliptic equations

We will now show how we can use the calculus to “solve” elliptic partial differential
equations. First, we recall the notion of ellipticity.

Definition. A symbol a € S™ is called elliptic if for some A > 0 it satisfies

ja(z, §)] = Al¢[™

for all |§] > 1 and all x € R™. We also say that symbol a is elliptic in U C R™ if the
above estimate holds for all x € U. Pseudo-differential operators with elliptic symbols
are also called elliptic.

Now, let L = T, be an elliptic pseudo-differential operator with symbol a € S™ (which
is then also elliptic by definition). Let is introduce a cut-off function xy € C*°(R™) such
that x(§) = 0 for small £, e.g. for |{] < 1, and such that y(§) = 1 for large &, e.g. for
|€] > 2. The ellipticity of a(z, ) assures that it can be inverted pointwise for |{] > 1, so
we can define symbol

b(z,€) = x(€) [a(z, )] "

Since a € S™ is elliptic, we easily see that b € S™. If we take Py = T, then by
composition theorems we obtain

LPy=1+E,, PL=I+E,,

for some Ey,E, € W', Thus, we may view Py as a good first approximation for a
parametrix of L. In order to find a parametrix of L, we need to modify Fj in such a way
that £, and Es would be in W~°°. This constructions can be carried out in an iterative
way. We now give a slightly more general statement which is useful for other purposes
as well.

Theorem. Let a € S™ be elliptic on an open set U C R™, i.e. there exists some A > 0
such that

la(z, &) = Al¢[™

for allz € U and all || > 1. Let ¢ € S' be a symbol of order | whose support with respect
to x is a compact subset of U. Then there exists a symbol b € S'™™ such that

LI,=1T.-"1T.

for some symbol e € S™°.
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Proof. In order to simplify the notation, in this proof we will write a; o as = a3 to
express the relation 7,7, = T,,. We will construct the symbol b as an asymptotic sum

b~by+by+ba+---
and then use Proposition to justify this infinite sum. We will also work with
|€] > 1 since small £ are not relevant for the symbolic constructions.
First, we take by = ¢/a which is well defined for |£| > 1 in view of the ellipticity of a.
Then we have
bhoa=c—ey, bypeS™, witheg=c—byoae S
Then we take by = ep/a € S"™ ! so that we have
(bo+b)oa=c—ey+boa=c—e, withe=ey—boacsS2
Inductively, we define b; = e;_1/a € S""™77 and we have
(bo+by+--+b)oa=c—e;, withe;j=e; 1 —bjoaec S

Now, Proposition [2.1.17| shows that b € S"=™ and it satisfies boa = ¢ — e with e € S~

by its construction, completing the proof.

2.2.3 Parametrix for elliptic operators and estimates

Now, a parametrix for an elliptic partial differential operator L is given by Theorem [2.2.2
with T, = I being the identity operator. More precisely, we also have the following local
version of this.

Corollary. Let L = Zla\ <m @a(7)07 be an elliptic partial differential operator in an
open set U C R"™. Let x1, X2, X3 € C5°(R™) be such that x2 = 1 on the support of x1 and
X3 = 1 on the support of xo. Then there is an operator P € S~ such that

P(x2L) = x1l + Exs,

for some E € U™,

Proof. We take T, = xoL and T, = x1I. Then T, is elliptic on the support of y, and
we can take P = Ty with b € S~ from Theorem 2.2.2]

We will now apply this result to obtain a statement on the regularity of solution to
elliptic partial differential equations. We assume that the order m below is an integer
which is certainly true when L is a partial differential operator. However, if we take into
account the discussion from the next section, we will see that the statements below are
still true for any m € R.

Theorem. Let L € U™ be an elliptic pseudo-differential operator in an open set U C R"
and let Lu = f in U. Assume that f € (L})ioc. Then u € (L2, 1)i0c-

This theorem shows that if u is a solution of an elliptic partial differential equation
Lu = f then there is local gain of m derivatives for u compared to f, where m is the
order of the operator L.
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Proof. Let x1, x2, x3 € C3°(U) be non-zero functions such that yo = 1 on the support
of x1 and x3 = 1 on the support of x2. Then, similar to the proof of Corollary we
have

P(x2L) = xal + Exs,

with some P € W™, Since f € (L3)ioc we have P(x2f) € (L2, )ioc- Also, E(xsu) € C*
so that [[xsE(xsu)|[r2 < |[xsul|r2 for any k. Summarising and using

P(x2f) = x1u + E(x3u),

we obtain

haullzz,

< O (Inafllsz + xsull2)

which implies that u € (L2,_;)1oc-

Remark. We can observe from the proof that properties of solution u by the calculus
and the existence of a parametrix are reduced to the fact that pseudo-differential op-
erators in W™ map L to Li,, .. In fact, in this way many properties of solutions to
partial differential equations are reduced to questions about general pseudo-differential
operators. In particular, let us assume without proof the following statement where for
now we will take p and k to be integers or zeros. However, if we adopt the definition of
Sobolev spaces from the next section, this statement is valid for all u, k € R.

Statement on LP—continuity. Let T' € S™" be a pseudo-differential operator of order
poand let 1 < p < oo. Then T is bounded from the Sobolev space L} (R™) to the Sobolev
space Ly, (R").

If 1 and k are integers or zero, we will prove this statement in the next section. As an
immediate consequence, by the same argument as in the proof of the theorem, we also

obtain

Corollary. Let L € U™ be an elliptic pseudo-differential operator in an open set U C R™,
let 1 <p < oo, and let Lu = f in U. Assume that f € (L})ipe. Then u € (LY . )ioc-

2.2.4 Sobolev spaces revisited

Up to now we defined Sobolev spaces LY assuming that the index k is an integer. In fact,
using the calculus of pseudo-differential operators we can show that these spaces can be
defined for all k£ € R thus allowing one to measure the regularity of functions much more
precisely. In the following discussion we assume the statement on the LP—continuity of
pseudo-differential operators from Section [2.2.3]

We recall from Section [1.3.11] that for an integer k£ € N we defined the Sobolev space
L7 (R™) as the space of all f € LP(R") such that their distributional derivatives satisfy
0%f € LP(R™), for all 0 < |a| < k. This space is equipped with a norm

1/l = D 1105 flle

| <k

(or with any equivalent norm).
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Let now s € R be a real number and let us consider operators (I — A)®? € W* which are
pseudo-differential operators with symbols a(z, &) = (1 4 4m2|£]?)%/2. We will say that

f e LE(RY) if (I —A)*2f e LP(R").
We equip this space with the norm

11z = 117 = A)2f]] 1o

Proposition. If s € N is an integer, the space LP(R™) coincides with the space LY with
k = s, with equivalence of norms.

Proof. We will use the index k for both spaces. Since operator (I — A)*/2 is a pseudo-
differential operator of order k, by the statement on the LP—continuity in Section [2.2.3
we get that it is bounded from L7 to LP, i.e. we have

(1= A f e <C > (105 | 1o-
lof <k
Conversely, let P, be a pseudo-differential operator defined by P, = 0%(I —A)7%/2 ie. a
pseudo-differential operator with symbol p, (z, &) = (27i€)*(1+472|€[>) /2, independent
of z. If |a| < k, we get that p, € Sl*I=% C S° so that P, € S° for all |a| < k. By the
statement on the LP—continuity in Section operators P, are bounded on LP(R").
Therefore, we obtain

D02l = > WPl = D)2 flle < CIIT = A2 |1,

lal <k <k

completing the proof.

2.2.5 Proof of the statement on the ’—continuity

Now, let us prove the statement on the LP—continuity from Section 2.2.3] However, we
will assume without proof that pseudo-differential operators of order zero are bounded on
LP(R™) for all 1 < p < co. This falls outside the scope of this course and can be proved
for example by the so-called Calderon-—Zygmund theory of singular integral operators
which include pseudo-differential operators from this course, if we view them as integral
operators with singular kernels. We will give some indications to this end in the last
part of these notes.

Proof of the statement on LP—continuity. Let f € L2(R"). By definition this means
that (I — A)¥2f € LP(R"). Then we can write using the calculus of pseudo-differential
operators:

(I — A=W f — (T — AYS=m2T (T — A)=2(1 — A)*2f € LP(R™)

since operator (I — A)~#/2T(1 — A)~%/2 is a pseudo-differential operator of order zero
and is, therefore, bounded on LP(R").
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2.2.6 Calculus proof of L>-boundedness

In this section we will give a short proof of the fact that pseudo-differential operators of
order zero are bounded on L?(R™) which was also proved in Section [2.1.9} The proof will
rely on the following lemma that we will give without proof here, and which is sometimes
called Schur’s lemma.

Lemma. Let T be an integral operator of the form

Tu(z) = [ K(z,y)u(y)dy

RTL

with kernel K € L, (R™ x R™) satisfying

loc

sup |K (z,y)|dy < C, sup | K (z,y)|de < C.
zeR™ JRn yeRn JRn

Then T is bounded on L*(R™).

Calculus proof of Theorem . Let T € U° be an pseudo-differential operator
of order zero with symbol a € S° and principal symbol o,. Then its adjoint satisfies
T* € U° and hence also the composition T*T' € W°. Operator T*T" has bounded principal
symbol |o,(x, £)]? by the composition formula, so that |o,(z,£)|? < M for some constant
0 < M < oo. Then function

p(x,€) = VM — |og(z, )

is well-defined and it is easy to check that p € S°. Let P € U° be the pseudo-differential
operator with symbol p. By the calculus again we have the identity

T =M— PP+ R,
for some pseudo-differential operator R € ¥~!. Then
| Tull72 = (Tu, Tu) = (T"Tu,u) = M|ul|7> — [|Pul[j2 + (Ru,u) < M||ul |72 + (Ru,u),

so that T is bounded on L?(R") if R is. The boundedness of R on L*(R™) can be proved
by induction. Indeed, using the estimate

| Rullz> = (Ru, Ru) = (R"Ru,u) < C||R"Rul|12||ul| 2

we see that R € ™! is bounded on L*(R") if R*R € U2 is bounded on L*(R"). Contin-
uing this argument we can reduce the question of L?-boundedness to the boundedness
of pseudo-differential operators S € U™ for some sufficiently negative m < 0. We can
now use Theorem [2.1.6| with N = 0 for x close to y to show that the integral kernel
K(x,y) of S is bounded for |y — z| < 1 while it is decreases fast for |z — y| large if we
take sufficiently large N. Therefore, we can use Lemma to conclude that S must
be bounded on L?(R") thus completing the proof.
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3 Appendix

3.1 Interpolation
3.1.1 Distribution functions

Let 1 be the Lebesgue measure on R” (a volume element if you are not familiar with the
measure theory).

Definition. For a function f : R" — C we define its distribution function pr(\) by

urN) = ufe € R [f(2)] = A).

We have the following useful relation between the LP-norm and the distribution of a
function.

Theorem. Let f € LP(R™). Then we have the identity

F@)Pdz = p / 1 ()N,
R™ 0

Proof. Let us define a measure on R by setting

v((a,0]) = py(0) — pyla) = —p{z €R" s a < [f(2)| < b} = —pu(|f|7 ((a,0])).

By the standard extension property of measures we can then extend v to all Borel sets
E C (0,00) by setting v(E) = —u(|f|"*(E)). We note that this definition is well-defined
since |f| is measurable if f is measurable. Then we claim that we have the following
property for, say, integrable functions ¢ : [0, 00) — R:

[ eolfian=— [~ ct@yusia). (3.1)

Indeed, if ¢ = x[o4 is a characteristic function of a set [a,b], i.e. equal to one on |a, b]
and zero on its complement, then the definition of v implies

b 00
/ Xla,b] © |f|d:u = / dlj“ = _/ d:uf = _/ X[a,b}dﬂf7
n a<|f(z)|<b a 0

which verifies for characteristic functions. By the linearity of integrals, we then
have for finite linear combinations of characteristic functions and, consequently, for
all integrable functions by the Lebesgue’s monotone convergence theorem. Now, taking
p(a) = a? in (3.1), we get

s |fIPdp = —/ a’dpy(a) :p/ o’ g (a)da,
n 0 0

where we integrated by parts in the last equality. The proof is complete.
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3.1.2 Weak type (p,p)

Definition. We say that operator T is of weak type (p,p) if there is a constant C' > 0
such that for every A > 0 we have
p{r € R" : |Tu(z)| > A\} < C’Hu)\H

Proposition. If T is bounded from LP(R™) to LP(R™) then T is also of weak type (p,p).
Proof. If v € L'(R") then for all p > 0 we have a simple estimate
pule € B s o(@)] > ) < | o) < ol
v(x)|>p
Now, if we take v(x) = |Tu(z)[P and p = NP, this readily implies that T" is of weak type
(. p)-

3.1.3 Marcinkiewicz interpolation theorem

The following theorem is extremely valuable in proving LP—continuity of operators since
it reduces the analysis to a weaker type continuity only for two values of indices.
Theorem. Letr < q and assume that operator T is of weak types (r,r) and (q,q). Then
T is bounded from LP(R™) to LP(R™) for all v < p < q.

Proof. Let u € LP(R™). For each A > 0 we can define functions u; and us by u(z) =
u(z) for |u(z)| > X and by us(z) = u(x) for |u(z)| < A, and to be zero otherwise. Then
we have the identity u = u; 4+ uy and estimates |uq|, |us| < |u|. Tt follows that

[ |7+ [uzl[ Lo
SR VIR
since T is of weak types (r,r) and (g, q). Therefore, we can estimate

pru(2A) < pruy (A) + prus (M) < G

Tu(z)Pde = p / N (A)dA <

R 0

Clp/ prasa (/ \u(x)|’”dx) A\ + Cgp/ A\p—1-a (/ ]u(x)\qu) dA.
0 || >\ 0 [ul <A

Using Fubini’s theorem, the first term on the right hand side can be rewritten as

/0 et ( /M>A \u(x)rdx) ) = / i ( / Xluloa|u(@ )de) d\
( /0 N X|u|>Ad)\) dz
/0

AP ’"d)\> dz

= u(x)|"|u(z) P~ dx




where x|y>» is the characteristic function of the set {z € R" : |u(x)| > A}. Similarly, we

have - .
/ =1 ( / \u(x)yqu> = [ ),
0 [u|<A q—p Jrn

completing the proof.

3.1.4 Calderon—Zygmund covering lemma

As an important tool (which will not be used here so it is given just for the information)
for proving various results of boundedness in L'(IR") or of weak type (1,1), we have the
following fundamental decomposition of integrable functions.

Theorem. Let u € LY(R") and X\ > 0. Then there exist v,w, € L'Y(R™) and there
exists a collection of disjoint cubes Q, k € N, centred at some points xy, such that the
following properties are satisfied

(e, o0
u=v+ > wp, [ollp+ Y |willz < 3|1,
k=1 k=1

supp wi C Qx, / wg(z)dr =0,

k

> Qi) < A7 Jull .
k=1

3.1.5 Remarks on LP—continuity of pseudo-differential operators

Let a € S° Then by Theorem the integral kernel K (z,y) of pseudo-differential
operator T, satisfies estimates

020 K (,y)| < Aaglz —y| 117
for all x # y. In particular, for « = # = 0 this gives
|K(x,y)| < Alz —y|™ for all x # y. (3.2)
Moreover, if we use it for & = 0 and || = 1, we get
/ |K(x,y) — K(z,2)|de < A if |x — 2| <6, for all § > 0. (3.3)
|z—2]|>26
Now, if we take a general integral operator T' of the form
Tu(z) = | K(z,y)uly)dy,

Rn

properties (3.2)) and (3.3) of the kernel are the starting point of the so-called Calderon—
Zygmund theory of singular integral operators. In particular, one can conclude that such
operators are of weak type (1,1), i.e. they satisfy the estimate

w{r € R : [Tu(z)] > \} < ”“'J“.
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Since we also know from Section that T, € ¥ are bounded on L*(R™) and since
we also know from Section that this implies that T, is of weak type (2,2), we get
that pseudo-differential operators of order zero are of weak types (1,1) and (2,2). The,
by Marcinkiewicz interpolation theorem, we conclude that 7T, is bounded on LP(R") for
all 1 < p < 2. By the standard duality argument, this implies that 7}, is bounded on
LP(R™) also for all 2 < p < co. Since we also have the boundedness of L?(R™), we obtain

Theorem. Let T € ¥°. Then T extends to a bounded operator from LP(R™) to LP(R™),
forall 1 < p < o0.

We note that there exist different proofs of this theorem. An alternative method is to
reduce the LP—~boundedness to the question of unform boundedness of Fourier multipliers
in LP(R™) which then follows from Hormander’s theorem on Fourier multipliers.
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