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CHAPTER 0

Introduction

1. What “is” Fourier Analysis?

The point of departure is that we consider a signal, represented by a function f : R — C,
which we would like to represent and/or approximate.

ExXAMPLE 1.1 (Thresholding/Filtering and Fourier series of periodic functions and a reminder
on Hilbert spaces). Consider a signal which is 27-periodic and hence determined by a function
f :[0,2nr] — C. Shortly, we we will see that to such a function (under the condition that f is
integrable) we can attribute another function, defined by the formal infinite series

N
—1nt . £ —int
t S(f n_z_:oo f(n = Jim_ ngN f(n)e
Suppose that f(t) = S(f)(t) for all t € [0,27] ! — in fact this is a highly non-trivial property of
f and at the heart of the relation between S(f) and f. Representing e’ by cos and sin indicates
that (the coefficients of) S(f) encode the the contributions of oscillations at fixed frequencies
in the signal. When applying filtering or de-noising one may be interested in cancelling certain
frequency bands in a signal. Mathematically speaking this may be achieved by “thresholding”
the coeffients f(n) in S(f): For fixed € > 0, let for all n € Z,

o { fi0 U1

0 else

and define § =% ¢ e,

n=—oo

An important question is
How does S relate to S = f?

To find a first answer to this, let us additionally assume that f lies in the Hilbert space
L?(0,27) of square-integrable functions (which clearly is the case if f was continuous). In fact,
in the view of basic Hilbert space theory, it is not at all surprising to expect a close relation
between f and an element of the form S f(n)e™ with special coefficients f(n) € C: Since
(¢n) = (5=€"") ez defined an orthonormal basis of L? (i.e. a complete orthonormal system),
we find that f(n) = is given by (f, én)r2, where (-,-)2 denotes the inner product of L?(0,27).
By Parseval’s identity, we even have

1172 =D I £ =D 1f(n)
nez nez

and — since (¢)nez € (2(Z) as (f(n))nez € 2(Z) — also S(f) — S € L? with

IS() =Sz =D 1) —calP= > [f)P

nez neZ,|f(n)|>e

Lin fact, we will see that in general it is only meaningful to assume that f and S(f) coincide almost everywhere
with respect to the Lebesgue measure. For the moment let us be a bit vague here.

1



2 0. INTRODUCTION

This identity shows the “deviation” of f = S(f) and S in terms of the “energy-norm” L2.

ExaMPLE 1.2 (Convergence of Fourier series). Going back to the beginning of the previous
example, we reconsider the then-made assumption f = S(f): It turns out that for general
functions f, even if we assume that f is continuous, this question is much harder to answer
than one may expect after having seen the subsequent procedure in the above example (for more
general L2-functions). In fact, the above mentioned representation by Parseval’s identity only
says that f equals the L2-limit limpy_5 o0 Zg:_N f(n)e’mt in the sense of L2. This does not
imply that S(f)(t) = f(¢) for all ¢t € [0,27] and not even that this identity holds for almost all
t, see Ex. 0.1. Therefore, the following question still remains

Does S(f) equal f pointwise (almost everywhere)? And if not, when does
this hold?

Answer: for f € L? this is indeed true and subject to a famous result by L. Carleson 2

ExaMPLE 1.3 (Fourier’s investigation on heat flow). see notes

2. The main questions and goals

Q: Does the Fourier series of a function f converge to f pointwise/in
(some) norm?

3. Prerequisites and Literature

In this course we will strongly rely on concepts from measure theory (e.g. Lebesgue integra-
tion, LP spaces,..), functional analysis (e.g. bounded linear operators on Banach spaces, uniform
boundedness principle, Hahn-Banach, closed graph, basic Hilbert space theory,..) — it should go
without saying that fundamentals from analysis (Bachelor courses including Analysis IIT) will be
required too. If any of the mentioned keywords do not “ring a bell” you better consult relevant
literature, such as for example Tao’s book “An Epsilon of Room, I: Real Analysis” [4], available
as online version (see ) as well as in the library. Alternatively you may consider looking into
Analysis III scripts from past courses at the University of Hamburg.

Further reading: Among the vast literature on Fourier analysis, the books by Y. Katznel-
son (‘An Introduction to Harmonic Analysis’, Cambridge University Press) [2] and L. Grafakos
(‘Classical Fourier Analysis’, Springer Graduate Texts in Mathematics) [1] shall be mentioned
here. The first part of this course on Fourier series we will loosely follow the corresponding part
of Katznelson’s book, whereas the introduction to the Fourier transform — the second part —
is adapted from [1].

2moreovelr, this result was latter shown to generalize to any f € LP(0,2n) for p € (1, 00).

3ht:tps ://terrytao.wordpress.com/books/an-epsilon-of-room-pages-from-year-three-of-a-mathematical-blog/



CHAPTER 1

Fourier Series

This chapter deals with the interplay of 27-periodic functions f : R — C and associated
(formal) objects

(0.1) > ape™

neEZ

with which we aim to represent the functions f. Sometimes it will be convenient to view such
functions as defined on the torus T = R/27Z or — upon the isomorphism ¢ + e — on {z €
C: |z| = 1}. Furthermore, we can identify 27-periodic functions on R with functions defined on
[0,27). We will make use of the later identification in the following without specifying. Note
that this particularly means that for f : R — C Lebesgue measurable (and integrable on [0, 27),

[ swae - " (@) dA(a),
T 0

where A denotes the Lebesgue measure.
The presented theory generalizes to any other (positive) period by obvious transformations
(in the literature often the 1-periodic functions are discussed).

1. Definitions and basics

DEFINITION 1.2. An object of the form (0.1) is called a trigonometric series, and in
particular trigonometric polynomial if a,, = 0 for almost all n.

From the analysis lectures we recall the following fundamental result!

For f € C([a,b]; C) there exists a sequence of polynomials (pn)nen (with com-
plex coefficients) such that lim, oo || f — Pnllso,ja,e) = O-

In particular, this yields

THEOREM 1.3 (Weierstrass’ approximation theorem). The trigonometric polynomials lie
dense in C(T).

We remark that there are several ways to prove Weierstass’ theorem, among which is a
“modern approach” via the more general Stone—Weierstrass theorem which we now have in mind
when we take this theorem for granted. However, we will shortly face a constructive proof based
on Fourier series.

Having in mind the goal to represent a function f by a trigonometric series, that is, we would
like to link a (preferably unique) trigonometric series to f,

f~ g anemtv
n

1n these lectures, one may have only seen the ‘real version’ of this theorem. The ‘complex version’ however
follows from that case by applying it to real- and imaginary part of the considered continuous function.

3



4 1. FOURIER SERIES

(this notation is, for the moment, nothing else than formal) and recalling the following funda-
mental identity for k € Z

2
ikt . 2 k':O
(1.1) /O o dt—{ e

we (formally) derive

1 2 .
1.2 = — t)e " dt.
(12) a=5 [ 10
If f was a trigonometric polynomial (or more generally, if the trigonometric sum converges
uniformly), then this formula is indeed justified. From now on and unless stated otherwise, we
will assume that functions f are in L'(T), in which case the integral in (1.2) exists.

DEFINITION 1.4. For a 2m-periodic function f € L'(R), the sequence (a,)nez defined by
(1.2) is called the Fourier coefficients of f and we denote it by f(n) = a,. The trigonometric
series

S(f) = Zanemt =(t— Zanei"t)
neEZ neZ
is called the Fourier series of f and we also use the notation f ~ >, a,e". Given a (formal)
trigonometric series S of the form (0.1), we call it a Fourier series if there exists an f € L' such
that S is the Fourier series of f.

REMARK 1.5. Trigonometric polynomials take — in some sense — over the role of usual
polynomials but on the unit sphere. More generally, trigonometric series take over the role
of power series. In that sense, Fourier series can be compared to Taylor series of a function.
However, while Taylor series exploit the local behavior of a function, Fourier series encode the
global behavior, as we will see in this course. The latter fact makes them very powerful on one
hand, but far more difficult in study as we shall see.

THEOREM 1.6 (Basic facts on Fourier series). The following holds.

(1) f— f is a linear, injective mapping from LY(T) to C*
(2) f ~ f bounded from LY(T) to £>°(Z), the space of bounded, complez-valued (double)
sequences, i.e.

A A 1
= < — .
£l = sup F(m)] < - fllorcr

(3) for any s € R, 7.f = (s — ¢ f(s)), where (rof)(t) = f(t+s), (Modulation)

ProOOF. The linearity follows directly form (1.2). We will present a proof of the injectivity
(and shall see another one in the Exercise classes). Let us assume that f = 0. By linearity it
suffices to show that that f = 0. Again by linearity and the definition of f, we have that

2m

(1.3) [ stewy =0

for all trigonometric polynomials g2 and hence for all continuous functions g by Weierstrass’
theorem. To conclude that f = 0 we have several alternatives:

21f f is continuous, we can conclude that f = 0 by Weierstrass’ theorem. For more general f € L!(T), we
need a more refined argument
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(o) If we can show that for any measurable set £ C [0, 27] it holds that [, f(t)dt = 0, then
it is not hard to see that f = 0. In fact, if f # 0, then either Rf # 0 or Sf # 0 (in
the L! sense). Let us assume that there exists € such that E = {t € [0, 27]: Rf(t) > ¢}
has positive measure — the other cases follow analogously. Then R [, f(t) dt > eA(E)
which yields a contradiction. In order to show that | p f(t)dt = 0 for any measurable
set E, recall Lusin’s theorem®
Let h : [a,b] = C be a measurable function. Then for any § > 0 there exists a

continuous function hs : [a,b] = C such A({t € [a,b]: |h(t) — h,(t)] #0}) < ¢
with [slo < [hlloc *

Apply this with h = xg and set g,, := hy-» and conclude that lim, . g, (t) = g(¢) for

almost every t € [a,b] . As ||gn|lec < 1, dominated convergence together with (1.3)

yields

2m

2m
0= lim f(s)gn(s)ds = f(s)g(s)ds = /Ef(s) ds.

(8) For any function g in L>°(T) there exists a sequence of continuous functions that con-
verge to g in weak* sense (see e.g. Ex. 2.3), and consequently
27
f(t)g(t)ds =0 Vge L>(T).
0
Using the fact that L°°(T) is isometrically isomorph to the dual space of X = L(T)
(Riesz Representation theorem), this implies that (f, g)x x» = 0 for all g € X'. Hence,
a consequence of the Hahn-Banach theorem yields f = 0.

O

THEOREM 1.7 (discrete Riemann-Lebesgue). f — f maps LY(T) to co(Z), where co(Z)
denotes the space of sequences that converge to 0 (as n — +00).

PROOF. We present a sketch of the proof (the details of each step are left for the exercises).
This follows the routine

prove for smooth + functional analysis

First, one shows (sees) that for any trigonometric polynomial p it holds that p € ¢o(Z). As
a second step, use that f — f is bounded from LY(T) to ¢>°(Z), Theorem 1.6 and conclude
the assertion by density of the trigonometric polynomials (Weierstrass’ Theorem) and density of
continuous functions in L(T). O

PROPOSITION 1.8. The operator f — f is not surjective from LY(R) to co(Z).

PROOF. See Ex. 1.3 O

PROPOSITION 1.9. Let s € T and define the operator 7, on L*(R) by 75f = f(- + ). Then
for alln,m € Z and f € L'(R),

(1) 7of(n) = €™ f(n),

(2) e f(n) = f(n—m).

3See for instance Tao’s book (the condition on the supremum follows easily from the proof) mentioned in
the introduction.

4where the essential supremum on left hand side of the inequality is allowed to be co.

Shere, one may use that A({t: h(t) — hn(t) # O for infinitely many n € N}) = 0 by Borel-Cantelli
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PROOF. To see (1), note that

zns

o f(n /ft+s Ye~ it dt = /f Yot dt = e f(n).

The other assertion follows similarly. O

REMARK 1.10 (a warning). One may be tempted to think that Weierstrass’ theorem, The-
orem 1.3, already gives an indication on functions that can ‘safely’ be approximated by Fourier
series: the continuous functions on T, as FOURIER himself conjectured. This however turns out
to be (‘very’) wrong as we shall see. In a similar, but different, spirit, we convince ourselves that
the approximating sequence in Weierstrass’ theorem is in general not given by the partial sums
of a Fourier series.

2. Convolutions

In the following let Q be either R or T and consider LP = LP(Q) = LP(2, \) where dA(s) = ds
refers to the corresponding Lebesgue measure. In the present chapter we shall be interested in
the case Q = T, but later on the case 2 = R will be needed.

DEFINITION 2 1 (Convolution) Let f,g € L'(Q), then the convolution f * g of f and g is
defined as (f * g)(t) = [, f(t — s)g(s) ds for t € Q such that the integral exists.

Formally one can define the convolution for more general functions f, g only requiring that
f * g exists for a.e. t € Q. In the case of L'(£2) this is indeed guaranteed as the following result
shows.

THEOREM 2.2. The convolution x is a bilinear mapping from L'(Q) x L*(Q)) — LY(Q) that
satisfies for all f,g,h € L*(Q):
(2.1) 1f* gl < I Flleellglles
frxg=gxf (commutativity)
fx(gxh)=(fxg)xh (associativity).
PRrROOF. Bilinearity easily follows from linearity of the integral. All other assertions are
based on applying Fubini’s theorem. Let us show that * is well-defined from L'(Q) x L*(2) to

L'(Q) and (2.1). The mapping I(t,s) = f(t — s)g(s) is clearly measurable on € x ) since f and
g are measurable. Furthermore, t — I(t,s) € L*(Q) for a.e. s € Q because f € L*(2) and by

/Q /Q I(t, 5)| dt ds = /Q 19(3) /Q F(t— )] dtds = llgl e || F ooy

where we have used the translation invariance of the Lebesgue measure on our choices for €2, we
get that s »—) ||I( $)|lLr () is in L'(2). Thus, Fubini’s theorem (or Fubini-Tonelli), yields that
t— (fxg)( fQ (t,s)ds is integrable and

Il = [ ‘/I(t,s)ds it
Q1JQ
= //|I(ta8)|d5dt=//|I(t,s)|dtds:||g||L1(Q)Hf||L1(Q)
QJQ QJQ

Inequality (2.1) is only a special instance of the following result.
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THEOREM 2.3 (Young’s inequality (for convolutions)). Let % + % =141 forp,qre[l,o]
and f € LP(Q), g € LY. Then fxg € L"(Q) and

1S * gl

PROOF. See Exercise 5.4. O

o < |[fllzellgllze-

COROLLARY 2.4 (Minkowski’s inequality). For any g € L'(Q), the mapping f — f * g is
bounded on LP()) with norm less or equal to 1.

For a separate proof of Minkowski’s inequality see Ex. 2.4.

REMARK 2.5. We have seen convolutions on LP spaces defined on R and T with the Lebesgue
measure. It is important to realize that the latter are (additive) groups with a translation-
invariant measure. In fact, these are the crucial properties needed to define a convolution. We
remark that this is also possible for more general locally compact topological groups and their,
roughly speaking, translation-invariant measures.

THEOREM 2.6 (Convolution and Fourier coefficients). Let f,g € L'(T), n € Z. Then
f *g = 27 f gv

where the multiplication on the right has to be understood pointwise, i.e. f x g(n) = 2w f(n)g(n).
Furthermore,

(f *e™)(t) = 2mf(n)e™™.

PRroor. By definition of the convolution and the Fourier coefficients,

27rf>|<g //f (t —s)g(s)dse ™ dt = //f e~ =ins () ds dl.

Using Fubini (or Fubini-Tonelli)), we can interchange the order of integration, and also using
that translation-invariance of the the Lebesgue measure on T, we get

—s —in(t—s) ,—ins s) ds _ —ins s — —in(t—s) s = (271 2 A n £ n).
/T/Tf(t Jo~n(t=9)insy (s) ds di / g()/Tf(t Je dtds = (27)29(n) f(n)

The second claim follows either by a similar calculation or by recalling that cin — en, where
én denotes the n-th canonical basis vector in ¢y(Z), and applying the first part of this theorem:

Thus f x el = f( Jen, and by injectivity of the linear map f +— f, Theorem 1.6, we deduce
(fxe™)(t) = f(n)e™. O

3. Approximate identities
DEFINITION 3.1 (Approximate identity). A sequence (ky)nen C C(T) is called approzimate
identity if
) Jpkn(s)ds =1for all n €N,
(2) suppen llkn HLI(T) <0
(3) limy, oo f% * |kn(s)| ds = 0 for all § € (0, ).
If k, > 0 we say that the approximate identity is positive.

REMARK 3.2. Note that the notion of an approximate identity can analogously be defined
for functions on R instead of T, see [1].
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Note that the requirement that the k, are continuous is made for technical reasons here
and actually could be dropped. The name “approximate identity” is justified by the following
proposition. The need for such notion also emerges from the fact that there does not exists a
function g € L'(T) such that f x g = f for all f € L}(T) — in other words, there is no neutral
element with respect to * in L', see Exercise 2.6. For the following recall the Riemann integral

for Banach space valued functions®.

LEMMA 3.3. Let X be a Banach space, ¢ : T — X continuous and (ky), be an approzimate
identity. Then

lim [ k,(s)¢(s)ds = ¢(0).

n—oo T

PROOF. By the properties of an approximating identity we have

/ Fn(5)6(s) ds — 6(0) = / (3)[0(5) — 6(0)] ds.
T T

To show that the right-hand side equals zero, we split the integral

2w —3§
/ Fu(5)[B(s) — 3(0)] ds = / Fu(8)[6(s) — 6(0)] ds + / Fn()[6(3) — H(0)] ds
T ) [0,0]

U[27—6,27]
with 6 € (0, 7). Since ¢(27) = ¢(0) and since ||k, |1 is uniformly bounded in n, the second term
on the right-hand-side can be made arbitrarily small as § goes to 0 (independent of n). On the
other hand,

2m—0 27 —0
/ En(3)[0(5) — 6(0)] ds|| < 2sup [l6(s) 1 x / en(s)] ds — 0
5 seT )

for any ¢ as n — oo by the definition of an approximate identity. O

PROPOSITION 3.4 (Strong continuity). Let X be one of the following Banach spaces
k: .
CH(D) with norm. | flloxry = 317 oe,  LP(T) with p € [1,00).
j=0

Then for s € T, the operator
Ts: X=X, f=fsi=f(—3)
1s linear and isometric. Furthermore,
Vfe X: s 714f is continuous.
The latter property is called strong continuity of 7.
PROOF. We only give a sketch — see the exercises for details. That 7, is well-defined, linear

and isometric is seen directly (also using the translation invariance of the Lebesgue measure).
Hence in particular ||7,||z(x) = 1 for all s € T. Let f € C*(T). Then f\) is uniformly continuous
on T and hence lim;_, ||f§j)(t) - ft(j)(s)HOo =0 for j € {1,..,k}. For X = LP(T), p € [1,0),
recall that (the set) C(T) lies dense in X. Since (the Banach space) C(T) is continuously embed-
ded in X, s — 74 f is continuous for f € C(T) by what we have already shown. The continuity
for general f € X now follows by approximation with continuous functions and the fact that
s+ ||75]| is uniformly bounded (triangle inequality).

O

6which7 to large extend, can be introduced in the same way as the usual Riemann integral for scalar-valued
functions, but ‘replacing the absolute value” by the norm of the Banach space”.
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REMARK 3.5. (1) The assertion of Prop. 3.4 remains true if T is replaced by R and
C(T) is replaced by

Co(R) = {f € C(R): _lim_f(x) =0}.

This can be proved similarly, using compactly supported continuous functions in the
approximation argument.

(2) By Ex. 1.5, the assertion of Prop. 3.4 does not hold for p = oo as strong continuity fails
in this case.

The previous result motivates the following definition.
DEFINITION 3.6. A Banach space X that is continuously embedded in L!(T), i.e. 3C > 0
with || - ||[x > C| - [[z1(1), is called homogeneous (Banach) space if
(1) for f € X it follows that f, = f(- —s) € X with ||f||x = ||fs|lx and
(2) the shift group 7 is strongly continuous on X.

Note that the spaces considered in Prop. 3.4 are homogeneous Banach spaces

THEOREM 3.7 (Approximation in homogenous spaces). Let (ky,)nen be an approximate iden-
tity and X be a homogeneous Banach space. Then for any f € X it holds that

f=lim [ k,(s)fsds= lim k, * f,
n—oo T n—oo
where the limits as well as the integral exist in X.
PROOF. The first identity follows directly from Lem. 3.3. In fact, s — ¢(s) = f5 is continuous

from T to X since X is a homogenous Banach space and ¢(0) = fo = f. For the second identity,
we will show that for k € C(T)

Blf::Ak(s)fsds:k*f::Bgf

for all f € L1(T). If this holds, then the second identity follows as X is continuously embedded
in L1(T) and therefore, the integral By f exists as limit of Riemann sums in both L' and X and
coincides. It is easy to see that By, By are bounded linear operators on L!(T). Hence, it suffices
to show that they coincide on a dense subspace. For ¢t € T let C; : C(T) — C, f — f(¢) denote
the point evaluation operator at ¢. Also note that the integral B;f exists as limit of Riemann
sums in C(T) — as 7, is strongly continuous on C(T). Since C} is linear and bounded, we have
that

(Bif)(t) = C\B, f = / Cy (k(s) ) ds = (k * £)(t) = (Baf) ().
O

This theorem has several consequence concerning approximation of elements in homogeneous
Banach spaces and in particular in the context of trigonometric series.

4. The Fejér kernel and Dirichlet kernel

In the following we would like to apply the abstract result derived in the previous section to
specific approximate identities. Recalling that

(€™ % f)(t) = f(k)e™ 2m,
thus

n

(4.1) (Y et x )ty =2r > flk)e™

k=—n k=—n
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one is tempted to believe that

(4.2) Dy (t) = % D el

k=—n

is an approximate identity. If this was true, then Theorem 3.7 would imply that the (partial
sums of the) Fourier series

Dux O = > Fk)eit
k=—n

of f € X converge to f in X for any homogenous Banach space X.

ExAMPLE 4.1 (The Dirichlet kernel). The sequence k,, defined by (4.2) is called the Dirichlet
kernel and is not an approximate identity. In fact, [ Dy,(s)ds = 1, but ||Dy|[z:(r) is not
uniformly bounded in n € N. More precisely, using the identity

1 sin((n + 3)t)

in t
2 sin 5

Dy(s) =

)

one can show that || Dy|[z1(1) ~ logn, see Exercises.

Not only that (D,,), fails to be an approximate identity, it can moreover be shown that the
assertion of Theorem 3.7 does not hold with k,, = D,, — at least not in the case X = L!(T) and
X = C(T). Motivated by convergence properties for sequences we may instead hope for some
better properties of the arithmetic mean of D,

Motivated by the fact that the convergence of a sequence (a)nen, may “improve” upon con-

aotai+..tan

o , see Ex. 2.0, we introduce

sidering the sequence of arithmetic means instead (
neNp

the following kernel.
DEFINITION 4.2 (Fejér kernel). The sequence (F),)nen, C C(T) defined by

1 n
F,(t) = Dy(t), teT,
0= D e

where (Dg) is defined in Ex. 4.1, is called the Fejér kernel. For f € L1(T), we call

n

1
F,«f=——S(D
* f n+1k:0( k* f)

the n-th Fejér mean (or Césaro mean ) of f. By (4.1), the n-th Fejér mean is nothing else than
the arithmetic mean of the first n + 1 partial sums of the Fourier series of f.

PROPOSITION 4.3. The Fejér kernel (Fy,)nen, defined in Def. 4.2 is an approzimate identity,
additionally satisfying for alln € No, t € T and 6 € (0, ),

F,(t) >0, F,(t) = Fp(—t), nlgr;o | Full oo (5,27 —5) = O.
Furthermore, the following identities hold.

(4.3) Fo(t) = % i <1 - ni 1) oint — 27T(n1—|- . <sin((gn+;1)§)>

k=0
PROOF. See Ex. 2.1 (first show (4.3) from which the rest follows rather directly). O

2

PROPOSITION 4.4. ATTENTION: there may have been a typo on the blackboard If (Dy* f)nen
converges in X where X is a homogeneous Banach space and f € X, then (F,, * f)pen converges
in X as well — and to the same limit.
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PRrROOF. This follows since F), * f is the arithmetic mean of D,, * f and Ex. 2.0. O
THEOREM 4.5 (Approximation by Fejér kernel). Let X be a homogeneous Banach space and

f€X. Then
(Fy, * ) converges to f in X as n — oo.

PRroOOF. This follows from Theorem 3.7 and since (F},), is an approximate identity, Propo-
sition 4.3. ]

COROLLARY 4.6. The set of trigonometric polynomials Trig(T) lies dense in any homoge-
neous Banach space X in the sense that the closure of Trig(T) N X in X equals X. Moreover,
for any f € X, the sequence

fi =3 (1= ) fae

k=0

converges to f in the X norm. In particular, the trigonometric polynomials lie dense in C*(T)
and LP(T) for any p € [1,00), k € Npy.

PrOOF. Note that F, x f = f,, by Proposition 4.3 and Theorem 2.6. The rest follows from
Theorem 4.5. U

Corollary 4.6 provides a constructive proof of Weierstrass’ theorem. However, we should be
aware of the fact that the proof of Theorem 3.7 relied on the fact that C(T) lies dense in L!(T)
— which then should not be argued by Weierstrass’ theorem, but more directly (e.g. use that
the simple functions are dense in L' and apply Lusin’s theorem).

THEOREM 4.7. For X = LY(T) or X = C(T) there exists a function f € X such that the
partial sums D, x f of the Fourier series of f do not converge in X. Moreover, there exists
f€C(T) and tyg € T such that (D, * f)(to) does not converge.

PRrROOF. This is proved in Ex. 2.5 by an abstract argument employing the uniform bound-
edness principle. O

REMARK 4.8. Although the proof of Theorem 4.7 was based on an abstract existence argu-
ment, it is possible to construct such f € C(T) explicitly, see e.g. [2, 1].
Theorems 4.5 and 4.7 leave us with two main questions/goals.

(I) Do the Fejér means (F, * f),, converge pointwise almost everywhere for any f € L!(T)?
(IT) Do the partial sums (D,, * f), of a Fourier series converge in LP(T) for any f € LP(T)?

We remark that we could have asked the second question for more general homogeneous Banach
spaces X other than C(T) or L!(T), but here will restrict to the important class of LP spaces
only.

Let us first approach (I):

THEOREM 4.9 (Pointwise convergence of Fejér means). Let f € L'(T), to € T and assume
that there exists Ly, € C such that

1 h
4.4 li —
(19 Jom |
Then limy, o0 (Fy * f)(to) = Lt, -

S(lto - 5) + (to — 5)) — Liy| ds = 0.
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PROOF. Let us consider (F, * f)(to) — L¢, for n € N: Since [ F,, =1, we have
(P Dt0) = Lay = | Fuls)(S(ta =) = Ly ds
= [ R0 -5 - L) ds

_ /0” Fo(s)(f(to + 5) + f(to — ) — 2Ls, ) ds,

where we used F,(—s) = F,(s), see Prop. 4.3, in the last identity. We now split the integral,
foﬂ = [ 0” + fvﬂ with v € (0,7) which will be determined later, and estimate by triangle inequality,

v us
g/ |.|+/ || =: 11 + Is.
0 v

The goal is to show that I1 + Iz — 0 as n — oco. To estimate I; and I, let us investigate |F),(s)],
€ (0,7), first, by using Prop. 4.3 again,
2 . 2
< min (n +1, >

1 sin((n +1)3)
(n+1)s?

- 2r(n+1) sin §
where use the elementary estimates |sin(z)| < |z| and 2z < sin(z) for € [0
PR Cs
T (®)?
The idea is to choose v = v(n) such that I; and I5 converge to 0 as n — co. Let v = n~%. Then
we have for I,

/OW Fo(s)(F(to + 5) + f(to — s) — 2Ly, ) ds

(4.5) [ Fn(s)]

, 5 ) as follows

2 1 w2 4

T |sing]?2 T 4 s?7

sin((n +1)3)

in 2
SlIl2

sin((n +1)3)

n s
SlIl2

2T
4

2

<(n+1)

™ (4.5) 2 ™ e
I, = /71—1/4 [En(s)] - [f(to +s) + f(to — s) = 2Ly, | ds < (nJrl)nl/Q/o lg(s)| ds —0.
=:g(s), g€L(T)
We still have not used the assumption that the limit in (4.4) is finite. To do so, and to handle
I define

h
Pt = [ la(s) ds  with g(s) = f(ta +5)+ f(to — 5) ~ 2L,
0
By assumption, %P(h) — 0 as h — 07. By further splitting the integral in I; we get We further
n~! n—1/4 .
split I; = [ ||+ [ || (having set v = n~1/*) and get

-1 —1/4 -1 —1/4

n n (4.5) n J n 7T2 p
I = . J < 1 —
= e [ [ e nllas+ [ el ds

n-1/4
=(n+1)P(%) +/ i

T
nt  (n41)s2
where in the last step we used Lebesgue’s fundamental theorem of calculus’. By assumption,
(n+1)P(+) — 0 as n — oo and it remains to consider the second term on the right-hand side.
Integration by parts gives

n=1/4 2 2 p B or2 [

TP = TS 2 ]
n-t  (m+1)s? n+1 s2 n+1

P'(s)ds,

7

M P(s)

n—1 83

ds

7implying that P, as the primitive of an integrable function, is differentiable almost everywhere and the

derivative P’ coincides with the integrand.
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It follows directly from limj,_,o+ A1 P(h) = 0 that the first term on the right-hand side tends to
0 as n — oco. For the second term note that by the same reasoning, for every € > 0 it holds that

% < 5 forall s € (0,s) and sufficiently small s, > 0. Therefore, for every € > 0 there exists
N € N such that for all n > N,

o2 P(s) 2em?
ds < —
n+1/,,;—1 53 s_n+1(n "

Thus, altogether, I; — 0 as n — oo. O

=

) < 2em?.

REMARK 4.10. Note that the condition (4.4) is in particular satisfied if

(4.6) lim %(f(to +5) + f(to — 5)) = Ly,

s—0+t

and hence especially for any point ¢g if f is in C(T). In this special situation, the version of
Theorem 4.9 is referred to as Fejér’s theorem.

Theorem 4.9 even implies that the Fejér means F,, * f of a function f € L'(T) converge
pointwise almost everywhere to f. The proof relies on a stronger version of Lebesgue fundamental
theorem of calculus saying particularly that for f € L1(T), condition (4.4) is satisfied for almost
every to in T. In fact, one can use (more involved) methods from Fourier analysis to show
this result — we leave out the proof and refer to e.g. [3, Lecture 3, Thm. 2.1] and see also [1,
Thm. 3.4.4].

THEOREM 4.11. Let f € LY(T), then lim, o (Fy, * f)(t) = f(t) for almost every t € T.

Theorem 4.11 provides an affirmative answer to Question (I). For a similar result concerning
pointwise convergence for another summability kernel, see Exercise 4.4 on the Poisson kernel.

5. Convergence of Fourier series in homogeneous Banach spaces

We have already seen that for the spaces X = C(T) and X = L'(T) the partial sums of a
Fourier series (i.e. the sequence of Dirichlet means) does not converge in the respective norms,
ie.

D,*f—f inX forn— cc.

This failure was seen by relating convergence with uniform boundedness of the operator sequence
(Mp, )nen defined by

(5.1) Mp, : X =X, f—= Dy xf.

Let us begin this section with showing that this is actually a manifestation of an argument for
general spaces. In the following the phrase “the Fourier series of f converges to f in X always
refers to the convergence of the partial sums D, * f.

THEOREM 5.1. Let X be a homogeneous Banach space. Then the Fourier series of all f € X
converges to f in X if and only if the operators (Mp, )nen defined by (5.1) are uniformly bounded.

PROOF. The sufficiency (“=") is a direct consequence of the uniform boundedness principle.
In fact, for f € X the sequence (Mp, f)nen is bounded in X, i.e. sup,cy [|[Mbp, fllx < oo since
Mp, f converges for n — oo by assumption. Thus, by the uniform boundedness principle
(recalling that Mp_ : X — X is a bounded operator on X for every n € N, see Ex. 2.4), we
conclude that (Mp, )nen is bounded in B(X, X), the space of bounded linear operators on X.
Conversely, assume that C' := sup, ¢y ||[Mp, || < co. In order to show that Mp, f — f as
n — 00, we first consider the case when f is a trigonometric polynomial and show the general
case by density of these polynomials in X and that C' < oc.
O
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As we have seen in Exercise 2.4, the norm of S, = Mp, as operator on X can be bounded
by || Dy 1 (), but this inequality may be strict.

REMARK 5.2. As described in the beginning of this section, from Example 4.1 (and see also
Ex. 2.5) it can be inferred that | Mp, |11 (1)1 (1) ~ log(n) which, by Theorem 5.1, implies that
there exists f € L!(T) such that the Fourier series of f does not converge to f. On the other
hand we can “apply” Theorem 5.1 to the Dirichlet kernel in X = L2. From Exercise 2.4 (d), we

know that [|.Sy | z2(r)y—r2(T) < 27T||l/):L||Zoo(Z) = 1 and hence the partial sums of the Fourier series
for L? functions converge in L?. However, recall that this is something we knew already from
the functional analysis class, as indicated in the introduction.

REMARK 5.3. In contrast to the situation in Remark 5.2 (where X = C(T) or X = L1(T)),
it is difficult to calculate (or estimate) ||S,|x—x for general homogeneous spaces X and thus
to conclude on the convergence of the Fourier series. For that reason, we will reformulate this

property once more in the next subsection. Our ultimate goal is to discuss the convergence of
D, « f in LP (for f € LP).

5.1. Conjugate trigonometric series.

DEFINITION 5.4 (Conjugate trigonometric series). Given a trigonometric series Y. _, a,e™,

we call ‘
- Z isgn(n)a,e"

neZ

the conjugate (trigonometric) series °.

ne”z

In the following we shall be particularly interested in conjugate series of Fourier series. Let
us first study the question whether Fourier series are invariant under conjugation, i.e.

Is the comjugate series of a Fourier series again Fourier series?

Recall that we say that a trigonometric series is a Fourier series if its coefficients are the Fourier
coefficients of some function in L'(T). This question looks harmless, but, as we shall see shortly,
has a negative answer. However, more special functions f € L!(T) for which an affirmative
answer can be given are e.g. f € A(T) = {f € LY(T): f € (*(Z)} (think about why!).
PROPOSITION 5.5. (1) Let (an)nez € co(Z) be a given sequence such that an, = a_y,
an, > 0 and %(an,l + any1) > a, for all n € Ng. Then there exists f € L'Y(T)
nonnegative such that f(n) = ay, for alln € Z.
(2) Let f € L'(T) be such that f(n) = —f(—n) > 0 for all n € Ny. Then (f(nn)) , €
ne
(N).
PROOF. (1): From the assumption, (a, — an+1) \¢ 0 and moreover, n(a, — ant+1) — 0 as
n — oo (this follows from 7 (an — ant1) = ag). Define

f)=2r Z n(an_1 + apnt1 — 2a,) Fn_1(t)
n=1

for t € T. To see that the series converges in L'(T), note that by sup, ey [|[Fpllz:m) < oo, it

suffices to see that 22:1 n(ap—1 + any1 — 2ay,) converges for k — co. The latter follows easily
from the identity

k
Z n(an-1 =+ apnt1 — 2a,) = ag — a, — k(ar — ag+1)-
n=1

8Recall that without further specifications these series are only formally defined by their coefficients sequence.
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This also shows that the limit as k — 0o equals ag. It remains to show that f (m) = a,, for all
m € Z. By linearity and boundedness of f — f we have

oo

f(m) = Z n(an—1 + any1 — 2an)27rF/'n_\1(m).
n=1

Since I*fn:(m) =0 for |m| > n and 2ﬂ}7/n:(m) =(1- ‘—:’Zl) for |m| < n, this yields

flm) = Z n(an—1 + any1 — 2a,)(1

n=|m|+1

_Iml

).

n

Using the above derived convergence properties of (a,) it is not hard to see that the last sum
equals aj,, (index shift!).
(2): see Ex. 3.1(3). O

COROLLARY 5.6. There exists a Fourier series such that its conjugate series is not a Fourier
series. More precisely, the following holds: Let a, > 0 for all n € Z such that ) o — oo.

neZ n
Then —i),, cq ansgn(n)e’™ is not a Fourier series.

PROOF. Let a,, = @ for |n| > 2 and 0 else. O

DEFINITION 5.8 (Homogeneous spaces invariant under conjugation). We say that a homoge-
neous Banach space X is closed under conjugation if for any f € X, it follows that there exists
f € X with

f(m) = —isgn(m)f(m)  VmeZ

Note that the property of being invariant under conjugation is non-trivial: In particular, the
homogeneous space L*(T) does not possess it by Corollary 5.6. On the other hand, examples of
a space which are invariant under conjugation are given by X = L?(T) or X = A(T) as can be
seen easily.

PROPOSITION 5.9. Let X be a homogeneous Banach space. The following assertions are
equivalent.

(1) X is invariant under conjugation,
(2) f+ [ is a well-defined, bounded linear operator from X to X.
(3) fr> Pif =3f(0)+1(f+if) is a well-defined, bounded linear operator from X to X.

o — N o —

Note that (Py f)(m) = f(m) form >0, and (P f)(m) =0 for m < 0.

PrOOF. We show (1) = (2) = (3) = (1). The first implication is a consequence of the
closed graph theorem, by which it suffices to show that the mapping f — f is closed. By (1),
the mapping is well-defined and obviously linear. Let f,, f,g € X, n € N, be such that f,, — f
and f, — g in X as n — oo. To show that f = g, consider the Fourier coefficients. Since
II“llx > |- |lz:, we have that

—~
—~

lim f,(m) = f(m) and  lim f,(m)=g(m)

for all m € Z, by Theorem 1.6. On the other hand, we have that f,(m) = —isgn(m)ﬁ(m) by

definition. Therefore, f = ¢ and thus f = ¢ by uniqueness of the Fourier coefficients, Theorem
1.6. Thus, by the closed graph theorem (X is a Banach space), the mapping f — f is bounded.
(2) = (3): This is clear since f — f(0) and f — f are bounded operators on X and therefore
P, is bounded as sum of bounded operators.
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(3) = (1): This follows by f = —i(2P, f — f(0) — f) and since the right-hand side is well-defined
for f € X. O

In fact, homogeneous spaces which are invariant under conjugation characterize the property
that the partial sums of Fourier series converge:

THEOREM 5.10. Let X be a homogeneous Banach space such that f — €™ f is an isometry
from X to X ° for any n € Z. Then the following assertions are equivalent.

(1) For all f € X the Fourier series converges to f in X,
(2) X is invariant under conjugation.

Proor. By Theorem 5.1 and Proposition 5.9 it suffices to show that Mp _ are uniformly
bounded operators on X if and only if Py is a bounded operator on X. From the definition of
the Dirichlet kernel and Theorem 2.6 we get the following dentity for f € X,

(52) D FR)e = e (Dy x (™)) (E) = €™ (Mo, (fe~™)
k=0

For n € Z let J, be the operator defined by (J,f)(t) = et f(t). Clearly, J_,, = (J,)~! and,
by assumption, ||J,f|lx = ||f|lx and hence particularly ||J,|| = 1. Let f be a trigonometric
polynomial. Then for sufficiently large n,

2n
P+f = Z f(k‘)eikt = J»,LMDHJ—'rL.ﬂ
k=0

where we used (5.2). Thus || Py f||x < [[Mp, ||| fllx. If we assume that C' = sup,,cy | Mb, || x>x <
0o, then it follows that ||Pyf||x < C|f||x for any trigonometric polynomial and thus P, is
bounded on X by density, Corollary 4.6. Conversely, if P, is bounded on X, then by

(J—nP+Jn - Jn+1P+J—n—1)f = Man
for any f € X, we have that |Mp, || < 2||P4| for all n € N. O

THEOREM 5.11 (Convergence of Fourier series in LP, Riesz 1927). Let p € (1,00).
Then for every f € X = LP(T) the partial sums D,, x f of the Fourier series of f converge to f
m X asn — oo.

SKETCH OF THE PROOF. The proof of Theorem 5.11 is split into the following steps

(1) Show Theorem 5.11 for the special case that p = 2k with k € N, (Lemma A)
(2) Show that this implies the assertion for p > 2 (interpolation)
(3) Show the case p € (1,2) (duality).

LEMMA A. The assertion of Theorem 5.11 holds for p = 2k with & € N.

PROOF. As we have seen in Proposition 5.9, boundedness of the conjugation f — f on
X = LP characterizes the convergence of the Fourier series. Hence, it suffices to show that there
exists some constant Cyj, > 0 such that ||f|| 2x < Cor||f|| 12+ for all trigonometric polynomials
f, since the latter set is dense in X, Corollary 4.6. For a trigonometric polynomial f, P, f =
%(f(O)—l—f—I—zf) = Z?fzo f(j)e™, for sufficiently large N. If we additionally assume that f(0) = 0,
then the latter identity implies using the elementary identity (1.1) that

/T(f(t) +if(t))** dt = 0.

.. t s et f(t) € X and e f||x = ||f]|x for all f € X.
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From this identity we will now extract an estimate for || f ||z2x. By expanding the binomial, we
derive
2k

2 (2f> 9 [ ey fy at=o.

§=0
Let us for the moment further assume that f and f are real-valued. Thus, taking real parts gives
L2k . .
> (50 )0 [ e o2 an =~ 141718k
T

=\

and thus by Hoélder’s inequality

IFIZ5 <

M=

(5r) [ a2

2% R
(G I

1

<.
Il

M=

<
1

<.
I

Dividing by || f|2%. yields that

1l ) o\ (1l
L2k L2k
(IIszk> = Z <2j> <||fm>

Jj=1

for all f # 0 satisfying the listed assumptions. In other words, x = H;HLZ satisfies p(z) < 0 for
L

the polynomial p(x) = z%¢ — Z?Zl (glj) 22%=27 By the mean value theorem and the fact that
p(0) < 0, we conclude that p has at least one zero and we can hence denote by Cyy the largest

zero of p. It follows that
1 1lz2w < Corll fIl Lo

for all real-valued trigonometric polynomials f such that f is also real-valued and f (0) =0.
It remains to remove the made conditions on the trigonometric polynomials f. If f is such that
f(0) = 0, then we can decompose f by f = P + iQ) where

Noqo,. — . N . _ g
Pt =Y 5 (Fi+Ff=n)e”.  Qw =Y 5 (fo)—Ff=)e,
j=—N _,_/. j=—
and where N is sufficiently large. Then P(t) = Z;\;l 2Re; cos(jt) and Q(t) = Z;N:1 2S¢, sin(jit)

are real-valued. Therefore, by linearity of f — f and by what we have already shown,
(5.3) 1Fllz2x = 1P +iQll ot < Con([|Pllz2n + Q| Lar) < 2Ck]| £l 2x-

where the last inequality follows by max{|P(t)|,|Q(t)]} < (|P(t)| + |Q(#))z = |f(t)| for t € T.
Finally, we remove the assumption that f(0) = 0: For a general trigonometric polynomial we
have by linearity and the fact that g = 0 if ¢ is constant,

—_~  — —_~—

1z = 1(f = F(0)) + FO) Il p2r = I(f = FO) 2 < 2Caillf — F(O)]] v
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where we used (5.3). By Theorem 1.6 and Holder’s inequality,

1f = FO) | an < (£l L2 + | F(0)](2m)2F
< fllger + |l g2 (2) 22
<N fllgee + 1l por (20)F 2 < 21 £ v

Thus, altogether, ||f||r2xr < 4Co%]|f||z2x for trigonometric polynomials f and hence for all f €
L2k, O

Recall that a function f : C — C is called entire if there exists a sequence (an)nen, of
complex numbers such that f(z) = > 2 a,z" for all z € C. For entire functions one has the
following mazimum modulus principle:

(5.4) Q C C open, bounded = sup |f(2)| = max |f(2)],
z€Q z€00

where 0f) denotes the boundary of 2, see Exercise 5.2 for a proof. We even need version of the
maximum modulus principe for unbounded domains, which is covered by the following result.

LEMMA 5.12 (Hadamard’s Three Lines lemma — for entire functions). Let H be entire
and assume that H grows at most exponentially on the vertical strip S = {z € C: Rz € (0,1)},
i.e. there exists c1,co > 0 such that |H(z)| < ¢1e253) for all = € S. Further suppose that
Cj := supy,_; |H(z)| < oo for j € {0,1}. Then'”

|H(z)| < C37C!  ifRz=0.

PROOF. Define G by G(z) = H(2)(Cj *C?)~'. Since |C;7*CF| = CL79CY for Rz = 0, it
thus remains to show that |G(z)| <1 for all z € S. As we cannot apply the maximum modulus
principle to the unbounded set S directly, we first assume that |G(z + iy)| — 0 as |y| — o
uniformly in = € (0,1). Hence there exists yo > 0 such that |G(z)| < 1 for z € S with J(z) > yo.
Applying the maximum modulus principle, (5.4), to G and Q = {z € S: |3z| < yo}, yields that
|G(2)] < 1 for z € Q since it follows from the assumption on H that |G(z)| < 1 when either
Rz = 0 or Rz = 1. Together this shows that |G(z)| <1 for all z € S. In the general case when
H is only assumed to grow at most exponentially, we consider G,, defined by

22— I .
which converges to G(z) for any z € S as n — oo. Since |e = 1| = en(=(¥)7+(R2)*-1) ¢

follows that for every fixed n, |G, (z)| goes to 0 uniformly in S as ¥(z) — oo and thus satisfies
the assumption made in the first proof step. Therefore, |G, (z)] < 1 for all n € N and thus
|G(z)] <1forall z€S. O

Recall that for a measure space (€2, 1) a function f: Q — C is called simple if it is of the form

=2 Fixa,

with n € N, f; € C and measurable, disjoint sets A; C 2. We say that a simple function f has finite
measure support if u(A;) < oo for j € {1,...,n}. Note that for p € [1,00), the set of simple functions
with finite measure support Mgimpie, finite (€2, pt) lies dense in any LP (2, ) if the measure space is o-finite.

10Note that this statement actually holds more generally for functions f which are analytic on S and con-
tinuous on the closure S.
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THEOREM 5.13 (Riesz—Thorin interpolation theorem). Let (£, p;), i = 1,2 be o-finite
measure spaces and let p;, q; € [1,00]. Let T be an operator mapping the space of simple functions
Qy — C with finite measure support Mgimpie, finite(2, ) to LI (Qa, p2) N L2 (Qo, p2) such that

(55) ”Tf”Lqi(Qg) < Cl”fHLpt(Ql) Vf € Msimple,finitc(ﬂlwu)'

Then there exists a constant Cp 4 > 0 such that

”TfHLq(Qz) < Cp,q”fHLP(Ql) Ve Msimz)l&finite(glaﬂ),

where
1 1-0 0 1 1-06 0

(56) - = + —, - = +7v06 (071)a
p P1 D2 q q1 q2

and C, 4 < C170CY.
In particular, if p < oo, then T extends to a bounded operatore from LP(Q, 1) to L1(Qa, pa).

PRrROOF. In the following we will abbreviate LP = LP(§;) and L7 = L9()s) as the space ;

is clear from the context. Recall that ¢’ denotes the Holder conjugate of ¢, i.e. % +L =1.Bya

g
Hahn-Banach argument and duality of L? spaces, it suffices to show that

| /Q (Tf)gdps] < Cpy

for simple functions f : 21 — C and g : Q2 — C with finite measure support and with
I flles gl o = 1 (why?!, check this in particular for limiting cases p,¢ = o0). Our goal is
to apply Hadamard’s three lines lemma. Let us factorize f and g as follows

f= et arg(f)Fllfng’ g= el arg(g)GiieGg,
with!' £}, G; non-negative and such that F; € LPi, G; € L% with norms || Fy||r: = 1Gill oy =1
— this can be achieved by setting F; = |f|7pz and G; = |g|% . Now define h : C — C by
h(z) = / T(e' s Pl F7 )t 80 G2 G5 dpa,
Qo

which is well-defined and entire since F; and G; are simple functions with finite measure support:
More precisely, this by the fact that there exists pairwise disjoint measurable sets A; C €, and
By, C )y, and aj,bj,cp,di, >0, for j =1,..,m, k =1,..,] such that

h(z) = Za;_zbjcllc_zdi/g T(e* arg(f)XAJ)ei arg 9y g dps.
Jsk 2

To apply Lemma 5.12, it remains to check that h is bounded in modulus along the lines R and
1+iR. Let us first check that F/ " F3* € LP' and G1~"*G% € L%. This holds with norms equal
to 1 since |F}~“Fi*| = Fy and |G17"*G¥| = G, (since F;, G; are nonnegative). Hence, for s € R,

|h(is)| =

/Q T(eiarg(f)FllfisF21‘3>ei arg(g)GifisGés d,LLQ

IN

T (e =D F{ = ) | o |GG
<GP o 1G4 G o
= Cl

!
L%

11here7 arg denotes a principal branch of the argument and we “set” e??'8 (@) = 1 if z = 0.
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where the first estimate follows from Hélder’s inequality and the second is clear by the assumed
boundedness of T. Analogously, we get |h(1 + is)| < Cy for all s € R. Thus by Lemma 5.12,
|h(2)| < C170CY for Rz = 6. Setting z = 6, the assertion follows since

ho) = / (T F)g dps.
O

ProOF OoF THEOREM 5.11. Let k € N. We apply the Riesz-Thorin Theorem to the opera-
tors Tf = f defined from L2*(T) to L2**2(T) and from L2**2(T) to L?**2(T). By Lemma A, T
is bounded on both spaces and hence Theorem 5.13 yields that T : LP(T) — LP(T) is bounded
as well for all p € (2k,2k + 2). Since this holds for arbitrary & € N, we conclude that LP is
invariant under conjugation for all p > 2 and thus the assertion of the Theorem holds for such p
by Proposition 5.9.

The final step — that the statement also holds for p € (1,2) now follows by duality: For that
consider the dual operator T" : (L9(T))" — (L%(T))’ of the conjugation operator on L?(T) for
q > 2. By duality of Li-spaces and the definition of the dual operator, this means that

<fa Tg>Lq’7Lq = <Tlf7 g>L£1’7L<1 Vf € qu(T),g € Lq(T)7

where ¢ is the Holder conjugate of ¢, i.e. % + % = 1. Let us consider f,g € Trig(T). Then by
Tf =/,

N R N -
2ri Yy f(m)g(m)sen(m) =27 > T'f(m)g(m),

m=—N m=—N

—

and therefore, T f(m) = isgn(m)f(m) = —f(m) for all m € {—N,.., N} where N is chosen
sufficiently large. By density of the trigonometric polynomials it follows that T'f = —f. Since
with T also T is a bounded operator, we hence conclude that f — f = —T"f is bounded on L7,

Since this holds for all ¢ € (2,0), the assertion follows.
U

REMARK 5.14. We emphasize that Theorem 5.11 does not show that the partial sums (D,, *
f)nen of the Fourier series of f € LP(T) converge pointwise a.e. to f(¢) (compare with Ex. 0.1).
However, this statement is in fact true, but relies on a deep result by Carleson—-Hunt from the
1960ies.

We give anotherA application of the Riesz—Thorin interpolation theorem, which comes natural
knowing that f — f is a bounded operator from both L!(T) to £°(Z) and L?(T) — (*(Z).
THEOREM 5.15 (Hausdorff-Young). For p € [1,2] and q € [2,00] defined by 1 = %Jr %,

2 _1
q

the operator f — f is bounded from LP(T) to (4(Z) with operator norm equal to (2m)~ a (27) 7
PROOF. See Exercise 6.1. The claim holds for p =1 and p = 2 by Theorem 1.6 and Hilbert

space theory respectively. Thus we can apply Theorem 5.13 for the o-finite measure spaces (T, \)
and (Z,|-|) — | - | refers to the counting measure — and get that f +— f is bounded from L?(T)
to £4(Z) for all pairs (p, q) of the form

1 1-60 6 1 1-60 6

- = -, T -, 96 071.

P 1 * 2 q o0 * 2 (0,1)

Hence, % =1- g and ¢ = %, which gives the assertion.
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6. COMING BACK TO THE HEAT EQUATION

6. Coming back to the heat equation

21






CHAPTER 2

The Fourier tranform

Note: In the following LP will — unless state otherwise — refer to LP(R) = LP(R, \) where
A refers to the Lebesgue measure (on the Lebesgue measurable sets).

Motivated by the question

How to represent a non-periodic function on R in an analogous way as with
Fourier series?

we are lead to a “continuous” transformation of a function f — in contrast to the Fourier series
which is “discrete”.

1. Basics on the Fourier transform and the Schwartz class

DEFINITION 1.1 (Fourier transform on L'). For f € L'(R) the function F(f) : R — C
defined by

F(f)(s) = / f(s)e st ds, seR
R
is called Fourier transform of f.
In the following we use the operators, w € R\ {0}, g € L*(R),
wa:f('+W), mgf:fg7 Rf:f(_)a Dwf:f(w)
defined for f € LP(R) for any p € [1, o0].
THEOREM 1.2 (Basics of the Fourier transform). Let w € R\ {0}.
(1) F: LY (R) — L*(R) is linear and bounded
(2) The range ran F of F lies in Co(R) = {f € C(R): lim, 410 f(x) = 0}, that is
F € Cy(R) for all f € LY(R) (Riemann—Lebesgue)

(3) For ej(s) := e“* we have

Fme_,, =1uF (Modulation)
FTy = Me,, F (Translation,)
FR=RF (Reflection)
F*=RF (Conjugation)

FDy =my)u D1 F (Dilation)

considered on L*(R).
4) F(f=g)=F(f) Flg) (Convolution Theorem)
(5) for any f € C*(R) such that f) € L*(R) for all £ =0, .., k,
F(f®) = men F(f),
where is refers to the function s + is. Conversely, if v — z'f(z) € L*(R) for all
(=0,.k,
(FOI = Flm(isy-f)

23
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PROOF. See Exercise 6.1. O

REMARK 1.3. Compared to the definition of the Fourier series for a given function in L*(T),
it is not clear how to define the Fourier transform of a general function in LP(R) for p > 1
since the integral defining F may not converge absolutely then: Recall that LP(R) ¢ L'(R)
since A(R) = oo! This shows already a crucial technical difficulty when dealing with the Fourier
transform of a function. However, as we shall see shortly, it is possible to ‘define’ the Fourier
transform on L?(R) in a consistent way. In fact, one may naively think that this is possible if
the integral fR et is “allowed” to converge conditionally, which is not meaningful in terms of
the Lebesgue integral however.

In the following we will use the notation

ap_ O _ o
af’famaff

for a € Ny and a a-times differentiable function f: R — C.

DEFINITION 1.4 (The Schwartz class). A function f € C*(R) is defined to be in the
Schwartz class S(R) if

Vo, € Ny pap(f) = sug|a:o‘6'ﬁf(x)| < 0.
kS

Note that (z — e*") and any compactly supported C*°(R)-function is in S(R). Further
note that it is easily seen that a function f € C*°(R) lies in S(R) if and only if

VN,B € NyICnp >0Vz € R : 1P (x)| < Cc@+z)~N.

If f € S(R), the property follows by the binomial formula. Conversely, we have |z*f®)(z)| <

C % which is bounded on R for N > «. Let us introduce the following type of topology on
the Schwartz space.
DEFINITION 1.5 (Convergence in the Schwartz space). Let (fn)nen C S(R) and f € S(R).

We say that the sequence (f,) converges to f in S(R), f, 5 f,if
Va,BEN: pap(f = fu) =supla®(f - f) (@) =0,  asn— .
xre
REMARK 1.6. One may wonder how the sequential convergence defined in Def. 1.5 relates

to a topology on the space S(R). In fact, this convergence can be shown to be equivalent to
convergence of a sequence in the following metric defined on S(R)

. pa',ﬁ'(f_g)
p _ j 3:Pj
(fag) %2 1+pa_7',5_7‘(f*9)’

where j — (o ,05;) is a bijection from N — Ny x Ny. See Ex. 6.2. In other words, the local
convex topological vector space defined by defined by the seminorms p, g, a, 8 € Ng — as the
initial topology for which p, g is continuous — is metrizable. Moreover, it can be shown that
the above metric even yields a complete space.

PROPOSITION 1.7 (Properties of S(R)). (1) The inclusions C°(R) C S(R) C LP(R)
are dense in the || - || Lo -norm for p € [1,00).
(2) S(R) is continuously embedded in LP(R) for all p € [1,00] *.

IHere “continuously embedded” means that the identity is sequentially continuous, i.e. fn ﬁ) f implies that

p
fn & f. However, by Remark 1.6, sequential continuity coincides with continuity between the topological spaces.
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(3) For f,g € S(R) we have that fg and f x g are elements of S(R) as well as 0*f € S(R)
with 0%(f xg) = 0%f x g = f % 0%g.

PROOF. See Ex. 6.2. for (1), (2) and (3) without the part on 9* f. The fact that for f € S(R)
also 0%f € S(R) simply follows by definition of S(R). To see that 9% commutes with the
convolution consider o = 1: Since s — |0 f(t — s)g(s)| is dominated by an integrable function of
the form s — C(1+ |t — 5|) 72||g||s0, We conclude that d(f x g) = df * g, which, by symmetry also
equals f * dg by (a consequence of) dominated convergence. The rest follows by induction. O

DEFINITION 1.8 (The inverse Fourier transform). For f € L!(R) the function F*(f) defined
by

* . mf d
P = 5o = 5= [ fls)ei ds
is called “inverse Fourier transfrom” of f .
Let us show that the latter notion is meaningful.

LEMMA 1.9. Let f,g,h € S(R). Then

fR f]-' YdX = [L(Ff)gdA.
() (D=f=fﬂﬂﬂ)
(@( h) = 5-(F(f), F(h))
(4) (Ff,F*h) = (f,h)

(5) ||f||L2(R) ,/LH]:( Dlezwy = V27| F* fllL2w) (Parseval’s identity)

where (f,h) = [; f(

PROOF. Assertion ( ) follows by Fubini’s theorem. The idea to prove (2) is as follows:
Choose a function h € L'(R) with the following properties

o h € S(R),
= F(h(z5) = h,

e h(0)=1
The existence of such a function will be shown in the exercises (hint: h(z) = ae?®” for suitable
a,b € R). The idea is to represent f by an approximate identity, f = limy_, o fR s)hx(t—s)ds
and then use (1) in order to find to prove the equality in (2). By exercise 6.2 and the assumptions
on h, hy = M(A:), A > 0, defines an approximate identity. Hence, by a version of Theorem 3.7,
we have that f(t) = limy_oo(f * hy)(t). On the other hand — motivated by idea to choose g
such that F(g) = ha(t — ) = ART:Dyh — we find g(t) = iRmef,ﬂDﬁh, where we used the
basic properties of the Fourier transform and that F(h) = 27h. By (1), we now have

Fem)) = [ F0F@E) ds = [(F(Dats)ds

= o [FUE)Rme_, Dyh)(s)ds
T JR
1

= 57 [FE e n(5 ) ds

Since h(0) = 1, the last integral converges to 5= [ (F(f)(s))e*ds for A — oo, by dominated
convergence. Altogether, we thus have f(t) = (F*F f)(t) for all t € R. The other identity follows
by applying what we have shown to Rf = f(—).

Assertion (3) and (4) follows from (1) and (2) by setting g = F*(h) and noting that F*(h) =
5= F(h). Assertion (5) follows direcltly from (3). O
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THEOREM 1.10 (The Fourier transform on S(R)). The Fourier transform is a well-defined
linear mapping from S(R) to S(R). Moreover,
(1) F is continuous and bijective on S(R) (with in the natural topology on S(R))
(2) (27)"2F is isometric on S(R) with respect to the L*-norm, i.e.

VEESM):  FA)lrem = 02 fl 2

Thus F is also continuous with continuous inverse on the S(R) equipped with the L?-
norm.

The inverse F~1 on S(R) is given by F*.

PROOF. By Lemma 1.9(2), F is bijective on S(R) with inverse 7~ = F*. For the continuity
in (1) see Ex. 6.2 and use the analogous argument for the continuity of F*. Assertion (2) follows
from Lemma 1.9(5). O

2. The Fourier transform on L2

THEOREM 2.1 (The Fourier transform on L2?). The definition of the Fourier transform F

can be extended to functions in L2(R) such that (2m)2 F is an isometric isomorphism from L*(R)
to L?(R) 2. For functions f in L'(R) N L%(R), this abstract extension coincides pointwise almost
everywhere with the action of F.

PROOF. Let F : L? — L2~ denote the unique bounded operator which extends the operator
F : S(R) — S(R) such that F|p= = F — note that we use the density of S(R) in L? here. By
Theorem 1.10, we even have that

VEEeL*R):  |F(N)lem = 02| fllrem

Thus (27)~ 2 F is an isometric isomorphism. Let f € L'NL2. It remains to show that F(f) = Ff
pointwise almost everywhere. Note that this is not clear a-priori as Fis only defined as operator
on L?(R) and Ff is defined as the L3-limit of the Cauchy sequence Ff, where (fn)nen is a
sequence in S(R) which converges to f € L?(R) in the L?-norm, i.e. |Ff, — Ffl2 = 03
Let gn = fX{jzj<n}y and let f, € C*°(R) with support in [0,n] such that ||g, — fullz2®) =
lgn — fallz(on)) < = Then ||f — fullr2@®) — 0 as n — oo and also for fixed s € R,

(Ff=FfR)EI<If = faller® < 1 = gnllerw) + lgn = fallLro,m
By definition of g,,, it is easy to see that the term || f — g, [/ L1 (r) goes to 0 as n — oo since f € L.

The second term /g, — fnl|£1(0,n), can be estimated using Cauchy-Schwarz so that we get

1
Hgn - anLl(O,n) < \/ﬁ”gn - fn||L2(O,n) < % — 0, (n — OO)

Thus Ff,(s) — Ff(s) for any s € R. On the other hand, we know that L2-convergence always
implies the existence of a subsequence which converges pointwise almost everywhere (see Ex. 1.0)
— therefore, F f,, — F [ pointwise almost everywhere. Thus, Ff(s) = Ff(s) fora.e. s € R. 0O

REMARK 2.2. Note that isometric isomorphisms on Hilbert spaces are nothing else than
unitary operators — the latter being defined as operators T : X — X such that T*T =T*T = I.

2Note that we identify the operator F with its “extension” defined on L2.
3As we know from Ex.1.0, L2-convergence need not imply pointwise convergence.
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THEOREM 2.3 (Hausdorff-Young inequality for the Fourier transform). Let p € (1,2) and
let q denote the Hoélder conjugate of p. The Fourier transform F can be uniquely extended to a
bounded operator from LP(R) to L4(R) with

IFfllze < Cpllflle Vf € LP(R),
where C)p = (27r)1_%.

PROOF. This is an application of Riesz—Thorin’s theorem since F act as (extension of a)
bounded operator on the spaces

L' L%, ||Fflle~ < |1 fll:
L2 L%, | Ffllze < 2m)2 | f] 2,

see the basics of the Fourier transform and Theorem 2.1. This thus implies that ||Tf||z» <
CpllfllLa for simple functions f with finite measure support and p, ¢, § linked through (5.6). The

constant C), can be computed from C}, = 11*‘9(27r)% where 6 is given through % = 1—19 + g. Thus

C = (27r)% = (2%)1_%. By density of the simple functions with finite measure support in LP,
p < 00, the assertion follows. O

3. Tempered distributions

In the previous section we have seen how to define the Fourier transform of a function f € LP
for p € [1,2]. This approach, however, can be seen to fail if p > 2.

DEFINITION 3.1. Any linear functional u : S(R) — C which is continuous with respect to
sequential convergence on S(R), i.e.

P3P = ulfa— )0,

as n — oo is called tempered distribution. The set of all tempered distributions is denoted by

S'(R).

PROPOSITION 3.2. A linear functional* u : S(R) — C is a tempered distribution if and only
if there exists k,m € Ng and C > 0 such that

wHI<C Y pas(f)

B<m,a<k

PRroOOF. If a linear functional u satisfies such an estimate, we trivially have that u is con-
tinuous in the sense of Definition 3.1. Conversely, let u be a tempered distribution. Let us first
prove the statement

(3.1) Im,k € No,6 > 0Vg € S(R) 1 (pa,p(9) <6 Va<m,B<k = [u(g)] <1)
To do so, assume conversely that the statement was false:
Vm,k € Ng,d >03g € SR):  paplg) <o Ya<m,B<kA u(g)>1

But this implies that (setting § = 1) there exists a sequence g, (g,) in S(R) such that

n

1
Vm,k € No:  pmk(gn) < - A |u(gn)| > 1

4Here “linear functional” simply refers to a linear mapping that maps to the field of complex numbers.



28 2. THE FOURIER TRANFORM

This, however, contradicts the continuity of w. Hence, (3.1) holds. For general f € S(R) let

g= fm. Clearly, pq,s(g) <9 for « <m, 3 < k and hence |u(g)| < 1. By linearity

of u, this rewrites to

Wl <5 X paslh),

asm,B<k

which shows the assertion for C' = %. O

Clearly, S’(R) is a vector space. We can equip it with a topology in a natural way:

DEFINITION 3.3. A sequence of tempered distributions u,, € S’(R) converges to u € S’(R) if

un(f) = (un, f) = (u, f) =u(f) (n—o00)  VfeSR).
EXAMPLE 3.4 ((see Exercise sheet 7). (1) Dirac dp is in S'(R).
(2) LP(R) functions, p € [1,00] are in S’(R) via the identification f — [, u(t)f(t) dt.
(3) Finite Borel measures p on R via f +— [p f(z)du(z).
(4) u(z) = logz].
(5) (u,¢) = lime_,o+ f\z|>e M;) dx

REMARK 3.5 (Motivation for Fourier transform of more general functions). We have seen
that the definition of the Fourier transform — a-priori only made on L'(R) — can be lifted to
LP, p € [1,2] with the help of special properties of the transform (boundedness in the L?-norm
~ Parseval’s identity) and basic functional analysis (extension of a bounded operator as well as
interpolation). It can be shown (by means of examples) that this procedure can not be extended
to LP for p > 2, and hence particularly not for functions in L>°. However, a (‘version’ of the)
Fourier transform in the latter cases is desirable: for instance to obtain an analogy to the theory
we have encountered on Fourier series and on the other hand since signals, which we would like
to regard in the “frequency domain” (that is, as Fourier transforms of other functions/objects)
in application. Let us elaborate on this in more detail: Coming back to the “thresholding” we
have already touched in the introduction of this course, consider an input—output behavior of a
signal u given by

y=F Yh-Fu)
where h is a fixed function. For example, h may be an indicator function that ‘selects’ only

specific frequency values w € R, h(w) = 1, and sets the others to zero, h(w) = 0. Formally, we
would expect from the convolution theorem that y can be rewritten as

y=F "(h)*xu,

which, however, may not be well-defined as F~! = F* is only defined for h € LP(R), p € [1,2].
But do we get if e.g. h = X[0,00) 7 Shortly, we will see how to abstractly circumvent this problem,
but before let us approach the answer intuitively. For that let h = 1 and we would like to find a
suitable definition for Fh.

DEFINITION 3.6 (The Fourier transform for tempered distributions). For a tempered
distribution u € S’(R), we define the Fourier transform F(u) as the tempered distribution given
by

(Fu,¢) = (u, Fo) V¢ € S(R).

Note that the Fu is indeed well-defined as a distribution since F maps S(R) to S(R),
Theorem 1.10.
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PROPOSITION 3.7. The distributional definition of the Fourier transform is consistent with
the one for LP(R), p € [1,2], where we identify functions f with tempered distributions uy by
means of

£ (ug, ) = / F(s)(s) ds.

PROOF. In Exercise 7.1 we showed that uy € S'(R) for f € LP(R), p € [1,00]. To show the
assertion consider O

DEFINITION 3.8 (Modulation, translation, reflection, dilation, convolution on S’(R)). Let
u € S'(R), f € SR), w e R\ {0}, « € N. We extend the definitions of the following operators
to S'(R):
Tws mg, Ra Dw
by

(6) (0%u, ) = (u,(=1)*9¢)
for all ¢ € S(R).
It is easy to see that Definition 3.8 indeed extends the definition of the operators on L!(R).

Note that the convolution u * f of a tempered distribution and a function f is in general not
well-defined if f ¢ S(R) as Rf * ¢ may not be in S(R) for all ¢ € S(R) then.

PRrROPOSITION 3.9 (Convolution of tempered distribution with Schwartz function). Let ¢ €
S(R) and u € S'(R). Then ux ¢ € C°(R) and

(U * ¢) (t) = <u7 T—tR¢>7
where we identify a function with its corresponding tempered distribution. (Note that the u x ¢
was defined by (u* ¢,v) = (u, Rp x1).)
PrOOF. We only prove the identity (which is clear in the special case where u € S(R)). Let
u € S'(R) and ¥ € S(R).
(s 6,0) = (s Ro < 0) = {u, [ (RO~ 9)u(s)ds)
R
— {un [ 7 aROC)0() ds
R

L / (4, 7 R$())(s) ds
R

where the last step follows since it can be shown that the Riemann sums of the S(R)-valued
integral converge in S(R), for a detailed argument see e.g. [1, Thm. 2.3.20]. This shows the
identity. To show that (u* ¢) € C°, one explicitly shows that ¢ — (u,7_;R¢) is C* which
follows since ¢t — 7_;R¢ is continuous from R to S(R) (which in turn holds as the translation
operator t — 7_; is strongly continuous). O

THEOREM 3.10 (Fourier transform on tempered distributions). (1) F:S(R) — S(R)
18 cONtINUOUs.
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(2) We have that

Fme_,, =TuF (Modulation)
Fry = me,  F (Translation)
FR=RF (Reflection)
F*=RF (Conjugation)

FD, = ml/MD%]—' (Dilation)

where the corresponding operators are defined in Def. 3.8.

(3) Let u € S'(R) and ¢ € S(R), then
Flux¢) =F(u) - F(¢) and F(up)=F(u)F(d)

(Convolution Theorem,)
(4) for any u € S"(R), o € N we have that

F(0%) = m(gya F(u), and 0%F(u) = F(m_seu)
PROOF. The assertions follow directly by the definition of the considered operators via du-
ality and the basics of the Fourier transform (for L!- and hence S(R)-functions). O

REMARK 3.11. It can be shown that Schwartz functions lie dense in tempered distributions.

4. Operators that commute with translations

At several occasions we have already encountered linear operators defined by convolution
with fixed functions h, i.e.
Th =hx*-
acting from L? to LY for some p, ¢. Thinking of the respective results on (partial sums of) Fourier
series, the following fact does not come as a surprise.

PROPOSITION 4.1. Let p,q,7 € [1,00] with  + ¢ = 7 +1 and h € LY(R). Let Ty, : LP — L"
be defined by Tn,f = h* f. Then Ty, € B(LP, L?) and
Tn1s = 7sTh,
where T f = f(- + s).
This motivates the following definition.

DEFINITION 4.2. We say that an operator T' € B(L?(R), LY(R)) commutes with translations

if
Trs =71T seR.

Such operators appear quite naturally when studying transformation of signals and the goal
of this section is to characterize when an operator is translation-invariant. Note that although
we will be concerned with the “continuous” version here, that is, with functions defined on the
whole real line, there exist corresponding results for the torus T.

THEOREM 4.3 (Characterization of operators which commute with translations). Let T' be
an operator from LP to LY which commutes with translations. Then there exists h € S'(R) such
that

To=hx*xo¢ ae. Vo € S(R).

This h is unique.

PROOF. (Sketch) The proof relies on two facts which we will take for granted here.

5a detailed proof can be found in [1, Theorem ?7]
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(1) The assumptions made imply that T commutes with (distributional) derivatives, i.e.
To*f =0T f for f € S(R) where it is implicit that 0*T'f € L? for all a.

(2) (Sobolev embedding): If g € L(R) is such that the distributional derivatives 0*h are
in L9 for all a € Ny, then g is continuous® and

90 <Cy< Y 110%llLa
|a|<n+1

Approach: set gy = T(¢) for ¢ € S(R) where g can be chosen to be continuous by (2), and
define the functional u by

(u, ¢) = 94(0)
It is easy to see that u is well-defined. Next we show that u € S’(R). This follows by the
inequality in (2), (1), the boundedness of T" and the fact that S(R) is continuously embedded in
LP. Now let h = Ru. To show that T'= h * - on S(R), we first show that for all s € R,
(u, 7s0) = g4(s)-
Let g[s] = T'(1s¢) be continuous (via (2)). Then
gls](t) = T(7:¢)(t) = 7 T(9)(t) = T(P)(t + 8) = g(t + 5) = T59(t)

holds for a.e. t € R, but since the left and the right-hand side are continuous in ¢, even for all
t € R. Hence, ¢[s](0) = 7,9(0) which shows (u, 7s¢) = g4(s). We conclude the proof by

(h*¢)(t) = (Ru, 7— R$) = (u,119) = g4(t) = T($)(¢)
which holds for a.e. t € R. O

For special choices of the parameters p, g, we can expect more specific information on the
tempered distribution given by Theorem 4.3. We state these results without proof and refer the
interested reader to [1].

THEOREM 4.4. Let T : L?*(R) — L?(R) commute with translations. Then there exists h €
L>®(R) such that Ty, = T (more precisely, Ty, is the unique bounded extension of the operator
¢ +— hx¢ defined on S(R)).

THEOREM 4.5. Let T : LY(R) — L'(R) commute with translations. Then there exists h €
M(R) such that Ty, = T (more precisely, Ty, is the unique bounded extension of the operator
¢ +— hx¢ defined on S(R)).

5. The Hilbert transform

DEFINITION 5.1. The convolution operator Ty, = h * - with h given by

(h,#) = lim M dx

e—07t lz|>e T
is called Hilbert transform, see also Exercise 7.1 for a proof that h € S'(R).
THEOREM 5.2. The Hilbert transform is bounded from LP(R) to LP(R) for p € (1,00).

PROOF. The proof is omitted, but can be done in a similar spirit as the proof of Theorem
5.11. a

6up to identification in L9
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