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Preface

The present manuscript was written for my course Real Analysis given in
summer 2011, 2013, and 2018. It assumes some basic familiarity with Func-
tional Analysis, for which there is an accompanying part [25], where these
topics are covered.

The manuscript is updated whenever I find some errors and extended
from time to time. Hence you might want to make sure that you have the
most recent version, which is available from

http://www.mat.univie.ac.at/ gerald/ftp/book-ra/

Please do not redistribute this file or put a copy on your personal
webpage but link to the page above.

Goals

The main goal of the present book is to give students a concise introduc-
tion which gets to some interesting results without much ado while using a
sufficiently general approach suitable for further studies. Still I have tried
to always start with some interesting special cases and then work my way
up to the general theory. While this unavoidably leads to some duplications,
it usually provides much better motivation and implies that the core ma-
terial always comes first (while the more general results are then optional).
Moreover, this book is not written under the assumption that it will be
read linearly starting with the first chapter and ending with the last. Con-
sequently, I have tried to separate core and optional materials as much as
possible while keeping the optional parts as independent as possible.

Vil
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Furthermore, my aim is not to present an encyclopedic treatment but to
provide the reader with a versatile toolbox for further study. Moreover, in
contradistinction to many other books, I do not have a particular direction
in mind and hence I am trying to give a broad introduction which should
prepare you for diverse fields such as spectral theory, partial differential
equations, or probability theory. This is related to the fact that I am working
in mathematical physics, an area where you never know what mathematical
theory you will need next.

I have tried to keep a balance between verbosity and clarity in the sense
that I have tried to provide sufficient detail for being able to follow the argu-
ments but without drowning the key ideas in boring details. In particular,
you will find a show this from time to time encouraging the reader to check
the claims made (these tasks typically involve only simple routine calcula-
tions). Moreover, to make the presentation student friendly, I have tried
to include many worked out examples within the main text. Some of them
are standard counterexamples pointing out the limitations of theorems (and
explaining why the assumptions are important). Others show how to use the
theory in the investigation of practical examples.

Preliminaries

The present manuscript is intended to be gentle when it comes to required
background. Of course I assume basic familiarity with analysis (real and
complex numbers, limits, differentiation, basic (Riemann) integration, open
sets) and linear algebra (finite dimensional vector spaces, matrices).

Apart from this natural assumptions I also expect some familiarity with
metric spaces and point set topology. However, only a few basic things are
required to begin with. All (and much more) is collected in Appendix
from [25] Moreover, you should already know what a Banach/Hilbert space
is, but Chapter (1| from [25] will be sufficient to get you started.

Content

Below follows a short description of each chapter together with some
hints which parts can be skipped.

Chapter 1 introduces the concept of a measure and constructs Borel
measures on R" via distribution functions (the case of n = 1 is done first)
which should meet the needs of partial differential equations, spectral theory,
and probability theory. I have chosen the Carathéodory approach because 1
feel that it is the most versatile one.
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Chapter 2 discusses the core results of integration theory including the
change of variables formula, surface measure and the Gauss—Green theorem.
The latter two are only done in a smooth (C*) setting, but these topics are
needed in the chapter on Sobolev spaces and I wanted to be self-contained
here. Two optional appendices discuss transforming one-dimensional mea-
sures (which should be useful in both spectral theory and probability theory)
and the connection with the Riemann integral.

Chapter 3 contains the core material on LP spaces including basic in-
equalities and ends with an optional section on integral operators.

Chapter 4 collects some further results. Except for the first section,
the results are mostly optional and independent of each other. Lebesgue
points discussed in the second section are also used at some places later on.
There is also a final section on functions of bounded variation and absolutely
continuous functions.

Chapter 5 collects even further results. Again the results are mostly
optional and independent of each other.

Chapter 6 discusses the dual space of LP for 1 < p < co and p = o0 as
well as some variants of the Riesz—Markov representation theorem.

Chapter 7 contains some core material on Sobolev spaces. I feel that
it should be sufficient as a background for applications to partial differential
equations (PDE).

Chapter 8 covers the Fourier series. Basic results for convergence in
LP  pointwise convergence and uniform convergence are discussed. Includ-
ing sufficient conditions for a function to have absolutely summable Fourier
coeflicient.

Chapter 9 covers the Fourier transform on R”. It also gives an inde-
pendent approach to L? based Sobolev spaces on R™. Of course the Fourier
transform is vital in the treatment of constant coefficient PDE. However, in
many introductory courses some of the technical details are swept under the
carpet. I try to discuss these examples with full rigor.

Chapter 10 finally discusses two basic interpolation techniques includ-
ing applications to Calderéon—Zygmund operators.

Sometimes also the historic development of the subject is of interest.
This is however not covered in the present book.

To the teacher

The book can either serve as a succinct introduction to the Lebesgue inte-
gral or as a full course focusing either on measure theory (covering Chapters
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1 to 6 and possibly also Chapter 7) or on real analysis (skipping Chapter 5
and adding material from Chapters 7 to 10).

For a brief introduction to Lebesgue spaces, it suffices to cover Chapters
1, 2, and 3. If one does not want to provide full proofs for everything, I
recommend to cover Section 1.2 (Section 1.1 contains just motivation), give
an outline of Section 1.3 (by covering Dynkin’s m-A theorem, the uniqueness
theorem for measures, and then quoting the existence theorem for Lebesgue
measure), and cover Section 1.5. The core material from Chapter 2 are the
first two sections and from Chapter 3 the first three sections.

Problems relevant for the main text are marked with a "*".
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Chapter 1

Measures

1.1. Prelude: The problem of measuring sets

The Riemannﬂ integral starts straight with the definition of the integral
by considering functions which can be sandwiched between step functions.
This is based on the idea that for a function defined on an interval (or a
rectangle in higher dimensions) the domain can be easily subdivided into
smaller intervals (or rectangles). Moreover, for nice functions the variation
of the values (difference between maximum and minimum) should decrease
with the length of the intervals. Of course, this fails for rough functions
whose variations cannot be decreased by subdividing the domain into sets
of decreasing size. The Lebesgud?] integral remedies this by subdividing the
range of the function. This shifts the problem from controlling the variations
of the function to defining the content of the preimage of the subdivisions for
the range. Note that this problem does not occur in the Riemann approach
since only the length of an interval (or the area of an rectangle) is needed.
Consequently, the outset of Lebesgue theory is the problem of defining the
content for a sufficiently large class of sets.

The Riemann-style approach to this problem in R" is to start with a big
rectangle containing the set under consideration and then take subdivisions
thereby approximating the measure of the set from the inside and outside
by the measure of the rectangles which lie inside and those which cover the
set, respectively. If the difference tends to zero, the set is called measurable
and the common limit is its measure.

IBernhard Riemann (1826-1866), German mathematician
2Henri Lebesgue| (1875-1941), French mathematician

)—‘I
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To this end let 8™ be the set of all half-closed rectangles of the form
(a,b] := (a1,b1] X -+ X (an,by] € R™ with a < b augmented by the empty
set. Here a < b should be read as a; < b; for all 1 < j < n (and similarly for
a < b). Moreover, we allow the intervals to be unbounded, that is a,b € R"
(with R = RU {—00, +00}).

Of course one could as well take open or closed rectangles but our half-
closed rectangles have the advantage that they tile nicely. In particular,
one can subdivide a half-closed rectangle into smaller ones without gaps or
overlap.

The somewhat dissatisfactory situation with the Riemann integral al-
luded to before led Cantmﬂ, Peanoﬁ, and particularly Jordanﬂ to the follow-
ing attempt of measuring arbitrary sets: Define the measure of a rectangle

via
n

[(a,b]] == [ ] (6; — ay). (1.1)
j=1
Note that the measure will be infinite if the rectangle is unbounded. Fur-
thermore, define the inner, outer Jordan content of a set A C R™ as

T.(A) ::sup{Zij|)URj C A, R, esn}, (1.2)
j=1 j=1

J*(A) ::inf{zmj|Rj|‘Ag GRJ, R; esn}, (1.3)
j=1 Jj=1

respectively. Here the dot inside the union indicates that we only allow
unions of mutually disjoint sets (for the outer measure this is not relevant
since overlap between rectangles will only lead to a larger sum). If J,(A) =
J*(A) the set A is called Jordan measurable.

Unfortunately this approach turned out to have several shortcomings
(essentially identical to those of the Riemann integral). Its limitation stems
from the fact that one only allows finite covers. Switching to countable covers
will produce the much more flexible Lebesgue measure.

Example 1.1. To understand this limitation let us look at the classical
example of a non Riemann integrable function, the characteristic function of
the rational numbers inside [0, 1]. If we want to cover Q N [0,1] by a finite
number of intervals, we always end up covering all of [0, 1] since the rational
numbers are dense. Conversely, if we want to find the inner content, no
single (nontrivial) interval will fit into our set since it has empty interior. In

summary, J.(QN[0,1]) =0# 1= J*(Qn0,1]).

3Georg Cantor| (1845-1918), German mathematician and founder of set theory
4Giuseppe Peano| (1858-1932), Italian mathematician
5Camille Jordan (1838-1922), French mathematician
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On the other hand, if we are allowed to take a countable number of
intervals, we can enumerate the points in Q N[0, 1] and cover the j’th point
by an interval of length €277 such that the total length of this cover is less
than e, which can be arbitrarily small. o

The previous example also hints at what is going on in general. When
computing the outer content you will always end up covering the closure
of A and when computing the inner content you will never get more than
the interior of A. Hence a set should be Jordan measurable if the difference
between the closure and the interior, which is by definition the boundary
0A = A\ A°, is small. However, we do not want to pursue this further at
this point and hence we defer the interested reader to Appendix

Rather we will make the anticipated change and define the Lebesgue
outer measure via

AT (A) 1= inf{iﬂ%ﬂ ]Ag GRJ-, R; eS"}. (1.4)
j=1 J=1

In particular, we will call N a Lebesgue null set if \"*(N) = 0.

Example 1.2. As shown in the previous example, the set of rational num-
bers inside [0, 1] is a null set. In fact, the same argument shows that every
countable set is a null set.

Consequently we expect the irrational numbers inside [0, 1] to be a set
of measure one. But if we try to approximate this set from the inside by
half-closed intervals we are bound to fail as no single (nonempty) interval
will fit into this set. This explains why we did not define a corresponding
inner measure. <

Next, observe that if f(x) = Mx + a is an affine transformation, then
AV (MA+ a) =det(M)NV*(A). (1.5)

In fact, that translations do not change the outer measure is immediate since
S" is invariant under translations and the same is true for |R|. Moreover,
every matrix can be written as M = O1D0O3, where O; are orthogonal and
D is diagonal (Problem [2.22)). So it reduces the problem to showing this for
diagonal matrices and for orthogonal matrices. The case of diagonal matrices
follows as before but the case of orthogonal matrices is more involved (it can
be shown by verifying that rectangles can be replaced by open balls in the
definition of the outer measure). Again we postpone this to Appendix .

For now we will use this fact only to explain why our outer measure is
still not good enough. The reason is that it lacks one key property, namely
additivity! Of course this will be crucial for the corresponding integral to be
linear and hence is indispensable. Now here comes the bad news: A classical
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paradox by Banachlﬂ and Tarskﬂ shows that one can break the unit ball in R?
into a finite number of (wild — choosing the pieces uses the Axiom of Choice
and cannot be done with a jigsaw;-) pieces, and reassemble them using only
rotations and translations to get two copies of the unit ball. Hence our outer
measure (as well as any other reasonable notion of size which is translation
and rotation invariant) cannot be additive when defined for all sets! If you

think that the situation in one dimension is better, I have to disappoint you
as well: Problem [L.1]

So our only hope left is that additivity at least holds on a suitable class
of sets. In fact, even finite additivity is not sufficient for us since limiting
operations will require that we are able to handle countable operations. It
was Lebesgue who eventually was successful with the following idea: As
pointed out before, there is no corresponding inner Lebesgue measure since
approximation by intervals from the inside does not work well. However,
instead you can try to approximate the complement from the outside thereby
setting

AM(A) == (b—a) — A\*([a,b] \ A) (1.6)
for every bounded set A C [a,b]. Now you can call a bounded set A measur-
able if A\L(A4) = AL*(A4). We will however use a somewhat different approach
due to Carathéodory. In this respect note that if we set E = [a,b] then
AL(A) = AL*(A) can be written as

MHE) =AY (ANE) + AV (A N E) (1.7)

which should be compared with the Carathéodoryﬂ condition (1.12)). Here
A" :=[a,b] \ A denotes the complement of A.

Problem* 1.1 (Vitaliﬂ set). Call two numbers z,y € [0,1) equivalent if
x —y s rational. Construct the set V' by choosing one representative from
each equivalence class. Show that V' cannot be measurable with respect to any

nontrivial finite translation invariant measure on [0,1). (Hint: How can you
build up [0,1) from translations of V ?)

Problem 1.2. For C R" show that J.(A) < \»*(A) < J*(A) and hence
J(A) = N (A) for every Jordan measurable set.

Problem 1.3. Let X := N and define the set function

1 N
p(d) = lim =% xa(n) € [0,1]
n=1

6Stefan Banach (1892-1945), Polish mathematician

TAlfred Tarski (1901-1983), Polish-American mathematician
&Constantin Carathéodory| (1802-1879), Greek mathematician
9Giuseppe Vitali (1875-1932)), Italian mathematician
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on the collection S of all sets for which the above limit exists. Show that this
collection s closed under disjoint unions and complements but not under
intersections. Show that there is an extension to the o-algebra generated
by S (i.e. to P(N)) which is additive but no extension which is o-additive.
(Hints: To show that S is not closed under intersections take a set of even
numbers Ay € S and let Ay be the missing even numbers. Then let A =
AU Ay = 2N and B = Ay U Ay, where Ay = Ay + 1. To obtain an
extension to P(N) consider xa, A € S, as vectors in {>°(N) and y as a linear
functional such that you can apply the Hahn—Banach theorem — compare also

the construction of the Banach limit, Problem[{.24 from [25].)

1.2. Sigma algebras and measures

In the previous section we have seen that even in the case of Lebesgue mea-
sure, one cannot define the measure for all sets. Hence we start by look-
ing at collections of subsets of a given set X suitable for measure theory.
Of course any reasonable definition of a measure p will require additivity
(A1 W Ag) = p(Ar) + pu(Asg) for disjoint subsets A, A3 C X. Consequently,
a suitable collection of subsets should be closed under the usual set opera-
tions like taking unions, intersections, or complements. Such a collection is
known as an algebra A provided ) € A.

Note that X = (/ € A and that A is also closed under relative comple-
ments since A\ B = AN B’, where A’ = X \ A denotes the complement.
Moreover, by De Morgan’s rulﬂ AUB = (A'nB’) it suffices to check that
A is closed under finite intersections and complements.

Example 1.3. Let X := {1,2,3}, then A := {0, {1}, {2, 3}, X } is an algebra.
o

However, we have also seen in the previous section, that we need addi-
tivity for countably many sets. This leads us to the following definition:

If an algebra is closed under countable intersections, it is called a o-
algebra. Hence a o-algebra is a family of subsets ¥ of a given set X such
that

e heX,
e Y is closed under countable intersections, and
e 3 is closed under complements.
By De Morgan’s rule X is also closed under countable unions.

Example 1.4. The power set P(X) is clearly the largest o-algebra and
{0, X'} is the smallest. o

ICAugus‘cus De Morgan (1806-1871), British mathematician and logician
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Moreover, the intersection of any family of (o-)algebras {¥,} is again
a (o-)algebra (check this) and for any collection S of subsets there is a
unique smallest (o-)algebra X(S5) containing S (namely the intersection of
all (o-)algebras containing S). It is called the (o-)algebra generated by S.

Example 1.5. For a given set X and a subset A C X we have £({A}) =
{0, A, A’, X}. Moreover, every finite algebra is also a o-algebra and if S is
finite, so will be $(S) (Problem [L.5)). o

If X is a topological space, the Borel o-algebra B(X) of X is defined
to be the o-algebra generated by all open (equivalently, all closed) sets. In
fact, if X is second countable, any countable base will suffice to generate the
Borel o-algebra (since every open set can we written as a union of elements
from the base; Lemma [B.2] from [25]). Sets in the Borel o-algebra are called
Borel sets.

Example 1.6. In the case X = R" the Borel o-algebra will be denoted by
B" and we will abbreviate B := B!. Note that in order to generate B",
open balls with rational center and rational radius suffice. In fact, any base
for the topology will suffice. Moreover, since open balls can be written as a
countable union of smaller closed balls with increasing radii, we could also
use compact balls instead. o

Example 1.7. If X is a topological space, then any Borel set Y C X is
also a topological space equipped with the relative topology and its Borel
o-algebra is given by B(Y) = B(X)NY = {A]A € B(X),A C Y} (show
this). o

In the sequel we will frequently meet unions of disjoint sets and hence we

will introduce the following short hand notation for the union of mutually
disjoint sets:

)4 :=JA; with AjnAg=0forallj+#k. (1.8)
JjeJ JjeJ
Now let us turn to the definition of a measure: A set X together with

a o-algebra Y is called a measurable space. A measure p is a map
w3 — [0,00] on a o-algebra ¥ such that

b H(@) =0,
o u( |- 1An) = 21 w(Ay), Ay € ¥ (o-additivity).

n
Here the sum is set equal to oo if one of the summands is co or if it diverges.

The measure p is called finite if 4(X) < co and a probability measure
if u(X) = 1. It is called o-finite if there is a countable cover { X, }°°; of X

10Emil Borel (1871-1956), French mathematician and politician
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such that X,, € ¥ and u(X,) < co for all n. (Note that it is no restriction
to assume X,, € X,,+1.) The sets in ¥ are called measurable sets and the
triple (X, X, ) is referred to as a measure space. We will often drop ¥
from the notation.

Example 1.8. Take a set X with ¥ = PB(X) and set pu(A) := #A to be
the number of elements of A (respectively, oo if A is infinite). This is the
so-called counting measure. It will be finite if and only if X is finite and
o-finite if and only if X is countable. o

Example 1.9. Take a set X and ¥ := PB(X). Fix a point z € X and set
u(A) =1ifz € Aand p(A) = 0 else. This is the Dirac measurﬂ centered
at . It is also frequently written as J,. o

Example 1.10. Let pq, o be two measures on (X, Y) and g, ag > 0. Then
W= ait1 + asps defined via

p(A) = a1 (A) + agpa(A)

is again a measure. Furthermore, given a countable number of measures pu,
and numbers «,, > 0, then p:= )" oy is again a measure (show this). <

Example 1.11. Let (X3,%q, 1) and (X2, X2, u2) be two measure spaces.
Then the direct sum is defined by taking X := X; U Xs to be the disjoint
union, ¥ such that A € ¥ if and only if AN X; € ¥; for j = 1,2 and
w(A) == p1(ANX1) + pa(AN Xa). We will write (X1 & Xo, X1 @ Xa, 1 ® p2).
The construction extends to countably many measure spaces (show this). ¢
Example 1.12. Let p be a measure on (X,X) and Y € ¥ a measurable
subset. Then

v(A) = u(ANY)

is again a measure on (X, ) (show this). o
Example 1.13. Let X be some set with a o-algebra Y. Then every subset
Y C X has a natural c-algebra X NY = {ANY|A € ¥} (show that
this is indeed a o-algebra) known as the relative o-algebra (also trace
o-algebra).

Note that if S generates ¥, then SNY generates X NY: L(S)NY =
X(SNY). Indeed, since ¥ NY is a o-algebra containing S NY, we have
2(SNY) C B(S)NY = ENY. Conversely, consider {A € X|ANY € X(SNY)}

which is a g-algebra (check this). Since this last o-algebra contains S it must
be equal to ¥ = 3(S5) and thus XNY C X(SNY). o

Example 1.14. If Y € ¥ we can restrict the o-algebra X|y = {A € ¥|A C
Y} such that (Y, X]y, p|y) is again a measurable space. It will be o-finite if
(X, %, p) is. o

Hpaul Dirac (1902-1984), English theoretical physicist
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Finally, we will show that o-additivity implies some crucial continuity
properties for measures which eventually will lead to powerful limiting the-
orems for the corresponding integrals. We will write 4, " A if A, C A1
with A =J,, An, and A, \ A if Ap41 € A, with A =), A,.

Theorem 1.1. Any measure i satisfies the following properties:
(i) A C B implies u(A) < u(B) (monotonicity).
(ii) p(An) — u(A) if A, N A (continuity from below).
(iil) pu(An) — p(A) if Ay \( A and u(Ar) < oo (continuity from above).

Proof. The first claim is obvious from p(B) = p(A4) + u(B\ A). To see the
second define A; = Ay, 4n = A, \ 4,1 and note that :chese sets are di§joint
and satisty Ay = Ujoy Aj. Hence p(Ay) = D00 u(Ay) — 2272, u(Ay) =
(U2, Aj) = u(A) by o-additivity. The third follows from the second using

Ay = A\ Ay 2 Ay \ A implying j(A,) = p(Ar) — p(Ay) — p(Ar \ A) =
(A1) — p(A). O
Example 1.15. Consider the counting measure on N and let A4, = {j €

N|j > n}. Then u(A,) = oo, but (), An) = (0) = 0 which shows that the
requirement p(A;) < oo in item (iii) of Theorem is not superfluous. ¢

Problem 1.4. Find all algebras over X := {1,2,3}.

Problem 1.5. Let {A;}7_ be a finite family of subsets of a given set X.
Show that ¥({A;}}_;) has at most 4" elements. (Hint: Let X have 2"

elements and look at the case n = 2 to get an idea. Consider sets of the form
BiN---N B, with Bj S {AJ,A;})

Problem 1.6. Show that A :={A C X|A or X \ A is finite} is an algebra
(with X some fized set). Show that ¥ := {A C X|A or X \ A is countable}
is a o-algebra. (Hint: To verify closedness under unions consider the cases
where all sets are finite and where one set has finite complement.)

Problem 1.7. Show that the union of two o-algebras is a o-algebra if and
only if one is contained in the other.

Problem 1.8. Take some set X and ¥ := {A C X|A or X \ A is countable}.
Show that

1, else.

V(A) = {O, if A is countable,

1S @ measure

Problem 1.9. Show that if X is finite, then every algebra is a o-algebra.
Show that this is not true in general if X is countable.
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1.3. Extending a premeasure to a measure

Now we are ready to show how to construct a measure starting from a small
collection of sets which generate the o-algebra and for which it is clear what
the measure should be. The crucial requirement for such a collection of
sets is the requirement that it is closed under intersections as the following
example shows.

Example 1.16. Let us consider X := {1, 2,3} with two measures pu({1}) :=
p({2) = u({3)) = 4 and v({1}) == v({8}) == & v({2}) := 3. Then p
and v agree on S := {{1,2},{2,3}} but not on 3(S) = P(X). Note that S
is not closed under intersections. If we take S := {0, {1},{2,3}}, which is
closed under intersections, and v({1}) := %, v({2}) := 3, v({3}) := ¢, then
w and v agree on X(S) = {0, {1},{2,3}, X} but not on P(X). o

Hence we begin with the question when a family of sets determines a
measure uniquely. To this end we need a better criterion to check when a
given system of sets is in fact a o-algebra. In many situations it is easy
to show that a given set is closed under complements and under countable
unions of disjoint sets. Hence we call a collection of sets D with these prop-
erties a Dynkin systenﬂ (also A-system) if it also contains X.

Note that a Dynkin system is closed under proper relative complements
since A, B € D implies B\ A = (B’ U A) € D provided A C B. Moreover,
if it is also closed under finite intersections (or arbitrary finite unions) then
it is an algebra and hence also a o-algebra. To see the last claim note that
if A= 1{J;A; then also A = |JJ; B; where the sets B; = A; \ Uy; Ak are
disjoint.

Example 1.17. Let X :={1,2,3,4}. Then D := {A C X|#A is even} is a
Dynkin system but no algebra. o

As with o-algebras, the intersection of Dynkin systems is a Dynkin sys-
tem and every collection of sets S generates a smallest Dynkin system D(.S).
The important observation is that if S is closed under finite intersections (in
which case it is sometimes called a m-system), then so is D(S) and hence
will be a g-algebra.

Lemma 1.2 (Dynkin’s -\ theorem). Let S be a collection of subsets of X
which is closed under finite intersections (or unions). Then D(S) = X(S).

Proof. It suffices to show that D := D(S) is closed under finite intersections.
To this end consider the set D(A) := {B € D|ANB € D} for A € D. I claim
that D(A) is a Dynkin system.

12Eugene Dynkin| (1924-2014), Soviet—American mathematician
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First of all X € D(A) since ANX = A € D. Next, if B € D(A)
then ANB" = A\ (BN A) € D (since D is closed under proper relative
complements) implying B’ € D(A). Finally if B = |JJ; B; with B; € D(A)
disjoint, then AN B = Uj(A N Bj) € D with AN B; € D disjoint, implying
B e D(A).

Now if A € S we have S C D(A) implying D(A) = D. Consequently
AN B € D if at least one of the sets is in S. But this shows S C D(A) and
hence D(A) = D for every A € D. So D is closed under finite intersections
and thus a g-algebra. The case of unions is analogous. (]

The typical use of this lemma is as follows: First verify some property for
sets in a collection S which is closed under finite intersections and generates
the o-algebra. In order to show that it holds for every set in X(S5), it suffices
to show that the collection of sets for which it holds is a Dynkin system.
This is illustrated in our first result.

Theorem 1.3 (Uniqueness of measures). Let S C X be a collection of sets
which generates 3 and which is closed under finite intersections and contains
a sequence of increasing sets X, /X of finite measure pu(X,) < co. Then
w 1s uniquely determined by the values on S.

Proof. Let i be a second measure and note u(X) = limy, oo pu(Xp) =
limy, 00 1(X5) = A(X). We first suppose p(X) < oo.

Then

D= {A € Slu(A) = i(A)}

is a Dynkin system. In fact, by p(A") = w(X)—p(A) = p(X)—a(A) = a(A)
for A € D we see that D is closed under complements. Furthermore, by o-
additivity it is also closed under countable disjoint unions. Since D contains
S by assumption, we conclude D = %(S) = X from Lemma This finishes
the finite case.

To extend our result to the general case observe that the finite case
implies (AN X;) = i(AN X;) (just restrict p, it to X;). Hence

p(A) = lim p(ANX;) = lim a(ANX;) = a(A)
J—0 Jj—00
and we are done. O

Example 1.18. The counting measure as well as the measure which assigns
every nonempty set the value oo both agree on the half-closed intervals S*.
Hence the finiteness assumption in the previous theorem is crucial. o

Inspired by the collection of half-closed rectangles 8™ we call a collection
of subsets S of a given set X a semialgebra if ) € S, S is closed under
finite intersections, and the complement of a set in S can be written as a
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finite union of disjoint sets from §. Of course a semialgebra which is closed
under complements is an algebra.

In fact, considering finite disjoint unions from a semialgebra we always
have a corresponding algebra.

Lemma 1.4. Let S be a semialgebra, then the set of all finite disjoint unions
S = {lJj_; 4;|4; € S} is an algebra.

Proof. Suppose A = |Ji_; A; € Sand B=|JjL, By €S. Then ANB =
lJ;£(A; N Bg) € S. Concerning complements we have A" = (; A} € S since
A; € S by definition of a semialgebra and since § is closed under finite
intersections by the first part. O

Example 1.19. The collection of all intervals (augmented by the empty set)
clearly is a semialgebra. Moreover, the collection S of half-closed intervals
of the form (a,b] C R, —oc0 < a < b < oo augmented by the empty set
is a semialgebra. Since the product of semialgebras is again a semialgebra
(Problem , the same is true for the collection of rectangles S". o

A set function p : A — [0,00] on an algebra is called a premeasure if
it satisfies

o 1(0) =0,
oo o0 oo
o u(lJ Aj) = > u(Ay),if A; € Aand | Aj € A (0-additivity).
j=1 j=1 j=1
Note that, in contradistinction to a o-algebra, the fact U;; Aj € A does
not come for free from A; € A but is part of the requirement.
In terms of a premeasure Theorem reads as follows:

Corollary 1.5. Let y be a o-finite premeasure on an algebra A. Then there
is at most one extension as a measure to L(A).

The following lemma gives conditions when the natural extension of a set
function on a semialgebra S to its associated algebra S will be a premeasure.

Lemma 1.6. Let S be a semialgebra and let p : S — [0,00] be additive,
that is, A =Ji_y Aj with A, Aj € S implies p(A) = > 11 u(A;). Then the

natural extension p: S — [0,00] given by
M(A) = Z:U’(Aj)v A= U Ajv (19)
j=1 J=1

is (well defined and) additive on S. Moreover, it will be a premeasure if

o0

u(\J A <3 u(Ay) (1.10)
=1

J=1 J
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whenever |JJ; A; € S and A; € S.

Proof. We begin by showing that p is well defined. To this end let A =
U?Zl A; = JiL, By and set Cj; :== Aj N By. Then

ZH(AJ) = ZM(U Cjr) = ZM(Cjk) = ZH(U Cjk) = ZM(Bk)
I ik ik PR p

by additivity on S. Moreover, if A = (Ji_; A; and B = [JiL, By, are two
disjoint sets from S, then

wAUB) = pu(| () 4; | (U Bk)) = A+ p(By) = p(A)+p(B)
j=1 k=1 j k

which establishes additivity. Finally, let A =(J;Z; 4; € S with 4; € S and

observe B, = (J;_; A; € S. Hence

> u(Aj) = u(B,) < p(Bp) + p(A\ Bn) = p(A)
j=1

and combining this with our assumption ((1.10) shows o-additivity when all
sets are from S. By finite additivity this extends to the case of sets from
S. O

Using this lemma our set function |R| for rectangles is easily seen to be
a premeasure.

Lemma 1.7. The set function (1.1) for rectangles extends to a premeasure
on S™.

Proof. Finite additivity is left as an exercise (see the proof of Lemma [1.12]
below) and it remains to verify (1.10). We can cover each A; := (aj,b;] by
some slightly larger rectangle B; := (a, b/ + 6] such that |B;| < |A;] + 5.
Then for any r > 0 we can find an m such that the open intervals {(a’, b’ +

57) 7L cover the compact set AN Q,, where @, is a half-open cube of side

length r. Hence

m m oo
ANQe < Bl =D IBj| <D 14| +e.
j=1 j=1 Jj=1

Letting » — oo and since € > 0 is arbitrary, we are done. ([
The next step is to extend a premeasure to an outer measure: A function
@ P(X) — [0,00] is an outer measure if it has the properties

o 1 (0) =0,
e ACB = pu*(A) < p*(B) (monotonicity), and
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o (U2, An) < 320w (Ay) (subadditivity).

Here P(X) is the power set (i.e., the collection of all subsets) of X. Note
that null sets N (i.e., u*(IN) = 0) do not change the outer measure: p*(A) <
p(AUN) < p(A) + p*(N) = p*(A).

It turns out that it is quite easy to get an outer measure from an arbitrary
set function.

Lemma 1.8. Let £ be some family of subsets of X containing (). Suppose
we have a set function p : € — [0,00] such that p(()) = 0. Then

W(A) = inf { ip(Aj)‘A c G Aj, Aj € 5}
j=1 J=1

is an outer measure. Here the infimum extends over all countable covers from
E with the convention that the infimum is infinite if no such cover exists.

Proof. p*(0) = 0 is trivial since we can choose A; = () as a cover.

To see see monotonicity let A C B and note that if {A;} is a cover for
B then it is also a cover for A (if there is no cover for B, there is nothing to
do). Hence

pr(A) < p(4))
j=1

and taking the infimum over all covers for B shows p*(A) < u*(B).

To see subadditivity note that we can assume that all sets A; have a cover
(otherwise there is nothing to do) {Bj;}72, for A; such that > 27, p(Bji) <
1 (Aj) + 55 Since {Bj;}3%_; is a cover for |J; A; we obtain

o o
WA < Y p(Bir) <D ut(A) +e
k=1 j=1

and since € > 0 is arbitrary subadditivity follows. ([

Note that while we clearly have p*(A) < p(A) for A € &, equality will
not hold in general.

Example 1.20. Consider the algebra A := {A C N|A or N\ A is finite} (cf.
Problem|[1.6) and define y(A) := 0 if A is finite and p(A) := 1 if N\ A is finite.
Then it is easy to see that p is additive (observe for two disjoint sets from
A at least one must be finite). Moreover, since every set can be covered by
singletons, we get p*(A) =0 for all A C N. Clearly 0 = p*(N) < p(N) = 1.
The problem is that y is not o-additive. o
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Consequently, for any premeasure p we define its corresponding outer
measure 1 : P(X) — [0,00] (Lemma[L.8) as

pr(A) =it { 37 (A

AC GAn, AneA}, (1.11)
n=1

where the infimum extends over all countable covers from A. Replacing A,
by An = A, \ Uzl_:ll A, we see that we could even require the covers to be
disjoint. In case A € A we could even replace A, by A, N A € A such that
(),, An = A and hence p*(A) = p(A) for A € A.

Theorem 1.9 (Extensions via outer measures). Let pu* be an outer measure.
Then the set X2 of all sets A satisfying the Carathéodory condition

pH(E) = (ANE) + (A NE), VECX, (1.12)

(where A" := X \ A is the complement of A) forms a o-algebra and p*
restricted to this o-algebra is a measure.

Proof. We first show that > is an algebra. It clearly contains X and is
closed under complements. Concerning unions let A, B € 3. Applying
Carathéodory’s condition twice shows

p(E) =p*(ANBNE)+u* (AANBNE)+u*(ANB'NE)
+u*(ANB'NE)
>i*((AUB)NE) + 1* (AU BYN E),
where we have used De Morgan and
p(ANBNE)+u*(ANBNE)+u (ANB'NE) > (AUB)NE)

which follows from subadditivity and (AU B)NE = (ANBNE)U (AN
BNE)U(ANB'NE). Since the reverse inequality is just subadditivity, we
conclude that ¥ is an algebra.

Next, let A,, be a sequence of sets from 3. Without restriction we can
assume that they are disjoint (compare the argument for item (ii) in the
proof of Theorem . Abbreviate A, = |y, Ag, A =, An. Then for
every set I/ we have

(A, NE) = p* (A, N A, NE) + u* (AN A, NE)

n

=u (A NE)+pu (ApsiNE)=... =) u(AxNE).
k=1

Using A, € ¥ and monotonicity of u*, we infer

1 (B) = u*(Au N E) + p* (A, B) > 3 i (A4 N E) + 1" (A1 E).
k=1



1.3. Extending a premeasure to a measure 15

Letting n — oo and using subadditivity finally gives

(E) > S i (Ax N B) + 0 (AN E) > 1 (AN E) + 1 (AN E) = 1" (E)
k=1
and we infer that ¥ is a g-algebra.

Finally, setting £ = A in the last equation, we have
pHA) =Dt (Ap NA) + i (AINA) = i (Ay)
k=1 k=1

and we are done. O

Remark: The constructed measure p is complete; that is, for every
measurable set A of measure zero, every subset of A is again measurable.
In fact, every null set A, that is, every set with p*(A) = 0, is measurable

(Problem [1.11]).

The only remaining question is whether there are any nontrivial sets
satisfying the Carathéodory condition.

Example 1.21. Let X := {0,1} with the trivial o-algebra A := {0, X}.
Then p(0) := 0 and w(X) := 1 defines a measure. Moreover, one easily
checks that the corresponding outer measure satisfies p*({0}) = p*({1}) =
1" (X) = 1. Hence p* is not additive on PB(X). Moreover, both {0} and {1}
fail the Carathéodory condition. o

The following result explains why we have bothered with premeasures
rather than starting from an outer measure.

Lemma 1.10. Let p: A — [0,00] be an additive set function with u(@)) =0
on an algebra A and let p* be the associated outer measure. Then every set
in A satisfies the Carathéodory condition.

Proof. Let A, € A be a countable cover for E. Then for every A € A we
have

S u(A) = 3" p(An N A) 3 AN A) 2 (B0 A) 4 (B A)
n=1 n=1 n=1

since A, NA € Ais a cover for ENA and A,,N A’ € Ais a cover for ENA’.

Taking the infimum, we have p*(E) > p*(ENA)+p*(ENA’), which finishes

the proof. O

To summarize: Starting from a set function we can obtain an outer
measure via Lemma [I.8 and a measure via Theorem However, we need
an additive set function on an algebra to guarantee that this measure is

defined (at least) on the algebra (Lemma [1.10) and we need a o-additive
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set function on an algebra (i.e. a premeasrue) to ensure that the measure
extends the premeasure (i.e. both agree on the algebra).

Thus the Lebesgue premeasure on S™ gives rise to Lebesgue measure
A™. The corresponding g-algebra will be larger than the Borel o-algebra B™,
but we will only use the restriction to the Borel g-algebra in this book. In
fact, with the very same procedure we can obtain a large class of measures
in R™ as will be demonstrated in the next section.

To end this section, I want to emphasize that in our approach we started
from a premeasure, which gave rise to an outer measure, which eventually
lead to a measure via Carathéodory’s theorem. However, while some effort
was required to get the premeasure in our case, an outer measure often can
be obtained much easier (recall Lemma . While this immediately leads
again to a measure, one is faced with the problem if any nontrivial sets satisfy
the Carathéodory condition.

To address this problem let (X, d) be a metric space and call an outer
measure 4* on X a metric outer measure if

p (A1 U Az) = p* (A1) + p*(Az2)

whenever

dist(Aq, Ag) := inf d(x1,22) > 0.
($1,$2)€A1 ><A2

Lemma 1.11. Let X be a metric space. An outer measure is metric if and
only if all Borel sets satisfy the Carathéodory condition ((1.12)).

Proof. To show that all Borel sets satisfy the Carathéodory condition it
suffices to show this is true for all closed sets. First of all note that we have
Gy = {z € FFNE|d(z,F) > 1} ~ F'NE since F is closed. Moreover,
d(Gy, F) > L and hence p*(FNE) +p*(Gy) = p*((ENF)UG,) < p*(E) by
the definition of a metric outer measure. Hence it suffices to show pu*(G,) —
p*(F'N E). Moreover, we can also assume p*(E) < oo since otherwise there
is noting to show. Now consider G, = Gn+1\Gr. Then d(Gy 42, Gn)~> 0 and
hence 770, p*(Gaj) = p (UL, Gyj) < p(E) as well as 352, p*(Gaj1) =
pH (U Gajm1) < p*(E) and consequently Y 72, u*(Gj) < 2u*(E) < oc.
Now subadditivity implies p*(F' N E) < p*(Gn) + 35, 1*(Gy) and thus
p*(F'N E) <liminf 4*(Gy,) < limsup u*(G,) < p*(F' N E)
n—00 n—o00
as required.

Conversely, suppose ¢ := dist(A, A2) > 0 and consider £ neighborhood
of Ay given by O, = U$6A1 B:(z). Then p*(A1UAs) = u*(O:.N(A1UAL)) +
p(OLN (A1 U Ag)) = u* (A1) + p*(Asg) as required. O
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Example 1.22. For example the Lebesgue outer measure (|1.4) is a metric
outer measure. In fact, given two sets A;, As as in the definition note that
any cover of rectangles can be assumed to have only rectangles of side length
smaller than n~'/2dist(A;, Ay) by taking subdivisions (here we use that |.|
is additive on rectangles). Hence every rectangle in the cover can intersect
at most one of the two sets and we can partition the cover into two covers,
one covering A; and the other covering As. From this we get p*(A; U Ag) >
1w (A1) + p*(Asz) and the other direction follows from subadditivity.

Note that at first sight it might look like this approach avoids the in-
termediate step of showing that |.| is a premeasure. However, this is not
quite true since you need this in order to show A™*(R) = |R| for rectangles
R e S™ o

Problem* 1.10. Suppose S1, Sy are semialgebras in X1, Xo. Then S :=
S1® Sy :={A1 x A3|A;j € S;} is a semialgebra in X = X1 x Xo.

Problem* 1.11. Show that every null set satisfies the Carathéodory condi-
tion (1.12)). Hence the measure constructed in Theorem 15 complete.

Problem* 1.12 (Completion of a measure). Show that every measure has
an extension which is complete as follows:

Denote by N the collection of subsets of X which are subsets of sets of
measure zero. Define ¥ := {AUN|A € X,N € N} and i(AU N) := pu(A)
for AUN € .

Show that X is a o-algebra and that [i is a well-defined complete measure.
Moreover, show N' = {N € %|ji(N) = 0} and ¥ = {B C X|34;,4; €
Y with A1 g B Q A2 and /L(AQ \Al) = 0}

Problem 1.13. Let u be a finite measure. Show that
d(A, B) :== u(AAB), AAB:=(AUB)\ (ANB) (1.13)

is a metric on X if we identify sets differing by sets of measure zero. Show
that if A is an algebra, then it is dense in X(A). (Hint: Show that the sets
which can be approzimated by sets in A form a Dynkin system.)

Problem 1.14. Let p* be an outer measure. Show that
[w*(B) = u*(A)] < p*(AAB)
provided at least one set has finite outer measure.

Problem 1.15. Let u be a premeasure and i the measure obtained from
w* via Theorem [1.9  Show that p* = p* and conclude that iterating the
Carathéodory procedure will not produce any new measurable sets.
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1.4. Borel measures

In this section we want to construct a large class of important measures on
R™. We begin with a few abstract definitions.

Throughout this section let X be a Hausdorfﬂ space. A measure on the
Borel o-algebra is called a Borel measure if u(K) < oo for every compact
set K. In this respect recall that in a Hausdorfl space compact sets are closed
and hence Borel. Moreover, if X is o-compact (i.e. it can be written as a
countable union of compact sets), then a Borel measure will be automatically
o-finite. Note that some authors do not require this last condition.

Example 1.23. Let X := R and ¥ := 9. The Dirac measure is a Borel
measure. The counting measure is no Borel measure since u([a, b]) = oo for
a <b. o

A measure on the Borel g-algebra is called outer regular if

mA) = A}gfopenu(O) (1.14)
and inner regular if
u(A) = sup (K. (1.15)

KCA,K compact

It is called regular if it is both outer and inner regular.

Example 1.24. Let X := R and ¥ := 8. The counting measure is inner
regular but not outer regular (every nonempty open set has infinite measure).
The Dirac measure is a regular Borel measure. o

Example 1.25. Let X := R” and X := B™. Then Lebesgue measure A" is
outer regular as can be seen from ({1.4)) by replacing the rectangles by slightly
larger open ones. In fact we will show that it is regular below. o

A set A € ¥ is called a support for p if (X \ A) = 0. Note that a
support is not unique (see the examples below). If X is a topological space
and ¥ = B(X), one defines the support (also topological support) of u
via

supp(p) := {x € X|u(O) > 0 for every open neighborhood O of z}. (1.16)

Equivalently one obtains supp(y) by removing all points which have an open
neighborhood of measure zero. In particular, this shows that supp(u) is
closed. If X is second countable, then supp(u) is indeed a support for u: For
every point x ¢ supp(u) let O, be an open neighborhood of measure zero.
These sets cover X\ supp(p) and by the Lindelijﬂ theorem (Lemma

13Felix Hausdorff (1868-1942), German mathematician
ME st Leonard Lindelsf (1870-1946), Finnish mathematician
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Cy
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Figure 1.1. Construction of the Cantor set

from [25]) there is a countable subcover, which shows that X\ supp(p) has
measure zero.

Example 1.26. Let X := R, ¥ := 8. The support of the Lebesgue measure
A is all of R. However, every single point has Lebesgue measure zero and so
has every countable union of points (by o-additivity). Hence any set whose
complement is countable is a support. There are even uncountable sets of
Lebesgue measure zero (see the Cantor set below) and hence a support might
even lack an uncountable number of points.

The support of the Dirac measure centered at 0 is the single point 0.
Any set containing 0 is a support of the Dirac measure. o

A property is said to hold p-almost everywhere (a.e.) if it holds on a
support for p or, equivalently, if the set where it does not hold is contained
in a set of measure zero.

Example 1.27. The set of rational numbers is countable and hence has
Lebesgue measure zero, A(Q) = 0. So, for example, the characteristic func-
tion of the rationals Q is zero almost everywhere with respect to Lebesgue
measure.

Any function which vanishes at 0 is zero almost everywhere with respect
to the Dirac measure centered at 0. o

Example 1.28. The Cantor set is an example of a closed uncountable set
of Lebesgue measure zero. It is constructed as follows: Start with Cp := [0, 1]
and remove the middle third to obtain Cy := [0, £]U[2, 1]. Next, again remove
the middle third’s of the remaining sets to obtain Cy := [0, §]U[2, ]U[2, T]U
[%, 1]. Proceeding like this (cf. Figure , we obtain a sequence of nesting
sets Oy, and the limit C' := (), C), is the Cantor set. Since C,, is compact, so is
C. Moreover, C,, consists of 2" intervals of length 37", and thus its Lebesgue
measure is A(Cy,) = (2/3)". In particular, A(C) = lim;,,—,00 A(Cy,) = 0. Using
the ternary expansion, it is extremely simple to describe: C' is the set of all
x € [0,1] whose ternary expansion contains no one’s, which shows that C is
uncountable (why?). It has some further interesting properties: it is totally
disconnected (i.e., it contains no subintervals) and perfect (it has no isolated
points). Concerning the first note that the length of the subintervals forming

C,, go to zero, and concerning the second note that a given point x € C is
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in a unique subinterval of C), and hence we can find a sequence by choosing
one of the boundary points of the corresponding subinterval.

Finally, note that if we change the construction by removing pieces of
length 4% from the middle of the intervals in the nth step almost every-
thing works as before. We get a sequence of closed sets V), consisting of 2"
subintervals of length 2727~1(1 + 2"). The limiting set V is totally discon-
nected, perfect and compact but now has Lebesgue measure % It is known
as Smith—Volterra—Cantor setl”] or fat Cantor set. o

But how can we obtain some more interesting Borel measures? We will
restrict ourselves to the case of X = R™ and begin with the case of Borel
measures on X = R which are also known as Lebesgue—Stieltjes mea-
suresm By what we have seen so far it is clear that our strategy is as
follows: Start with some simple sets and then work your way up to all Borel
sets. Hence let us first show how we should define p for intervals: To every
Borel measure on B we can assign its distribution function

—p((,0]), z <0,
wu(x) =<0, x =0, (1.17)
p((0,2]), x>0,
which is right continuous and nondecreasing as can be easily checked.

Example 1.29. The distribution function of the Dirac measure centered at

01is
0, x>0,
) = o
M( ) {—1, z < 0.

Example 1.30. The support of a Borel measure on R is given in terms of
the distribution function by

supp(dp) = {z € Rlu(z —¢) < p(z +¢), Ve > 0}.

Here we have used du to emphasize that we are interested in the support
of the measure du which is different from the support of its distribution
function u(x). o

For a finite measure the alternate normalization fi(z) = u((—o0, z]) can
be used. The resulting distribution function differs from our above defi-
nition by a constant p(z) = fi(z) — p((—00,0]). In particular, this is the
normalization used for probability measures.

Conversely, to obtain a measure from a nondecreasing function m : R —
R we proceed as follows: Recall that an interval is a subset of the real line

15Henry John Stephen Smith (1826-1883), Irish mathematician
15Vito Volterra (1860-1940), Italian mathematician
16Thomas Joannes Stieltjes (1856-1894), Dutch mathematician
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of the form
I=(ab], I=]Jab], I=(ab), or I=]Ja,b), (1.18)

with a < b, a,b € RU{—00,00}. Note that (a,a), [a,a), and (a, a] denote the
empty set, whereas [a, a] denotes the singleton {a}. For any proper interval
with different endpoints (i.e. a < b) we can define its measure to be

(b+) —m(a+), I=a,b,
(0+) —=m(a—), I=]a,b],
(b—) —m(a+), I=(a,b),
(b—) —m(a—), I=]a,b),

where m(a4) = lim.jom(a £ ¢) (which exist by monotonicity). If one of
the endpoints is infinite we agree to use m(+o0) = limy_ 1o m(z). For the
empty set we of course set () = 0 and for the singletons we set

u({a}) = m(a+) — m(a-) (1.20)

(which agrees with except for the case I = (a,a) which would give a
negative value for the empty set if © jumps at a). Note that p({a}) = 0if and
only if m(x) is continuous at a and that there can be only countably many
points with p({a}) > 0 since a nondecreasing function can have at most
countably many jumps. Moreover, observe that the definition of u does not
involve the actual value of m at a jump. Hence any function m with m(z—) <
m(z) < m(x+) gives rise to the same pu. We will frequently assume that m
is right continuous such that it coincides with the distribution function up
to a constant, p(z) = m(z+) —m(0+). In particular, p determines m up to
a constant and up to the values at the jumps.

m

3

u(l) = (1.19)

m

3

Once we have defined 1 on S', we can now show that (I.19) gives a
premeasure.

Lemma 1.12. Let m : R — R be right continuous and nondecreasing. Then
the set function defined via

ul(a,b]) = m(b) — m(a) (1.21)
on S! gives rise to a unique o-finite premeasure on the algebra S' of finite
unions of disjoint half-open intervals.

Proof. If (a,b] = [Ji_; (a;, b;] then we can assume that the a;’s are ordered.
Moreover, in this case we must have b; = aj41 for 1 < j < n and hence our
set function is additive on S*: > i=1 1((ag, b5]) = >0 (u(by) — play)) =
11(bn) — plar) = p(b) — pla) = p((a, b)).

So by Lemma it remains to verify . By right continuity we can
cover each A; := (aj,b;] by some slightly larger interval B; := (aj, b; + 4]
such that ,u(B ) < 1(Aj) + 5. Then for any x > 0 we can find an n such
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that the open intervals {(a;,b; + d;)}}_, cover the compact set AN [~x, ]
and hence

n

w(AN (—z,a)) < w(| By) =S u(By) <Y u(A)) +e.
J=1 J J=1

1

Letting x — oo and since € > 0 is arbitrary, we are done. [l

And extending this premeasure to a measure we finally obtain:

Theorem 1.13 (Lebesgue—Stieltjes measures). For every nondecreasing func-
tion m : R — R there exists a unique regular Borel measure p which extends
(1.19). Two different functions generate the same measure if and only if the
difference is a constant away from the discontinuities.

Proof. Except for regularity existence follows from Theorem together
with Lemma and uniqueness follows from Corollary Regularity will
be postponed until Section [1.6 U

We remark, that in the previous theorem we could as well consider m :
(a,b) — R to obtain regular Borel measures on (a,b).

Example 1.31. Suppose O(z) := 0 for 2 < 0 and O(x) := 1 for x > 0. Then
we obtain the so-called Dirac measure at 0, which is given by ©(A) =1 if
0cAand ©(A)=0if 0 & A. o

Example 1.32. Suppose A(z) := z. Then the associated measure is the or-
dinary Lebesgue measure on R. We will abbreviate the Lebesgue measure
of a Borel set A by A(A) = |A|. o

Finally, we show how to extend Theorem to R™. We will write
x < yifz; <yjforl <j < nand (a,d) = (a1,b1) X -+ X (an,by),
(a,b] = (a1,b1] x -+ X (an, by], etc.

The analog of (1.17) is given by
p(x) = sign(m)u( >< (min(0, z;), max(0, $j)]), (1.22)
j=1

where sign(z) = [[}_, sign(z;). Again, for a finite measure the alternative
normalization fi(x) = p((—oo, z]) can be used.

Example 1.33. The distribution function of the Dirac measure pu = o

centered at 0 is
0, x>0,
p(x) = { o

—1, else.
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(a1,b2) (b1,b2)

(a1, a2) (b1, a2)

Figure 1.2. Recunstructing the measure of a rectangle from the distri-
bution function

To recover a measure p from its distribution function we consider the
difference with respect to the j’th coordinate

Ailanm(a:) =m(z1, ..., 251, a2,xj+1, ceeyTp)
— m(xl, Ceey l‘jfl, al,:L'jJrl, e ,{L‘n)
= Z (=Dfm(zy, ..., zj1, 0% 200, .. 2n) (1.23)
ke{1,2}
and define
Agrgzm = Ay gz -+ Ay am (@)
= Y (1P (=DFm(al, . ab). (1.24)
ke{1,2}n

Note that the above sum is taken over all vertices of the rectangle (a', a?]
weighted with 41 if the vertex contains an even number of left endpoints and

weighted with —1 if the vertex contains an odd number of left endpoints.
Then

p((a, b)) = Agpp, a<b. (1.25)
Of course in the case n = 1 this reduces to u((a,b]) = pu(b) — pu(a). In the
case n = 2 we have u((a,b]) = wu(by,b2) — p(by,az) — p(ar,be) + u(ar, az)
which (for 0 < a < b) is the measure of the rectangle with corners 0, b,
minus the measure of the rectangle on the left with corners 0, (a1, b2), minus
the measure of the rectangle below with corners 0, (b1, as), plus the measure
of the rectangle with corners 0, a which has been subtracted twice (see

Figure . The general case can be handled recursively (Problem [1.16]).

Hence we will again assume that a nondecreasing function m : R — R”
is given (i.e. m(a) < m(b) for a < b). However, this time monotonicity is
not enough as the following example shows.

Example 1.34. Let p := %5(071) + %5(170) — %5(171). Then the corresponding
distribution function is increasing in each coordinate direction as the decrease
due to the last term is compensated by the other two. However, will
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give —3 for any rectangle containing (1, 1) but not the other two points (1, 0)
and (0,1). o

Now we can show how to get a premeasure on S™.

Lemma 1.14. Let m : R® — R" be right continuous such that p defined
via p((a,b]) := Aqpm is a nonnegative set function. Then p gives rise to
a unique o-finite premeasure on the algebra S™ of finite unions of disjoint
half-open rectangles.

Proof. We first need to show finite additivity. We call A = -, Ay, a regular
partition of A = (a, b] if there are sequences a; = cjo < c¢j1 <+ < Cjm; =
b; such that each rectangle Ay is of the form

(Cl,iflacl,i] X X (Cn,iflacn,i]-

That is, the sets Ay are obtained by intersecting A with the hyperplanes

! 1 1

! 1 1
r—1--—--1 F=T1T=-=-~-°-1r~1

1 1 1 1
R R B R S M

Figure 1.3. A partition and its regular refinement

zj=cj;, 1 <1 <m;—1,1<j <n. Now let A be bounded. Then additivity
holds when partitioning A into two sets by one hyperplane z; = ¢;; (note
that in the sum over all vertices, the one containing c;; instead of a; cancels
with the one containing c;; instead of b; as both have opposite signs by the
very definition of Agpm). Hence applying this case recursively shows that
additivity holds for regular partitions. Finally, for every partition we have
a corresponding regular subpartition (cf. Figure . Moreover, the sets in
this subpartions can be lumped together into regular subpartions for each
of the sets in the original partition. Hence the general case follows from the
regular case. Finally, the case of unbounded sets A follows by taking limits.

The rest follows verbatim as in the previous lemma. O

Again this premeasure gives rise to a measure.
Theorem 1.15. For every right continuous function m : R™ — R such that
p((a,b]) == Aypm >0, Va<b, (1.26)
there exists a unique reqular Borel measure p which extends the above defi-

nition.

Proof. As in the one-dimensional case existence follows from Theorem [I.9]
together with Lemma and uniqueness follows from Corollary [[.5 Again
regularity will be postponed until Section [1.6 U
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Example 1.35. Choosing m(x) := H?Zl xj we obtain the Lebesgue measure

A™ in R™ which is the unique Borel measure satisfying
n
X"((a,0)) = [ ] (05 — ;).
j=1

We collect some simple properties below.
(i) A™ is regular.
(ii) A™ is uniquely defined by its values on S".

(iii) For every measurable set we have
A" (A) = mf{ 3 )\"(Am)‘A C | Ams A € 5“},
m=1 m=1

where the infimum extends over all countable disjoint covers.

(iv) A™ is translation invariant and up to normalization the only Borel
measure with this property.

(i) and (ii) are part of Theorem [L.15] (iii). This follows from the construc-
tion of A" via its outer measure. (iv). The previous item implies that A"
is translation invariant. Moreover, let p be a second translation invariant
measure. Denote by @), a cube with side length r > 0. Without loss we can
assume i(@Q1) = 1. Since we can split Q1 into m™ cubes of side length 1/m,
we see that (1(Qy/,) = m™" by translation invariance and additivity. Hence
we obtain p(Q,) = r™ for every rational r and thus for every r by continuity
from below. Proceeding like this we see that A™ and p coincide on 8™ and
equality follows from item (ii). o
Example 1.36. If m; : R — R are nondecreasing right continuous functions,
then m(z) := [[;_; m;(x;) satisfies

Agym = 1] (m(bs) — mj(a;))
j=1

and hence the requirements of Theorem are fulfilled. o

Problem™* 1.16. Let u be a Borel measure on R™. For a,b € R™ set

m(a,b) := sign(b — a),u( >"< (min(a;,b;), max(a;, bj)D

J=1

and m(x) := m(0,z). In particular, for a < b we have m(a,b) = u((a,b)).
Show that
m(a,b) = Agpm(c,-)

for arbitrary ¢ € R™. (Hint: Start with evaluating Aij}bjm(c, ).)
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Problem* 1.17. Let p be a premeasure such that outer regularity (1.14))
holds for every set in the algebra. Then the corresponding measure p from
Theorem [1.9 is outer regular.

1.5. Measurable functions

The Riemann integral works by splitting the x coordinate into small intervals
and approximating f(z) on each interval by its minimum and maximum.
The problem with this approach is that the difference between maximum
and minimum will only tend to zero (as the intervals get smaller) if f(z) is
sufficiently nice. To avoid this problem, we can force the difference to go to
zero by considering, instead of an interval, the set of x for which f(z) lies
between two given numbers a < b. Now we need the size of the set of these
x, that is, the size of the preimage f~!((a,b)). For this to work, preimages
of intervals must be measurable.

Let (X,Xx) and (Y, Xy ) be measurable spaces. A function f: X — Y is
called measurable if f~!1(A) € Xx for every A € ¥y. When checking this
condition it is useful to note that the collection of sets for which it holds,
{ACY|f~1(A) € Xx}, forms a g-algebraon Y by f~1H(Y\A) = X\ f71(A)
and ffl(Uj Aj) =U; F71(A;). Hence it suffices to check this condition for
every set A in a collection of sets which generates Yy-.

We will be mainly interested in the case where (Y, Xy) = (R",B").

Lemma 1.16. Let (X,X) be a measurable space. A function f: X — R™ is
measurable if and only if

f(a,0))ex  VaeR" (1.27)

where (a,00) = Xj_q(aj,00). In particular, a function f : X — R" is
measurable if and only if every component is measurable. Regarding C == R?
we also get that a complez-valued function f : X — C is measurable if and
only if both its real and imaginary parts are and similarly for C"-valued
functions.

Proof. We need to show that 9" is generated by rectangles of the above
form. The o-algebra generated by these rectangles also contains all open
rectangles of the form (a,b) := XJ_;(a;,b;), which form a base for the
topology. ([

Clearly the intervals (a,o0) can also be replaced by [a,o0), (—o0,a), or
(_007 a] .

As an immediate consequence of the definition we get that compositions
of measurable functions are measurable:
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Lemma 1.17. Let (X,Xx), (Y, Xy), (Z,X2) be measurable spaces. If f :
X =Y and g:Y — Z are measurable functions, then the composition g o f
is again measurable.

Warning: Some authors call a function f: R — R Lebesgue measurable
if f71((a,00)) is a Lebesgue measurable set for every a € R (with respect
to the complete Lebesgue measure; cf. Problem . While this class is
larger than the Borel functions (consider the characteristic function of a
Lebesgue measurable set which is not Borel), it has the disadvantage that
the composition of Lebesgue measurable functions might not be Lebesgue
measurable. We will avoid such a nuisance by always chosing the Borel
algebra.

If X is a topological space and ¥ the corresponding Borel o-algebra, we
will also call a measurable function Borel function. Note that, in particu-
lar:

Lemma 1.18. Let (X,Xx), (Y,Xy) be topological spaces with their corre-
sponding Borel o-algebras. Any continuous function f : X — Y is measur-

able.

The set of all measurable functions forms an algebra.

Corollary 1.19. Let (X,Xx) be a measurable space. Suppose f,g : X —
R are measurable functions. Then the sum f + g and the product fg are
measurable. If f(x) # 0 for all x, then % 1s measurable. Similarly for
complex-valued functions.

Proof. Since (f,g) : X — R? is measurable and addition as well as mul-
tiplication are continuous functions from R? — R, the claim follows from
the previous two lemmas. Analogously for the reciprocal function, which is
continuous R \ {0} — R\ {0}. O

Sometimes it is also convenient to allow 400 as possible values for f,
that is, functions f : X — R, R = RU {—o00,00}. In this case A C R is
called Borel if A NR is. This implies that f : X — R will be Borel if and
only if f=!(£oc0) are Borel and f: X \ f~1({—oc,00}) — R is Borel. Since

{+c} = ﬂ(n, +00], {—c} =R\ U(—n, +00], (1.28)

we see that f: X — R is measurable if and only if
fH(a,00]) €2 VaeR. (1.29)

Again the intervals (a, oo] can also be replaced by [a, 0], [0, a), or [—00, a.
Moreover, we can generate a corresponding topology on R by intervals of the
form [—o00,b), (a,b), and (a,o0] with a,b € R.
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Hence it is not hard to check that the previous lemma still holds if one
either avoids undefined expressions of the type co — 0o and oo - 0 or makes
a definite choice, e.g., co — oo =0 and oo -0 = 0.

Moreover, the set of all measurable functions is closed under all important
limiting operations.

Lemma 1.20. Suppose f, : X — R is a sequence of measurable functions.
Then

inf f,, supfn, liminff,, limsup f, (1.30)
neN n—00

neN n—00

are measurable as well.

Proof. It suffices to prove that sup f, is measurable since the rest follows

from inf f,, = —sup(—fy,), liminf f,, := sup,, infy>, fr, and limsup f,, :=
infy, supys,, fi. But (sup f,)"*((a,<]) = U, fn*((a,o0]) are measurable
and we are done. (|

A few immediate consequences are worthwhile noting: It follows that
if f and g are measurable functions, so are min(f,g), max(f,g), |f|] =
max(f, —f), and f* = max(%f,0). Furthermore, the pointwise limit of
measurable functions is again measurable. Moreover, the set where the limit
exists,

{z € X| li_>m f(z) exists} = {z € X|limsup f(z) — lini)inff(x) =0},
n—00 N—s00 n—o0
(1.31)
is measurable.

Sometimes the case of arbitrary suprema and infima is also of interest.
In this respect the following observation is useful: Let X be a topological
space. Recall that a function f : X — R is lower semicontinuous if the
set f~1((a,c]) is open for every a € R.

Example 1.37. The characteristic function y 4 of a subset A C R" is lower
semicontinuous if and only if A is open and upper semicontinuous if and only
if A is closed. o

Then it follows from the definition (Problem [1.23) that the sup over an

arbitrary collection of lower semicontinuous functions
f(z) := sup fo() (1.32)
(03

is again lower semicontinuous (and hence measurable). Similarly, f is upper
semicontinuous if the set f~!([—00,a)) is open for every a € R. In this
case the infimum

flx) = igf fa(x) (1.33)



1.6. How wild are measurable objects 29

is again upper semicontinuous. Note that f is lower semicontinuous if and
only if —f is upper semicontinuous.

Problem 1.18 (preimage o-algebra). Let S C B(Y). Show that f~1(S) :=
{f~1(A)|A € S} is a o-algebra if S is. Conclude that f~'(Zy) is the smallest
o-algebra on X for which f is measurable.

Problem™* 1.19. Let (X,Xx), (Y,Xy) be two measurable spaces and X =
UnEN X, a partition into measurable sets X,, € X x. Show that f : X - Y
is measurable if and only if fn, := f|x,, is measurable with respect to the trace
algebra ¥, := ¥x|x, for alln € N.

Problem 1.20. Let {Ap}nen be a partition for X, X =), oy An. Let ¥ =
YS({An}tnen) be the o-algebra generated by these sets. Show that f : X — R
is measurable if and only if it is constant on the sets A,.

Problem 1.21. Let I C R be some interval. Show that a monotone function
f:I— R is Borel.

Problem 1.22. Show that if f € C(R™,R") is injective, then f~1 is Borel.
(Hint: Show that S := {A CR"|f(A) € B"} is a o-algebra containing B".)

Problem* 1.23. Show that the supremum over an arbitrary collection of
lower semicontinuous functions is again lower semicontinuous.

1.6. How wild are measurable objects

In this section we want to investigate how far measurable objects are away
from well-understood ones. The situation is intuitively summarized in what
is known as Littlewood’ﬂ three principles of real analysis:
e Every (measurable) set is nearly a finite union of intervals.
e Every (measurable) function is nearly continuous.
e Every convergent sequence of (measurable) functions is nearly uni-
formly convergent.

As our first task we want to look at the first item and show that measurable
sets can be well approximated by using closed sets from the inside and open
sets from the outside in nice spaces like R"”.

Lemma 1.21. Let X be a metric space and i a finite Borel measure. Then
for every A € B(X) and any given € > 0 there exists an open set O and a
closed set C' such that

CCACO and pO\C)<e. (1.34)

1730hn Edensor Littlewood (1885-1977), British mathematician
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The same conclusion holds for arbitrary Borel measures if there is a sequence
of open sets U, /X such that U,, C Up41 and p(U,) < oo (note that u is
also o-finite in this case).

Proof. To see that holds we begin with the case when p is finite.
Denote by A the set of all Borel sets satisfying . Then A contains
every closed set C: Given C define O,, := {z € X|d(z,C) < 1/n} and note
that O,, are open sets which satisfy O, \, C. Thus by Theorem (iii)
w(Op \ C) — 0 and hence C € A.

Moreover, A is even a o-algebra. That it is closed under complements
is casy to see (note that O := X \ C and C := X \ O are the required sets
for A = X\ A). To see that it is closed under countable unions consider
A=2, A, with A, € A. Then there are Cy,, O,, such that u(O, \ Cy) <
e27" 1. Now O := [J>°, 0, is open and C := J_, C,, is closed for any
finite N. Since p(A) is finite we can choose N sufficiently large such that
(UN41 Cn \ C) < /2. Then we have found two sets of the required type:
Using

[e.e] oo
0\C = U (On\C) € [J(On\ Cr) U (Cr\ C)
n=1

=1

nN+1
) +

we have u(O\ C) < anl u( n \ Cn) + 1(UnZny1 Cn \ C) < e. Thus Ais
a o-algebra containing the closed sets, hence it is the entire Borel o-algebra.

Now suppose  is not finite. Set X; := Uy and X, := Upy1 \ Un_1,
n > 2. Note that X,,11 N X, = Upy1 \ Uy, and X,, N X, = 0 for [n—m]| > 1.
Let A, = AN X, and observe A = [J;7; A,. By the finite case we can
choose C,, € A, € O, C X, such that u(O, \ Cp) < €27". Now set
C:=U,, Cn, O :=1J, Oy and note that C is closed. Indeed, let z € C and
let x; be some sequence from C' converging to x. Then z € U, for some n
and hence the sequence must eventually lie in C N U, C U,,<,, Cm. Thus

T € Upen Om = Up<n Cm € C. Finally, u(0O\ C) < Yol (O \Cp) < e
as required. O

This result immediately gives us outer regularity.

Corollary 1.22. Under the assumptions of the previous lemma

p(A)y=__ inf p(O)=  sup  u(C) (1.35)
024,0 open CCA,C closed

and p is outer reqular.

Proof. This follows from u(A) = p(O) — u(O\ A) = u(C) + n(A\ C). O
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If we strengthen our assumptions, we also get inner regularity. In fact,
if we assume the sets U, to be relatively compact, then the assumptions for
the second case are equivalent to X being locally compact and separable

(Lemma from [25]).

Corollary 1.23. If X is a o-compact metric space, then every finite Borel
measure is reqular. If X is a locally compact separable metric space, then
every Borel measure is reqular.

Proof. By assumption there is a sequence of compact sets K,, /* X and for
every increasing sequence of closed sets Cy, with p(Cy,) — u(A) we also have
compact sets C,, N K, with u(C, N K,,) — p(A). In the second case we can
choose relatively compact open sets Uy, (cf. item (iv) of Lemma from
[25]) such that the assumptions of the previous theorem hold. Now argue as
before using K,, = U,. O

In particular, on a locally compact and separable space every Borel mea-
sure is automatically regular and o-finite. For example this holds for X = R"”
(or X =C").

An inner regular measure on a Hausdorff space which is locally finite
(every point has a neighborhood of finite measure) is called a Radon mea-
sure@ Accordingly every Borel measure on R™ (or C") is automatically a
Radon measure.

Example 1.38. Since Lebesgue measure on R is regular, we can cover the
rational numbers by an open set of arbitrary small measure (it is also not
hard to find such a set directly) but we cannot cover it by an open set of
measure zero (since any open set contains an interval and hence has positive
measure). However, if we slightly extend the family of admissible sets, this
will be possible. o

Looking at the Borel o-algebra the next general sets after open sets are
countable intersections of open sets, known as G sets (here G and § stand for
the German words Gebiet and Durchschnitt, respectively). The next general
sets after closed sets are countable unions of closed sets, known as F, sets
(here F' and o stand for the French words fermé and somme, respectively).
Of course the complement of a G set is an F, set and vice versa.

Example 1.39. The irrational numbers are a G4 set in R and the rational
numbers are an Fy set. To see this, let z,, be an enumeration of the rational
numbers and consider the intersection of the open sets O,, :== R\ {z,}. ¢

Corollary 1.24. Suppose X is locally compact and separable and p a Borel
measure. A set in X is Borel if and only if it differs from a Gs set by a Borel

1&johann Radon (1887-1956), Austrian mathematician
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set of measure zero. Similarly, a set in X is Borel if and only if it differs
from an F, set by a Borel set of measure zero.

Proof. Since G5 sets are Borel, only the converse direction is nontrivial. By
Lemma we can find open sets O,, such that p(O, \ A) < 1/n. Now
let G :=(),,On. Then u(G\ A) < u(O, \ A) < 1/n for any n and thus
u(G\ A) = 0. The second claim is analogous. O

A similar result holds for convergence.

Theorem 1.25 (Egorov@). Let i be a finite measure on X and f, : X — C
be a sequence of measurable functions converging pointwise to a function f
for a.e. x € X. Then for every e > 0 there is a measurable set A of size
w(A) < e such that f,, converges uniformly on X \ A.

Proof. Let Ag be the set where f,, fails to converge. Set

Ang = J{z e X|ful2) = f(@)| = =}, Api= () Ank
n>N NeN
and note that Ay \, Ax € Ag as N — oo (with k fixed). Hence pu(An i) —
1(Ag) = 0 by continuity from above. So for every k there is some N}, such
that p(An, k) < 55- Then A = [ycy An, i satisfies u(A) < e. Now note
that © ¢ A implies that @ & Ay, i for every k and thus |f,(z) — f(z)| < %
for n > Np. Thus f, converges uniformly away from A. ([

| =

Example 1.40. The example f;, := X[y nt1) — 0 on X = R with Lebesgue
measure shows that the finiteness assumption is important. In fact, suppose
there is a set A of size less than 1 (say). Then every interval [m,m + 1]
contains a point x,, not in A and thus | f,(zy,) — 0] = 1. o

To end this section let us briefly discuss the third principle, namely that
bounded measurable functions can be well approximated by continuous func-
tions (under suitable assumptions on the measure). We will discuss this in
detail in Section [3:4] At this point we only mention that in such a situa-
tion Egorov’s theorem implies that the convergence is uniform away from a
small set and hence our original function will be continuous restricted to the
complement of this small set. This is known as Luzin’s theorem (cf. Theo-
rem . Note however that this does not imply that measurable functions
are continuous at every point of this complement! The characteristic func-
tion of the irrational numbers is continuous when restricted to the irrational
numbers but it is not continuous at any point when regarded as a function

of R.

19D mitri Egorov| (1869-1931), Russian mathematician
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Problem 1.24. Show directly that for every € > 0 there is an open set O of
Lebesgue measure |O| < e which covers the rational numbers. Show that R
contains a dense Gy set of Lebesque measure zero. In particular, R can be
split into two disjoint sets, one which is of Lebesgue measure zero and one
which is meager. (Hint for the second part: Take intersections of covers from
the first part.)

Problem* 1.25. A finite Borel measure is reqular if and only if for every
Borel set A and every € > 0 there is an open set O and a compact set K
such that K CAC O and p(O\ K) < €.

1.7. Appendix: Jordan measurable sets

In this short appendix we want to establish the criterion for Jordan measur-
ability alluded to in Section[I.I] We begin with a useful geometric fact.

Lemma 1.26. Fvery open set O C R™ can be partitioned into a countable
number of half-open cubes from S™.

Proof. Partition R™ into cubes of side length one with vertices from Z".
Start by selecting all cubes which are fully inside O and discard all those
which do not intersect O. Subdivide the remaining cubes into 2" cubes of
half the side length and repeat this procedure. This gives a countable set of
cubes contained in O. To see that we have covered all of O, let z € O. Since
x is an interior point there it will be a § such that every cube containing x
with smaller side length will be fully covered by O. Hence x will be covered
at the latest when the side length of the subdivisions drops below §. O

Now we can establish the connection between the Jordan content and
the Lebesgue measure A" in R™.

Theorem 1.27. Let A C R". We have J.(A) = A\"(A°) and for bouneded

A also J*(A) = A"(A). Hence a bounded set A is Jordan measurable if and
only if its boundary OA = A\ A° has Lebesgue measure zero.

Proof. First of all note, that for the computation of J,(A) it makes no
difference when we take open rectangles instead of half-open ones. But then
every R with R C A will also satisfy R C A° implying J.(A) = J.(A°).
Moreover, from Lemma we get Jo(A°) = A"(A°). Similarly, for the
computation of J*(A) it makes no difference when we take closed rectangles
and thus J*(A) = J*(A). Next, if A is compact, then given R, a finite
number of slightly larger but open rectangles will give us the same volume

up to an arbitrarily small error. Hence J*(A) = A"*(A) for bounded sets
A. O

Note that for an unbounded set A C R™ we always have J*(A) = cc.
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1.8. Appendix: Equivalent definitions for the outer
Lebesgue measure

In this appendix we want to show that the type of sets used in the definition
of the outer Lebesgue measure \*™ on R™ play no role. You can cover the set
by half-closed, closed, open rectangles (which is easy to see) or even replace
rectangles by balls (which follows from the following lemma). To this end
observe that by

A (By(x)) = Vpr™ (1.36)
where V,, := A"(By(0)) is the volume of the unit ball which is computed
explicitly in Section [2.3] Will will write |A| := A"(A) for the Lebesgue
measure of a Borel set for brevity. We first establish a covering lemma which
is of independent interest.

Lemma 1.28 (Vitali covering lemma). Let O C R™ be an open set and 6 > 0
fized. Let C be a collection of balls such that every open subset of O contains
at least one ball from C. Then there exists a countable set of disjoint open
balls from C of radius at most § such that O = N U Uj Bj with N a Lebesgue

null set.

Proof. Let O have finite outer measure. Start with all balls which are
contained in O and have radius at most §. Let R be the supremum of the
radii of all these balls and take a ball By of radius more than %. Now
consider O\ B; and proceed recursively. If this procedure terminates we are
done (the missing points must be contained in the boundary of the chosen
balls which has measure zero). Otherwise we obtain a sequence of balls B;
whose radii must converge to zero since 3 72, [B;| < [O]. Now fix m and let
z e O\UjL, Bj. Then there must be a ball By = B,(z) C O\ Uiz, B;.
Moreover, there must be a first ball By with By N By # () (otherwise all
By for k > m must have radius larger than § violating the fact that they
converge to zero). By assumption k£ > m and hence r must be smaller than
two times the radius of By (since both balls are available in the k’th step).
So the distance of x to the center of By must be less then three times the
radius of Bi. Now if By, is a ball with the same center but three times the
radius of By, then z is contained in By and hence all missing points from

Uj~, Bj are either boundary points (which are of measure zero) or contained
in {Jy,, Bx whose measure |(J;~,,, Br| < 3" > 1., |Bx| = 0 as m — oo.

If |O| = oo consider O, = O N (Byy11(0) \ B (0)) and note that O =
N UU,, Om where N is a set of measure zero. 0

Note that in the one-dimensional case open balls are open intervals and
we have the stronger result that every open set can be written as a countable

union of disjoint intervals (cf. Problem from [25]).
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Now observe that in the definition of outer Lebesgue measure we could
replace half-open rectangles by open rectangles (show this). Moreover, every
open rectangle can be replaced by a disjoint union of open balls up to a set
of measure zero by the Vitali covering lemma. Consequently, the Lebesgue
outer measure can be written as

o0 o0
A (A) :inf{Z\Ak\)Ag U 4w, 4 ec}, (1.37)
k=1 k=1
where C could be the collection of all closed rectangles, half-open rectangles,
open rectangles, closed balls, or open balls.






Chapter 2

Integration

Now that we know how to measure sets, we are able to introduce the Lebesgue
integral. As already mentioned, in the case of the Riemann integral, the
domain of the function is split into intervals leading to an approximation
by step functions, that is, linear combinations of characteristic functions
of intervals. In the case of the Lebesgue integral we split the range into
intervals and consider their preimages. This leads to an approximation by
simple functions, that is, linear combinations of characteristic functions of
arbitrary (measurable) sets.

2.1. Integration — Sum me up, Henri

Throughout this section (X, ¥, ) will be a measure space. A measurable
function s : X — R is called simple if its image is finite; that is, if

5= Zozj XA Ran(s) =: {a;}i_), Aj:= st {ajh)ex.  (21)
j=1

Here x4 is the characteristic function of A; that is, ya(z) :=1ifz € A
and xa4(x) := 0 otherwise. Note that U?:l Aj = X. Moreover, the set
of simple functions S(X, u) is a vector space and while there are different
ways of writing a simple function as a linear combination of characteristic
functions, the representation is unique.

For a nonnegative simple function s as in (2.1]) we define its integral as
P
/Asdu = Zaj p(A;NA). (2.2)
j=1

Here we use the convention 0 - oo = 0.
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Lemma 2.1. The integral has the following properties:

i) [ysdu= [y xasdpu.
(11) fU;X, A, SAu=22221 [, sdu.
(iii) [yasdp=o [, sdu, a>0.
(iv) [q(s+t)dp= [ysdu+ [ tdu.
(v) ACB = [,sdu< [gsdpu.
) s<t = [,sdu< [,tdu.

(v

Proof. (i) is clear from the definition. (ii) follows from o-additivity of u.

(iii) is obvious. (iv) Let s = >  ajxa,, t = > Bk xp, as in (2.1) and
abbreviate Cj; = (A; N By) N A. Note |); ;, Cjx, = A. Then by (ii),

[ s+ 0y = > / o 0= 3o+ (G0

:Z</ sd/,H—/ tdu) :/sdu+/tdu.

(v) follows from monotonicity of p. (vi) follows since by (iv) we can write
s = ;a5 Xc;, t =>; Bj xc; where, by assumption, a; < ;. O

Next we define the Lebesgue integral of a nonnegative measurable
function f: X — [0, 00| by

/ fdu:= sup / sdyu, (2.3)
simple functions s<f J A

where the supremum is taken over all simple functions s < f. By item
(vi) from our previous lemma this agrees with if f is simple. Note
that, except for possibly (ii) and (iv), Lemma still holds for arbitrary
nonnegative measurable functions s, t.

Theorem 2.2 (Monotone convergence, Beppo Levi’s theorenﬂ). Let f, be a
monotone nondecreasing sequence of nonnegative measurable functions, f, ~
f. Then f is measurable and

/Afndu—>/Afd/~c- (2.4)

Proof. By property (vi), [ 4 Jn dp is monotone and converges to some num-
ber a. By f, < f and again (vi) we have

@S/Afd,u.

IBeppo Levi (1875-1961)), Italian mathematicia
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|/ o | 7@

Ys +
Ya
Y3+
Y2
Y1

a x1 Ty X3 T4 T b a b

Figure 2.1. Approximating a function by partitioning the domain (Rie-
mann upper/lower sums) versus the range (Lebesgue integral).

To show the converse, let s be simple such that s < f and let 6 € (0,1). Put
Ay = A{x € A|fn(z) > 0s(z)} and note A,, /* A (show this). Then

/fnd,u,>/ fndu>0/ sdp.

Letting n — oo and adapting (ii) to the present situation, we see

a>0 / sdpu.
A
Since this is valid for every 6 < 1, it still holds for § = 1. Finally, since s < f
is arbitrary, the claim follows. ([
In particular
/ fdu= hm Sp dp, (2.5)
A

for every monotone sequence s,  f of simple functions. Note that there is
always such a sequence, for example,

n2"
E E+1
Z 2an 1(Ak ) Ak = [277 2771)7 An2” = [n,OO) (26)

By construction s, converges uniformly if f is bounded, since 0 < f(z) —
sn(2) < 5 if f(x) < n. This way of approximating a function by partitioning
the domain should be compared with the partitioning the domain used for
the Riemann integral (cf. Section — see Figure [2.1]

Now what about the missing items (ii) and (iv) from Lemma Since
limits can be spread over sums, item (iv) holds, and (ii) also follows directly
from the monotone convergence theorem. We even have the following result:
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Lemma 2.3. If f > 0 is measurable, then dv = f du defined via

v(A) ::/Afdu (2.7)

/A gdv = /A of dy (2.8)

for every measurable function g.

1s a measure such that

Proof. As already mentioned, additivity of v is equivalent to linearity of
the integral and o-additivity follows from Lemma (il):

v(l-] 4,) = dy = dy = v(A).
(Y 4 /U fdu ;/Anm > vl

. ff’:l An
The second claim holds for simple functions and hence for all functions by
construction of the integral. (Il

If f,, is not necessarily monotone, we have at least

Theorem 2.4 (Fatou’s lemma). If f,, is a sequence of nonnegative measur-
able functions, then

n—oo

/ liminf f,, dp < lim inf/ fndp. (2.9)
A n—oo A

Proof. Set g, := infy>, fr such that g,  liminf, f,. Then g, < f,

implying
/gnduﬁ/fndu-
A A

Now take the liminf on both sides and note that by the monotone conver-
gence theorem

liminf/ gndp = lim gn dp :/ lim g,dp = / liminf f, du,
A n—oo A ATL%OO A

n—oo n—oo

proving the claim. O

Example 2.1. Consider f, := X[pn+1]- Then lim, o fo(z) = 0 for every
x € R. However, [; fn(x)dz = 1. This shows that the inequality in Fatou’s
lemma cannot be replaced by equality in general. Another example is f, :=
% X[0,n] Which even converges to 0 uniformly. Note also that the same problem

occurs on a finite interval. Consider e.g., fom = X[o,1/2), fom+1 = X(1/2,1]-

Then again lim inf,, .~ f, = 0 while fol fn(x)dx = % o
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If the integral is finite for both the positive and negative part f* =
max(+f,0) of an arbitrary measurable function f, we call f integrable and

- [ raws= [ rrau= [ i (2.10)

Similarly, we handle the case where f is complex-valued by calling f inte-
grable if both the real and imaginary part are and setting

[ rawi= [ Re(pyu+i [ ()i (2.11)

A

Clearly a measurable function f is integrable if and only if | f| is. The set of
all integrable functions is denoted by L£(X,dpu).

Lemma 2.5. The integral is linear and Lemma[2-1] holds for integrable func-
tions s,t.

Furthermore, for all integrable functions f, g we have

[ saul< [ 110 (2.12)

and (triangle inequality)

/A|f+g|du§/A|f|du+/Algldu. (2.13)

In the first case we have equality if and only if f(x) = €°|f(x)| for a.c. x
and some real number 0. In the second case we have equality if and only if
f(z) = 9@ f(z)|, g(x) = €9@|g(x)| for a.e. z and for some real-valued
function 6.

Proof. Linearity and Lemma are straightforward to check. To see (12.12))
put o := %, where z := fA f du (without restriction z # 0). Then

\/Afdm=a/Afdu=/Aafdu=/ARe<af>dus/Arfdu,

proving (2.12)). The second claim follows from |f + g| < |f| + |g|. The cases
of equality are straightforward to check. O

Lemma 2.6. Let f be measurable. Then

/X|f|du:0 & f@2)=0 p—ae (2.14)

Moreover, suppose f is nonnegative or integrable. Then

wAy=0 = /Afd“ = 0. (2.15)



42 2. Integration

Proof. Observe that we have A := {z|f(z) # 0} =
{z||f(z)| > L}. If [, |fldpw = O we must have u(A,)
every n and hence p(A) = limy, 00 (Ay) = 0.

The converse will follow from since pu(A) = 0 (with A as before)
implies [ |fldp = [, |f|dp = 0.

Finally, to see note that by our convention 0 - oo = 0 it holds for
any simple function and hence for any nonnegative f by definition of the
integral . Since any function can be written as a linear combination of
four nonnegative functions this also implies the case when f is integrable. [

U,, An, where A, =
<n [y |fldu =0 for

Note that the proof also shows that if f is not 0 almost everywhere, there
is an € > 0 such that u({z||f(z)| > e}) > 0.

In particular, the integral does not change if we restrict the domain of
integration to a support of y or if we change f on a set of measure zero. In
particular, functions which are equal a.e. have the same integral.

Example 2.2. If py(x) := ) is the Dirac measure at 0, then

/f )du(z) = f(0).

In fact, the integral can be restricted to any support and hence to {0}.

If p(z) =5, 0n®(x — azn) is a sum of Dirac measures, ©(x) centered

at x = 0, then (Problem [2.

/f )du(x Zanf Tn).

Hence our integral contains sums as spemal cases. o

Finally, our integral is well behaved with respect to limiting operations.
We first state a simple generalization of Fatou’s lemma.

Lemma 2.7 (generalized Fatou lemmaEI). If fn is a sequence of real-valued
measurable functions and g some integrable function. Then

/ lim inf f,, dp < liminf/ frdp (2.16)
A n—o0 n—oo A
if g < fn and
limsup/ frndp < / lim sup f,, dp (2.17)
n—o00 A A nm—oo
if fn<yg.

Proof. To see the first apply Fatou’s lemma to f,, — g and add fA gdu on
both sides of the result. The second follows from the first using lim inf(—f,,) =
—limsup f,. U

2Pierre Fatou (1878-1929), French mathematician and astronomer
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If in the last lemma we even have | f,,| < g, we can combine both estimates
to obtain

/ liminf f, du < lim inf/ frdp <lim sup/ frndu < / lim sup f, du,
A A A A

n—00 n—oo n—00 n—o00
(2.18)

which is known as Fatou—Lebesgue theorem. In particular, in the special
case where f,, converges we obtain

Theorem 2.8 (Dominated convergence). Let f,, be a convergent sequence of
measurable functions and set f := lim,_ .o fn. Suppose there is an integrable
function g such that |f,| < g. Then f is integrable and

lim fndu:/fdu. (2.19)

Proof. The real and imaginary parts satisfy the same assumptions and
hence it suffices to prove the case where f,, and f are real-valued. Moreover,
since liminf f,, = limsup f,, = f equation (2.18)) establishes the claim. O

Remark: Since sets of measure zero do not contribute to the value of the
integral, it clearly suffices if the requirements of the dominated convergence
theorem are satisfied almost everywhere (with respect to ). See Problem 2.6]
for another straightforward extension.

Example 2.3. Note that the existence of g is crucial: The functions f,(z) :=
%X[—n,n] (x) on R converge uniformly to 0 but [ fn(z)dz = 1. o

In calculus one frequently uses the notation fab f(z)dz. In case of general
Borel measures on R this is ambiguous and one needs to mention to what
extend the boundary points contribute to the integral. Hence we define

b f(a,b] [ du, a <b,
/ fdu:=<0, a="h, (2.20)
¢ - f(b,a] fdu, b<a.

such that the usual formulas

/abfduz/acfdwr/cbfdu (2.21)

remain true. Note that this is also consistent with u(x) = fow du.

Example 2.4. Let f € C[a,b], then the sequence of simple functions

i b—a .
Sn(x) = Zf(xj)X(xj_ha:j](x)? Tj=a+ T]

Jj=1
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converges to f(z) and hence the integral coincides with the limit of the
Riemann—Stieltjes sums:

b n
[ =t 3 ) () = s ).
a j=1

Moreover, the equidistant partition could of course be replaced by an arbi-
trary partition {xg =a < x1 < --- < &, = b} whose length maxi<j<p(z; —
xj—1) tends to 0. In particular, for u(x) = = we get the usual Riemann sums
and hence the Lebesgue integral coincides with the Riemann integral at least
for (piecewise) continuous functions. Further details on the connection with
the Riemann integral will be given in Section o

Even without referring to the Riemann integral, one can easily identify
the Lebesgue integral as an antiderivative Given a continuous function f €
C(a,b) which is integrable over (a,b) we can introduce

/ f(y)dy, x € (a,b). (2.22)

Then one has
F(zx+¢)— F(x) 1
€ €

and

1 rt+e
fimswp [ 17(0) ~ @)ldy < Tmsnp sup[7) — f)] =0

e—0 e—=0  ye(z,z+e]

by the continuity of f at x. Thus F' € C'(a,b) and
F'(z) = f(),

which is a variant of the fundamental theorem of calculus. This tells
us that the integral of a continuous function f can be computed in terms of
its antiderivative and, in particular, all tools from calculus like integration
by parts or integration by substitution are readily available for the Lebesgue
integral on R. A generalization of the fundamental theorem of calculus will
be given in Theorem |4.29

Example 2.5. Another fact worthwhile mentioning is that integrals with
respect to Borel measures 1 on R can be easily computed if the distribution
function is continuously differentiable. In this case u([a,b)) = pu(b) — pu(a) =
f w'(z)dx implying that du(x) = p/(x)dz in the sense of Lemma More-
over, it even suffices that the distribution function is piecewise continuously
differentiable such that the fundamental theorem of calculus holds. o

Up to this point we have only considered real- and complex-valued func-
tions, but one could also look at the case of functions with values in R™ or
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C™. In this case a function is called measurable or integrable if all compo-
nents are and the integral is defined componentwise. Of course linearity of
the integral or dominated convergence continue to hold. In particular, note
that a measurable function f is integrable if and only if |f| is integrable,
where the absolute value is is now understood as Euclidean norm (in fact,
any other norm would work as well).

Lemma 2.9. Let f, g be measurable vector-valued functions, then (2.12) and

@2.13) hold.

Proof. Without loss of generality we can assume both functions to be in-
tegrable since otherwise the claims are trivial. To see , observe that
it holds for simple functions by the triangle inequality (for the Euclidean
norm) and hence for integrable functions by dominated convergence choos-
ing a sequence of simple functions as in Problem The second equation
is immediate from the triangle inequality. (]

Problem 2.1. Show the inclusion exclusion principle:

n

pALU-UA) =S 2DMT ST (A, 0N Ay,

k=1 1<iy <+ <ig<n
(HZ"I”Lt.‘ XALU--UA,, = 1-— H?:l(l — XAi)-)

Problem™* 2.2. Consider a countable set of measures i, and numbers oy, >
0. Let =), anfin and show

/Afdu—Zan/Afdun (2.23)

for any measurable function which is either nonnegative or integrable.

Problem* 2.3. Show that for any measurable function f there exists a se-
quence of simple functions s, such that |s,| < |f| and s, — [ pointwise.
If f is bounded, then the convergence will be uniform. (Hint: Split f into a
linear combination of four nonnegative functions and use )

Problem 2.4. Let (X,3X) be a measurable space. Show that the set B(X) of
bounded measurable functions with the sup norm is a Banach space. Show
that the set S(X) of simple functions is dense in B(X). Show that the
integral is a bounded linear functional on B(X) if u(X) < oo. (Hence the
fact that a densely defined bounded linear function has a unique extension to
the entire space (Theorem[1.16| from [25]) could be used to extend the integral
from simple to bounded measurable functions.)

Problem 2.5. Show that the monotone convergence holds for nondecreas-
ing sequences of real-valued measurable functions f, , f provided fi is
integrable.
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Problem 2.6 (PrattEI). Suppose gn < fn < hy are sequences of real-valued
measurable functions converging to g < f < h, respectively. Show that if g, h
are integrable with lim, o0 [ gndp = [gdp and lim,_,o0 [ hypdp = [ hdp,
then f is integrable and lim, oo [ fndp = [ fdp.

Moreover, suppose frn, gn are sequences of measurable functions with
| fn] < gn and converging to f, g, respectively. Show that if g is integrable with
limnﬁoofgndu = fgd,u, then f is integrable and limnﬁooffndu = ffdu.

Problem 2.7. Show that the dominated convergence theorem implies (under
the same assumptions)

n—oo

i [ 12— Sldu = 0.

Problem 2.8. Consider

0, =<0,
m(z) =<3, 0<x<l,
1 1<ua,

and let p be the associated measure. Compute [, x du(z).

Problem 2.9. Let u(A) < oo and f be a real-valued integrable function
satisfying f(x) < M. Show that

[ < auca)
A
with equality if and only if f(x) = M for a.e. x € A.

Problem 2.10. Let p be a nontrivial measure, u(X) > 0. Suppose f, g are
integrable functions with f < g. Then [ fdu < [y gdpu.

Problem 2.11. Let f :[0,1] — R be an integrable function and let my be a
number such that 0 < mg < 1. Show that [, f(x)dx =0 for all Borel sets A
with |A| = mg implies f =0 a.e.

Problem™ 2.12. Let X C R, Y be some measure space, and f : X XY — C.
Suppose y — f(x,y) is measurable for every x and x — f(x,y) is continuous
for every y. Show that

Fa) = [ f(o.9)duty) (224)
is continuous if there is an integrable function g(y) such that | f(z,y)| < g(y).

3John W. Pratt (1931), American mathematician and statistician
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Problem* 2.13. Let X C R, Y be some measure space, and f : X xY — C.
Suppose y — f(x,y) is integrable for all x and x — f(x,y) is differentiable
for a.e. y. Show that

F(z) = /Y f(.y) du(y) (2.25)

is differentiable if there is an integrable function g(y) such that \%f(w, y)| <
9(y). Moreover, y %f(w, y) is measurable and

Flo)= [ 2 ey) duty) (2.26)

in this case. (See Problem[].43 for an extension.)

2.2. Product measures

Let p1 and ps be two measures on 1 and o, respectively. Let X1 ® Yo be
the o-algebra generated by rectangles of the form A; x Ay with A; € X,
j=12.

Example 2.6. Let 98 be the Borel sets in R. Then B2 = B®*B are the Borel
sets in R? (since the rectangles are a basis for the product topology). o

Any set in X1 ® X5 has the section property; that is,
Lemma 2.10. Suppose A € 31 ® Xg. Then its sections
Ai(xg) == {x1|(x1,22) € A} and  Az(xy) := {x2|(z1,22) € A} (2.27)

are measurable.

Proof. Denote all sets A € 31 ® X9 with the property that A;(z2) € 31 by
S. Clearly all rectangles are in S and it suffices to show that S is a g-algebra.
Now, if A € S, then (A")1(z2) = (Ai(z2)) € X1 and thus S is closed under
complements. Similarly, if A,, € S, then (|J,, An)1(z2) = U,,(An)1(z2) shows
that S is closed under countable unions. ]

This implies that if f is a measurable function on X7 x Xo, then f(., x2)
is measurable on X for every zo and f(x1,.) is measurable on X for every
x1 (observe Aq(z2) = {z1|f(x1,22) € B}, where A := {(x1,2z2)|f(x1,22) €
B}).

Given two measures i1 on X1 and ps on s, we now want to construct
the product measure p; ® pe on 31 ® 3o such that

1 @ po(Ar X Ag) i= py(Ar)puz(A2), Aj; €%y, 5=1,2. (2.28)

Since the rectangles are closed under intersection, Theorem implies that
there is at most one measure on 31 ® Yo provided gy and po are o-finite.
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Theorem 2.11. Let p1 and po be two o-finite measures on %1 and Yo, re-
spectively. Let A € ¥1®%9. Then pa(Az(x1)) and uy(Ai(x2)) are measurable
and
/ p2(Az(x1))dpa (w1) = / p1(A1(w2))dpz(w2). (2.29)
X1 X2

Proof. As usual, we begin with the case where 1 and po are finite. Let
D be the set of all subsets for which our claim holds. Note that D contains
at least all rectangles. Thus it suffices to show that D is a Dynkin system
by Lemma [I.2] To see this, note that measurability and equality of both
integrals follow from Aj(z2) = A)(x2) (implying (A4} (x2)) = w1 (X1) —
11 (A1 (x2))) for complements and from the monotone convergence theorem
for disjoint unions of sets.

If 1 and po are o-finite, let X; ; 7 X; with p;(X; ;) < oo for i = 1,2.
Now ,u,g((A N X17j X Xg,j)g(xl)) = ,ug(AQ(xl) N XQJ‘)XXLj (a:l) and similarly
with 1 and 2 exchanged. Hence by the finite case

/ p2(A2 N Xoj)xx, ;A = / 1 (A N X 5) XX, dpe
X1 Xo

and the o-finite case follows from the monotone convergence theorem. [

Hence for given A € 31 ® Y9 we can define
py @ pa(A) = / pi2(Az(1))dp (1) = / p1(Ai(z2))dpo(22)  (2-30)
X1 X2

or equivalently, since X 4, (z,)(T1) = XAy (x1)(T2) = Xa(71, 72),

p1 ® pa(A) = / (/XQ XA($17$2)dM2(332)> dpa (21)

X1

- /X2 (/X1 XA(a;l,a:g)dul(a:1)) dpa(x2). (2.31)

Then 1 ® pg gives rise to a unique measure on A € ¥ ® X4 since o-additivity
follows from the monotone convergence theorem.

Example 2.7. Let X7 = X9 = [0,1] with py Lebesgue measure and ps the
counting measure. Let A = {(z,z)|z € [0,1]} such that pa(A2(x1)) =1 and
p1(A1(22)) = 0 implying
1= [ (s (@) 2 [ (s dua(en) =0
X4 X2
Hence the theorem can fail if one of the measures is not o-finite. Note that

it is still possible to define a product measure without o-finiteness (Prob-
lem , but, as the example shows, it will lack some nice properties. ¢

Finally we have
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Theorem 2.12 (FubiniEI). Let f be a measurable function on X1 x X9 and
let py, pe be o-finite measures on X1, Xa, respectively.

(i) If f > 0, then [ f(.,z2)dp2(z2) and [ f(z1,.)dpi(x1) are both mea-

surable and

//XlxX2 flx1, z2)dpn ® pa(xy, x2) = /X2 ( . f(xl,xg)dul(x1)> dua(z2)
= /X1 ( . f(whxz)duz(:cz)) dpq (x1). (2.32)

(i) If f is complez-valued, then

[ 15 ) € £ (X dio), (2.33)
X1
respectively,
[ 1) ldna(az) € €130, dp), (2.34)
Xo

if and only if f € LY(X1 x Xa, du1 ®@dpus). In this case ([2.32) holds.

Proof. By Theorem and linearity the claim holds for simple functions.
To see (i), let s,, * f be a sequence of nonnegative simple functions. Then it
follows by applying the monotone convergence theorem (twice for the double
integrals).

For (ii) we can assume that f is real-valued by considering its real and
imaginary parts separately. Moreover, splitting f = f* — f~ into its positive
and negative parts, the claim reduces to (i). O

In particular, if f(z1,22) is either nonnegative or integrable, then the
order of integration can be interchanged. The case of nonnegative functions
is also called Tonelli’s theoremﬁ In the general case the integrability
condition is crucial, as the following example shows.

Example 2.8. Let X :=[0,1] x [0, 1] with Lebesgue measure and consider

__r7y
f(xay)_ ($+y>3

/Ol/olf(x,y)dxdyz—/olmdyz—;
)

but (by symmetry

/01/01f(ac,y)dydac:/O1 (1_::(;)2d1‘: %

4Guido Fubini (1879-1943), Italian mathematician
5Leonida Tonelli (1885-1946), Italian mathematician

Then
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Consequently f cannot be integrable over X (verify this directly). o

Lemma 2.13. If 1 and po are outer reqular measures, then so is 1 ® fsa.

Proof. Outer regularity holds for every rectangle and hence also for the
algebra of finite disjoint unions of rectangles (Problem [2.14)). Thus the claim
follows from Problem O

In connection with Theorem [I.3] the following observation is of interest:

Lemma 2.14. If S; generates ¥; and X; € S; for j = 1,2, then S1 x Sp :=
{A; x Az|A; € S;, j =1,2} generates ¥1 ® Xa.

Proof. Denote the o-algebra generated by S; x So by Y. Consider the set
{41 € ¥1]A; x X2 € ¥} which is clearly a o-algebra containing S; and thus
equal to 1. In particular, ¥; x Xo C ¥ and similarly X; x ¥ C 3. Hence
also (21 X X2) N (X1 X 22) =31 X 2o C 2. O

Finally, note that we can iterate this procedure.

Lemma 2.15. Suppose (X;,3;, 1), j = 1,2,3, are o-finite measure spaces.
Then (21 X 22) ®I3=21® (ZQ X 23) and

(11 @ p2) @ pz = p1 @ (p2 @ p3). (2.35)

Proof. First of all note that (X ® ¥9) ® ¥3 = ¥; ® (X2 ® X3) is the sigma
algebra generated by the rectangles Ay x As x Az in X7 x X5 x X3. Moreover,
since

(11 ® p2) @ ps)(Ar x Az x Az) = p1(Ar)pa(A2)ps(As)
= (11 @ (2 @ p3)) (A1 x Az x As),

the two measures coincide on rectangles and hence everywhere by Theo-

rem [[3] O

Hence we can take the product of finitely many measures. The case of
infinitely many measures requires a bit more effort and will be discussed in

Section 5.2

Example 2.9. If X is Lebesgue measure on R, then A\ = A® --- ® X is
Lebesgue measure on R™. In fact, it satisfies A" ((a,b]) = [[;_;(b; — a;) and
hence must be equal to Lebesgue measure which is the unique Borel measure
with this property. o
Example 2.10. If X;, X9 are second countable Hausdorff spaces, then
B(X; x X2) = B(X;) ® B(X2) since open rectangles are a base for the
product topology. Moreover, if ui, po are Borel measures and both Xj

and X are locally compact, then u; ® pg is also a Borel measure. Indeed,
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let K C X1 x X5 be compact. Then for every point in K there is a rela-
tively compact open rectangle containing this point. By compactness finitely
many of them suffice to cover K, that is K C U?:1 K1 j x Ky ; implying
pi1 @ po(K) < 370 p( B ) p(Kay) < oo o

Problem* 2.14. Show that the set of all finite unions of measurable rect-
angles A1 X Ay forms an algebra. Moreover, every set in this algebra can be
written as a finite union of disjoint rectangles.

Problem* 2.15. Let (X;,%;), j = 0,1,2 be measurable spaces and f; :
Xo = Xj, j = 1,2 be functions. Show that (fi, f2) : Xo = X1 x Xy is
measurable (with respect to the product algebra X1 ® Xy) if and only if f1 and
fo are measurable.

Problem 2.16. Given two measure spaces (X1, %1, p1) and (Xa, 3o, u2) let
R = {A1 x A3]A; € 5;, j = 1,2} be the collection of measurable rectangles.
Define p: R — [0,00], p(A1 X Az) = p1(A1)ua(Asz). Then

(1 @ )" (4) = inf { 3 p(ap)a c |J 4, 4; € R}
j=1 Jj=1

18 an outer measure on X1 X Xo. Show that this constructions coincides with

(2.30) for A € ¥1 ® X9 in case py and p2 are o-finite.

Problem 2.17. Let P : R® — C be a nonzero polynomial. Show that N :=
{z € R"|P(x) = 0} is a Borel set of Lebesque zero. (Hint: Induction using
Fubini.)

Problem* 2.18. Let U C C be a domain, Y be some measure space, and
f:UxY — C. Suppose f is measurable and z — f(z,y) is holomorphic for
every y. Show that

F(z) = /Yf(z,y) du(y)

is holomorphic if for every compact subset V. C U there is an integrable
function g(y) such that |f(z,y)| < g(y), z € V. (Hint: Use Fubini and
Morera’s theorem from complex analysis.)

Problem 2.19. Let f : X — R be measurable. Show that the sublevel sets
Sr(t) == {(z,t)|f(z) <t} € X xR are measurable.

Problem™* 2.20. Suppose ¢ : [0,00) — [0,00) is integrable over every com-
pact interval and set ®(r) = [ ¢(s)ds. Let f : X — C be measurable and
introduce its distribution function

Ey(r) = n({e € X||f(@)] > r}).
Show that ~
/ &(| fl)dps = / o(r) Ey (r)dr.
X 0



52 2. Integration

Moreover, show that if f is integrable, then the set of all a € C for which
p({z € X| f(z) = a}) > 0 is countable.

2.3. Transformation of measures and integrals

Finally we want to transform measures. Let f : X — Y be a measurable
function. Given a measure p on X we can introduce the pushforward
measure (also image measure) fyu on 'Y via

(fart)(A) = u(f7H(A)). (2.36)

It is straightforward to check that f,u is indeed a measure. Moreover, note
that f,u is supported on the range of f.

Theorem 2.16. Let f : X — Y be measurable and let g : Y — C be a
Borel function. Then the Borel function go f : X — C is a.e. nonnegative
or integrable if and only if g is and in both cases

/Ygd(f*u) = /Xgo fdp. (2.37)

Proof. In fact, it suffices to check this formula for simple functions g, which
follows since xa o f = xf-1(4)- O

Example 2.11. Suppose f: X - Y and g:Y — Z. Then

(g0 = gu(far)

since (go f)™ ' = ftog™ L. o
Example 2.12. Let f(z) = Mz + a be an affine transformation, where
M : R™ — R"™ is some invertible matrix. Then Lebesgue measure transforms
according to
n 1 n
P Taaon™
To see this, note that f,A\" is translation invariant and hence must be a
multiple of \". Moreover, for an orthogonal matrix this multiple is one
(since an orthogonal matrix leaves the unit ball invariant) and for a diagonal
matrix it must be the absolute value of the product of the diagonal elements
(consider a rectangle). Finally, since every invertible matrix can be written
as M = O1DO», where O; are orthogonal and D is diagonal (Problem,

the claim follows.
As a consequence we obtain
1

gMz+a)d"'s = —————
/A M+ a)d" = 550D Jyare

which applies, for example, to shifts f(z) = = + a or scaling transforms
f(z) = az. o

g(y)d™y,
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This result can be generalized to diffeomorphisms (one-to-one C'!' maps
with inverse again C1):

Theorem 2.17 (change of variables). Let U,V C R™ and suppose f €
CY(U,V) is a diffeomorphism. Then
(f 7 H)ud z = | T (x)|d"z, (2.38)

where Jp = det(%) is the Jacobi determinant of f. In particular,

[ stt@s@iae = [ gwiy (2:39)
whenever g is nonnegative or integrable over V.

Proof. It suffices to show

[ av= [ 1@l
f(R) R

for every bounded open rectangle R C U. By Theorem [I.3] it will then
follow for characteristic functions and thus for arbitrary functions by the
very definition of the integral.

To this end we consider the integral

o —1 2) — nz m
J@AméU%f@»%UU y)d"z vy

n 1

Here ¢ := anlXBl(o) and ¢:(y) := e "p(e~'y), where V,, is the volume of
the unit ball (cf. below), such that [ ¢.(z)d"z = 1.

We will evaluate this integral in two ways. To begin with we consider
the inner integral

he(y) == /R 0 (f(2) —y)d"=.

For £ < g¢ the integrand is nonzero only for z € K := f~1(B,(y)), where
K is some compact set containing # = f~!(y). Using the affine change of
coordinates z = x + ew we obtain

hmn:[éww(ﬂx+“°‘ﬂ@)ww, Wee) = H(K — ).

9 9

By
f(z+ew) = f(z)

3

1
> Glul. O = sup s

the integrand is nonzero only for w € B¢(0). Hence, as € — 0, the domain
We(x) will eventually cover all of B¢ (0) and dominated convergence implies

: _ m _ -1
%m@—AMwWWMw—WM|.
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Consequently, lim. o I. = |f(R)| again by dominated convergence. Now we
use Fubini to interchange the order of integration

L= [ [ 150 ) -y
RJf(R)
Since f(z) is an interior point of f(R), continuity of |J¢(f~!(y))| implies

lim [T (FH WD)lpe(F(2) = y)d™y = [Ty (fH(F ()] = [Tp(2)]
=0 Jr)

and hence dominated convergence shows lim. g I. = [, [J(2)]d"z. O

Example 2.13. For example, we can consider polar coordinates 715 :
[0,00) x [0,27) — R? defined by
Ti(p, ¢) := (pcos(p), psin(p)).

Then

cos(p)  —psin(p)
sin(p)  pcos(p)

det

T ' .,
(p, ©)
and one has

[ focoste) psintepd(og) = [ fald

U T2(U)

Note that T3 is only bijective when restricted to (0,00) x [0,27). However,
since the set {0} x [0,27) is of measure zero, it does not contribute to the
integral on the left. Similarly, its image T5({0} x [0,27)) = {0} does not
contribute to the integral on the right. o

Example 2.14. We can use the previous example to obtain the transforma-
tion formula for spherical coordinates in R" by induction. We illustrate
the process for n = 3. To this end let z = (z1, z2, x3) and start with spher-
ical coordinates in R? (which are just polar coordinates) for the first two
components:

x = (pcos(p), psin(p),x3),  p€[0,00), ¢ €[0,2).
Next use polar coordinates for (p, x3):
(p, x3) = (rsin(f),r cos(d)), r €10,00), 8 € [0, 7].

Note that the range for # follows since p > 0. Moreover, observe that r2 =
p? + 23 = 23 + 23 + 2% = |2/? as already anticipated by our notation. In
summary,

x =T3(r,p,0) := (rsin(f) cos(p), rsin(f) sin(p), r cos(d)).
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Furthermore, since T3 is the composition with 75 acting on the first two
coordinates with the last unchanged and polar coordinates P acting on the
first and last coordinate, the chain rule implies

oP

8T3 aTQ 2
—  =det ———— ) det ——— = r“ssin(0).
0008 B pran)| e Y56 0 )

Hence one has

/f(Tg(r,cp,Q))rQSin(H)d(r,go,@):/ f(x)d3x.
U T5(U)

det

Again T3 is only bijective on (0,00) x [0,27) x (0, ).
It is left as an exercise to check that the extension to arbitrary dimensions
T, : [0,00) x [0,27) x [0,7]"~2 — R™ is given by

T = Tn(’f’, ®, 917 s 70n—2)

with
T = rcos(yp)sin(f;)sin(fz) sin(f3) - - - sin(6,—2),
T2 = rsin(y)sin(f;) sin(f2) sin(f3) - - - sin(6,—2),
x3 = 7 cos(61) sin(f2) sin(f3) - - - sin(fp—2),
x4 = r cos(62) sin(f3) - - - sin(f,—2),
Tpo1 = 7 co8(0p—3) sin(0p—2),
Tn, = 7 cos(fp—2).
The Jacobi determinant is given by
det Ty = " Lsin(f) sin(fz)? - - - sin(f,_2)" 2. o

8(7'7 ®, 017 s 7071—2)

Another useful consequence of Theorem [2.16] is the following rule for
integrating radial functions.
Lemma 2.18. There is a measure o' on the unit sphere S" ! :=
0B1(0) = {x € R"| |x| = 1}, which is rotation invariant and satisfies

/]Rng (z)d" = /OOO /Sn1 g(rw)r"tdo" " (w)dr, (2.40)

for every integrable function g.
Moreover, the surface area of S™ 1 is given by
S, =" (S = nV, (2.41)

where V,, := \"(B1(0)) is the volume of the unit ball in R™, and if g(x) =
g(|z|) is radial we have

/]R" g(x)d"z =S, /Ooog(r)rnldr. (2.42)
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Proof. Consider the measurable transformation f : R® — [0,00) x S"71,
x — (|z, \%I) (with |8—‘ =1). Let du(r) := " 'dr and
o™ HA) == nA"(f71([0,1) x A)) (2.43)

for every A € B(S"1) = B N S" L. Note that 0" ! inherits the rotation
invariance from A". By Theorem it suffices to show f, A" = p® o 1.
This follows from

(FAM)([0,7) x A) = A (F7H([0,7) x A)) = r"A"(f7H([0,1) x A))
= u([0,7))a"H(A).
since these sets determine the measure uniquely. ([
Clearly in spherical coordinates the surface measure is given by
do"™ ! = sin(#)) sin(f)? - - - sin(f,_2)" 2dp dfy - - - df,_». (2.44)

Example 2.15. Let us compute the volume of a ball in R":

V(1) ::/]R XB,(0)d" .

By the simple scaling transform f(z) = rz we obtain V,(r) = V,,(1)r" and
hence it suffices to compute V;, := V,,(1).

To this end we use (Problem [2.23])
/2 —|z|? N S nVo [ _ /2—1
" :/exd"x:nVn/ e " dr:2/ e *s" T ds
n 0 0

nVp..n n
=—TI(=)=V,I'(=+1),
(5)=Val(5 +1)

where I' is the gamma function (Problem [2.24)). Hence

yoo ™ (2.45)

"UD(341) '
By I'(3) = /7 (see Problem [2.25) this coincides with the well-known values
Vi=2Va=m V3 =14 ©

Example 2.16. The above lemma can be used to determine when a radial
function is integrable. For example, we obtain

lz|* € LY(B1(0)) & a > —n, lz|* € LY(R™\ B1(0)) & a< —n. ©

Problem 2.21. Let A be Lebesque measure on R, and let f be a strictly
increasing function with lim,_, 1 f(x) = £oo. Show that

fA=d(f™),

where =1 is the inverse of f extended to all of R by setting f~'(y) = x for
y € [f(z—), f(x+)] (note that £~ is continuous).
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Moreover, if f € CY(R) with f' > 0, then
1

fod = ———=dA\.

Y
Problem* 2.22. Show that every invertible matriz M can be written as
M = 01DO3, where D is diagonal and Oj are orthogonal. (Hint: The
matriz M* M is nonnegative and hence there is an orthogonal matriz U which
diagonalizes M*M = UD?U*. Then one can choose O = MUD™ and
0, =U".)

Problem* 2.23. Show
I, := / el gng = 7n/2,

(Hint: Use Fubini to show I, = I{ and compute Iy using polar coordinates.)
Problem™* 2.24. The gamma function is defined via
(o.]
['(z) := / ¥ le % du, Re(z) > 0. (2.46)
0
Verify that the integral converges and defines an analytic function in the
indicated half-plane (cf. Problem . Use integration by parts to show
[(z+41) ==2I'(2), ra =1 (2.47)

ConcludeI'(n) = (n—1)! forn € N. Show that the relation I'(2) =T'(z+1)/z
can be used to define I'(z) for all z € C\{0,—-1,-2,...}. Show that near

z =—n, n € Ny, the Gamma functions behaves like I'(z) = n('(_z1+)2) +0(1).

Problem* 2.25. Show that I'(3) = /7. Moreover, show
1 2n)!
I'n+ ) = (2n) VT

27 4npl
(Hint: Use the change of coordinates x = t*> and then use Problem )

Problem 2.26. Establish

(i)J I'(z) = /OOO log(x) 2"~ te %dux, Re(z) > 0.

Conclude that T is strictly convex and has a unique minimum between 1 and
2 on (0,00). Show that I' is even log-convex, that is, log(I'(z)) is convex.
(Hint: Regard the first derivative as a scalar product and apply Cauchy-
Schwarz.)

Problem 2.27. Show that the Beta function satisfies

! u v

Re(u) > 0, Re(v) > 0.
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A few other common forms are

w/2
B(u,v) = 2/ sin(#)?“ ! cos()**~1dh
0

o) Sufl 1
— d — 2—u—v+1 / 1 4 u—1 1— ’U—ld
|, LT

1
= n/ s (1 — 5™ s, n > 0.
0

Use this to establish Euler’s reflection formul(ﬂ
T()T(1—2) = —

sin(mz)

and Legendre’s duplication formultﬂ
22z71

N

Conclude that the Gamma function has no zeros on C.

r'2z) = L'(z)I'(z + %)

(Hint: Start with I'(u)I'(v) and make a change of variables x = ts, y =
t(1—s). For the reflection formula evaluate B(z,1— z) using Problem [2.2§
For the duplication formula relate B(z, z) and B(},z).)

Problem 2.28. Show

oo zx o ,,z—1 z—1
e y Ta

d p— d = 1 —_ .
/Ooa+em x /0 p—— Y ey g 0 <Re(z) <1,aeC\(—o0,0]

(Hint: First reduce it to the case a = 1. Then, use a contour consisting of
the straight lines connecting the points —R, R, R+ 27i, —R 4 2wi. FEvaluate
the contour integral using the residue theorem and let R — oo. Show that
the contributions from the wvertical lines vanish in the limit and relate the
integrals along the horizontal lines.)

Problem 2.29. Show Stirling’s formultﬁ

mw=§<¢?+0@*%>, - o0,

for @ > 0. (Hint: The maximum of t*e~t occurs at t = x and this suggests
a change of variables s = tx which gives

xT

P(x) = — /OOO (se'*)"ds.

el‘

6Leonhard Euler (1707-1783), Swiss mathematician, physicist, astronomer, geographer, logi-
cian and engineer

7 Adrien-Marie Legendre (1752-1833), French mathematician

& James Stirling| (1692-1770), Scottish mathematician


http://en.wikipedia.org/wiki/Leonhard Euler
http://en.wikipedia.org/wiki/Adrien-Marie Legendre
http://en.wikipedia.org/wiki/James Stirling (mathematician)
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Now observe that the main contribution is from the maximum at s = 1. Split
the integral into a neighborhood of s = 1 and the rest. The rest does not con-
tribute asymptotically. To determine the contribution from the neighborhood
make a change of variables s = r(s) such that se'™ = e~ ""/2.)

Problem 2.30. Let U C R™ be open and let f : U — R™ be locally Lipschitz
(i-e., for every compact set K C U there is some constant L such that | f(x)—
f)| < Llx—vy| for allx,y € K). Show that if A C U has Lebesgue measure
zero, then f(A) is contained in a set of Lebesque measure zero. (Hint: By
Lindeldf it is no restriction to assume that A is contained in a compact ball
contained in U. Now approximate A by a union of rectangles.)

2.4. Surface measure and the Gauss—Green theorem

We begin by recalling the definition of an m-dimensional submanifold: We
will call a subset X C R"™ an m-dimensional submanifold if there is a
parametrization ¢ € C*(U,R"), where U C R™ is open, ¥ = (U), and ¢
is an immersion (i.e., the Jacobian is injective at every point). Somewhat
more general one extends this definition to the case where a parametrization
only exists locally in the sense that every point z € ¥ has a neighborhood
W such that there is a parametrization for W N X.

Moreover, given a parametrization near a point 2 € ¥, the assumption
that the Jacobian g—i is injective implies that, after a permutation of the
coordinates, the first m vectors of the Jacobian are linearly independent.

Hence, after restricting U, we can assume that (@1, ..., @) is invertible and
hence there is a parametrization of the form
o(x) = (1, ..o, Ty Omt1(2), -« -, On(x)) (2.48)

(up to a permutation of the coordinates in R™). We will require for all
parameterizations U to be so small that this is possible.

Given a submanifold > and a parametrization ¢ : U C R™ — » C R"
let
L'(0p) :=T (01, ..., 0mp) = det (0j¢ - Okp) 1< kam (2.49)
be the Gram determinantﬂ of the tangent vectors (here the dot indicates
a scalar product in R™) and define the submanifold measure dS via

/E gds = /U 9(p(2) VT @p(@)d". (2.50)

Note that this can be geometrically motivated since the Gram determi-
nant can be interpreted as the square of the volume of the parallelotope
{2771 @j0j0|0 < @ < 1} formed by the tangent vectors, which is just the
linear approximation to the surface at the given point. Indeed, defining the

9J(z)rgen Pedersen Gram (1850-1916), Danish actuary and mathematician
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volume recursively by the volume of the base {Z;”:_ll a;0;¢00 < a; < 1}
times the height (i.e., the distance of d;¢,, from span{diy,...,0m—1¢}),
this follows from Problem 2311

Ifop:V CR™ — ¥ CR"is another parametrization, and hence f =
¢~ top € CH(U,V) is a diffeomorphism, the change of variables formula gives

/V 9(6(2)) /TP () d™y = /U 9(6(f(2))) VT @S @)y () d"
- /U 9((2)) /T (Op(@)d"z,

where we have used the chain rule g—ﬁ(x) = %(f(x)) = g—f(f(x))%(x)
in the last step. Hence our definition is independent of the parametrization
chosen. If our submanifold cannot be covered by a single parametrization,
we choose a partition into countably many measurable subsets A; such that
for each A; there is a parametrization (Uj, ¢;) such that A; C ¢;(U;). Then

we set
Lot =3[,  siyrop@as @

Note that given a different splitting By with parameterizations (Vj, ¢r) we
can first change to a common refinement A; N By, and then conclude that
the individual integrals are equal by our above calculation. Hence again our
definition is independent of the splitting and the parametrization chosen.

Example 2.17. Let T}, be spherical coordinates from Example and let
Sn(p,01,...,0n_2) =T,(1,0,01,...,0,_2)be the corresponding parametriza-
tion of the unit sphere. Then one computes

det(9T},)? = T(0T,,) = r*"2T(9S,)

since 0, 1" - 0, T" =1, 0, T" - 0,T™ = 0, T™ - 9y, T" = 0. Hence dS,, coincides
with do™ ! from (2.44]). o

In the case m = n—1 a submanifold is also known as a (hyper-)surface.
Given a surface and a parametrization, a normal vector is given by

U= (det(ﬁlgo, ey One19,01), ..., det(O1, ..., On—1¢, 6n)), (2.52)

where §; are the canonical basis vectors in R™ (it is straightforward to check
that 7-0jo =0 for 1 < j <n —1). Its length is given by (Problem [2.32)

7* = T (dp) (2.53)

and the unit normal is given by

Vi= ——— . (2.54)
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It is uniquely defined up to orientation. Moreover, given a vector field u :
¥ — R” (or C™) we have

/u-l/dS:/det(@lgo,...,an_lcp,uogo)d"195. (2.55)
2 U

Here we will mainly be interested in the case of a surface arising as the
boundary of some open domain 2 C R™. To this end we recall that @ C R"”
is said to have a C'! boundary if around any point z° € 92 we can find a small
neighborhood O(z) so that, after a possible permutation and reorientation
of the coordinates, we can write

QN0 = {z € 0|2y > y(x1,.. ., 2n_1)} (2.56)

with v € C1. Similarly we could define C* or C*? domains. According to
our definition above, 9€2 is then a surface in R™ and we have

0N O(xY) = {z € O |zn = y(z1,.. ., 20 1)} (2.57)

In this case our coordinate patch reads

o1,y oy p—1) = (T1, -y Tp—1,Y(T1, -, Tp—1))s (2.58)
the outward pointing unit normal vector is
1

(8177 cee 7871—1/77 _1)7 (259)

V=
V140172 + -+ (0n-17)?
and hence the surface integral reads

/ u-vdS = / w(z1, . Zno1,7) - (1Y, .oy Onry, —1)d" . (2.60)
% U
The surface measure dS follows by choosing u = v:

dS = /14 (7)2+ - + (Op-17)2d" 'a. (2.61)

Moreover, we have a change of coordinates y = 1(z) such that in these coor-
dinates the boundary is given by (part of) the hyperplane y, = 0. Explicitly
we have 1) € CL(U N O(2°), Vi (y°)) given by

U(z) = (z1,. ., Tpo1,Tn — (X1, .., Tp—1)) (2.62)
with inverse ¢~ € C} (V4 (y°),U N O(2?)) given by
VY = e Y1 Y H (s Y1) (2.63)

Clearly, v = (0,...,0,—1) and dS = d" 'y in the new coordinates. This
is known as straightening out the boundary (see Figure . Moreover, at
every point of the boundary we have the outward pointing unit normal
vector v(z") which, in the above setting, is given as

0y ._ 1 —
v(z”) = NiES T A (017, ..,0n—17,—1). (2.64)

If we straighten out the boundary, then clearly, v(y°) = (0,...,0, —1).
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@ — B

Figure 2.2. Straightening out the boundary

Theorem 2.19 (GausstreenEI). If Q is a bounded C' domain in R™ and
u € CYHQ,R") is a vector field, then

/ (divu)d"z = / u-vdsS. (2.65)
Q o0
Here divu = 21;21 Oju;j 1is the divergence of a vector field.

This theorem is also known as the divergence theorem or as Ostro-

gradsky formulaH In the one-dimensional case it is just the fundamental
theorem of calculus.

Proof. By linearity it suffices to prove
/ (0;f)d"x = / frdS,  1<j<mn, (2.66)
Q o0

for f € C*(Q2). We first suppose that f is supported in a neighborhood O(z)
as in (2.56). We also assume that O(z°) is a rectangle. Let O = O(z%) N 99.

Then for j = n we have

m.. / n—1_./
_ / f@ @) d e = | fndS,
O o

where we have used Fubini and the fundamental theorem of calculus. For
J < nlet us assume that we have just n = 2 to simplify notation (as the other
coordinates will not affect the calculation). Then O(2°) = (ay,b1) x (az,b2)
and we have (by the fundamental theorem of calculus and the Leibniz integral

L0Carl Friedrich Gauss (1777-1855), German mathematician and physicist
10George Green| (1793-1841), British mathematical physicist
LMikhail Ostrogradsky (1801-1862), Soviet mathematician
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rule — Problem [2.35|)

b1
0—/ 81/ f(x1, x9)dzodry
a1

b1 bl
/ / ) (01 f (w1, 22))dzadry — f(@1,v(21)) 01y (21)d
a:l ai

from which the claim follows.

For the general case cover §) by rectangles which either contain no bound-
ary points or otherwise are as in (2.56)). By compactness there is a finite
subcover. Choose a smooth partition of unity ¢; subordinate to this cover
(Lemma from [25]) and consider f =3, (;f. Then for each summand
having support in a rectangle intersecting the boundary, the claim holds
by the above computation. Similarly, for each summand having support in
an interior rectangle, Fubini and the fundamental theorem of calculus show

[y (0nG F)dmz = 0. 0

The formulation of the theorem suggests that it should hold under the
weaker assumption u € C*(U) N C(U). However, the problem is that under
this assumption the derivatives 0ju might no longer be integrable (cf. Prob-
lem and hence it is no longer clear how the integral on the left-hand
should be understood. If one adds an extra assumption ensuring integrabil-
ity of the derivatives (e.g. u € CL(U)NC(U)) this will indeed hold as we will
show in Lemma A generalization to Lipschitz domains will be given in
Theorem [7.42]

Example 2.18. We can use the Gauss—Green theorem to compute the area
of a bounded C' domain Q C R? by choosing a vector field u with divu = 1,
for example, u(z1, ) = %(931,952). By compactness the boundary can be
parametrized by a C! curve [0,1] — R? ¢ + «a(t). Then, on a part of
the boundary where o) (t) # 0 for t € (to,t1), we can invert «; and set
7 := agoa; ! such that this part of the boundary is given by x1 +— (x1,v(z1))
for x1 from a;(tp) to a(t1). Consequently the integral over this part of the
boundary is given by

% / ::)1) (7(”;119 (ﬁﬁ”) doy = % /tt (an () (t) — oy ()aa(t)) dt.

Performing the analogous computation for a part of the boundary where
a4(t) # 0 and gluing the pieces together shows

2= 5 | (aa(tasl) - ah o) ar

Here it is assumed that « is oriented such that € lies to the right. Changing
the orientation will change the sign of the integral. Moreover, since we



64 2. Integration

could choose any vector field with divu = 1, e.g. u(z1,22) = (21,0) or
u(z1,2) = (0,22), we also get

1 1
0] = /0 o ()ady(t)dt = — /O o, () ()t o

Example 2.19. Let us verify the Gauss—Green theorem for the unit ball
in R3. By linearity it suffices to consider the case where the vector field
u is parallel to one of the coordinate axes, say u = (0,0,us) such that
divu = O3us. Abbreviating p := \/l’% + l‘% we obtain

/ (divu)d3x:/ / %(x)dxgd(xl,xg)
By p<1 J—\/1=p2 O3

- /p<1 (u3(l’1,3€27 V1=p?) —ug(zr, 22, -1 - p2)>d($1’x2)'

Parametrizing the upper /lower hemisphere S% := {z|+x3 > 0, |x| = 1} using

— ; — 1 ; —
x3 = /1 — p? we obtain dS = ﬂd(xl,xg). Since v = I%I (remember

that v needs to point outwards) this gives
/ u-z/dS:i/ ug(z1, 2, £/ 1 — p?)d(z1, x2)
S% p<1

and verifies the Gauss—Green theorem for the unit ball in R?. Of course the
calculation easily generalizes to R". o

Applying the Gauss—Green theorem to a product fg we obtain
Corollary 2.20 (Integration by parts). We have

/ 0, )gd"x = / fou;dS — / fO9)dz,  1<j<n,  (2.67)
Q o0 Q

for f,g € C1(Q).

Problem* 2.31. Given some vectors ay,...,a, € R" let A= (a1, -+ ,am)
be the matrix formed from these vectors. We define their Gram determi-
nant as

T(a,...,am) = det(AT A) = det (a; - k) 1< jh<m -
Note that in the case of m = n vectors we have

T(ay,...,a,) = det(A)2.

Show that the Gram determinant is nonzero if and only if the vectors are
linearly independent. Moreover, show that in this case

9 _ L(ai,...,am,b)

dist(b, span{ay, ..., am}) (a am)
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and
m
T(a1,... am) <[] la;.
j=1

with equality if the vectors are orthogonal. (Hint: First establishT'(f1,..., fj+
afyeoosfn) =T(f1,..., fn) forj # k and use it to investigate how T’ changes
when you apply the Gram—Schmidt procedure?)

Problem* 2.32. Show (2.53)). (Hint: Problem|2.5]

Problem 2.33. Verify the Gauss—Green theorem (by computing both inte-
grals) in the case u(x) = x and U = B1(0) C R™.

Problem 2.34. Let Q be a bounded C' domain in R™ and set g—g =v-0g.
Verify Green’s first identity

9
/(ng vof-ogdrz = | £%as
0 o0 Ov

for f € CH(Q), g€ C*(Q) and Green’s second identity

no_ 99 _ Of
/Q(ng—gAf)d w—/@g( 3 96y>ds

for f,g € C?(Q).

Problem* 2.35 (Leibniz integral rule). Suppose f € C(R) with %(:ﬁ,y) €
C(R), where R = [a1,b1]x[ag, ba] is some rectangle, and g € C*([a1, b1], [az, ba]).
Show

d 9@ 9=) o f

Fxy)dy = £, 9(2))d () + / 7 (. y)dy.

dx J,, a OT

2.5. Appendix: Transformation of Lebesgue—Stieltjes
integrals

In this section we will look at Borel measures on R. In particular, we want
to derive a generalized substitution rule.

As a preparation we will need a generalization of the usual inverse which
works for arbitrary nondecreasing functions. Such a generalized inverse
arises, for example, as quantile functions in probability theory.

So we look at nondecreasing functions f : R — R. By monotonicity the
limits from left and right exist at every point and we will denote them by

flzx) = liﬁ)l flzte). (2.68)
=
Clearly we have f(z—) < f(z+) and a strict inequality can occur only at

a countable number of points. By monotonicity the value of f has to lie
between these two values f(z—) < f(z) < f(z+). It will also be convenient
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to extend f to a function on the extended reals R U {—o0,+00}. Again
by monotonicity the limits f(d+ooF) = lim,— 100 f(x) exist and we will set
f(£oot) = f(£o0).

If we want to define an inverse, problems will occur at points where f
jumps and on intervals where f is constant. Informally speaking, if f jumps,
then the corresponding jump will be missing in the domain of the inverse and
if f is constant, the inverse will be multivalued. For the first case there is a
natural fix by choosing the inverse to be constant along the missing interval.
In particular, observe that this natural choice is independent of the actual
value of f at the jump and hence the inverse loses this information. The
second case will result in a jump for the inverse function and here there is no
natural choice for the value at the jump (except that it must be between the
left and right limits such that the inverse is again a nondecreasing function).

To give a precise definition it will be convenient to look at relations
instead of functions. Recall that a (binary) relation R on R is a subset of
R2,

To every nondecreasing function f associate the relation

I(f) = {(z, 9)ly € [f(z=), f(@+)]}- (2.69)

Note that I'(f) does not depend on the values of f at a discontinuity and
f can be partially recovered from T'(f) using f(xz—) = infI'(f)(z) and
F(a+) = supD(f)(x), where D(f)(z) := {yl(z,y) € D()} = [f(z—), fa+)]
Moreover, the relation I'( f) is nondecreasing in the sense that x; < 9 implies
y1 <y for (z1,41), (22,92) € T(f) (ust note y1 < f(z1+) < f(z2—) < yo2).
It is uniquely defined as the largest relation containing the graph of f with
this property.

The graph of any reasonable inverse should be a subset of the inverse
relation

L)~ = {(y,2)l(z.y) €T(f)} (2.70)

and we will call any function f~! whose graph is a subset of I'(f)~! a gener-
alized inverse of f. Note that any generalized inverse is again nondecreas-
ing since a pair of points (y1, 1), (y2,22) € T'(f)™! with 1 < yo and 21 > z2
would contradict the fact that I'( f) is nondecreasing. Moreover, since I'(f) ™!
and I'(f~!) are two nondecreasing relations containing the graph of f~!, we
conclude

L =r(n" (2.71)
since both are maximal. In particular, it follows that if f~! is a generalized
inverse of f then f is a generalized inverse of f~.

There are two particular choices, namely the left continuous version
=1 (y) == inf I'(f)~!(y) and the right continuous version £ (y) := sup T'(f) "' (y).
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It is straightforward to verify that they can be equivalently defined via
F=Hy) = inf f7H([y, 00)) = sup [ ((—00,y)),
Fit(y) = inf £~ ((y,00)) = sup £~ (=00, y])- (2.72)
For example, inf f~1([y, 00)) = inf{z|(x,7) € T'(f), § > y} = inf D(f) " (y).

The first one is typically used in probability theory, where it corresponds to
the quantile function of a distribution.

If f is strictly increasing the generalized inverse f~! extends the usual
inverse by setting it constant on the gaps missing in the range of f. In
particular we have f~!(f(z)) = x and f(f~'(y)) = y for y in the range of f.
The purpose of the next lemma is to investigate to what extend this remains
valid for a generalized inverse.

Note that for every y there is some = with y € [f(z—), f(z+)]. Moreover,
if we can find two values, say x; and x9, with this property, then f(z) =y
is constant for = € (x1,z2). Hence, the set of all such z is an interval which
is closed since at the left, right boundary point the left, right limit equals y,
respectively.

We collect a few simple facts for later use.

Lemma 2.21. Let f be nondecreasing.
(i) f2(y) < if and only if y < f(a+).
(') fy'(y) = @ if and only if y > f(a—).
(ii) fZH(f(@) <@ < fIH(f(2)) with equality on the left, right iff f is
not constant to the right, left of x, respectively.

(iii) f(f~Yw)—) <y < f(f~Hy)+) with equality on the left, right iff
f~1 is not constant to the right, left of y, respectively.

Proof. Item (i) follows since both claims are equivalent to y < f(Z) for all
& > x. Similarly for (1"). Item (ii) follows from f~1(f(x)) = inf f~1([f(z),00)) =
inf{z|f(z) > f(x)} < x with equality iff f(Z) < f(z) for & < z. Similarly
for the other inequality. Item (iii) follows by reversing the roles of f and f~1
in (ii). O

In particular, f(f~(y)) = y if f is continuous. We will also need the set

L(f) = {ylf (g, 00)) = (f7 (), 00)}- (2.73)
Note that y & L(f) if and only if there is some z such that y € [f(z—), f(x)).

Lemma 2.22. Let m : R — R be a nondecreasing function on R and p its
associated measure via . Let f(x) be a nondecreasing function on R
such that u((0,00)) < oo if f is bounded above and pu((—o00,0)) < oo if f is
bounded below.
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Then f.u is a Borel measure whose distribution function coincides up
to a constant with m4 o f;l at every point y which is in L(f) or satisfies

W WY = 0. Iy € [fla—), f(2)) and p({f7*(9)}) > 0, then my o f7*
jumps at f(z—) and (f.u)(y) jumps at f(z).

Proof. First of all note that the assumptions in case f is bounded from above
or below ensure that (f.u)(K) < oo for any compact interval. Moreover, we
can assume m = m4 without loss of generality. Now note that we have

S (y, ) = (f"Hy),00) for y € L(f) and f~((y,00)) = [f~}(y),0)

else. Hence

(far)((yo, y1)) = 1(f~ ((wo, 1)) = w((f " (o), £~ (1))

=m(f5 (1)) = m(f7" (W) = (mo f£)(w1) — (mo f7)(v0)
if y; is either in L(f) or satisfies u({f;"(y;)}) = 0. For the last claim observe
that £~ ((y,00)) will jump from (£ (y), 00) to [f'(y),00) at y = f(x). O

Example 2.20. For example, consider f(r) = X[o0)(7) and p = ©, the
Dirac measure centered at 0 (note that ©(x) = f(x)). Then

+oo, 1<y,
Ay =120, o0<y<1,
—o0, Yy <0,

and L(f) = (=00, 0)U[L, 00). Moreover, u(f7(y)) = X[o,00) () and (fu)(y) =

X[1,00) (). If we choose () = X(0,00) (%), then g7 ' (y) = f7'(y) and L(g) =

R. Hence pu(95" (y)) = X[0,00) (%) = (9:10)(y). o
For later use it is worth while to single out the following consequence:

Corollary 2.23. Let m, f be as in the previous lemma and denote by p, vi
the measures associated with m, my o f=1, respectively. Then, (fz)pt = vt
and hence

/gd(mi o f_l) = /(go f=)dm. (2.74)

In the special case where p is Lebesgue measure this reduces to a way of
expressing the Lebesgue—Stieltjes integral as a Lebesgue integral via

/ gdh = / o(h~\(v))dy. (2.75)

If we choose f to be the distribution function of p we get the following
generalization of the integration by substitution rule. To formulate it we
introduce

im(y) = m(m='(y)). (2.76)
Note that i,,(y) = y if m is continuous. By conv(Ran(m)) we denote the
convex hull of the range of m.
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Corollary 2.24. Suppose m, n are two nondecreasing functions on R with
n right continuous. Then we have

/R(gom) d(n om) —/ (g0 im)dn (2.77)

conv(Ran(m))

for any Borel function g which is either nonnegative or for which one of the
two integrals is finite. Similarly, if n is left continuous and i,, is replaced by

m(m (y)).

Hence the usual [p(g om)d(nom) = fRan(m) gdn only holds if m is
continuous. In fact, the right-hand side looses all point masses of pu. The
above formula fixes this problem by rendering g constant along a gap in the
range of m and includes the gap in the range of integration such that it
makes up for the lost point mass. It should be compared with the previous
example!

If one does not want to bother with 4, one can at least get inequalities
for monotone g.

Corollary 2.25. Suppose m, n are nondecreasing functions on R and g is
monotone. Then we have

/(gom) d(nom) < / gdn (2.78)
R conv(Ran(m))

if m, n are right continuous and g nonincreasing or m, n left continuous and
g nondecreasing. If m, n are right continuous and g nondecreasing or m, n
left continuous and g nonincreasing the inequality has to be reversed.

Proof. Immediate from the previous corollary together with i,,(y) < y if

y = f(x) = f(z+) and ip(y) > y if y = f(x) = f(z—) according to
Lemma 2.21] O

Problem* 2.36. Show (2.72).
Problem 2.37. Show that T'(f) oT'(f~) = {(y, 2)|y, z € [f(z—), f(x+)] for
some x} and T(f~1) o T(f) = {(y, 2)|f (y+) > f(z=) or f(y—) < f(z4)}.

Problem 2.38. Let du()\) := xjo1](A\)dA and f(N) = X(—oog(N), t € R.
Compute f.p.

2.6. Appendix: The connection with the Riemann integral

In this section we want to investigate the connection with the Riemann
integral. We restrict our attention to compact intervals [a, b] and bounded
real-valued functions f. A partition of [a,b] is a finite set P = {zg,...,2,}
with

a=x9<x1 < < XTp_1 < XTp, =0b. (2.79)
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Figure 2.3. Upper and lower Riemann sums

The number

I|1P|| = 1I%a<xnxj —Tj-1 (2.80)

is called the norm of P. Given a partition P and a bounded real-valued
function f we can define

SP,f,—(x) = ijX[wj,hxj)(x)a mj = inf f(:U), (281)
= z€zj—1,2;]
n
SP,fH-(:L‘) = ZMjX[;cj_hmj)(x)? M = [Sup ]f(l‘)v (2.82)
7=1 TE|T;—1,T;

Hence sp s _(x) is a step function approximating f from below and sp,f 4 (x)
is a step function approximating f from above as depicted in Figure In
particular,

m < spy—(2) < flz) <sppi(e) <M, m:= inf f(z),M:= sup f(z).
xe[a,b] xe[a,b]
(2.83)
Moreover, we can define the upper and lower Riemann sum associated with
P as

L(P, f) =Y mj(x; —xj1), UL f)=> Mj(w;—xj1). (2.84)
j=1 i=1

Of course, L(f, P) is just the Lebesgue integral of spy_ and U(f, P) is the
Lebesgue integral of spy . In particular, L(P, f) approximates the area
under the graph of f from below and U(P, f) approximates this area from
above.

By the above inequality
m(b—a)<L(P,f) <U(P, f) < M(b—a). (2.85)
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We say that the partition P; is a refinement of P; if P; C P, and it is not
hard to check, that in this case

sp.f,— () < spyp—(2) < f(x) < spy g4 () < spy () (2.86)
as well as
Hence we define the lower, upper Riemann integral of f as
/f(x)dx :=sup L(P, f), /f(x)d:r = ir};f U(P, f), (2.88)
J P
respectively. Since for arbitrary partitions P and @ we have
L(P f) < L(PUQ, f) SUPUQ, f) <U(Q,f). (2.89)
we obtain
m(b—a) < /f(x)da: < /f(x)d:c < M (b—a). (2.90)

We will call f Riemann integrable if both values coincide and the common
value will be called the Riemann integral of f. Of course the Riemann
integral is linear:

Lemma 2.26. If f, g are Riemann integrable and o € R, then af and f+g¢
are Riemann integrable with [(f + g)dz = [ fdx + [gdz and [af dz =
af fdz.

Proof. Fix a > 0. By U(af,P) = aU(f,P) and L(af,P) = aL(f, P) we
obtain

/af(a:)dx = a/af(:v)da:, /af(x)dac = a/f(x)d:v,

and by U(—f, P) = —L(f, P) we obtain

/_ f(z)dz = —/f(x)dx.

Combining both gives that o f is Riemann integrable if f is and [af dx =
a [ fdx for every a € R.

Similarly U(f + g, P) < U(f, P) + U(g, P) implies
Ju@ +genis < [i@ie+ [ow
and L(f, P)+ L(g, P) < L(f + g, P) implies

/f(x)dﬂc +/g(m)dx < /(f(a:) + g(a))da.
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Combining both gives

[#@iz+ [g@yis < [(1@) + g@)in < [(#@) + gla))da
< [1wi+ o

and establishes [(f+g)dz = [ f dx+ [ g dx for Riemann integrable f,g. O

Example 2.21. Let [a,b] := [0, 1] and f( ) = xo(z). Then spy_(x) =0
and spy4(xz) = 1. Hence [f(z) and [f(z)dz = 1 and f is not
Riemann integrable. n

On the other hand, every continuous function f € Cfa,b] is Riemann
integrable (Problem . o
Example 2.22. If we enumerate the rational numbers in [0,1], QN [0, 1] =
{Zn}nen, we can define f, := X{z1,....tn}- Lhen it is straightforward to check
that f, is Riemann integrable (cf. also Theorem [2.28 below). Since f,,(z) —
Xo(x) pointwise, this example shows that the pointwise hmlt of Riemann
integrable functions is not Riemann integrable in general and demonstrates
the drawbacks of the Riemann integral with respect to limit operations. <

Example 2.23. Let f be nondecreasing, then f is integrable. In fact, since
mj = f(zj—1) and M; = f(x;) we obtain

U(f,P) = L(f,P) < |IPI| Y_(f(x;) = f(x;-1) = IIPI(f(b) — f(a))
j=1

and the claim follows (cf. also the next lemma). Similarly nonincreasing
functions are integrable. By linearity this extends to the difference of non-
decreasing functions, which are precisely the functions of bounded variation

(Theorem |4.24)). o

Lemma 2.27. A function f is Riemann integrable if and only if there exists
a sequence of partitions P, such that

lim L(P,, f) = lim U(P,, ). (2.91)

In this case the above limits equal the Riemann integral of f and P, can be
chosen such that P, C P,y1 and ||P,|| — 0.

Proof. If there is such a sequence of partitions then f is integrable by
lim,, L(P,, f) <supp L(P, f) <infp U(P, f) < lim, U(P,, f).

Conversely, given an integrable f, there is a sequence of partitions Pr,,,
such that ff )dz = lim,, L(Pr,p, f) and a sequence Py, such that Tf )dx =
lim,, (PUn, f). By - ) the common refinement P, = Pr,, U Py, is the
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partition we are looking for. Since, again by ([2.87)), any refinement will also
work, the last claim follows. O

Note that when computing the Riemann integral as in the previous
lemma one could choose instead of m; or M; any value in [m;, M;] (e.g.
f(@j1) or f(x;)).

With the help of this lemma we can give a characterization of Riemann
integrable functions and show that the Riemann integral coincides with the
Lebesgue integral.

Theorem 2.28 (Lebesgue). A bounded measurable function f : [a,b] — R is
Riemann integrable if and only if the set of its discontinuities is of Lebesque
measure zero. Moreover, in this case the Riemann and the Lebesgue integral
of f coincide.

Proof. Suppose f is Riemann integrable and let P; be a sequence of par-
titions as in Lemma [2.27, Then sy p, (x) will be monotone and hence
converge to some function sy _(z) < f(z). Similarly, sy p, 4 (x) will converge
to some function sy (x) > f(x). Moreover, by dominated convergence

0= li§n/ (sf.p+(x) — sf,p,—(2))dz = / (sp+(z) — sf—(2))dx

and thus by Lemmal[2.6| sy 4 (x) = sy _(z) almost everywhere. Moreover, f is
continuous at every x at which equality holds and which is not in any of the
partitions. Since the first as well as the second set have Lebesgue measure
zero, f is continuous almost everywhere and

lin L(Py, ) =l U(Py. f) = [ syela)de = [ fl)da,

Conversely, let f be continuous almost everywhere and choose some sequence
of partitions P; with || Pj|| — 0. Then at every x where f is continuous we

have lim; sy p; +(z) = f(z) implying

i (P ) = [sp-@ite = [ f@)s = [ 57 @)te = im0 ()
J J
by the dominated convergence theorem. O

Note that if f is not assumed to be measurable, the above proof still
shows that f satisfies sy_ < f < sy, for two measurable functions sy 4
which are equal almost everywhere. Hence if we replace the Lebesgue mea-
sure by its completion, we can drop this assumption.

Finally, recall that if one endpoint is unbounded or f is unbounded near
one endpoint, one defines the improper Riemann integral by taking limits
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towards this endpoint. More specifically, if f is Riemann integrable for every
(a,c) C (a,b) one defines

/abf(x)dx = lim /acf(a:)dx (2.92)

with an analogous definition if f is Riemann integrable for every (c,b) C
(a,b). Note that in this case improper integrability no longer implies Lebesgue
integrability unless |f(x)| has a finite improper integral.

Example 2.24. The prototypical example being the Dirichlet integraﬂ

/°° sin(z) dr — Tim /C sin(z) dr
0 T =0 Jo T 2
(cf. Problem [9.35)) which does not exist as a Lebesgue integral since

> | sin(z)| - /%/4 | sin(kr + z)| 1 X1
——dzx > dx > — = 00. <o
/0 x $_k;zo /4 kr+3/4 x_Qﬁkzlk >

Problem* 2.39. Show that for any function f € Cla,b] we have

lim L(P,f)= lim U(P,f).
1P| -0 (5 1) 1P| -0 (55)

In particular, f is Riemann integrable.
Problem 2.40. Suppose f is Riemann integrable and ¢ is Lipschitz contin-
uous on the range of f, then ¢ o f is Riemann integrable. Moreover, show

that if f,g are Riemann integrable, so is fg. (Hint: The second claim can
be reduced to the first using ¢(z) = x2.)

Problem 2.41. Show that the uniform limit of Riemann integrable functions
is again Riemann integrable. Conclude that in the previous problem it suffices
to assume that ¢ is continuous.

Problem 2.42. Let {q,}nen be an enumeration of the rational numbers in

[0,1). Show that
1
f(z):= E on

neN:gn <z
18 discontinuous at every q, but still Riemann integrable.

1Zpeter Gustav Lejeune Dirichlet| (1805 —1859), German mathematician
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Chapter 3

The Lebesgue spaces LF

3.1. Functions almost everywhere

We fix some measure space (X, Y, 1) and define the LP norm by

1/p
Hpr:=</X !f!pdu> . (3.)

and denote by £P(X,du) the set of all complex-valued measurable functions
for which || f||, is finite. First of all note that £P(X,dpu) is a vector space,
since |f + gIP < 2 max(|f], gl)? = 2 max(|fI7, |gl?) < 2(fIP + |gl?). Of
course our hope is that £P(X,du) is a Banach space. However, Lemma
implies that there is a small technical problem (recall that a property is said
to hold almost everywhere if the set where it fails to hold is contained in a
set of measure zero):

Lemma 3.1. Let f be measurable. Then

[P =0 (3.2)
X
if and only if f(x) =0 almost everywhere with respect to pu.

Thus || f||, = 0 only implies f(x) = 0 for almost every z, but not for all!
Hence ||.|[, is not a norm on L£P(X,du). The way out of this misery is to
identify functions which are equal almost everywhere: Let

N(X,dp) :={f|f(z) =0 p-almost everywhere}. (3.3)

Then N (X,du) is a linear subspace of £P(X,du) and we can consider the
quotient space

LP(X,dp) == LP(X,dp) /N (X, dp). (3.4)

75
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If du is the Lebesgue measure on X C R", we simply write LP(X). Observe
that || f||, is well defined on LP(X, dp).

Even though the elements of LP(X,du) are, strictly speaking, equiva-
lence classes of functions, we will still treat them as functions for notational
convenience. However, if we do so, it is important to ensure that every state-
ment made does not depend on the representative in the equivalence classes.
In particular, note that for f € LP(X,du) the value f(z) is not well de-
fined. However, there are situations where a well-defined value f(z) can be
assigned. For example, if f has a continuous representative (and continuous
functions with different values are in different equivalence classes, e.g., in the
case of Lebesgue measure).

With this modification we are back in business since LP (X, du) turns out
to be a Banach space. We will show this in the following sections. Moreover,
note that L?(X,du) is a HilbertE| space with scalar product given by

(f.g) = /X f(@) g (@)du(z). (3.5)

But before that let us also define L>° (X, du). It should be the set of bounded
measurable functions B(X) together with the sup norm. The only problem is
that if we want to identify functions equal almost everywhere, the supremum
is no longer independent of the representative in the equivalence class. The
solution is the essential supremum

[flloo := inf{C| u({z[|f(x)] > C}) = 0}. (3.6)
That is, C' is an essential bound if |f(z)| < C almost everywhere and the
essential supremum is the infimum over all essential bounds.

Example 3.1. If )\ is the Lebesgue measure, then the essential sup of xq
with respect to A is 0. If © is the Dirac measure centered at 0, then the
essential sup of xg with respect to © is 1 (since xg(0) =1, and = 0 is the
only point which counts for ©). o

As before we set
L(X, ds) = B(X)/N(X, dy) (3.7)

and observe that || f]|« is independent of the representative from the equiv-
alence class.
If you wonder where the oo comes from, have a look at Problem

Since the support of a function in L? is also not well defined one uses the
essential support in this case:

supp(f) = X \ U{O|f = 0 p-almost everywhere on O C X open}. (3.8)

IDavid Hilbert (1862-1943), German mathematician
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In other words, z is in the essential support if for every neighborhood the
set of points where f does not vanish has positive measure. Here we use the
same notation as for functions and it should be understood from the context
which one is meant. Note that the essential support is independent of the
representative and always no larger than the support of any representative
(since we get the latter if we require f to vanish everywhere on O in the
above definition).

Example 3.2. The support of xgp is Q = R but the essential support with
respect to Lebesgue measure is () since the function is 0 a.e. o

If X is a locally compact Hausdorff space (together with the Borel sigma
algebra), a function is called locally integrable if it is integrable when
restricted to any compact subset K C X. The set of all (equivalence classes
of) locally integrable functions will be denoted by L} (X, du). We will say

loc

that f,, — fin L} (X, du) if this holds on L'(K, du) for all compact subsets

loc

K C X. Of course this definition extends to LP for any 1 < p < oco.

Problem* 3.1. Let ||.|| be a seminorm on a vector space X. Show that
N = {z € X|||z| = 0} is a vector space. Show that the quotient space X/N
is a normed space with norm ||z + N|| := ||z||.

Problem* 3.2. Suppose u(X) < oo. Show that L>®(X,du) € LP(X,du)
and

. o (9]
o [[fllp =1 fllo, € L7(X, dp).
Problem 3.3. Consider X := (0,1) with Lebesgue measure. Is it true that
(| L7(0,1) = L=(0,1)?
1<p<oo

Problem 3.4. Construct a function f € LP(0,1) which has a singularity at
every rational number in [0,1] (such that the essential supremum is infinite
on every open subinterval). (Hint: Start with the function fo(z) = |x|™¢
which has a single singularity at 0, then f;(x) = fo(x —x;) has a singularity
at z;.)

Problem 3.5. Show that p({z||f(z)| > || fllec}) = 0.
Problem 3.6. Show that for a continuous function on R™ the support and

the essential support with respect to Lebesgue measure coincide.

3.2. Jensen < Holder < Minkowski

As a preparation for proving that LP is a Banach space, we will need Holder’s
inequality, which plays a central role in the theory of L? spaces. In particu-
lar, Holder’s inequality will imply Minkowski’s inequality, which is just the
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Figure 3.1. A convex function lies below its secant lines

triangle inequality for LP. Our proof is based on Jensen’s inequality and
emphasizes the connection with convexity. In fact, the triangle inequality
just states that a norm is convex:

1A= f+ gl <@ =M[fII+AMlgll, A e (0,1). (3.9)

Recall that a real function ¢ defined on an open interval (a,b) is called
convex if

(1 =Nz +Ay) < (1= Ne(@) + Ap(y), A e (0,1), (3.10)

that is, on (z,y) the graph of ¢(z) lies below or on the line connecting
(z,o(z)) and (y,¢(y)), see Figure If the inequality is strict, then ¢ is
called strictly convex. A function ¢ is concave if —¢ is convex.

Lemma 3.2. Let ¢ : (a,b) — R be convex. Then

(i) ¢ is locally Lipschitz continuous.

w exist and are

(ii) The left/right derivatives ¢’y (z) := lim, o
monotone nondecreasing. Moreover, @' exists except at a countable

number of points.

(iii) For fized x we have ¢(y) > () + aly — x) for every o with
¢ (z) < a < ¢ (x). The inequality is strict for y # x if ¢ is
strictly conver.

Proof. Abbreviate D(z,y) = D(y,z) = %ﬁm

" and observe (use z =
(I = X)z + Ay) that the definition implies

D(z,z) < D(z,y) < D(y,z), =<z<y,

where the inequalities are strict if ¢ is strictly convex. Hence choosing a
monotone increasing sequence z, T x we get that D(x,,z) is monotone in-
creasing and bounded by D(z,y) for y > x. Hence the limit ¢’ (z) < D(z,y)
exists. Similarly, ¢/, (z) exists and we have ¢’ (z) < ¢/, () < D(z,y) <
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¢ (y) < ¢ (y) for x < y. So (ii) follows after observing that a monotone
function can have at most a countable number of jumps. Next

¢ (z) < D(z,y) < ¢ (y), =<y,

shows ¢(y) > p(z) + ¢ (x)(y — z) if £(y —x) > 0 and proves (iii). More-
over, ¢/, (2) < D(z,y) < ¢L(2) for z < x,y < Z shows [p(y) — ¢(z)] <
max (|’ (2)|, [~ (2)])x — y| and proves (i). O

Remark: It is not hard to see that ¢ € C! is convex if and only if ¢'(x)
is monotone nondecreasing (e.g., " > 0 if ¢ € C?) — Problem

With these preparations out of the way we can show

Theorem 3.3 (Jensen’s inequalityﬂ). Let ¢ : (a,b) = R be conver (a = —o0
or b= 00 being allowed). Suppose p is a finite measure satisfying u(X) =1
and f € LY(X,du) with a < f(x) < b. Then the negative part of @ o f is

integrable and
@(/deu) < /X(sDOf) dy. (3.11)

For f > 0 the requirement that f is integrable can be dropped if ¢(b) is
understood as lim,_,;, p(x). Similarly, if @(x) depends only on the absolute
value of x, finiteness of the right-hand side will imply integrability of f.

Proof. By (iii) of the previous lemma we have

o(f@) > o) +alf(z) ~ 1), T= /X fdu € (ah).

This shows that the negative part of ¢ o f is integrable and integrating
over X finishes the proof in the case f € £'. If f > 0 we note that for
= {z € X|f(z) < n} the first part implies

@(N(}l(n) /andu) < u()l(n) /nw(f) dp.

Taking n — oo the claim follows from X,, ~* X and the monotone conver-
gence theorem. If p(x) depends only on the absolute value, we can replace
f by |f] to conclude that f is integrable. O

Observe that if ¢ is strictly convex, then equality can only occur if f is
constant.

Now we are ready to prove

2Johan Jensen (1859-1925)), Danish mathematician and engineer
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Theorem 3.4 (Holder’s inequalityEI). Let p be a measure on some measure-
able space X. Let p and q be dual indices; that is,
1 1
S (3.12)
p g
with 1 < p < oo. If f € LP(X,du) and g € LY(X,du), then fg € L' (X, du)
and

1f gllx < £ 1lpllgllg- (3.13)

Proof. The case p =1, ¢ = 0o (respectively p = 0o, ¢ = 1) follows directly
from the properties of the integral and hence it remains to consider 1 <
P, q < 0.

First of all it is no restriction to assume ||g|l; = 1. Let A = {z||g(z)| >
0}, then (note (1 — q)p = —q)

£l =] [ 1511l =0lganf" < [ (A1 lal~Plgltd = [ 157du < 1515,

where we have used Jensen’s inequality with ¢(x) = |z|P applied to the
function h = |f||g|'™¥ and measure dv = |g|%du (note v(X) = [ |g|%du =
lgllg = 1) O

Note that in the special case p = 2 we have ¢ = 2 and Hélder’s inequality
reduces to the Cauchy—-Schwarz inequality. For a generalization see Prob-
lem Moreover, in the case 1 < p < oo the function z? is strictly convex
and equality will occur precisely if |f| is a multiple of |g|9~! or g is trivial.
This gives us a

Corollary 3.5. Consider f € LP(X,du) with 1 < p < oo and let q be the
corresponding dual inder, % + l =1. Then

[fllp = sup
llglla=1

/ fg du} (3.14)

If every set of infinite measure has a subset of finite positive measure (e.g. if
W is o-finite), then the claim also holds for p = oc.

Proof. Inthe case 1 < p < 0o equality is attained for g = ¢~ sign(f*)|f|P~*,
where ¢ = ||| [P, = | /II5" (assuming ¢ > 0 w.l.o.g.). In the case p = 1
equality is attained for g = sign(f*). Now let us turn to the case p =
oo. For every € > 0 the set A, = {z||f(z)] > ||fllcc — €} has positive
measure. Moreover, by assumption on p we can choose a subset B C A, with
finite positive measure. Then g. = sign(f*)xp./u(B:) satisfies [y fge dp >
[flloc — e O

30tto Holder (1859-1937), German mathematician
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Of course it suffices to take the sup in over a dense set of L? (e.g.
integrable simple functions — see Problem . Moreover, note that the
extra assumption for p = oo is crucial since if there is a set of infinite mea-
sure which has no subset with finite positive measure, then every integrable
function must vanish on this subset.

If it is not a priori known that f € LP, the following generalization will
be useful.

Lemma 3.6. Suppose p is a o-finite measure on some measureable space
X. Let 1 < p < oo with q the corresponding dual inder, % =+ % =1 1If

f & LP(X,du) is measurable then there exists a sequence of simple functions
sp with ||sy|lq =1 such that Re(fsy) > 0 and

lim Re(fsp)du = oco.

n—o0 X

In particular, for any measurable f we have

/fsdu‘: sup
X lgllq=1

where we set fX fgdp := o0 if fg is not integrable.

Hf“p = sup

s simple, ||s|lq=1

)

/ngdu

Proof. If f ¢ LP we can split f into nonnegative functions f = f; — fo +
i(f3— fa4) as usual and assume f; ¢ LP without loss of generality. Now choose
S5, /' f1 asin . Moreover, since p is o-finite we can find X,, /X with
w(X,) < oo. Then §, = xx, S, will be in LP and will still satisfy 3, 7 fi.
Now if 1 < p < oo choose s, = ([ §hdu)~1/150 € L9, Then

~p—1 1/q 1/p
n  J1d .
[ Retsadn = [ fisodu= (W) (f )

1/p
> </ Eﬁlfldu> — 00
X

by monotone convergence. Similarly, if p =1 set s, = Xx,nsupp(f1) € L™
and observe [y Re(fs,)du = an fidp — oo. If p = oo then for every n
there is some m such that u(A4,) > 0, where 4, = {z € X,,|fi(x) > n}.
Now use s, = u(An) txa, € L' proceed as before.

If ||fllp < oo the final claim follows from the previous corollary since
simple functions are dense (Problem |3.23). If || f||, = oo it follows from the
first part. O

As another consequence we get
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Theorem 3.7 (Minkowski’s integral inequalityﬁ). Suppose, u and v are two
o-finite measures on some measurable spaces X and Y , respectively, and that
fis u® v measurable. Let 1 < p < oo. Then

/ Flwdvy)| < / 1£ o) (), (3.15)
Y » Jy

where the p-norm is computed with respect to . In particular, this says that
f(x,.) is integrable for a.e x and [y f(.,y)dv(y) € LP(X,du) if the integral
on the right is finite.

Proof. Let g € L9(X,du) with g > 0 and ||g||[; = 1. Then using Fubini
/X o) /Y 1 (@, 9) dv(y)dp() = /Y /X 1F (@, 9)9()du(z)dv(y)
< /Y 17 9) ()

and the claim follows from Lemma [3.6] O

In the special case where v is supported on two points this reduces to
the triangle inequality (our proof inherits the assumption that p is o-finite,
but this can be avoided — Problem |3.9)).

Corollary 3.8 (Minkowski’s inequality). Let f,g € LP(X,du), 1 < p < 0.
Then
1+ gllp < 11fllp + [lgllp- (3.16)

This shows that LP(X,du) is a normed vector space.

Note that Fatou’s lemma implies that the norm is lower semi continuous
| fllp < liminf, o || fnll, With respect to pointwise convergence (a.e.). The
next lemma sheds some light on the missing part.

Lemma 3.9 (BrezistiebEb. Suppose [ is a measure on some measureable
space X. Let 1 < p < oo and let f, € LP(X,du) be a sequence which
converges pointwise a.e. to f such that || fy|l, < C. Then f € LP(X,dp) and

T (£l — 16— £12) = 1712 (317)
In the case p =1 we can replace || fo]|1 < C by f € LY(X,du).

Proof. As pointed out before || f||, < liminf, . || fn|l, < C which shows
f € LP(X,du). Moreover, one easyly checks the elementary inequality

[Is + 2P — [t — |s|?| < elt| + Cc|s[”
4Hermann Minkowski (1864-1909), German mathematician

SHaim Brezis (*1944), French mathematician
SElliott H. Lieb (*1932), American mathematical physicist
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(note that by scaling it suffices to consider the case s = 1 and [t| < 1).
Setting t = f,, — f and s = f, bringing everything to the right-hand-side and
applying Fatou gives

ColfIp < timint [ (elfu = 1P+ CAP 1 =1 = Fl? = 11P]) s

< <20+ Cull 1~ timsup [ 140 =1 = Fl? = 7Pl

Since € > 0 is arbitrary the claim follows. Finally, note that in the case
p =1 we can choose ¢ =0 and C, = 2. O

It might be more descriptive to write the conclusion of the lemma as

[fnllp = WF1G + I fn = FI + (1), (3.18)

which shows an important consequence:

Corollary 3.10. Let 1 < p < oo and let f, € LP(X,du) be a sequence which
converges pointwise a.e. to f such that either || full, < C or f € LY(X,dp)

ifp=1. Then ||fn — fllp = 0 if and only if || fullp — || flp-

Note that it even suffices to show limsup || f,|, < [|f|lp since ||f]l, <
liminf || f,, ||, comes for free from Fatou as pointed out before.

The LP spaces have another convenient property from a Banach space
point of view if 1 < p < oo. To this end recall that in a Banach space B, the
unit ball is convex by the triangle inequality. Moreover, B is called strictly
convex if the unit ball is a strictly convex set, that is, if for any two points
on the unit sphere their average is inside the unit ball. A more qualitative
notion is to require that if two unit vectors f,g € B satisfy ||f —g| > ¢
for some £ > 0, then there is some ¢ > 0 such that H%H < 1—4. In this
case one calls B uniformly convex. We refer to Section from [25] for
further details.

For example, in a uniformly convex space the Radon-Riesz theorem
(Theorem from [25]) states that a weakly convergent sequence f, — f
converges in norm f, — f if and only if limsup || fu|| < || f]|-

Theorem 3.11 (Clarksonﬂ). Suppose 1 is a measure on some measureable
space X. Suppose 1 < p < oo, then LP(X,dp) is uniformly convez.

Proof. As a preparation we note that strict convexity of |.|P implies that
|LE2 P < \M;'S‘ P < |t|p;|s|p for t # s and hence

p(e) := min {

[t + |s[P _‘t+5’p
2

tIP p—-9
: 1117+ Jsf? = 2,

t;g‘pza}>0

6James A. Clarkson (1906-1970), American mathematician
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for € > 0. Hence, by scaling,
t—swp [t +]slP [t + |sf? P+ 1sP (i sp
> = < - .
Sz ;M= |
Now given f, g with || f||, = ||g|l, = 1 and € > 0 we need to find a 6 > 0 such
that H%Hp > 1 —¢ implies || f — g||, < 2¢. Introduce

o {xeX“f(x);g(x) ‘nglf(x)lp-glg(ﬂf)!p}.

Then

f—g9w / f—9w /f—gp
L_Z\Pay = 2 Pdu+ | |=—==1|"d
J 1= [ [

|fIP + |gl? 1 / <|f|p+|9|p f+g p)
cof WP, 1 NIETTY
X\M 2 "0 Ju 2 | 2 ") dn

_ — )P
S e+ M < 25
p(e)
provided § < (1 —ep(e))/? — 1. O

Note that this also gives uniform convexity of vector-valued spaces since
we can identify Lp(Xl, d,ul) Pp LP(XQ, d,ug) with Lp(X1 P Xo, d(ﬂl D ,u,g)) if
we identify (f1, fo) with f defined to be f := f; on X; and f := fo on Xs.

In particular, by the Milman—Pettis theorem (Theorem from [25]),
LP(X,du) is reflexive for 1 < p < co. We will give a direct proof for this fact

in Corollary

Problem* 3.7. Show that a differentiable function ¢ : (a,b) — R is (strictly)
convez if and only if ¢’ is (strictly) increasing. Moreover, if ¢ is twice dif-
ferentiable it is (strictly) convex if and only if ¢ >0 (" >0 a.e.).

Problem 3.8. Prove
n n n
Hivz”“ Szakiﬁk, if Z%ZL
k=1 k=1 k=1

for ap > 0, xp, > 0. (Hint: Take a sum of Dirac-measures and use that the
exponential function is convet.)

Problem 3.9. Show Minkowski’s inequality directly from Hoélder’s inequal-
ity. Show that LP(X,du) is strictly conver for 1 < p < oo but not for
p= 1,00 if X contains two disjoint subsets of positive finite measure. (Hint:
Start from |f + g < |f||f +glP~" + gl |f +gP~".)

Problem* 3.10. Show the generalized Holder’s inequality:

1 1 1

. < . - =-. 1
1S gllr < [1f[lpllgllq L (3.19)
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Here we can allow p,q,r € (0,00] but of course |||, will only be a norm for
p=>1.

Problem™* 3.11. Show the iterated Holder’s inequality:
i 1 11
fr fnlle < TT WSy, =4 — ==, (3.20)
j=1 b1 Pm r
Again with pj,r € (0,00] as in the previous problem.
Problem™* 3.12. Suppose p is finite. Show that LP C LP° and
11
[fllpo < w(X)Po #[fllp,  1<po<p.
(Hint: Generalized Hélder’s inequality.)

Problem™ 3.13. Show that if f € LP° N LP* for some pg < p1 then f € LP
for every p € [po,p1] and we have the Lyapunov inequalit

£l < I 1lo PN £ 11,
€ (0,1). (Hint: Generalized Hélder inequality from

where 1 =

PO Pl ’
Problem ﬁ

Problem 3.14. Let 1 < p < oo and pu o-finite. Let f, € LP(X,du) be a
sequence which converges pointwise a.e. to f such that ||fn|l, < C. Then

/angdu—>/xfgdu

for every g € LY(X,du). By Theorem this implies that f, converges
weakly to f. (Hint: Recall that since fy is bounded, it suffices to check
convergence on a total subset of LY (cf. Problem from [25]) and use

Theorem [1.25])

Problem 3.15. Show that the Radon—Riesz theorem fails for p = 1: Find
a sequence fn, € LY(0,1) such that f, > 0, fol frgdx — fl fgdx for every

g9 € L>(0,1) (i.e. fn — f by Theorem[6.1)), || fulls — I fll1 but || fu—Fll1 # 0.

(Hint: Riemann-Lebesgue lemma.)

Problem 3.16. Given a function f € LP(R™) define its spherical average
as

fr)=5," flrw)do" " (w).

Sn—1
Show that f is well-defined (a.e.) and satisfies

0o _ 1/p
(sn / rf<r>rpr“dr> <fly 1<p< oo,
0

with equality for radial functions. In the case p = oo we have || flso < ||f|lso-

" Aleksandr Lyapunov, (1857-1918), Russian mathematician, mechanician and physicist
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Problem 3.17 (Hardy inequalityﬁb. Show that the integral operator

D@ = [ i

is bounded in LP(0,00) for 1 < p < oco:
p
157 < =21l

(HZ;”Lt Note (K f)(x fo sz)ds and apply Minkowski’s integral inequal-
1ty.

3.3. Nothing missing in L”
Finally it remains to show that LP(X,dpu) is complete.

Theorem 3.12 (Riesz—Fischer). Suppose p is a measure on some measure-
able space X. The space LP(X,du), 1 < p < oo, is a Banach space.

Proof. We begin with the case 1 < p < oco. Suppose f, is a Cauchy se-
quence. It suffices to show that some subsequence converges (show this).
Hence we can drop some terms such that

1
an—f—l - anp § 27
Now consider g, := fp, — fn—1 (set fo :=0). Then

= lgk(x)
k=1
is in LP. This follows from

n n
IS lgel | <D hawlls < 1Al +1
k=1 Pok=

using the monotone convergence theorem. In particular, G(x) < oo almost
everywhere and the sum

S gn(@) = lim_fu(2)
n=1

is absolutely convergent for those z. Now let f(z) be this limit. Since
|f(z) — fn(z)|P converges to zero almost everywhere and |f(z) — fn(x)[P <
(2G(x))?P € L', dominated convergence shows || f — f,|, — 0.

In the case p = oo note that the Cauchy sequence property |fn(z) —
fm(z)| < e for n,m > N holds except for sets A, , of measure zero. Since
A = U, m Anm is again of measure zero, we see that f,(x) is a Cauchy

€G. H. Hardy| (1877-1947), English mathematician
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sequence for x € X'\ A. The pointwise limit f(z) = lim, o0 fn(z), z € X\ A,
is the required limit in L*°(X,du) (show this). O

In particular, in the proof of the last theorem we have seen:

Corollary 3.13. If ||fn, — fllp = 0, 1 < p < oo, then there is a subsequence
fn; (of representatives) which converges pointwise almost everywhere and
a nonnegative function G € LP(X,du) such that |fn;(v)] < G(x) almost
everywhere.

Consequently, if f, € LP° N LP! converges in both LP9 and LP!, then the
limits will be equal a.e. Be warned that this corollary is not true in general
without passing to a subsequence (Problem [3.18)).

It even turns out that LP is separable.

Lemma 3.14. Suppose X is a second countable Hausdorff space (i.e., it has
a countable basis) and p is an outer reqular Borel measure. Then LP(X,du),
1 < p < oo, is separable. In particular, for every countable base the set of
characteristic functions xo(x) with O in this base and u(O) finite is total.

Proof. The set of all characteristic functions y 4(z) with A € ¥ and u(A) <
oo is total by construction of the integral (Problem . Now our strategy
is as follows: Using outer regularity, we can restrict A to open sets and using
the existence of a countable base, we can restrict A to open sets from this
base.

Fix A. By outer regularity, there is a decreasing sequence of open sets
O, 2 A such that p(O,) — p(A). Since p(A) < oo, it is no restriction to
assume p(O0y,) < 0o, and thus || xa—xo, |5 = #(On\A) = p(0y) —p(A) — 0.
Thus the set of all characteristic functions yo(z) with O open and u(0) < 0o
is total. Finally let B be a countable base for the topology. Then, every
open set O can be written as O = Uj’;l Oj with Oj € B. Moreover, by
considering the set of all finite unions of elements from B, it is no restriction
to assume U?Zl Oj € B. Hence there is an increasing sequence O,, O with
O,, € B. By monotone convergence, ||xo — X6, lp — 0 and hence the set of

all characteristic functions x5 with O € B is total. O

Finally, we give a characterization of relatively compact sets. Our proof
is based on the following simple criterion (compare Lemma from [25]
for further background):

Lemma 3.15. Let X be a Banach space and K some subset. Assume that
for every € > 0 there is a linear map P- onto a finite dimensional subspace
Y. such that |P.|| < C, P.K is bounded, and ||(1 — P:)z|| < e for z € K.
Then K 1is relatively compact.
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Proof. We use the fact that in a metric space a set is relatively compact
if and only if it is totally bounded (i.e. for every € > 0 it can be covered
by a finite number of balls of radius ¢) together with the fact that in a
finite dimensional Banach space the relatively compact sets are precisely the
bounded ones (the Heine—Borel theorem).

Fix ¢ > 0. Then by total boundedness of P.(K) we can find an e-
cover {B:(y;)}jL, for P.(K). Now if we choose z; € P 1({y;}) N K, then
{Bs(;)}7_; is a 3e-cover for K. Indeed for z € K we have P.x € B.(y;) for
some j and hence ||z —z;| < ||(1—Po)x||+||Pex—y;||+[|[(1—F:)z;|| < 3e. O

To formulate our result let X C R"™ be open, f € LP(X) and consider
the translation operator

flx—a), x—acX,

3.21
0, else, ( )

To(f)(z) := {

for fixed @ € R™. Then one checks ||T,|| = 1 (unless [(X —a) N X| =0 in
which case T, =0) and T, f — f as a — 0 for 1 < p < oo (Problem [3.19)).

Theorem 3.16 (Kolmogorovaiesszudakovﬂ). Let X C R"™ be open. A
subset F' of LP(X), 1 < p < oo, is relatively compact if and only if

(i) for every e > 0 there is some § > 0 such that | Tof — fll, < € for
all la| < and f € F.

(ii) for every e > 0 there is some r > 0 such that ||(1 — xp,)fllp < ¢
forall f € F.

Of course the last condition is void if X is bounded.
Proof. We first show that F' is bounded. For this fix ¢ = 1 and choose 9, r
according to (i), (ii), respectively. Then
1 xB, @ llp < I =Ty )xp@lp + 1Ty XB, @)l < 1+ 1/ XB, @ty llp
for f € F and |y| < d. Hence by induction || fxs,0)llp < m + [1fXB, (my)llp
and choosing |y| = § and m > 2 such that B,(my) N B,(0) = @ we obtain
1fllp = x5, ) llp + 1 f xR0\ B, (0)llp < 2+ m.

To use our lemma we fix ¢ and choose a cube @ centered at 0 with side
length ¢ according to (i) and finitely many disjoint cubes {Q;}]L; of side
length 6/2 such that they cover B,(0) with r as in (ii). Now let Y be the

9Andrey Kolmogorov| (1903-1987), Soviet mathematician
9Marcel Riesz (1886 —1969), Hungarian mathematician
9Vladimir Nikolaevich Sudakov (1934-2016), Soviet mathematician
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finite dimensional subspace spanned by the characteristic functions of the
cubes @); and let

" 1
Pof = Z(,QJ‘ fly)d )xczj

be the projection from LP(X) onto Y. Note that using the triangle inequality
and then Holder’s inequality shows

[P fllp < <|QJ| / y)ld"y ) Ixaslls < D 1wy < 1l
j=1

and since F' is bounded, so is P, F. Moreover, for f € F' we have

1L = Pr) £l < "+ Z/ |f(z) = B f(2)Pd"z
=179

and using Jensen’s inequality we further get

11— P f|rp<ep+2/ o ), 11w - serayaa

< €p+2/j m/@ (@) — f(x - y)Pdry da

<o / If — Ty fldvy < (1 +27)e

since x,y € Q; implies x —y € Q.

Conversely, suppose F' is relatively compact. To see (i) and (ii) pick an
e-cover {B:(f;)}72; and choose ¢ such that || f; — T fjl|, < € for all |a|] < §
and 1 < j < m. Then for every f there is some j such that f € B.(f;) and

hence [|f =Taflly < |1 = fillo + 1f5 = Tafillp + [ Ta(f — f)ll, < 3¢ implying
(i). For (ii) choose r such that |[(1— xp,(0)) fjllp < € for 1 < j < m implying
(1 —xBg, (0))f||p < 3¢ as before. O

Note that it suffices to require (i) on any given ball since the complement
of the ball comes for free from (ii):

Corollary 3.17. A subset F' C LP(X) is relatively compact if and only if
for every € > 0 there is some d > 0 and some r > 0 such that

(i) (Ta = Dxs, ) fllp < € for all la| <6 and

(i) (L = xB. () fllp < e
forall f € F.
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Moreover, item (i’) could be replaced by any condition ensuring com-
pactness on finite balls (Problem [3.24]).

Example 3.3. Choosing a fixed fy € LP(X) condition (ii) is for example
satisfied if |f(z)| < |fo(z)| for all f € F. Similarly, if fo(xr) > 1 with
limy o0 fo(z) = oo such that [[fof|, < C for all f € F, then (ii) holds
(to see this let € be given and choose r such that fo(xz) > g for |z| > 7).
Condition (i) is for example satisfied if F' is equicontinuous. o

Problem* 3.18. Find a sequence f,, which converges to 0 in LP(0,1), 1 <
p < 00, but for which fn(x) — 0 for a.e. x € (0,1) does not hold. (Hint:
Every n € N can be uniquely written as n = 2™ + k with 0 < m and

0 < k < 2™ Now consider the characteristic functions of the intervals
I = [k27™, (K+1)27™].)

Problem* 3.19. Let f € LP(X), X CR"™ open, 1 < p < oo and show that
Tof = finLP asa — 0. (Hint: Start with f € Co(X) and use Theorem[3.18
below.)

Problem 3.20. Show that LP(X,du) N LYX,dp) (with 1 < p,q < o0)
together with the norm || fllp.q := | fllp + Il fllq is a Banach space.

Problem 3.21. Consider X := (0,1) with Lebesque measure. Show that
C:={felP(X)|f(z) >0 ae} CLP(X)

is closed. Compute its interior. (Hint: For the second part distinguish 1 <
p < oo and p = 00.)

Problem 3.22. Let X;, Xo be second countable Hausdorff spaces and let
w1, pe be outer reqular o-finite Borel measures. Let By, Ba be bases for
X1, Xo, respectively. Show that the set of all functions xo,x0,(x1,T2) =
X0, (1) X0, (x2) for O1 € By, Os € By is total in L*(X1 X Xo, 1 @ ps).
(Hint: Lemma[2.15 and[3.14])

Problem* 3.23. Show that for any f € LP(X,du), 1 < p < oo there ezists a
sequence of simple functions sy, such that |s,| < |f| and s, — f in LP(X,dp).
If p < oo then s, can be chosen integrable. What about p = co? (Remark:
Here we call an element s € LP(X,du) simple if it has a simple representative
and the inequality |s,| < |f| is understood a.e.) (Hint: Problem[2.3)

Problem* 3.24. Consider FF C LP(X), 1 < p < co. Then F is relatively
compact if F|p oy C LP(X N B;(0)) is relatively compact for every r > 0 and
for every r there is some ¢ such that ||(1—xp, ) fllp < € for all f € F. The
converse only holds if p < co.
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3.4. Approximation by nicer functions

Since measurable functions can be quite wild, they are sometimes hard to
work with. In fact, in many situations some properties are much easier to
prove for a dense set of nice functions and the general case can then be
reduced to the nice case by an approximation argument. But for such a
strategy to work one needs to identify suitable sets of nice functions which
are dense in LP.

Theorem 3.18. Let X be a locally compact Hausdorff space and let u be
a regular Borel measure. Then the set C.(X) of continuous functions with
compact support is dense in LP(X,du), 1 < p < co.

Proof. As in the proof of Lemma the set of all characteristic functions
Xk (z) with K compact is total (using inner regularity). Hence it suffices to
show that xx(x) can be approximated by continuous functions. By outer
regularity there is an open set O D K such that 4(O\ K) < e. By Urysohn’s
lemma (Lemma[B.26]from [25]) there is a continuous function f. : X — [0, 1]
with compact support which is 1 on K and 0 outside O. Since

/ X — folPdu = / lPdp < O\ K) <,
X O\K

we have || f: — xk||[p = 0 and we are done. O

In other words, the completion of C..(X) (or any larger set of p-integrable
functions) with respect to ||.||, gives LP(X,du), 1 < p < oo, up to isomor-
phism.

Clearly this result has to fail in the case p = co (in general) since the
uniform limit of continuous functions is again continuous. In fact, the closure
of C.(R™) in the infinity norm is the space Cy(R"™) of continuous functions
vanishing at oo (Problem [7.4)). Another variant of this result is

Theorem 3.19 (LuzinEI). Let X be a locally compact Hausdorff space and let
u be a finite reqular Borel measure. Let f : X — C be an integrable function.
Then for every € > 0 there is a compact set K C X with u(X \ K) < € such
that f is continuous on K.

Proof. Fix ¢ > 0. By Theorem [3.1§ we can find a sequence of continuous
functions f, which converges to f in L'. After passing to a subsequence we
can assume that f, converges a.e. (Corollary and by Egorov’s theorem
(Theorem there is a subset A with u(A) < § away from which the
convergence is uniform. Since the uniform limit of continuous functions

is continuous (Theorem from [25]), f is continuous on X \ A. By

10Nikolai Luzin (1883-1950), Soviet mathematician
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outer regularity we can replace A by a slightly larger open set O such that
1(O) < 5. Moreover, by inner regularity we can find a compact set Ky such
that p(X \ Ko) < 5. Then K := K¢\ O € X \ A is compact and satisfies
WX\ K) <e. O

If X is some subset of R™, we can do even better and approximate in-
tegrable functions by smooth functions. We begin with the case of locally
integrable functions f : R™ — C. The idea is to replace the value f(x) by a
suitable average computed from the values in a neighborhood. This is done
by choosing a nonnegative bump function ¢, whose area is normalized to 1,
and considering the convolution

@@= [ sw-nidy= [ owfe—nay. G2
For example, if we choose ¢, = |B.(0)|"'xp,. () to be the characteristic
function of a ball centered at 0, then (¢, * f)(x) will be precisely the average
of the values of f in the ball B,(z). In the general case we can think of
(¢* f)(x) as a weighted average. Moreover, if we choose ¢ differentiable, we
can interchange differentiation and integration to conclude that ¢ x f will
also be differentiable. Iterating this argument shows that ¢ * f will have as
many derivatives as ¢. Finally, if the set over which the average is computed
(i.e., the support of ¢) shrinks, we expect (¢ * f)(z) to get closer and closer
to f(x).
To make these ideas precise we begin with a few properties of the con-
volution.

Lemma 3.20. Let f,g,¢ : R — C be locally integrable. The convolution
has the following properties:

(i) f(z —)g(.) is integrable if and only if f(.)g(z —.) is and
(f*g)(@) = (g*f)(x) (3.23)
wn this case.
(ii) Suppose ¢ € CE(R") and f € L*(R"), then ¢ x f € C*(R™) and
Oa (@ * [) = (0ap) * f (3.24)

for any partial derivative of order at most k. If ¢ € CF(R") the

same conclusion holds for f € L} (R").

(iii) We have supp(f * g) C supp(f) +supp(g). In particular, if ¢ €
CFR™) and f € LL(R™), then ¢ x f € C¥(R™). (Here the sum of
two subsets X, Y CR"™ is defined as X +Y :={x+y |z e X,y €
Y}.)
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(iv) Suppose ¢ € LY(R"™) and f € LP(R"), 1 < p < oo, then their
convolution is in LP(R™) and satisfies Young’s inequalitﬂ

16+ fllp < Sl Fllo (3.25)
with equality for p = oo and also for p =1 if ¢ is nonnegative.
(v) Suppose ¢ > 0 with ||¢p]l1 =1 and f € L (R™) real-valued, then

inf () < (6% /)(a) < sup J(2). (3:20)
rER”™ =
Proof. (i) follows from translation and reflection invariance of Lebesgue
measure. (ii) follows by interchanging limits/differentiation with the integral
using Problems and 2.13 (iii) If ¢ supp(f) + supp(g), then z — y ¢
supp(f) for y € supp(g) and hence f(z — y)g(y) vanishes on supp(g). This
establishes the claim about the support and the rest follows from the previous
item. (iv) The case p = oo follows from Hélder’s inequality and we have
equality upon choosing f(z) = sign(¢(—=z)) such that (¢ = £)(0) = ||¢]|1.
It remains to look at the case 1 < p < co. Without loss of generality let
l¢lli = 1. Then

V4
6 FI2 < \/ y - 2)lo)ld"y| d

/n/ y— Do)y " = 712,

where we have used Jensen’s inequality with ¢(z) = |z|P, du = |¢|d™y in the
first and Fubini in the second step. If p = 1 and ¢ is nonnegative, we only
need Fubini and we have equality for any nonnegative f.

(v) Immediate from integrating ¢(y)infcrn f(z) < o(y)f(z —y) <
¢(y) supzepn f(2). O

Note that Young’s inequality says that, given ¢ € L!'(R"), the convo-
lution f +— ¢ * f is a continuous linear operator on LP(R"™) whose norm is
bounded by ||¢]|1.

Example 3.4. For f := x[01] — X[-1,0) and g := Xx[—2,2] We have that f x g
is the difference of two triangles supported on [1,3] and [—3,—1] whereas
supp(f) + supp(g) = [—3, 3], which shows that the inclusion in (iii) is strict
in general. o

Next we turn to the problem of approximating f. To this end we call a
family of integrable functions ¢., € € (0, 1], an approximate identity if it
satisfies the following three requirements:

(1) [|¢ell1 < C for all € > 0.

Hwilliam Henry Young (1863-1942), English mathematician
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Figure 3.2. Approximate identity

(i) Jgn ¢c(x)d™@ =1 for all € > 0.
(iii) For every r > 0 we have lim. | flx‘zr |pe(x)|d"x = 0.

A prototypical approximate identity is depicted in Figure 3.2

A convenient way of obtaining an approximate identity is by scaling an
integrable function ¢ € L'(R") satisfying [, ¢(z)d"z = 1 according to
¢e(x) := e "@(%). Then we get both (i), since ||¢-||1 = [|¢[|1, and (ii) by a
straightforward change of variables. Moreover, the same change of variables
also shows fIZIZT |pe(x)|d"x = fer/E |¢(z)|d™x which converges to 0 ase | 0
by dominated convergence.

In most applications ¢ is chosen as a nonnegative function ¢ € C°(R™)
satisfying ||¢||1 = 1, known as a mollifier. Note that if the support of
¢ is within a ball of radius s, then the support of ¢. x f will be within
{z € R"| dist(z,supp(f)) < es}.

Example 3.5. The standard (also Friedrichs) mollifier is

1 1
gexp(m)a |z <1, / 1 n
T) = c:= exp(——)d"z.
o {07 2| > 1, B1(0) p(|w!2 —7

Here the normalization constant ¢ is chosen such that ||¢||; = 1. To show that
this function is indeed smooth it suffices to show that all right derivatives of
f(r) = exp(2) at 7 = 0 vanish, which can be done using 'Hopital’s rule. o
Example 3.6. If ¢;(z) is a mollifier on R, then ¢(x) := [[}; ¢1(x;) is a
mollifier on R™ which has a convenient product structure. o

Now we are ready to show that an approximate identity deserves its
name.

Lemma 3.21. Let ¢. be an approzimate identity. If f € LP(R™) with 1 <
p < o0, then

lim 6.+ f = | (3.27)
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with the limit taken in LP. In the case p = oo the claim holds provided f is
uniformly continuous and bounded.

Proof. We begin with the case where f € C.(R"). Fix some small § > 0.
Since f is uniformly continuous we know |f(z —y) — f(z)] > 0 asy — =
uniformly in x. Since the support of f is compact, this remains true when
taking the LP norm and thus we can find some r such that

0
—y)—J( < — <r.
IFC=) = fOllp < 55 Wl
(Here the C is the constant for which [|¢.||1 < C holds.) Now we use

(¢ f)(x) = f(z) = - G (y)(f(z —y) — f(z))d"y.

Splitting the domain of integration according to R™ = {y|ly| < r} U{ylly| >
7}, we can estimate the LP norms of the individual integrals using Minkowski’s
integral inequality (Theorem as follows:

<

() (f(. —y) — f(.)d"y

ly|<r

p

/| SIS =)~ SOy <

N

and

<

p

H/|> d=(y)(f(-—y) — f(.)d"y

o
211y [ oy < 3
y|>r

provided ¢ is so small such that the integral in (iii) is less than §/(2|| f||,)-
This establishes the claim for f € C.(R"™). Since these functions are dense

in LP for 1 < p < o0, given a general f we can choose some g € C.(R™) with
I|f — gll <9 for any given 6 > 0. Then Young’s inequality implies

[@exf = fllp < [lpex(f=9)llp+l¢e*g—gllp+lg—Ffllp < (CH+1)d+[|dexg—gllp,

which shows limsup, g || * f — fl, < (C + 1)é. Since 6 > 0 is arbitrary,
the claim follows.

In the case p = oo the above argument works without assuming that f
has compact support as long as f is uniformly continuous and bounded. [

Note that in case of a mollifier with support in B,(0) this result implies
a corresponding local version since the value of (¢ * f)(x) is only affected
by the values of f on Bg.(z). The question when the pointwise limit exists
will be addressed in Problem [3.32]
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Example 3.7. The Fejér kerne]E|
1 (sin(nz/2)\>
F, =—|—=
0= (56 )
arising when considering the mean values of the partial sums of a Fourier

series Sy, (f) is an approximate identity. This will be discussed in detail in
Section [8.1l There we will also see that the Dirichlet kernel

_sin((n+1/2)x)
Dn() = sin(x/2)

is no approximate identity since || D,|1 — oo.

Another classical example it the Poisson kernel, see Problem [3.30] ¢
Now we are ready to prove

Theorem 3.22. If X CR"™ is open and p is a regular Borel measure, then
the set C°(X) of all smooth functions with compact support is dense in
LP(X,dp), 1 < p < oo.

Proof. By Theorem it suffices to show that every continuous function
f(x) with compact support can be approximated by smooth ones. By setting
f(z) =0 for z € X, it is no restriction to assume that it is defined on all of
R™. Now choose a mollifier ¢ and observe that ¢. * f has compact support
inside X for e sufficiently small (since the distance from supp(f) to the
boundary 90X is positive by compactness). Moreover, ¢. * f — f uniformly
by the previous lemma and hence also in LP(X,dpu). O

Our final result is known as the fundamental lemma of the calculus
of variations.

Lemma 3.23. Suppose X C R" is open and f € L}, (X). (i) If f is real-
valued then

[ewr@aazo  voecz(x ez (29
X
if and only if f(x) >0 (a.e.). (it) Moreover,
[ ewr@aa=o  voecz(x ez (329
X

if and only if f(x) =0 (a.e.).

Proof. (i) Choose a compact set K C X and some £g > 0 such that K¢, :=
K + B, (0) € X. Set f:= fxk., and let ¢ be the standard mollifier. Then
(¢ * f)(@) = (¢ % f)(x) > 0 for z € K, e < g and since ¢, * f — f in

LY(X) we have (¢. * f)(z) — f(z) > 0 for a.e. z € K for an appropriate

127 ipot Fejér (1880-1959), Hungarian mathematician
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subsequence. Since K C X is arbitrary the first claim follows. (ii) The first
part shows that Re(f) > 0 as well as —Re(f) > 0 and hence Re(f) = 0.
Applying the same argument to Im( f) establishes the claim. O

The following variant is also often useful

Lemma 3.24 (du Bois—ReymondEI). Suppose X C R™ is open and con-
nected. If f € L}, (X) with

| t@op@ia=0.  veecrx,1<j<n, (3.30)
X
then f is constant a.e. on X.

Proof. Choose a compact set K C X and f, ¢ as in the proof of the previous
lemma but additionally assume that K is connected. Then by Lemma [3.20

(i)
0;(de * [)(x) = ((959¢) * [)(x) = ((9j¢2) * f)(2) =0, 2 €K, e <ep.

Hence (¢ * f )(z) = ¢ for © € K and as € — 0 there is a subsequence which
converges a.e. on K. Clearly this limit function must also be constant:
(¢ * f)(x) = ¢ = f(z) = ¢ for ae. € K. Now write X as a countable
union of open balls whose closure is contained in X. If the corresponding
constants for these balls were not all the same, we could find a partition
into two union of open balls which were disjoint. This contradicts that X is

connected. O

Of course the last result can be extended to higher derivatives. For the
one-dimensional case this is outlined in Problem [3.37

Problem 3.25. Let f € LP(R") and g € LY(R") with § + 1 = 1. Show that
f*g e Cyp(R™) with

1 * glloc < 1 £1Ipllgllq-
Show that for 1 < p < oo orp =1 and g € Cop(R™) we even have f * g €

Co(R™). (Hint: Problem[3.19)

Problem 3.26. Show that the convolution on L'(R™) is associative. Con-
clude that L'(R™) together with convolution as a product is a commutative
Banach algebra (without identity). (Hint: It suffices to verify associativity
for nice functions.)

Problem* 3.27 (Smooth Urysohn lemma). Suppose K and C are disjoint
closed subsets of R™ with K compact. Then there is a smooth function f €
C®(R™,[0,1]) such that f is zero on C' and one on K.

Lpaul du Bois-Reymond| (1831-1889), German mathematician
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Problem 3.28. Let ¢. be a symmetric approximate identity on R, that is,
¢e(x) = ¢ (—x). Show that for every bounded measurable function f we have

. fla4) + f(z—)

1 pu—

lim(¢z * f)(2) 5 :

at every point x where both right/left sided limits f(x%) := lim. o f(x £ ¢)
exist.

Show that the same conclusion holds for integrable functions f if ¢.
has compact support, supp(¢e) C [—s,s], and for every r > 0 we have

limeJ,O SUPr<|z|<s |¢6(‘T)’ =0.
Problem 3.29. Show that the Landau kernel™

11 _ 22\ 1
Ln(l') = {In (1 €T ) ) |$| < ]'7 In :/ (1 —I'Q)nd.fC

07 ’.1" Z 17 -1

is an approximate identity on R (for e = % with n € N).

Use this to prove the Weierstraf$ approximation theorem, that every con-
tinuous function on [—%, %] can be uniformly approzimated by polynomials.

Problem 3.30. Show that the Poisson kerne@

1 €

P. = ——

=(@) T2 4 2
is an approximate identity on R.

Show that the Cauchy transform (also Borel transform)

/f_zd)\

of a real-valued function f € LP(R), 1 < p < oo is analytic in the upper
half-plane with imaginary part given by

Im(F(z +1y)) = (Py * f) ().
In particular, by Young’s inequality ||Im(F(. +1iy))||, < ||fllp, and thus also

sup,~q [Im(F(. +iy))llp = [ fllp- Such harmonic functions are said to be in
the Hardy space h?(C,.).

(Hint: To see analyticity of F use Problem plus the estimate
1 I 14|z
Ls )
A—z| 7 1+ A Im(z)]
Problem 3.31. Let p be a finite measure on R. Then the set of all ex-

ponentials {e®*}cr is total in LP(R,du) for 1 < p < oo. (Hint: Use the
Stone~Weierstraf theorem; Theorem [B.44 from |25].)

M1 ey Landau| (1908-1968), Soviet physicist
15Siméon Denis Poisson (1781-1840), French mathematician, engineer, and physicist
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Problem* 3.32. Let ¢ be bounded with support in B1(0) and normalized
such that [g, ¢(x)d "z = 1. Set ¢(x) = "P(L).

For f locally integrable show

|Be(z)] JB.(a)
Hence at every Lebesgue point (cf. Theorem@) x we have

lim(ge * f)(z) = f(x).

el0
If f is uniformly continuous then the above limit will be uniform. See Prob-

lem for the case when ¢ is not compactly supported.
Problem 3.33. Let f,g be integrable (or nonnegative). Show that

| ura@aa= [ s [ g

n

[f(y) = f(z)|d"y.

Problem 3.34. Let f,g be integrable radial functions. Show that f * g is
again radial.

Problem 3.35. Let u,v be two compler measures on R™ and set S : R™ x
R™ — R"™, (z,y) — x +y. Define the convolution of p and v by

wxv:= S (p®v).
Show

® 1 x v is a complex measure given by
)@= [ e+ @) = [ uA=-nin
'n.>< n n
and satisfying |pxv|(R™) < |u|(R™)|v|(R™) with equality for positive
measures.
o XV =1U%/[.
o If dv(z) = g(x)d"x then d(pu * v)(x) = h(z)d"z with h(x) =
Jon 9(z — y)du(y).
In particular the last item shows that this definition agrees with our definition
for functions if both measures have a density.

Problem 3.36. Show that if X = X; x Xo C R™™"2 then it suffices to
restrict the requirements in Lemma to test functions of the form p(z) =
p1(x1)p2(w2), where p; € C°(X;).

Problem 3.37 (du Bois-Reymond lemma). Let f be a locally integrable
function on the interval (a,b) and let n € No. If

/ @@ =0, Ve CF(ab),
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then f is a polynomial of degree at most n — 1 a.e. (Hint: Begin by showing
that there ezists {¢n jto<j<n C C(a,b) such that

b
/ xk¢n7j(x)dx = 0j ks 0<7j,k<n.
a

The case n = 0 is easy and for the general case note that one can choose
Grnsine1 = (n+1)71¢), .. Then, for given ¢ € CX(a,b), look at p(x) =

L [ (oly) — o(y))(x — y)"dy where ¢ is chosen such that this function is in
Ce(a,b).)

Problem 3.38. Let X C R™ be open. Consider f € LP(X) with 1 < p < oo
and let q be the corresponding dual index, % =+ % =1. Then

/X fod'a

Hpr = sup
PeC(X),llellq=1

3.5. Integral operators

Using Hélder’s inequality, we can also identify a class of bounded operators
from LP(Y,dv) to LP(X,du). We will assume all measures to be o-finite
throughout this section.

Lemma 3.25 (Schur CriterionEI). Let p,v be measures on X,Y, respec-
tively, and let 217 + % = 1. Suppose that K(x,y) is measurable and there are

nonnegative measurable functions Ki(x,y), Kao(x,y) such that |K(x,y)| <
Ky (z,y)Ka(z,y) and

1K1 (2, ) Laey,any < Ch, 112 (s )l e (x,ap) < C2 (3.31)

for p-almost every x, respectively, for v-almost every y. Then the operator

K : LP(Y,dv) — LP(X,du), defined by
(KD = [ K. (3.32)
for p-almost every x is bounded with | K| < C1Cs.

Proof. Choose f € LP(Y,dv). By Fubini’s theorem [y |K(z,y)f(y)|dv(y)
is measurable and by Holder’s inequality we have

/\K(w,y)f(y)!dV(y)S/K1(w,y)K2(fr,y)lf(y)ldV(y)
Y Y
< CillKa(z, ) f (Ol e (viav)

161ssai Schur (1875-1941), Russian mathematician
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for pae. x (if Kao(z,.)f(.) € LP(Y,dv), the inequality is trivially true). If
p < oo take this inequality to the p’th power and integrate with respect to
x using Fubini

V4
/. ( / |K<x,y>f<y>|du<y>) ut) <€t [ [ |atan) )Par(u)auta)
—cp /Y /X (Ko (e, ) £ () Pdpa)dv(y) < CECE| £,

Hence [, |K(z,y)f(y)|dv(y) € LP(X,dp) and, in particular, it is finite for
p-almost every x. Thus K (z,.)f(.) is v integrable for u-almost every = and
[y K(x,y)f(y)dv(y) is measurable. If p = oo just take the supremum and
note that integrability again follows from Fubini by restricting to subsets of
finite pu-measure. O

Note that the assumptions are, for example, satisfied if || K (2, .)[| 11 (v,a) <
Cand ||K(.,y)|[1(x,au) < C which follows by choosing K1 (z,y) = |K(z, y)|/a
and Ko(x,y) = |K(z,y)|"/?. In particular, in the case of X =Y = R™ with
Lebesgue measure and K(z,y) = ¢(x — y) we recover Young's inequality
(13.25]). For related results see also Problems and .

Another case of special importance is the case of integral operators

(K )(x) = /X K(e.y)fW)du(y).  f € L3(X,dp), (3.33)

where K (z,y) € L?(X x X,du®dy). Such an operator is called a Hilbert—
Schmidt operatorﬂ Using Cauchy-Schwarz one sees that K is bounded,

K fll2 < (1K l2)l£1]2 (3.34)
where

IK|2 = /X /X K (2, y) Pdp(x)dpu(y) (3.35)

is known as the Hilbert—Schmidt norm of K (in the case of matrices the
name Frobenius normﬁ is more common). In particular, |K|| < ||K]||2.

Lemma 3.26. Let K be a Hilbert-Schmidt operator in L?(X,du). Then

K3 =D 1Kl = [y, Kuy)? (3.36)

jedJ J,kedJ

for every orthonormal basis {u;}jcs in L*(X,dw).

1TErhard Schmidt| (1876-1959), Baltic German mathematician
1&Ferdinand Georg Frobenius (1849 —1917), German mathematician
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Proof. Since K(z,.) € L*(X,du) for y-almost every x we infer from Parse-
val’s relation

/Kwyug )du(y /Inyldu)

for ,u-almost every = and thus

Skt =3 [ | [ Kt onwa)|
a&;ujwmwwwwz

:/ / \K (z,y)2dp(z)du(y)
X JX

as claimed. O

dp(x)

dp(z)

Note that the right-hand side of is frequently used as an abstract
way to define Hilbert—Schmidt operators in an arbitrary Hilbert space (cf.
Lemma from [25]). In particular, taking an ONB and restricting K to
the subspace spanned by the first n basis vectors gives a sequence of finite
rank operators K, which will converge to K with respect to the Hilbert—
Schmidt norm thanks to . Hence Hilbert—Schmidt operators are com-
pact and computing the Hilbert—Schmidt norm gives us an easy to check
criterion for compactness of an integral operator.

Example 3.8. Let [a,b] be some compact interval and suppose K (z,y) is
bounded. Then the corresponding integral operator in L?(a,b) is Hilbert—
Schmidt and thus compact. Note that this result is frequently proven for
continuous K using the Arzela-Ascoli theorem (cf. Lemma from [25]).
Here we could even allow singularities as long as they are square integrable.

o

In combination with the spectral theorem for compact self-ajoint opera-
tors (compare in particular Corollary from [25]) we obtain the classical
Hilbert—Schmidt theorem. Recall that a bounded operator K € .2 (L?(X, dpu))
is called self-adjoint if (g, K f) = (Kg, f) for all g, f € L*(X,dpu).

Theorem 3.27 (Hilbert—Schmidt). Let K be a self-adjoint Hilbert-Schmidt
operator in L*(X,dp). Let {u;} be an orthonormal set of eigenfunctions
with corresponding nonzero eigenvalues {k;} from the spectral theorem for
compact operators (Theorem[3.7 from [25]). Then

v) = 3 wjug()us )" (3.37)

where the sum converges in L?(X x X, du ® d).
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Proof. First of all we can extend {u;} to an orthonormal basis (setting the
corresponding £; equal to 0). Now by Problem {uj(z)u(y)*} is an
orthogonal basis for L?(X x X,du ® du) and the expansion coefficients of
K(;c,y) are given by [y [ u;(x) ur(y) K (z,y)du(y)du(z) = (uj, Kuy) =
RE0j k- O

In this context the above theorem is known as second Hilbert—Schmidt
theorem and the spectral theorem for compact operators is known as first
Hilbert—Schmidt theorem.

If an integral operator is positive we can say more. But first we will
discuss two equivalent definitions of positivity in this context. First of all
recall that a bounded operator K € .Z(L?(X,dpu)) is positive if (f, Kf) >0
for all f € L?(X,du). Recall that positive operators are in particular self-
adjoint. Secondly we call a kernel symmetric if it satisfies K(z,y)* =
K(y,z) (cf. Problem and a continuous kernel positive semidefinite
on U C X if

Z oGapK(zj, ) > 0 (3.38)
k=1
forall (aq,...,a,) € C"and {xj}?zl C U. In other words, for any {%’}?:1 -

U the matrix {K(xj,x)}i<jk<n is positive semidefinite. In particular, a
positive semidefinite kernel is symmetric since a positive semidefinite matrix
is symmetric.

Both conditions have their advantages. For example, note that for a
positive semidefinite kernel the case n = 1 shows that K(x,z) > 0 for
r € U and the case n = 2 shows (look at the determinant) |K(xz,y)|? <
K(z,z)K(y,y) for z,y € U. On the other hand, note that for a positive
operator all eigenvalues are nonnegative.

It turns out that under mild assumptions both conditions are equivalent:

Lemma 3.28. Suppose X is a locally compact metric space and u o Borel
measure. Let K € £ (L*(X,du)) be an integral operator with a continuous
kernel. Then, if K is positive, its kernel is positive semidefinite on supp(u).
If 1 is regular, the converse is also true.

Proof. Let 29 € supp(p) and consider 0poe = f(Be(20)) ' XB.(zy)- Then
for f. = Z?Zl Qj0z.e

. LN dp(x)  du(y)
0<lim(f, Kf.) =1 : Kz,
= e fligj,kzzl%o"“/ e Iy O aBe)) (B ()

n
= Z GopK (g, 1)
k=1
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Conversely, let f € C.(X) and let S := supp(f)Nsupp(x). Then the function
f@)*K(x,y)f(y) € Ce(X x X) is uniformly continuous and for every e > 0
we can partition the compact set S into a finite number of sets U; which are
contained in a ball Bs(x;) such that

|f (@) K (2,y) f(y) — Z X, (@) () K (x5, 21) f(w)xv, (y)| < e, z,y€S.

Hence

(F.KF) - 2 MO @) K (a3, 20) (20U < enlS)

and since € > 0 is arbitrary we have (f, K f) > 0. Since C.(X) is dense in
L?(X,dy) if p is regular by Theorem we get this for all f € L?(X,du)
by taking limits. ([l

Now we are ready for the following classical result:

Theorem 3.29 (MGI'CGIEI). Let K be a positive integral operator with a
continuous kernel on L*(X,du) with X a locally compact metric space. Let
W a Borel measure such that the diagonal K(x,x) is integrable. Then K
is trace class, all eigenfunctions u; corresponding to positive eigenvalues k;j
are continuous, and converges uniformly on compact subsets of the
support of p. Moreover,

K) = Z/@j = /X K(x,z)du(x). (3.39)

Proof. Define k(z)? := K(z,x) such that |K(z,y)| < k(x)k(y) for z,y €
supp(p). Since by assumption k € L?(X, d,u) we see that K is Hilbert—
Schmidt and we have the representation with K?j > 0. Moreover,
dominated convergence shows that u;(x f  K(z,y)u;(y)du(y) is con-
tinuous.

Now note that the operator corresponding to the kernel

Kp(z,y) Z Kiug(z) u;(y Z Kiug(z) u;(y

Jj<n i>n

is also positive (its nonzero eigenvalues are x;, j > n). Hence K, (z,z) >0

implying
> ilus (@) < k()?
i<n

193ames Mercer (1883-1932), English mathematician


http://en.wikipedia.org/wiki/James Mercer (mathematician)

3.5. Integral operators 105

for x € supp(u) and hence (3.37) converges absolutely for =,y € supp(u).
Denote the limit by K(z,y) and observe

1/2 1/2
Yo @) u) < | YD mylu(@)? > i)
m<j<n m<j<n m<j<n
1/2
< | D milw@)P] k)

m<j<n

shows that the series converges uniformly for fixed x with respect to y in
compact sets. Hence K (z,.) is continuous for ﬁxed x and satisfies | K (z,y)| <
k(x)k(y). Moreover, for fixed = we have K(z,.), K(z,.) € L*(X,dp) and

/X K (2, y)u(y)du(y) / K (2, y)uly)du(y)

for either u € Ker(K) with kK = 0 or v = u; with K = k; (use dominated
convergence to interchange the sum and the integral). Since these functions
are total we get K(x,y) = K(z,y) for fixed x and a.e. y. But since both
functions are continuous for fixed x, we get equality for all y. In particular,
we have > ., Kj|uj(z) |2 7 k(x)? and the convergence is uniform on compact
subsets of supp(x) by Dini’s theorem (cf. Problem from [25]). By our
estimate this also shows uniform convergence of (3.37) on compact sets.
Finally, integrating (3.37) for * = y using ||u;|| = 1 shows the last
claim. O

Example 3.9. Let k be a periodic function which is square integrable over
[—7, m]. Then the integral operator

(KD = 5= [ blo—a) 7wy

has the eigenfunctions u;(z) = (27)~"/2e7% with corresponding eigenvalues
kj, j € Z, where k; are the Fourier coefficients of k. Since {u;};cz is an ONB
we have found all eigenvalues. Moreover, in this case ([3.37)) is just the Fourier

series
—z) = Z kjellw—o),
JET
Choosing a continuous function for which the Fourier series does not con-
verge absolutely shows that the positivity assumption in Mercer’s theorem
is crucial. o

Of course given a kernel this raises the question if it is positive semi-
definite. This can often be done by reverse engineering basend on construc-
tions which produce new positive semi-definite kernels out of old ones.
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Lemma 3.30. Let Kj(x,y) be positive semi-definite kernels on X. Then the
following kernels are also positive semi-definite.

(i) a1 K1 + aaKy provided oj > 0.
(ii) lim; Kj(z,y) provided the limit exists pointwise.

)
(il) Ki(op(x),o(y)) forop: X — X.
(iv) f(2)"Ki(z,y)f(y) for f: X — C.
(v) Ki(z,y)Ka(z,y).

Proof. Only the last item is not straightforward. However, it boils down to
the Schur product theorem from linear algebra given below. O

Theorem 3.31 (Schur). Let A and B be two n x n matrices and let Ao B
be their Hadamard producﬂ defined by multiplying the entries pointwise:
(Ao B)ji := AjpBji. If A and B are positive (semi-) definite, then so is
Ao B.

Proof. By the spectral theorem we can write A = >"_; a;(u;,.)u;, where
a; > 0 (a; > 0) are the eigenvalues and u; are a corresponding ONB of eigen-
vectors. Similarly B = »7"_, 8j(vj,.)vj. Then AoB = 3%, ;B ((uj, .Juj)o
((vk, Jvi) = D27 j—q @B (u; o vk, .)u; o vg, which proves the claim. O

Example 3.10. Let X = R™. The most basic kernel is K (z,y) = x*-y which
2

is positive semi-definite since Z]k ]osz(:Uj,xk = ’Z a]xJ’ . Slightly

more general is K (z,y) = (x, Ay), where A is a positive semi-definite matrix.

Indeed writing A = B? this follows from the previous observation using item
(iii) with ¢ = B. Another famous kernel is the Gaussian kernel

K(z,y) = e le=ylP/o, o>0.

To see that it is positive semi-definite start by observing that Ki(x,y) =
exp(2x*-y/o) is by items (i) and (ii) since the Taylor series of the exponential
function has positive coefficients. Finally observe that our kernel is of the
form (vi) with f(z) = exp(—|z|?/0). o
Example 3.11. A reproducing kernel Hilbert space is a Hilbert space
$ of complex-valued functions X — C such that point evaluations are con-
tinuous linear functionals. In this case the Riesz lemma implies that for every
x € X there is a corresponding function K, € $ such that f(z) = (K, f).
Applying this to f = K, we get K,(z) = (K,, K,) which suggests the more
symmetric notation

K(z,y) = (K, Ky>-

20Jacques Hadamard (1865-1963), French mathematician
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The kernel K is called the reproducing kernel for §). A short calculation
2
Za;akK(a;j, xE) = Za;ak(Kxj,ka) = H Zanggj
Jk Jk J

verifies that it is a positive semi-definite kernel. An explicit example is given
by the quadratic form domains of positive Sturm-Liouville operators (cf.
Problem from [25]). o

Problem* 3.39. Suppose K is a Hilbert-Schmidt operator in L*(X,dpu)
with kernel K(x,y). Show that the adjoint operator is given by

0= [ K@al fw)dut), £ € (X, dp)
In particular, K is self-adjoint if and only if its kernel is symmetric.

Problem 3.40. Obtain Young’s inequality (3.25) from Schur’s criterion.

Problem 3.41 (Schur test). Let K(x,y) be given and suppose there are
positive measurable functions a(x) and b(y) such that

1K (2, )b 1 (v,a) < Cra(z), la() K ()l xan < C2b(y).
Then the operator K : L*(Y,dv) — L*(X,du), defined by

— / K(z,y)f(y)dv(y),
Y

for p-almost every x is bounded with || K| < +/C1C3. Show that the adjoint

operator is given by

/ K(y,) fn)duly), | € L3(X, dp).

(Hint: Bstimate |(Kf)(@)* < | fy [K(2.9)[?by) K (2,9)[ /> {5l dv(y) P
using Cauchy—Schwarz and integrate the result with respect to x. )

Problem* 3.42. Let (X, du) and (Y, dv) be two measure spaces and {u;(x)};cr,
{vi(y) }rex be orthonormal bases for L*(X,du), L*(Y,dv), respectively. Then
{ui(@)vk(Y) } (jkyesx i s an orthonormal base for L*(X xY,dp ® dv).

Problem 3.43. Let K be an self-adjoint integral operator with continuous
kernel satisfying the estimate |K(z,y)| < k(z)k(y) with k € L*(X,du) N
L>*(X,dp). Show that the conclusion from Mercer’s theorem still hold if K
has only a finite number of negative eigenvalues.

Problem 3.44. Show that the Fourier transform of a finite (positive) mea-
sure

[i(p) = (27r1)"/2 /Rn e P du()

gives rise to a positive semi-definite kernel K (x,y) = i(x—y). (The converse
is Bochner’s theorem — see Theorem [9.26])
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Figure 3.3. A function is rearranged into a decreasing symmetric func-
tion such that the areas of the super-level sets agree.

3.6. Rearrangements

Many situations lead to the problem of finding a function which maximizes
a certain integral. Moreover, typically the maximizing function will preserve
the symmetry of the original problem. In case of radially symmetric problems
this suggests to rearrange a function into a radially symmetric one thereby
increasing the value of the integral under consideration.

We start by defining the symmetric rearrangement A* of a finite
Borel set A C R™ to be the open ball B, (0) with the same volume, that is,
with 7 chosen such that |A| = V,,r™. In other words,

A* = {z € R"|V, |z < |A[}. (3.40)

Then the symmetric rearrangement of a nonnegative Borel function f : R" —
[0,00) is defined by rearranging its strict super-level sets

S5(t) 1= (1 00)) = {w € R|f(x) > 1}. (3.41)
For this to work we assume that f vanishes at oo in the sense that |S¢(t)| < oo
for all ¢ > 0. More precisely, we define f* such that
Sp(t) = Sp(t)* (3.42)
for all ¢ > 0. This process is illustrated Figure [3:3] To this end note that
x € Sf(t) is equivalent to f(x) >t (i.e., {t > 0|z € S¢(t)} = [0, f(z)) and
hence we can reconstruct f from its super-level sets using f(z) = sup{t >
0|z € Sf(t)}. This motivates to explicitly define
[*(x) :==sup{t > 0|z € S¢(t)*}. (3.43)
Note that monotonicity of the super-level sets S¢(t2) € S¢(t1) (and hence
also S¢(ta)* C Sf(t1)*) for t1 <ty implies that f* is radial and nonincreasing.
Moreover, we have 0 € S¢(t) if and only if S¢() is nonempty and hence

f70) = [ flloo- (3.44)
In particular, f*(x) is finite. Also by monotonicity of Sy it follows that ¢ €
I(z) := {t > 0|z € S¢(t)*} implies s € I(z) for every s <t and hence I(z)
is an interval. Moreover, since the set {(z,t)|x € S¢(t)*} is open, so is the
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projection for fixed x and thus I(z) = [0, f*(«)). But this implies z € Sy(t)*
if and only if f*(x) >t and hence we indeed have (3.42). In particular, the
super-level sets of f* are open, that is, f* is lower semicontinuous and hence
measurable. For a complex-valued function f we set f* :=|f|*.

As a trivial consequence of (3.42)) we see that the distribution functions
of f and f* agree, Ef(t) := |S|4(t)| = [S)f(t)*| =: Ey(t). This is sometimes
known as equimeasurability since (cf. Problem [2.20) it implies

[ etsiae= [~ omEgrie = [~ oEp = [ o

(3.45)
for an arbitrary absolutely continuous function ® with ®(0) = 0, whose
derivative is ® = ¢. In particular, the choice ®(t) := tP shows

1f1lp = 11 lp- (3.46)
The observation {t > 0|z € S¢(t)} = [0, f(x)) can also be phrased as
@) = [ xs o (3.47)

and this is known as layer cake representation. The name alludes to the
fact that f(x) is obtained by summing the contributions from all layers (level
sets) corresponding to values t below f(x). It is particularly useful in proofs
since it frequently allows a reduction to the case of characteristic functions.
This is illustrated in the following result:

Theorem 3.32 (Hardy-Littlewood). Let f and g be nonnegative Borel func-
tions on R™, vanishing at oo. Then

f@)g@)d'z < | f*(x)g"(x)d"z. (3.48)
Rn Rn

Proof. We start with the case where f = x4 and g = xp are characteristic
functions in which case the claim follows from |A* N B*| = min(|A4|, |B|) >
|AN B|. For the general case the layer cake representation and Fubini give

Fgladte = /0 /0 /Rn X54(t) (2)X5(s) (2)d" 2 ds dt

S/ / / XSf*(t)($)X5g*(s)($)dn£Udsdt
0 0 Rn
=/ [ (x)g" (x)d"x

as desired. O

R

Problem 3.45. Suppose f : R — [0, 00) vanishes at oo and is nondecreasing
on (—o0, 0] and nonincreasing on [0,00). Compute f*.
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Problem 3.46. Show that the rearrangement is order preserving, that is, if
f(z) < g(x) for all x, then we also have f*(x) < g*(x) for all x.

Problem 3.47. Suppose ¢ : [0,00) — [0,00) is nondecreasing, lower semi-
continuous, and satisfies ¢(0) = 0 as well as continuity at 0. Show that

(o f)r=¢of



Chapter 4

More measure theory

4.1. Decomposition of measures

Let p, v be two measures on a measurable space (X,¥). They are called
mutually singular (in symbols p L v) if they are supported on disjoint sets.
That is, there is a measurable set N such that u(N) =0 and v(X \ N) = 0.

Example 4.1. Let A be the Lebesgue measure and © the Dirac measure
(centered at 0). Then A L ©: Just take N = {0}; then A({0}) = 0 and
O(R\ {0}) =0. o

On the other hand, v is called absolutely continuous with respect to
w (in symbols v < p) if pu(A) = 0 implies v(A) = 0.

Example 4.2. The prototypical example is the measure dv := fdu (com-
pare Lemma [2.3). Indeed by Lemma 2.6 1(A) = 0 implies

v(A) = /Afdu =0 (4.1)

and shows that v is absolutely continuous with respect to . In fact, we will
show below that every absolutely continuous measure is of this form. o

The two main results will follow as simple consequence of the following
result:

Theorem 4.1. Let u, v be o-finite measures. Then there exists a nonnega-
tive function f and a set N of u measure zero, such that

v(A) = v(ANN) + /A fdu. (4.2)
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Proof. We first assume pu, v to be finite measures. Let a := p + v and
consider the Hilbert space L?(X,da). Then
l(h) = / h dv
X

is a bounded linear functional on L?(X, da) by Cauchy-Schwarz:

()2 = ‘/1-hdv e (/]1\2du> </]h2dy>
<v(x) ( [ InPaa) = v

Hence by the Riesz lemma (Theorem from [25]) there exists a g €
L?(X,da) such that

“h) = /X hg da.

By construction

I/(A):/XAdV:/XAgda:/Agda. (4.3)

In particular, g must be positive a.e. (take A the set where g is negative).
Moreover,

p(4) = a4) = v(4) = [ (1 g)da

A
which shows that ¢ < 1 a.e. Now choose N := {z|g(z) = 1} such that
#(N) =0 and set

fi= %XN,, N = X\ N.
-9
Then, since (4.3)) implies dv = g da, respectively, du = (1 — g)da, we have

[ ran= [aroxwdu= [xangda=v(an )

as desired.

To see the o-finite case, observe that ¥,, X, u(Y,) < oo and Z,, " X,
v(Zy) < oo implies X,, := Y, NZ, / X and a(X,) < co. Now we set
X, = X, \ X,,_1 (where Xy = 0) and consider p,(A4) := u(AN X,) and
vn(A) := (AN X,). Then there exist corresponding sets N,, and functions
fn such that

Un(A) = v (AN Ny,) —|—/ fndpn = V(AN N,) —|—/ fndi,
A A

where for the last equality we have assumed N, C X, and f,(z) =0for z €
X, without loss of generality. Now set N := J,, N, as well as f := 3" fn,
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then u(N) =0 and

= w(A)=> v(AnN,) +Z/ fudp =v(ANN) +/ fdpu,
which finishes the proof. U

Note that another set N will give the same decomposition as long as
p(N) =0 and v(N'NN) = 0 since in this case v(A) = v(ANN)+v(ANN') =
V(AﬁN)—l—I/(AﬂN’ﬂN)—l—fAmN, fdu = y(AﬂN)+fAfdu. Hence we can
increase N by sets of p measure zero and decrease N by sets of v measure
Zero.

Now the anticipated results follow with no effort:

Theorem 4.2 (RadoanikodymEb. Let p, v be two o-finite measures on a
measurable space (X,3). Then v is absolutely continuous with respect to
if and only if there is a nonnegative measurable function f such that

- /A fdu (4.4)

for every A € 3. The function f is determined uniquely a.e. with respect to
w and is called the Radon—Nikodym derivative d” of v with respect to p.

Proof. Just observe that in this case v(ANN) = 0 for every A. Uniqueness
will be shown in the next theorem. O

Example 4.3. Take X := R. Let u be the counting measure and v Lebesgue
measure. Then v < pu but there is no f with dv = fdu. If there were
such an f, there must be a point z9p € R with f(xg) > 0 and we have
0=v({zo}) = f{xo} fdp = f(zg) > 0, a contradiction. Hence the Radon—
Nikodym theorem can fail if y is not o-finite. o

Theorem 4.3 (Lebesgue decomposition). Let u, v be two o-finite measures
on a measurable space (X,X). Then v can be uniquely decomposed as v =
Vsing + Vac, where p and vng are mutually singular and v,e is absolutely
continuous with respect to (.

Proof. Taking vging(A) := V(AN N) and dvg. := fdp from the previous
theorem, there is at least one such decomposition. To show uniqueness as-
sume there is another one, v = Uy + Uging, and let N be such that ,u(N) =0
and Dsmg(N’) = 0. Then Vsing(A) — Vsing(A fA f- f)du In particular,
J ANN'A 5 f—7 )dp = 0 and hence, since A is arbltrary, f = f ae. away from
NUN. Since (N U N) =0, we have f f a.e. and hence Uy = v, as well
as Using = V — Uge = V — Vae = Vsing- |

lotto M. Nikodym, (1887-1974), Polish mathematician
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Problem* 4.1. Let pu be a Borel measure on B and suppose its distribution
function p(x) is continuously differentiable. Show that the Radon—Nikodym
derivative with respect to Lebesque measure equals the ordinary derivative

().
Problem 4.2. Suppose v is an inner reqular measures. Show that v < p if

and only if w(K) = 0 implies v(K) = 0 for every compact set.

Problem 4.3. Suppose v(A) < Cu(A) for all A € ¥. Then dv = f du with
0<f<C ae.

Problem 4.4. Let dv = fdu. Suppose f > 0 a.e. with respect to p. Then
p<vanddy = fldv.

Problem 4.5 (Chain rule). Show that v < p is a transitive relation. In
particular, if w < v < p, show that

do _dodv
dp — dvdp’
Problem 4.6. Suppose v < . Show that for every measure w we have
dw dw
—dpu=—dv+d
= +dg,

where  is a positive measure (depending on w) which is singular with respect
to v. Show that ¢ =0 if and only if p < v.

4.2. Derivatives of measures

If 41 is a Borel measure on 98 and its distribution function p(x) is continu-
ously differentiable, then the Radon—Nikodym derivative is just the ordinary
derivative 4/(x) (Problem [4.1). Our aim in this section is to generalize this
result to arbitrary Borel measures on 8".

Let p be a Borel measure on R™. We call
. p(Be(z))
Dp)(x) = lim ——~ 4.5
(Di(a) = lim 125 (45)

the derivative of y at x € R™ provided the above limit exists. (Here B,(z) C
R™ is a ball of radius r centered at x € R™ and |A| denotes the Lebesgue
measure of A € B".)

Example 4.4. Consider a Borel measure on 8 and suppose its distribution
wu(x) (as defined in (1.17))) is differentiable at x. Then

(D)) = iy Hlo=ez+e) _ i D EVICEL NS
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To compute the derivative of u, we introduce the upper derivative,

p(Be(z))
Dup)(x) :=limsu 4.6
(D)) = timsup S 25 (4.6
Note that (D) is measurable which follows from
_ B
(Dp)(xz) = inf  sup WBe(@)) (4.7)

n€Ng<e<1/n |Be ()]

since the supremum on the right-hand side is lower semicontinuous with
respect to z (cf. Problem as ¢ — p(B:(x)) is lower semicontinuous
(Problem . Since lower semicontinuous functions are measurable, so is
the infimum.

Next, the following geometric fact of R™ will be needed.

Lemma 4.4 (Wienerﬂ covering lemma). Given open balls By := By (x1),

.., By = By, () in R", there is a subset of disjoint balls Bj, ..., B;
such that
m k
U Bi < U B, (z5) (4.8)
j=1 =1

Proof. Assume that the balls B; are ordered by decreasing radius. Start
with Bj, = B and remove all balls from our list which intersect Bj,. Observe
that the removed balls are all contained in Bs,, (z1). Proceeding like this,
we obtain the required subset. [l

The upshot of this lemma is that we can select a disjoint subset of balls

which still controls the Lebesgue volume of the original set up to a universal
constant 3" (recall |Bs,(z)| = 3"|B,(x)|).

Now we can show

Lemma 4.5. Let p be a Borel measure on R™ and o > 0. For every Borel
set A we have

o€ A|(Du(a) > a}| < 32 (4.9)
and
{z € A| (Dp)(z) > 0} =0, whenever u(A) = 0. (4.10)

Proof. Let A, := {z € A|(Du)(x) > a}. We will show
«

for every open set O with A C O and every compact set K C A,. The
first claim then follows from outer regularity of p and inner regularity of the
Lebesgue measure.

2Norbert Wiener (1894-1964), American mathematician


http://en.wikipedia.org/wiki/Norbert Wiener

116 4. More measure theory

Given fixed K, O, for every z € K there is some r, such that B, (z) C O
and |B,,(z)] < a 'u(B,,(x)). Since K is compact, we can choose a finite
subcover of K from these balls. Moreover, by Lemma [.4] we can refine our
set of balls such that

k o k
K] < 8" 1Bl < 23 (B, (@) < 3719

i=1 i=1 @
To see the second claim, observe that Ay = U;?‘;lAl /; and by the first part
|Ay/5| = 0 for every j if u(A) = 0. O

Theorem 4.6 (Lebesgue differentiation theorem). Let f be (locally) inte-
grable, then for a.e. x € R™ we have

) 1 n, _
lrlfgm 5 (o) |f(y) — f(x)|d"y = 0. (4.11)

The points where (4.11)) holds are called Lebesgue points of f.

Proof. Decompose f as f = g + h, where g is continuous and ||kl < €

(Theorem [3.18)) and abbreviate
1
D, = = - d"y.
(f)(z) B @) Br(x)lf(y) f@)|d"y

By Fatou’s lemma (Theorem [2.4) D, (f) is lower semicontinuous and hence
limsup,. ;o D;(f) is measurable.

Then, since lim D, (g)(x) = 0 (for every x) and D,.(f) < D,(g) + D, (h),

we have

lim sup D, (f) () < limsup D, (h)(z) < (D)) + [h()],
rl0 rl0

where dy = |h|d™z. This implies
(x| imsup D, (1)(@) > 20} € o | (Dp)(e) > a} U {o | h(e)] > o)

and using the first part of Lemma plus [{z | |h(z)] > o}| < a7 |A|
(Problem [4.11)), we see

€
{x | limsup D,(f)(z) > 2a}| < (3" +1)—.
rl0 «
Since ¢ is arbitrary, the Lebesgue measure of this set must be zero for every a.
That is, the set where the lim sup is positive has Lebesgue measure zero. [J

Example 4.5. It is easy to see that every point of continuity of f is a
Lebesgue point. However, the converse is not true. To see this consider a
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function f : R — [0, 1] which is given by a sum of nonoverlapping spikes
centered at z; = 277 with base length 2b; and height 1. Explicitly

f(z) = Zmax(o, 1-— bj_1|33 — zjl)
j=1

with bj 11 +0b; < 277=1 (such that the spikes don’t overlap). By construction
f(x) will be continuous except at x = 0. However, if we let the b;’s decay
sufficiently fast such that the area of the spikes inside (—r,r) is o(r), the
point & = 0 will nevertheless be a Lebesgue point. For example, b; = 2-2—1
will do. o

Note that the balls can be replaced by more general sets: A sequence of
sets Aj(x) is said to shrink to = nicely if there are balls B, (x) with r; — 0
and a constant ¢ > 0 such that A;(z) C B, (x) and |4;| > ¢| By, (z)].
Example 4.6. For example, A;(z) could be some balls or cubes (not nec-
essarily containing z). However, the portion of B, (x) which they occupy
must not go to zero! For example, the rectangles (0, %) x (0, %) C R? do

shrink nicely to 0, but the rectangles (0, %) x (0, J%) do not. o

Lemma 4.7. Let f be (locally) integrable. Then at every Lebesgue point we
have

1
f(z) = lim
J—o0 ’Aj(f’«")’ Aj(z)

whenever Aj(x) shrinks to x nicely.

fly)d™y (4.12)

Proof. Let x be a Lebesgue point and choose some nicely shrinking sets
Aj(x) with corresponding B, (z) and €. Then

1 / 1
I aranyi fy) = f@)|d"y < ——F— fly) — f(z)|d"y
A @] Aj(x)l (y) — f(2)] 1B, (@) BTj(x)l (y) — f(2)]
and the claim follows. O

If we take f to be the Radon—Nikodym derivative of an absolutely con-
tinuous measure, then these results can also be understood as differentiation
results for measures. To complement these results we provide the corre-
sponding statement for singular measures.

Lemma 4.8. Let p be singular with respect to Lebesque measure. Then we
have (Du)(x) = (Du)(x) = 0 for almost every x (with respect to Lebesgue
measure).

Proof. By definition p is supported on a set N of Lebesgue measure zero.
Hence choosing A = R™\ N in the second part of Lemmashows (Dp)(x) =
0 for a.e. z € A. O
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In summary we conclude that the derivative Dy exists a.e. with respect
to Lebesgue measure. However, in contrast to Dy it is not clear that Dy is
(Borel) measurable. This nuisance can be fixed by either altering Dy on a
set of measure zero or by working with the completion of the Borel o-algebra.
We leave it to the reader to pick one choice and interpret the following results
accordingly. Then, combining these two lemmas with Theorem [£.6] shows

Theorem 4.9. Let p be a Borel measure on R™. The derivative Dy exists
a.e. with respect to Lebesgue measure and equals the Radon—Nikodym deriva-
tive of the absolutely continuous part of u with respect to Lebesgue measure;
that is,

poeA) = [ (D)@', (4.13)

_In particular, u is singular with respect to Lebesgue measure if and only
if Dy = 0 a.e. with respect to Lebesgue measure.

In the special case of Borel measures on R the last result reads
Corollary 4.10. Let p be a Borel measure on R. Then its distribution func-

tion is differentiable a.e. with respect to Lebesque measure and the derivative
equals the Radon—Nikodym derivative.

Proof. Let f be the Radon-Nikodym derivative. Since the sets (z,x + 1)

shrink nicely to = as r — 0, Lemma [£.7] implies
i @2 1) ) Z @)

r—0 r r—0 r

a.e. Since the same is true for the sets (z — r,x), p(z) is differentiable a.e.
and p'(z) = f(z). O

Using the upper and lower derivatives, we can also give supports for the
absolutely and singularly continuous parts.

Theorem 4.11. The set {x|0 < (Dp)(x) < oo} is a support for the abso-
lutely continuous and {x|(Dp)(x) = oo} is a support for the singular part.

Proof. The first part is immediate from the previous theorem. For the
second part first note that by (Du)(x) > (Dpsing)(z) we can assume that u
is purely singular. It suffices to show that the set Ay := {x|(Dp)(z) < k}
satisfies pu(Ay) = 0 for every k € N.

Let K C Ay be compact, and let V; D K be some open set such that
Vi \ K| < % (Lemma . For every « € K there is some € = ¢(z) such
that B.(x) C V; and u(Bs:(x)) < k|Bs:(z)|. By compactness, finitely many
of these balls cover K and hence

p(K) < Zu(Bai(ﬂ?i))-



4.2. Derivatives of measures 119

Selecting disjoint balls as in Lemma [£.4] further shows

B(E) < 37 i(Bye, (1) < k8" 3B, (22)| < 3"V .
¢ l

Letting j — oo, we see pu(K) < k3"|K| and by regularity we even have

w(A) < k3" A| for every A C Aj. Hence p is absolutely continuous on Ay

implying that, by the Radon—Nikodym theorem, there is some density f such

that pu(A) = [, f(xz)d"x for all measurable subsets A C Aj. Moreover, since

we assumed g to be singular, there is some set N such that |[N| = 0 and
u(Ar) = p(Ax N N) = [, f()d"e = 0 by @215). O

Finally, we note that these supports are minimal. Here a support M of

some measure p is called a minimal support (it is sometimes also called
an essential support) if every subset My C M which does not support
(i.e., u(Mp) = 0) has Lebesgue measure zero.
Example 4.7. Let X := R, ¥ := B. If du(z) := >, andf(xz — ) is a
sum of Dirac measures, then the set {z,} is clearly a minimal support for
. Moreover, it is clearly the smallest support as none of the x, can be
removed. If we choose {z,} to be the rational numbers, then supp(u) = R,
but R is not a minimal support, as we can remove the irrational numbers.

On the other hand, if we consider the Lebesgue measure A, then R is
a minimal support. However, the same is true if we remove any set of
measure zero, for example, the Cantor set. In particular, since we can remove
any single point, we see that, just like supports, minimal supports are not
unique. o

Lemma 4.12. The set My, := {z|0 < (Dp)(z) < oo} is a minimal support
for pae.

Proof. Suppose My C M, and pq.(My) = 0. Set M. = {x € Myle <

(Dp)(z)} for e > 0. Then M, ~ My and

1 1 1
| M| = / 'z < / (Dp)(@)d"x = —prac(Me) < —~prac(Mo) =0
M, € 5 5

€

shows |My| = lim, o | M| = 0. O

Note that the set M = {z|0 < (Dp)(z)} is a minimal support of u
(Problem [4.9).

Example 4.8. The Cantor function (also known as devil’s staircase)
is constructed as follows: Take the sets C), used in the construction of the
Cantor set C: (), is the union of 2" closed intervals with 2" — 1 open gaps in
between. Set f, equal to j/2™ on the j’th gap of C), and extend it to [0, 1]
by linear interpolation. Note that, since we are creating precisely one new
gap between every old gap when going from C,, to C), 1, the value of f,,11 is
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the same as the value of f,, on the gaps of C),. Explicitly, we have fy(x) =z
and fp+1 = K(fn), where

3/ (32), 0<z<i,
K(f)(z) =4 3, i<z<i
s1+fBz-2), 2<z<1

Since K is a contraction on the set of bounded functions, || K (g1)—K (g0)|lec <
21191 — gol|ocs We can define the Cantor function as f = lim,_s f,,. By con-
struction f is a continuous function which is constant on every subinterval
of [0,1]\ C. Since C is of Lebesgue measure zero, this set is of full Lebesgue
measure and hence f’ = 0 a.e. in [0,1]. In particular, the corresponding
measure, the Cantor measure, is supported on C and is purely singular
with respect to Lebesgue measure. o

We remark that the Lebesgue measure can be replaced by an arbitrary
Borel measure, but this requires the more sophisticated Besicovitchﬂ covering
lemma. We refer to [7] for further details.

Problem™ 4.7. Let p be a Borel measure on R™. Show that

p(B:(z)) < ligggfﬂ(Ba(y)) < liglj}tlp 1(Be(y)) < u(Be(z)).

In particular, conclude that x — p(Be(z)) is lower semicontinuous for e > 0.

Problem 4.8. Generalize Lemmal[{.§ by showing that at almost every point
x (with respect to Lebesgue measure) we have

L (A @)
e 42|

whenever Aj(x) shrinks to x nicely.

=0, (4.14)

Problem* 4.9. Show that M := {z|0 < (Du)(x)} is a minimal support of
W
Problem 4.10. Suppose Dy < a. Show that du = fd"x with 0 < f < a.

Problem* 4.11 (Markov (also Chebyshev) inequality). For f € L'(R")
and o > 0 show

o € Alf(@) > a}] < — /A (@)l

Somewhat more general, assume g(x) > 0 is nondecreasing and g(a) > 0.
Then

u({mGA!f(x)za})Sg(la)/AQOfdu-

3Abram Besicovitch (1891-1970), Russian mathematician
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Problem* 4.12. Let f € L?
have

(R™), 1 < p < oo, then for a.e. x € R™ we

loc

1
lim [f(y) — f(@)Pd"y = 0.
r10 |Br(2)] /B, (@)
The same conclusion hols if the balls are replaced by sets Aj(x) which shrink

nicely to x.

Problem 4.13. Show that the Cantor function f is Hélder continuous | f(x)—
f@)| < |z —y|* with exponent a = logs(2). (Hint: Show that if a bijection
g :10,1] — [0,1] satisfies a Holder estimate |g(z) — g(y)| < M|x — y|*, then
so does K(g): |K(g)(x) = K(9)(y)| < 5 Mz —y[*.)

4.3. Complex measures

Let (X, X)) be some measurable space. A map v : ¥ — C is called a complex
measure if it is J—additive'

UA => v(4n), A,€X. (4.15)
n=1 n=1
Choosing A, = 0 for all n in shows v(0) = 0.

Note that a positive measure is a complex measure only if it is finite
(the value oo is not allowed for complex measures). Moreover, the defini-
tion implies that the sum is independent of the order of the sets A, that
is, it converges unconditionally and thus absolutely by the Riemann series
theorem.

Example 4.9. Let 1 be a positive measure. For every f € L'(X,du) we
have that fdu is a complex measure (compare the proof of Lemma and
use dominated in place of monotone convergence). In fact, we will show that
every complex measure is of this form. o

Example 4.10. Let v, 5 be two complex measures and «ay, ay two complex
numbers. Then ajv; + agrs is again a complex measure. Clearly we can
extend this to any finite linear combination of complex measures. o

When dealing with complex functions f an important object is the pos-
itive function |f|. Given a complex measure v it seems natural to consider
the set function A — |v(A)|. However, considering the simple example
dv(x) := sign(z)dz on X := [—1,1] one sees that this set function is not
additive and this simple approach does not provide a positive measure asso-
ciated with v. However, using |[v(A N [—1,0))| + [v(AN[0,1])| we do get a
positive measure. Motivated by this we introduce the total variation of a
measure defined as

|V|(A) == sup{Z\l/ (Ag) \‘Ak € ¥ disjoint, A = U Ak} (4.16)
k=1
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Note that by construction we have

v(A)] < [vI(A). (4.17)
Moreover, the total variation is monotone |v|(A) < |v|(B) if A C B and for
a positive measure p we have of course |u|(A) = p(A).

Theorem 4.13. The total variation |v| of a complex measure v is a finite
positive measure.

Proof. We begin by showing that |v| is a positive measure. We need to
show [v|(A) = >_07, |v[(Ay) for any partition of A into disjoint sets A,. If
|v|(Ay) = oo for some n it is not hard to see that |v|(A) = co and hence we
can assume |v|(A,,) < oo for all n.

Let € > 0 be fixed and for each A,, choose a disjoint partition B,, ;, of A,
such that

Mn

VI(4n) < 3 Iw(Bup)] + 5

k=1
Then

2

N mnp

N
> Ivl(An) ZZ Bng)l+e < [v[( U Te<p[(A)+e
n=1 n=1 k=1 n=1

since [N, i, Bug = Y., A,. As € was arbitrary this shows [v[(A) >
> e [VI(An)

Conversely, given a finite partition By of A, then

Z| (Br)| :Z‘ v(Br N AR <) [w(Ben Ay)

=1 n=1 k=1n=1
o0 m
Z (By N Ay) |<Z|y|

Taking the supremum over all partitions By, shows |v[(4) < 377, [v[(Ay).

I
[ M

Hence |v| is a positive measure and it remains to show that it is finite.
Splitting v into its real and imaginary part, it is no restriction to assume
that v is real-valued since |v|(A) < |Re(v)|(A) + [Im(v)|(A).

The idea is as follows: Suppose we can split any given set A with |v|(A) =
oo into two subsets B and A\ B such that |v(B)| > 1 and |v|(A\ B) =
Then we can construct a sequence B,, of disjoint sets with |v(B,)| > 1 for
which Y07 | v(B,) diverges (the terms of a convergent series must converge
to zero). But o-additivity requires that the sum converges to v(|+),, Bn), a
contradiction.
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It remains to show existence of this splitting. Let A with |v|(A) = oo be
given. Then there is a partition of disjoint sets A; such that

D lv(4y)] =2+ p(4)].
j=1

Now let A = [J{A4;|v(4;) > 0} and A_ := A\A, = U{4;|v(4;) < 0}.
Then the above inequality reads v(Ay) + [V(A-)| > 2 + |[v(Ay) — [v(A-)]|
implying (show this) that for both of them we have |v(AL)| > 1 and by
|V|(A) = |v|(A+) + |v|(A-) either AL or A_ must have infinite |v| measure.

U

Note that this implies that every complex measure v can be written as
a linear combination of four positive measures. In fact, first we can split v
into its real and imaginary part

v = v, + iy, vr(A) :=Re(v(4)), vi(A) :=Im(v(A4)). (4.18)
Second we can split every real (also called signed) measure according to
A)+v(A
B I C PO
By (4.17)) both v_ and vy are positive measures. This splitting is also known
as Jordan decomposition of a signed measure. In summary, we can split
every complex measure v into four positive measures

(4.19)

v="vry =V +i(Vig — Vi) (4.20)
which is also known as Jordan decomposition.

Of course such a decomposition of a signed measure is not unique (we can
always add a positive measure to both parts), however, the Jordan decom-
position is unique in the sense that it is the smallest possible decomposition.

Lemma 4.14. Let v be a complex measure and p a positive measure satis-
fying [v(A)| < u(A) for all measurable sets A. Then |v| < u. (Here |v| < p
has to be understood as |v|(A) < u(A) for every measurable set A.)

Furthermore, let v be a signed measure and v = Uy —U_ a decomposition
into positive measures. Then Uy > vy, where vy is the Jordan decomposition.

Proof. It suffices to prove the first part since the second is a special case.
But for every measurable set A and a corresponding finite partition Ay we

have 3, [V(Ag)| < 324 1(Ax) = p(A) implying [v[(A) < p(A). O
Moreover, we also have:

Theorem 4.15. The set of all complex measures M(X) together with the
norm ||v|| := |v|(X) is a Banach space.



124 4. More measure theory

Proof. Clearly M(X) is a vector space and it is straightforward to check
that |v|(X) is a norm. Hence it remains to show that every Cauchy sequence
v, has a limit.

First of all, by [v(4)— 3 (4)] = (v —1;)(A)] < [vh—25](4) < Jon—15]),
we see that vi(A) is a Cauchy sequence in C for every A € ¥ and we can
define

v(A) = lim v (A).
k—r00

Moreover, Cj := supy>; [[vx — V|| — 0 as j — oo and we have
wi(A) —v(A)] < Cj.
Next we show that v satisfies (4.15)). Let A,, be given disjoint sets and set

Ay, =0 Ay A = 0 Ap. Since we can interchange limits with
finite sums, (4.15) holds for finitely many sets. Hence it remains to show
v(Ay) — v(A). This follows from

[(An) = v(A)] < |p(An) = vi(An)| + [vr(An) = vi(A)] + [i(A) = v(A)]
< 2Ck + [vi(An) — vi(A)].
Finally, v, — v since |vg(A) — v(A)| < C implies ||y, — v|| < 4C) (Prob-

lem . O

If p is a positive and v a complex measure we say that v is absolutely
continuous with respect to u if u(A) = 0 implies v(A) = 0. We say that v is
singular with respect to p if |v| is, that is, there is a measurable set N such
that u(N) =0 and |v|[(X \ N) =0.

Lemma 4.16. If u is a positive and v a complex measure then v < u if
and only if |v| < p. Similarly, v < w if and only if this holds for all four
measures in the Jordan decomposition.

Proof. If v < p, then u(A) = 0 implies u(B) = 0 for every B C A and
hence |v|(A) = 0. Conversely, if |v| < p, then u(A) = 0 implies |[v(A)| <
[v|(A) = 0. The second claim now is immediate from Problem [4.18| O

Now we can prove the complex version of the Radon—-Nikodym theorem:

Theorem 4.17 (Complex Radon—Nikodym). Let (X,X) be a measurable
space, W a positive o-finite measure and v a complexr measure. Then there
exists a function f € LY(X,du) and a set N of u measure zero, such that

v(A) = v(ANN) + /A fdu. (4.21)

The function f is determined uniquely a.e. with respect to  and is called the

Radon—Nikodym derivative Z—Z of v with respect to p.
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In particular, v can be uniquely decomposed as v = Vging + Vae, where
Vsing(A) = V(AN N) is singular and dve. == fdp is absolutely continuous
with respect to (.

Proof. We start with the case where v is a signed measure. Let v = v —v_
be its Jordan decomposition. Then by Theorem [£.] there are sets N4 and
functions fi such that vy (A) =ve(ANNL)+ fA fxdu. Since vy are finite
measures we must have [ fidu < v4(X) and hence f+ € L'(X, du). More-
over, since N := N_U N, has pu measure zero the remark after Theorem
implies v4(A) = v (ANN) + [, frdp and hence v(A) = v(ANN)+ [, fdu
where f:= fi — f_ € LY(X,dp).

If v is complex we can split it into real and imaginary part and use the
same reasoning to reduce it to the singed case. If v is absolutely continuous
we have |[v|(N) = 0 and hence v(AN N) = 0. Uniqueness of the decomposi-
tion (and hence of f) follows literally as in the proof of Theorem O

If v is absolutely continuous with respect to p the total variation of
dv = fdu is just d|v| = | fldu:

Lemma 4.18. Let dv = dvgng + fdu be the Lebesgue decomposition of a
complex measure v with respect to a positive o-finite measure p. Then

V(A) = [aing| (4) + /A Fldu (4.22)

Proof. We first show |v| = |Vging| + [Vac|- Let A be given and let A be a
partition of A as in . By the definition of the total variation we can
find a partition Agjngr of AN N such that Y, [V(Aging k)| > |Vsingl(A) — 5
for arbitrary € > 0 (note that vsing(Asing k) = V(Asing k) as well as Vging(AN
N’) = 0). Similarly, there is such a partition A,., of AN N’ such that
Yok W(Aack)| = [Vac|(A)—5. Then combining both partitions into a partition
Ay, for A we obtain |v|(A) > >, [V(Ak)| > [Vsing|(A) + |Vac|(A) — €. Since
e > 0 is arbitrary we conclude [V|(A) > |Vsing|(A) + |Vac|(A) and as the
converse inequality is trivial the first claim follows.

It remains to show d|v,.| = | f| du. Given a partition A = J,, A, we have

S et = 32| [ sdu| <37 [ 1nidu= [ ifla
n n An n An A
Hence |v,c|(A) < [, |fldp. To show the converse define

arg(f(x)) +
2

E—1 k
r={x e A < <—-}, 1<k<n.
n n
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Then the simple functions
n
okl
Sn(ﬂf) = Ze 2mi=g +1WXA2(.CU)
k=1

converge to sign(f(x)*) for every = € A and hence

lim snfd,u:/|f|du
A A

n—o0

by dominated convergence. Moreover,

‘/Asnf | < k; | /A sl du| = é\vacmz)\ < [vacl(4)
shows [, [fldu < [Vac|(A). -

As a consequence we obtain (Problem [4.14]):

Corollary 4.19 (polar decomposition). If v is a complex measure, then
dv = hd|v|, where |h| = 1.

If v is a signed measure, then h is real-valued and we obtain:

Corollary 4.20. If v is a signed measure, then dv = hd|v|, where h? = 1.
In particular, dvy = xx,d|v|, where X1 := h™ ({£1}).

The decomposition X = X, W X_ from the previous corollary is known
as Hahn decompositionﬁ and it is characterized by the property that
+v(A) > 0 if A C Xy. This decomposition is not unique since we can
shift sets of |v| measure zero from one to the other.

We also briefly mention that the concept of regularity generalizes in a
straightforward manner to complex Borel measures. If X is a Hausdorff
space with its Borel o-algebra we call v (outer/inner) regular if |v| is. It
is not hard to see (Problem [4.19):

Lemma 4.21. A complex measure is reqular if and only if all measures in
its Jordan decomposition are.

The subspace of regular Borel measures will be denoted by M.¢4(X).
Note that it is closed and hence again a Banach space (Problem [4.20)).

Clearly we can use Corollary to define the integral of a bounded
function f with respect to a complex measure dv = hd|v| as

/fdu ::/fhdz/\. (4.23)

4Hans Hanhn (1879-1934), Austrian mathematician and philosopher
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In fact, it suffices to assume that f is integrable with respect to d|v| and we

obtain
' / fdv

For bounded functions this implies

| [ 5] < 1fllel ), w2

s/uwM. (4.24)

Finally, there is an interesting equivalent definition of absolute continu-
ity:
Lemma 4.22. If u is a positive and v a complex measure then v < u if and
only if for every € > 0 there is a corresponding § > 0 such that

wA) <d = |v(h)] <e, VA e X. (4.26)

Proof. Suppose v < u implying that it is of the from dv = fdu. Let
X, = {z € X||f(z)| < n} and note that |v|(X \ X,,) — 0 since X,, /X
and |v|(X) < co. Given € > 0 we can choose n such that |v|(X \ X,) < §
and § = 4. Then, if u(A) < we have

V()] < AN Xp) + |](X\ X0) S mpa(4) + 5 < e.

The converse direction is obvious. O

It is important to emphasize that the fact that |v|(X) < oo is crucial
for the above lemma to hold. In fact, it can fail for positive measures as the
simple counterexample dv()\) = A2d) on R shows.

Problem* 4.14. Prove Corollary . (Hint: Use the complex Radon—
Nikodym theorem to get existence of h. Then show that 1 — |h| vanishes

a.e.)

Problem 4.15 (Markov inequality). Let v be a complex and p a positive
measure. If f denotes the Radon—Nikodym derivative of v with respect to p,
then show that
i)

!

p{z € Allf(x)] = a}) <

Problem 4.16. Let v be a complex and p a positive measure and suppose
lv(A)| < Cu(A) for all A € ¥. Then dv = fdu with ||flle < C. (Hint:
First show |v|(A) < Cu(A) and then use Problem[{.3)

Problem 4.17. Let v be a signed measure and vy its Jordan decomposition.
Show

vi(A) = Berg%ngu(B), v_(A) =— pomin_ v(B).
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Problem* 4.18. Let v be a compler measure with Jordan decomposition

(4.20). Show the estimate

1
“es(A) < WI(A) < vslA), Ve = v+ vn i i

V2
Show that |v(A)| < C for all measurable sets A implies ||v|| < 4C.

Problem* 4.19. Show Lemma|4.21 (Hint: Problems and[4.18)
Problem* 4.20. Let X be a Hausdorff space. Show that Myeq(X) € M(X)

1s a closed subspace.

Problem 4.21. Let S C X be a collection of sets which contains X, gener-
ates X, and which is closed under finite intersections. Show that a complex
measure is uniquely determined by its values on S.

Moreover, for a positive measure p and an integrable function f:
f=0a.e. & /fduzO, Aes.
A

(Hint: Compare with Theorem[1.5)

Problem 4.22. Let p1 be a complex Borel measures R" and f € L} (R").
Define the convolution of i and f as

(= f)(z) == - flz —y)du(y),

whenever f(x — .) is integrable with respect to p. Generalize Young’s in-
equality to this case: If f € LP(R™), 1 < p < oo, then pux f € LP(R™)
with

[ fllp < Tl (R

Problem 4.23. Define the convolution of two complex Borel measures p and
v on R"™ via

(@)= [ [ xale+gdutyiv(y).
Note |p* v|(R™) < |u|(R™)|v|(R™). Show that this implies
[ @@ = [ [ bt pdutz)any)
for any bounded measurable function h. Conclude that it coincides with our

previous definition in case p and v are absolutely continuous with respect to
Lebesgue measure.
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4.4. Appendix: Functions of bounded variation and
absolutely continuous functions

Let [a, b] € R be some compact interval and f : [a,b] — C. Given a partition
P ={a=wxo,...,z, = b} of [a,b] we define the variation of f with respect
to the partition P by

V(P f):=>_ |f(ax) = fl@r-1)l. (4.27)
k=1

Note that the triangle inequality implies that adding points to a partition
increases the variation: if P} C Py then V(Py, f) < V(P, f). The supremum
over all partitions

Vi) = sup V(P f) (4.28)

partitions P of [a, b]

is called the total variation of f over [a,b]. If the total variation is finite,
f is called of bounded variation. Since we clearly have

Viaf) =[alV2(f),  VXf+9) <V + Vi) (4.29)

the space BV [a,b] of all functions of finite total variation is a vector space.
However, the total variation is not a norm since (consider the partition P =

{a,z,b})

Vi) =0 <o f@)=ec (4.30)
Moreover, any function of bounded variation is in particular bounded (con-
sider again the partition P = {a, x,b})

sup |f(z)| < |f(a)| + V2(f). (4.31)

z€[a,b]

Theorem 4.23. The functions of bounded variation BV [a,b] together with
the norm

Ifllsv = | ()| + V7 (f) (4.32)
are a Banach space. Moreover, by (4.31) we have || f|lco < ||fllBV-

Proof. By we have || f||pv = 0 if and only if f is constant and | f(a)| =
0, that is f = 0. Moreover, by the norm is homogenous and satisfies
the triangle inequality. So let f,, be a Cauchy sequence. Then f,, converges
uniformly and pointwise to some bounded function f. Moreover, choose N
such that || f, — fml||Bv < € whenever m,n > N. Then for n > N and for
any fixed partition

|f(a) - fn(a)| + V(Pvf - fn) = W}E}noo (|fm(a) - fn(a)| + V(P7 fm - fn))

< sup ||fn = fmllBV <e.
m>N
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Consequently ||f — fu||pv < € which shows f € BV[a,b] as well as f, — f
in BVa,b]. O

Observe V2A(f) = 0 as well as (Problem [4.25))

Vc?(f) = Vac(f) +Vcb(f)7 ceE [a7 b]? (4'33>
and it will be convenient to set
V() = =V (). (4.34)

Example 4.11. Every Lipschitz continuous function is of bounded variation.
In fact, if |f(2z) — f(y)| < Llz —y| for z,y € [a,b], then VI(f) < L(b —
a). However, (Holder) continuity is not sufficient (cf. Problem and

Theorem below). o

Example 4.12. By the inverse triangle inequality we have

Vo) S VR

whereas the converse is not true: The function f : [0,1] — {—1,1} which
is 1 on the rational and —1 on the irrational numbers satisfies Vi (f) = oo

(show this) and V{'(|f]) = V4 (1) = 0.

From 27Y2(|Re(2)| + [Im(2)]) < |z| < [Re(2)| + [Im(2)| we infer
272(Vy(Re(f)) + Vy(Im(f))) < V7 (f) < VJ/(Re(f)) + V,/ (Im(f))
which shows that f is of bounded variation if and only if Re(f) and Im(f)
are. o

Example 4.13. Any real-valued nondecreasing function f is of bounded
variation with variation given by V*(f) = f(b) — f(a). Similarly, every real-
valued nonincreasing function g is of bounded variation with variation given
by Vb(g) = g(a) — g(b). Moreover, the sum f + g is of bounded variation
with variation given by V2(f + g) < V2(f) + V2(g). The following theorem
shows that the converse is also true. o

Theorem 4.24 (Jordan). Let f : [a,b] — R be of bounded variation, then f
can be decomposed as

fla) = fole) = f-(2),  fe(a):= 5 (VI(f) £ f(2)), (4.35)

where f+ are nondecreasing functions. Moreover, V2(f+) < VO(f).

Proof. From

fQy) = f(2) < |fy) = f@)| < VZ(F) = V() = Va' ()
for x < y we infer V*(f) — f(x) < VJ/(f)— f(y), that is, f_ is nondecreasing.

Moreover, replacing f by —f shows that f is nondecreasing and the claim
follows. O
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In particular, we see that functions of bounded variation have at most
countably many discontinuities and at every discontinuity the limits from
the left and right exist.

For functions f : (a,b) — C (including the case where (a,b) is un-
bounded) we will set

Vi(f) = fim V(). (4.36)

In this respect the following lemma is of interest:

Lemma 4.25. Suppose f € BVla,b]. We have limy, VE(f) = V2(f) if and

only if F(b) = f(b-) and limeyq V2(f) = V2(F) if and only if f(a) = f(a-t).
In particular, VI (f) is left, right continuous if and only if f is.

Proof. Using the first claim is equivalent to lime, V() = 0 if and
only if f(b) = f(b—). Moreover, taking the limit in V2(f) > |f(b) — f(c)|
shows limg, V2(f) > |f(b) — f(b—)|. Conversely, if f(b) = f(b—) we have
lim 4, Vcb( f) =0if f is monotone and the general follows by splitting f into
four nondecreasing functions and using . O

If f:R — C is of bounded variation, then we can write it as a linear
combination of four nondecreasing functions and hence associate a complex
measure df with f via Theorem m (since all four functions are bounded,
so are the associated measures).

Theorem 4.26. There is a one-to-one correspondence between functions in
f € BV(R) which are right continuous and normalized by f(0) = 0 and
complex Borel measures v on R such that f is the distribution function of v
as defined in . Moreover, in this case the distribution function of the
total variation of v is |v|(x) = Vi (f).

Proof. We have already seen how to associate a complex measure df with
a function of bounded variation. If f is right continuous and normalized, it
will be equal to the distribution function of df by construction. Conversely,
let dv be a complex measure with distribution function v. Then for every
a < b we have

Vi) = sup V(P.v)
P:{a:xo,...,l‘n:b}

= sup v ((@h—1, zx])| < |v|((a,0])
P={a=xqo,.. ,xn—b}kzl
and thus the distribution function is of bounded variation. Furthermore,
consider the measure 1 whose distribution function is p(x) = V{J'(v). Then
we see [v((a,])| = [v(b) — n(a)| < V2() = p((a,) < v|((a8]). Hence
we obtain |v(A)| < u(A) < |v|(A) for all intervals A, thus for all open sets
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(since every open subset of R can be written as a countable union of intervals;
cf. Problem from [25]), and thus for all Borel sets by outer regularity.
Hence Lemma implies ¢ = |v| and hence |v|(z) = V' (f). O

As a consequence of Corollary we note:

Corollary 4.27. Functions of bounded variation are differentiable a.e. with
respect to Lebesgue measure.

We will call a function f : [a,b] — C absolutely continuous if for every
¢ > 0 there is a corresponding § > 0 such that

Doy —al <6 = D |fw) — flan) <e (4.37)
k K

for every countable collection of pairwise disjoint intervals (xg,yx) C [a,b].
The set of all absolutely continuous functions on [a,b] will be denoted by
ACa,b]. The special choice of just one interval shows that every absolutely
continuous function is (uniformly) continuous, AC|[a,b] C C|a, b].

Example 4.14. Every Lipschitz continuous function is absolutely continu-
ous. In fact, if |f(x) — f(y)| < Lz — y| for z,y € [a,b], then we can choose
6 = %. In particular, C*[a,b] C AC[a,b]. Note that Holder continuity is
neither sufficient (cf. Problem and Theorem below) nor necessary
(cf. Problem [4.32). o

Theorem 4.28. A complex Borel measure v on R is absolutely continuous
with respect to Lebesgue measure if and only if its distribution function is
locally absolutely continuous (i.e., absolutely continuous on every compact
subinterval). Moreover, in this case the distribution function v(x) is differ-
entiable almost everywhere and

va) = v(0)+ [ V() (4.38)
0
with V' integrable, [ [V'(y)|dy = [v|(R).

Proof. Suppose the measure v is absolutely continuous. Now fol-
lows from in the special case where A is a union of pairwise disjoint
intervals.

Conversely, suppose v(x) is absolutely continuous on [a, b]. We will verify
([4.26)). To this end fix £ and choose § such that v(z) satisfies (4.37)). By outer
regularity it suffices to consider the case where A is open. Moreover, every
open set O C (a,b) can be written as a countable union of disjoint intervals

I, = (zk,yx) (cf. Problem from [25]) and thus |O| =Y, |yx — x| < 0

implies

WO = | 3 (vl) = (@) | < 3 Iwwe) — vlwi) < ¢
k k
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as required.
The rest follows from Corollary O

As a simple consequence of this result we can give an equivalent definition
of absolutely continuous functions as precisely the functions for which the
fundamental theorem of calculus holds.

Theorem 4.29. A function f : [a,b] — C is absolutely continuous if and
only if it is of the form

f(2) = fla) + / " g(y)dy (4.39)

for some integrable function g. Moreover, in this case f is differentiable a.e
with respect to Lebesgue measure and f'(x) = g(z). In addition, [ is of
bounded variation and

HOE " lo(w)ldy. (4.40)

Proof. This is just a reformulation of the previous result. To see the last
claim combine the last part of Theorem [.26] with Lemma [£.18] O

In particular, since the fundamental theorem of calculus fails for the
Cantor function, this function is an example of a continuous function which
is not absolutely continuous. Note that even if f is differentiable everywhere
the fundamental theorem of calculus might fail (Problem .

Finally, we note that in this case the integration by parts formula
continues to hold.

Lemma 4.30. Let f,g € BV|[a,b], then

f(fﬂ—)dg(f'«“)Zf(b—)g(b—)—f(a—)g(a—)—/ g(x+)df () (4.41)

[a,b) [a,b)

as well as

fa)dg(z) = F(b-)g(b—) — f(a—)gla—) — / g(z—)df(x). (4.42)

[a,b) [a,b)
Proof. Since the formula is linear in f and holds if f is constant, we can

assume f(a—) = 0 without loss of generality. Similarly, we can assume
g(b—) = 0. Plugging f(z—) = f[a 2) df (y) into the left-hand side of the first
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formula we obtain from Fubini

/ flemdate /ab) [aac)df( y)dg(z)
/[a b) /[a b) {(@y)ly<z} (‘r y)df( )dg( )
) /[mb) /[a,b) X{@yly<e} (@ y)dg(@)df (y)

— /[a,b) /( ) dg(z)df (y) = — /[ab)g(yﬂdf(y).

)

The second formula is shown analogously. ([

Note that if we require f(x) = % and g(x) = w then
we can add both formulas to obtain the more symmetric form f[a b) fdg =
(fg)(b—)—(fg)(a f[a p 9df- If both f,g € AC|a, b] this takes the usual

form

b
/ f()g (x)dx = f(b)g(b) — f(a)g(a) —/ g9(@)f'(x)da. (4.43)

For further generalizations of classical calculus rules to absolutely continuous
functions see the problems.

Problem 4.24. Compute V2(f) for f(x) = sign(z) on [a,b] = [~1,1].

Problem* 4.25. Show (4.33).

Problem 4.26. Consider f;j(z) := 27 cos(r/z) for j € N. Show that f; €
C10,1] if we set f;(0) = 0. Show that f; is of bounded variation for j > 2
but not for j = 1.

Problem* 4.27. Let « € (0,1) and 8 > 1 with a8 < 1. Set M :=
ey k=8, 29 :=0, and x, == M~! > ory k=B, Then we can define a func-
tion on [0,1] as follows: Set g(0) := 0, g(x,) :=n"?, and

g(x) :=cplx — thay — (1 —tp)Tnt1], x € [T, Tniil,

where ¢, and t, € [0,1] are chosen such that g is (Lipschitz) continuous.
Show that f = g% is Hdélder continuous of exponent a but not of bounded
variation. (Hint: What is the variation on each subinterval?)

Problem™ 4.28 (Takagi function). The Takagﬂ function (also blancmange
function) is the fized point of the contraction K(f)(z) := s(z) + 1 f(2z) for
one-periodic functions, where s(x) := dist(x,Z) = min,cyz |x — n|:

r S kx
br) = lim bu(a),  bu(a) =3 22T (4.44)

n—00 ok
k=0

5Teiji Takagi| (1875-1960), Japanese mathematician


http://en.wikipedia.org/wiki/Teiji Takagi
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(1) Show that the Takagi function is Hélder continuous |b(x)—b(y)| < My|z—
y|* with M, = (217* — 1)t for any o € (0,1). (Hint: Show that the
contraction leaves the space of periodic functions satisfying such an estimate
invariant. Note |s(z) — s(y)| < 297 o —y|*.)

(i) Show that the Takagi function is not of bounded variation. (Hint:
Note that by, is piecewise linear on the intervals of the partition P, = {k27"71|0 <
k < 2"} Now investigate the derivative on this intervals and in partic-
ular how they change in each step. You should get Vi (b,) = V(P,,b,) =
ZLTLH /2] (2:)27216_)

(iii) Show that the Takagi function is nowhere differentiable. By Corol-

lary this also shows that b is not of bounded variation. (Hint: Consider
b(2)—b(y)

z—y
Problem 4.29. Show that if f € BV [a,b] then so is f*, |f| and

VI =VAH, VL) S V.

a difference quotient , where y, z are dyadic rationals.)

Moreover, show
Vo(Re(f) S V(). Va(Im(f)) < V()
Problem 4.30. Show that if f,g € BV |a,b] then so is f g and

V2(f9) <V2(f)suplgl + Vi (g) sup | f].
Hence, together with the norm || f|Bv := || flleo + V2(f) the space BV|a,?b]
is a Banach algebra.

Problem 4.31. Show that for f € BV (R) we have
[ 1) = @ < VAl

Problem* 4.32. Show that if f € AC[a,b] and f' € LP(a,b), p > 1, then f

1s Holder continuous:

1—1
[f(@) = f@)l < I ple =y
Show that the function f(a:) = —log(z)~! is absolutely continuous but not
Hélder continuous on [0, 3].

Problem* 4.33. Consider f(z) := x*sin(%) on [0,1] (here f(0) = 0).
Show that f is differentiable everywhere and compute its derivative. Show
that its derivative is not integrable. In particular, this function is not abso-
lutely continuous and the fundamental theorem of calculus does not hold for
this function.

Problem 4.34. Show that the function f(z) := z?sin(Z%) on [0,1] from
the previous problem is Holder continuous of exponent % (Hint: Consider
0 <x <y. Thereis an @’ <y with f(z') = f(x) and (z')"? —y~2 < 2m.
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Now use the Cauchy—Schwarz inequality to estimate |f(y) — f(z)| = |f(y) —
F@=1[71- f#)dt].)

Problem 4.35. Suppose f € AC[a,b]. Show that f' vanishes a.e. on f~'(c)
for every c. (Hint: Split the set f~1(c) into isolated points and the rest.)

Problem 4.36. A function f : [a,b] — R is said to have the Luzin N
property if it maps Lebesque null sets to Lebesque null sets. Show that
absolutely continuous functions have the Luzin N property. Show that the
Cantor function does not have the Luzin N property. (Hint: Use and
recall that: A set A C R is a null set if and only if for every e there exists a
countable set of intervals I; which cover A and satisfy >, |1;| <e.)

Problem* 4.37. The variation of a function f : [a,b] — R™ is defined by
replacing the absolute value by the Euclidean norm in the definition. Show
that f : [a,b] — R™ is of bounded variation if and only if every component is
of bounded variation.

Given a a curve 7y : [a,b] — R™ the variation V(P,~) can be viewed as
the length of the polygonal line whose support points are the points from the
partition P. Upon choosing finer and finer partitions of the interval [a, b] we
expect to obtain the length of the curve in the limit.

Hence a curve v : [a,b] — R" is called rectifiable if V’(y) < co and
Vb (7) is called the arc length of  in this case. Conclude that y is rectifiable
if and only if each of its coordinate functions is of bounded variation. Show
that if each coordinate function is absolutely continuous, then

b
V() = / /(8 dt.

Note that this last formula might fail in general. Indeed, taking the Cantor
function ¢ : [0,1] — [0, 1], we have 7/(t) = 0 a.e. and fol |7/ (t)|dt = 0 while
Vi (y) = V2. However, this can be fized by choosing the so-called arc length
parameterization: Let s(t) := V() and set Y(s) := ~(t) for s = s(t) (note
that if s(t1) = s(te) for t1 < ta, we also have y(t1) = y(t2), and hence this
is well-defined). Show that |y(s2) — F(s1)| < |s2 — s1| implying that 7 is
absolutely continuous and V2(y) = V(7) = fab |5 (t)|dt.

(Hint: For the integral formula note that one inequality is easy. Then
reduce it to the case when v is a step function.)

Problem 4.38. Show that if f,g € ACa,b] then so is f g and the product
rule (fg) = f'g+ f ¢ holds. Conclude that AC|a,b] is a closed subalgebra
of the Banach algebra BV'|a,b]. (Hint: Integration by parts. For the second

part use Problem[{.30 and (4.40).)
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Problem 4.39. Show that f € AC|a,b] is nondecreasing iff f' >0 a.e. and
prove the substitution rule

b f(®)
/ o(f (@) f'(2)da = / o(y)dy
a f(a)

in this case. Conclude that if h is absolutely continuous, then so is ho f and
the chain rule (ho f) = (k' o f)f" holds.

Moreover, show that f € AC|a,b] is strictly increasing iff f' >0 a.e. In
this case f~1 is also absolutely continuous and the inverse function rule

—1\/ __ 1
(f ) - f/of_l
holds. (Hint: (2.75)).)

Problem 4.40. Consider f(z) := 2?sin(Z) on [0,1] (here f(0) = 0) and
g(z) = \/m Show that both functions are absolutely continuous, but go f is
not. Hence the monotonicity assumption in Problem[{.39is important. Show
that if f s absolutely continuous and g Lipschitz, then g o f is absolutely
continuous.

Problem 4.41. Consider f(z) := 3(c(z)+x) on [0, 1], where ¢ is the Cantor
function. Show that the inverse f~1 is Lipschitz continuous with Lipschitz
constant % In particular f~' is absolutely continuous while f is not. Hence
the f' > 0 assumption in Problem is important.

Problem 4.42 (Characterization of the exponential function). Show that
every nontrivial locally integrable function f : R — C satisfying

flx+y)=f(@)fly), =xyeR,

is of the from f(x) = e** for some a € C. (Hint: Start with F(z) =
Iy f®)dt and show F(z +y) — F(z) = F(y)f(z). Conclude that f is abso-

lutely continuous.)

Problem 4.43. Let X C R be an interval, Y some measure space, and
f: X xY — C some measurable function. Suppose x — f(x,y) is absolutely
continuous for a.e. y such that

b
/)
for every compact interval [a,b] € X and [, |f(c,y)|du(y) < oo for one

ce X.
Show that

;xf(w,y)‘ du(y)dr < oo

F(z) = /Yf(x, y) dp(y)
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is absolutely continuous and

F@) = [ 51(w0) duto)

in this case. (Hint: Fubini.)



Chapter 5

Even more measure
theory

5.1. Hausdorff measure

The purpose of the Hausdorff measure is to measure lower dimensional ob-
jects in R™, which have Lebesgue measure 0 and hence are not seen by
Lebesgue measure. The idea is, that if you cover a curve by sets of diameter
§, the number of sets required will be roughly proportional to 6~! and to
the length of the curve. Moreover, one expects to get (a multiple of) the
length by looking at the quotient as 6 — 0. Slightly more general, if we
want to cover a submanifold of dimension m < n, we expect that number of
sets is related to " and the area of the submanifold. So this suggests the
following procedure to compute the area (up to a normalization constant):
Choose sets of diameter at most § which cover the submanifold. Count the
number of sets weighted by their diameter to the power of m. Choose the
cover optimal (i.e. with minimal overlap) and let § — 0. Now let us turn to
the details.

Throughout this section we will assume that (X,d) is a metric space.
Recall that the diameter of a subset A C X is defined by diam(A4) :=
sup, yea d(z,y) with the convention that diam(()) = 0. A cover {A4;} of A is
called a é-cover if it is countable and if diam(A;) < ¢ for all j.

For AC X and a > 0, § > 0 we define
hs™"(A) := inf { Zj diam(A;) ‘{Aj} is a d-cover of A} €10,00], (5.1)

which is an outer measure by Lemmal[l.8] In the case « = 0 and A = ) we also
regard the empty cover as a valid cover such that hg’*((b) = 0. As 0 decreases

139



140 5. Even more measure theory

the number of admissible covers decreases and hence h§(A) increases as a
function of 4. Thus the limit

R (A) := lim h§™ (A) = sup hy™" (A) (5.2)

040 §>0

exists. Moreover, it is not hard to see that it is again an outer measure
(Problem and by Theorem we get a measure. To show that the
o-algebra from Theorem [I.9] contains all Borel sets it suffices to show that
w* is a metric outer measure (cf. Lemma |1.11)).

Now if Ay, As with dist(Aq, A2) > 0 are given and ¢ < dist(Ay, Az) then
every set from a cover for A; U A; can have nonempty intersection with at
most one of both sets. Consequently hy®(A; U Ag) = hy® (A1) + hy“(Az)
for § < dist(A1, A2) implying h**(A; U Ag) = h*“(A;1) + h**(Az2). Hence
h®* is a metric outer measure and the resulting measure h® on the Borel
o-algebra is called the a-dimensional Hausdorff measure. Note that if X
is a vector space with a translation invariant metric, then the diameter of a
set is translation invariant and so will be A®.

Example 5.1. For example, consider the case & = 0. Suppose A = {z,y}
consists of two points. Then h3(A) =1 for § > d(z,y) and h(A) = 2 for
§ < |z —y|. In particular, h°(A) = 2. Similarly, it is not hard to see (show
this) that h°(A) is just the number of points in A, that is, h° is the counting
measure on X. o

Example 5.2. At the other extreme, if X := R", we have h"(A) = ¢,|A4|,
where |A| denotes the Lebesgue measure of A. In fact, since the square (0, 1]
has diam((0,1]) = y/n and we can cover it by k" squares of side length &,
we see h™((0,1]) < n™2. Thus h™ is a translation invariant Borel measure
which hence must be a multiple of Lebesgue measure. To identify ¢, we will
need the isodiametric inequality. o

For the rest of this section we restrict ourselves to the case X = R™. Note
that while in dimension more than one it is not true that a set of diameter
d is contained in a ball of diameter d (a counter example is an equilateral
triangle), we at least have the following;:

Lemma 5.1 (Isodiametric inequality). For every Borel set A € B"™ we have
Vi
|A| < Q—Zdiam(A)”.

In other words, a ball is the set with the largest volume when the diameter is
kept fized.

Proof. The trick is to transform A to a set with smaller diameter but same
volume via Steiner symmetrization. To this end we build up A from slices
obtained by keeping the second coordinate fixed: A(y) = {z € R|(z,y) € A}.
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Now we build a new set A by replacing A(y) with a symmetric interval
with the same measure, that is, A = {(z,y)||z| < |A(y)|/2}. Note that by
Theorem A is measurable with |A| = |A|. Hence the same is true for
A= {(z,y)| |z] <A®W)|/2}\ {(0,9)] A(y) = 0} if we look at the complete
Lebesgue measure, since the set we subtract is contained in a set of measure
zero.

T o7 . i
Moreover, if I, J are closed intervals, then sup,, ¢ .,e7 |72 — 21| > ‘7 +

‘—‘2” (without loss both intervals are compact and i < j, where 7, j are the
midpoints of I, J; then the sup is at least (j + %) — (1 — %)) IfI,J
are Borel sets in B! and I, J are their respective closed convex hulls, then

I J I J
Wrrermnes |72 — 1] = St crmpes 2 — 2] = D1 1> U 19 i
for (Z1,41), (Z2,y2) € A we can find (z1,y1), (z2,y2) € A with |21 — 22 >
|Z1 — Z2| implying diam(A) < diam(A).

In addition, if A is symmetric with respect to z; — —x; for some 2 <
Jj < n, then so is A.

Now repeat this procedure with the remaining coordinate directions, to
obtain a set A which is symmetric with respect to reflection z — —z and
satisfies |A| = |A|, diam(A) < diam(A). By symmetry A is contained in a
ball of diameter diam(A) and the claim follows. O

Lemma 5.2. For every Borel set A € *B"™ we have
21’L

W) =

Al

Proof. Using (1.37) (for C choose the collection of all open balls of radius
at most ) one infers hj(A) < %]A\ implying ¢, < 2"/V,,. The converse
inequality hj(A) > ‘2/—:|A| follows from the isodiametric inequality. O

We have already noted that the Hausdorff measure is translation invari-
ant. Similarly, it is also invariant under orthogonal transformations (since
the diameter is). Moreover, using the fact that for A\ > 0 the map A : z — Az
gives rise to a bijection between J-covers and (d/\)-covers, we easily obtain
the following scaling property of Hausdorff measures.

Lemma 5.3. Let A >0, d € R", O € O(n) an orthogonal matriz, and A be
a Borel set of R™. Then

h*(AOA + d) = X*h®(A). (5.3)

Moreover, Hausdorff measures also behave nicely under uniformly Holder
continuous maps.
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Lemma 5.4. Suppose f : A — R™ is uniformly Hélder continuous with
exponent v > 0, that is,

[f(z) = fy)l < cle—y[" forallz,y € A (5.4)

Then
h(f(A)) < *h7(A). (5.5)

Proof. A simple consequence of the fact that for every d-cover {A;} of a
Borel set A, the set {f(AN A;j)} is a (cd7)-cover for the Borel set f(A). O

Now we are ready to define the Hausdorff dimension. First note that h§
is non increasing with respect to « for § < 1 and hence the same is true for
h*. Moreover, for v < 8 we have } diam(A;)? < 58— >_jdiam(A;)* and
hence

Wy (A) < 877 hg(A) < 6772 ho(A). (5.6)
Thus if h*(A) is finite, then h?(A) = 0 for every § > «. Hence there must
be one value of o where the Hausdorff measure of a set jumps from oo to 0.
This value is called the Hausdorff dimension

dimpg(A) = inf{a|h*(A) = 0} = sup{a|h¥(A) = co}. (5.7)
It is also not hard to see that we have dimg(A4) < n (Problem [5.3).

The following observations are useful when computing Hausdorff dimen-
sions. First the Hausdorff dimension is monotone, that is, for A C B we
have dimp(A) < dimpy(B). Furthermore, if A; is a (countable) sequence of
Borel sets we have dimp (lJ; 4;) = sup; dimpy(A4;) (show this).

Using Lemma [5.4] it is also straightforward to show

Lemma 5.5. Suppose f : A — R” is uniformly Hélder continuous with
exponent v > 0, that is,

[f(@) = fW)l <cle—y[" forallz,y€ A, (5.8)
then
dimp (f(A)) < idimH(A). (5.9)
Similarly, if f is bi-Lipschitz, that is,
alz —y| < [f(z) = f(y)| <blz —y| forallz,y € A, (5.10)
then
dimg(f(A)) = dimg(A). (5.11)

Example 5.3. The Hausdorff dimension of the Cantor set (see Example|1.28))

is
~ log(2

 log(3)”

~—

dimpg (C)

(5.12)
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To see this let § = 37". Using the d-cover given by the intervals forming C,
used in the construction of C' we see h§(C) < (&)". Hence for o = d =
log(2)/ log(3) we have h$(C) < 1 implying dimy (C) < d.

The reverse inequality is a little harder. Let {A;} be a cover and § < 1.
It is clearly no restriction to assume that all V; are open intervals. Moreover,
finitely many of these sets cover C' by compactness. Drop all others and fix

j. Furthermore, increase each interval A; by at most e.
For Vj there is a k such that

1 1

Since the distance of two intervals in Cj is at least 3% we can intersect
at most one such interval. For n > k we see that Vj intersects at most
2n—k = 2n(37k)d < 2n34| 4|4 intervals of Cj,.
Now choose n larger than all k£ (for all A;). Since {A;} covers C, we
must intersect all 2" intervals in C,,. So we end up with
< Y A
J

which together with our first estimate yields
1
5 <O <1

Observe that this result can also formally be derived from the scaling prop-
erty of the Hausdorff measure by solving the identity

h*(C) = h*(C' N0, 5]) + h*(C N [3,1]) = 2h%(C N0, 3)))

2 2
= BN, 3)) = 31°(C) (5.13)
for a. However, this is possible only if we already know that 0 < h*(C') < oo
for some a. o

Problem* 5.1. Suppose {u}}a is a family of outer measures on X. Then
W = sup, L, s again an outer measure.

Problem 5.2. Let L = [0,1] x {0} C R2. Show that h'(L) = 1.
Problem* 5.3. Show that dimy(U) < n for every U C R™.

5.2. Infinite product measures

In Section [2.2] we have dealt with finite products of measures. However,
in some situations even infnite products are of interest. For example, in
probability theory one describes a single random experiment by a probability
measure and performing n independent trials is modeled by taking the n-fold
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product. If one is interested in the behavior of certain quantities in the limit
as n — oo one is naturally lead to an infinite product.

Hence our goal is to to define a probability measure on the product space
RN = Xy R. We can regard RY as the set of all sequences z = (z;)jen. A
cylinder set in RY is a set of the form A x RN C RY with A C R™ for some
n. We equip RY with the product topology, that is, the topology generated
by open cylinder sets with A open (which are a base for the product topology
since they are closed under intersections — note that the cylinder sets are
precisely the finite intersections of preimages of projections). Then the Borel
o-algebra BN on RY is the o-algebra generated by cylinder sets with A € B,

Now suppose we have probability measures p, on (R",B") which are
consistent in the sense that

fns1 (A X R) = pin(A),  Ae B (5.14)

Example 5.4. The prototypical example would be the case where u is a
probability measure on (R,B) and p, = p® --- ® p is the n-fold product.
Slightly more general, one could even take probability measures v; on (R, B)
and consider p, =11 ® -+ Q vy, o

Theorem 5.6 (Kolmogorov extension theorem). Suppose that we have a
consistent family of probability measures (R™ B" uy,), n € N. Then there
exists a unique probability measure u on (RN, BY) such that u(A x RY) =
tn(A) for all A € B™.

Proof. Consider the algebra A of all Borel cylinder sets which generates
BN as noted above. Then pu(A x RY) = p,,(A) for A x RN € A defines an
additive set function on A. Indeed, by our consistency assumption different
representations of a cylinder set will give the same value and (finite) addi-
tivity follows from additivity of u,. Hence it remains to verify that u is a
premeasure such that we can apply the extension results from Section [1.3

Now in order to show c-additivity it suffices to show continuity from
above, that is, for given sets A4, € A with A, \, 0 we have u(A,) 0.
Suppose to the contrary that p(A4,) \, & > 0. Moreover, by repeating sets in
the sequence A, if necessary, we can assume without loss of generality that
A, = /Nln x RN with /Nln C R™. Next, since p,, is inner regular, we can find
a compact set IN(n - fln such that ,un(f(n) > % Furthermore, since A,, is
decreasing we can arrange K, = K, x RN to be decreasing as well: K, N 0.
However, by compactness of K,, we can find a sequence with z € K, for all

n (Problem [5.4)), a contradiction. O

Example 5.5. The simplest example for the use of this theorem is a dis-
crete random walk in one dimension. So we suppose we have a fictitious
particle confined to the lattice Z which starts at 0 and moves one step to the
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left or right depending on whether a fictitious coin gives head or tail (the
imaginative reader might also see the price of a share here). Somewhat more
formal, we take u1 = (1 — p)d_1 + pdy with p € [0, 1] being the probability
of moving right and 1 — p the probability of moving left. Then the infinite
product will give a probability measure for the sets of all paths 2 € {—1, 1}
and one might try to answer questions like if the location of the particle at

step n, s, = »_7_; r; remains bounded for all n € N, etc. o

Example 5.6. Another classical example is the Anderson model. The
discrete one-dimensional Schrédinger equation for a single electron in an
external potential is given by the difference operator

(Hu)n = tn+1 + Un—1 + qnln, u € *(Z),

where the potential g, is a bounded real-valued sequence. A simple model for
an electron in a crystal (where the atoms are arranged in a periodic structure)
is hence the case when g, is periodic. But what happens if you introduce
some random impurities (known as doping in the context of semiconductors)?
This can be modeled by ¢, = ¢2 + z,,(¢} — ¢¥) where x € {0,1} and we can
take p1 = (1 —p)do + pd1 with p € [0, 1] the probability of an impurity being
present. o

Problem* 5.4. Suppose K,, C R" is a sequence of nonempty compact sets
which are nesting in the sense that K,+1 C K, x R. Show that there is a
sequence * = (z;)jen with (x1,...,2,) € Ky for all n. (Hint: Choose xy,
by considering the projection of K, onto the m’th coordinate and using the
finite intersection property of compact sets.)

5.3. Convergence in measure and a.e. convergence

Let (X,X, 1) be a measure space. A sequence of measurable functions f,
converges in measure to a measurable function f if

Jim (e fo(x) - f&)] 2 P =0 v >0. (5.15)

In case of a probability measure this is also known as convergence in
probability. One writes f, = f in this case. There is also the concept of
local converges in measure

Jim pu({x € Allfa(@) = f@)] 2 ) =0 V>0, p(4) <o (5.16)

In case of a finite measure this must in particular hold for A = X and both
concepts agree.

Example 5.7. Consider X := R with Lebesgue measure and [y, := X(n,00)-
Then f,, — 0 locally in measure since for every Borel set A with finite
measure we have (n,00)NA N\, 0 and hence u((n,00)NA) — 0 by continuity
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of measures from above. Clearly f,, does not converge in measure since
p{z]|fo(z)] > €}) = 00 for e < 1. o

We first note a convergence result:

Theorem 5.7 (Bounded convergence theorem). Suppose u is a finite mea-
sure and f, is a bounded sequence of measurable functions which converges
in measure to a measurable function f. Then

Jim [ fudu= [ s (5.17)

Proof. First of all note that |f,| < M together with convergence in measure
implies |f| < M a.e. Now fix € > 0 and set A, = {z||fn(z) — f(z)| > €},
then

- f)du' = [ 1= slan= [ U sl /. W= sl
< 2Mp(Ap) 4 ep(X).

Since u(A;,) — 0 by assumption and £ > 0 is arbitrary the claim follows. [

Our next aim is to investigate the connection with almost everywhere
convergence. To this end define

liminf A,, := U m Ap, limsup A4,, := ﬂ U Ap. (5.18)

n—oo
kEN n>k nreo kEN n>k

That is, z € liminf A, if x € A, eventually and = € limsup A, if z € A,
infinitely often. In terms of indicator functions this could be equivalently
defined using

Xliminf, oo Ap — lim inf XAy Xlim SUP,, _yo0 An — lim Sup X A, - (5 19)
n—00 n—o0

In particular, liminf A,, C limsup 4,.
Example 5.8. If we have A, ~ A or A, N\, A, then one easily checks

liminf,, o A, = limsup,,_,., A, = A. However, note that if we consider
A, = {%} C R, then we have liminf, ., A, = limsup,,_, . A, = 0. o

Lemma 5.8. Let f,, be a sequence of measurable functions and f measurable
and consider the following statements:

(i) fu(z) = f(x) for a.e. z € X.
(i) p(limsup,_oof{z||fn(x) — f(z)| > €}) =0 for all e > 0.
(i) Tt so0 (U ] () — £(2)] > €}) = 0 for all = > 0,

Then (i) < (ii) <= (ii). If p is finite, then all above three items are equiva-
lent.
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Proof. Abbreviate A, (g) := {z||fn(z) — f(z)| > &} as well as A(e) :=
lim sup,,_, . 4n(€). Moreover, note that

= U 4n(e) = {z|VkIn > k : | fu(z) — f(2)] > £}

keENn>k
= (ol limsup|fu(x) ~ F(@)] = ¢}

and hence {z|fn(2) /4 f(2)} = U.o9 A(e) = U, A(£). Thus (i) = (ii) and
the converse follows since measures are continuous from below. Finally, (iii)
= (ii) by continuity from above and the converse also follows by continuity
from above if we know that u(U,~i{z||fn(z) — f(z)| > €}) < oo for some
k. O

Example 5.9. Consider X := R with Lebesgue measure and f, := X (n,o0)-

Then f,(x) — f(z) for all z € R but u(U,,>{] |fn(2)] > }) = p([k, 00)) =
oo for all k and all € < 1. Hence the finiteness assumption is crucial for (ii

= (iii) to hold. o
In particular, (iii) implies (5.15)) and hence

Corollary 5.9. Convergence a.e. implies local convergence in measure.

The above example clearly shows that we do not get convergence in
measure unless p is finite. The converse is wrong even in the finite case:

Example 5.10. Let X := [0, 1] with Lebesgue measure and choose f, :=
XI,, . the characteristic functions of the intervals I, ;, := [k27", (k+1)27"™]
with m, k defined as the unique decomposition of n = 2" +k with 0 < m and
0 <k < 2™ Then M({z||fu(x)| > €}) = 0 for e > 1 and M\ ({z||fn(z)] >
e}) = 27™ for 1 > ¢ > 0. Hence in both cases \'({z||f.(z)] > €}) —
0 as n — oo (which implies m = |logy(n)| — oc). Hence f, & f in
measure. However, for every x € [0, 1] and for every m € Ny we can find a
corresponding kg such that x € Ip, 1, and x & I, for |k — kol > 1. Hence
liminf,, o fn(z) = 0 and limsup,,_, fo(z) = 1. o

A useful criterion is given by the

Theorem 5.10 (Borel-Cantelli lemma). Suppose ) u(A,) < oo, then
p(limsup,, A,,) = 0.

Proof. This follows from

(hmsupA ﬂ UA <1nf,u UA <é2§ZM(A"):O' O
keNn>k n>k

Example 5.11. The example A,, = [0, 2] with Lebesgue measure on [0, 1]

shows that the converse might fail. o
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Corollary 5.11. If > u({z||fu(z) — f(z)| > €}) < oo for all e > 0, then
fu(x) = f(x) for a.e. x.

Corollary 5.12. . If f, AN f in measure, then there is a subsequence which
converges a.e. Conversely, if from every subsequence of f, we can choose a
subsequence which converges to f a.e., then fn -5 f in measure.

Proof. If f,, & f we can find a subsequence ny such that p({z||fn, (z) —
flz)| > 1} < k% and the first claim follows from the previous corollary.

Conversely, if f,, does not converge to f in measure, we can find €,4 > 0
and a subsequence ny, such that p({z||f,, (z)— f(z)| > e}) > 6 for all k. But
from this sequence we cannot choose an a.e. convergent subsequence. O

Problem 5.5. Let o, 5 € C and suppose fn(x) — f(x) and gn(x) — g(x)
for a.e. Show that o fy(x)+Bgn(z) = af(x)+Bg(z) as well as fn(x)gn(x) —
f(z)g(z) a.e.

Problem 5.6. Let o, 8 € C and suppose fn, ~ f and gn = g. Show that

afn + Bgn B af + Bg. Show that fn(x)gn(z) 5 f(z)g(x) if either both
sequences are bounded or p is finite. (Hint: In the finite case one can use
the previous problem and Corollary )

Problem 5.7. Show that LP convergence implies convergence in measure.
Show that the converse fails. (See Problem[10.9 for an improvement.)

Problem 5.8 (Fatou for sets). Show
p(liminf A,,) < liminf pu(A,,)

and
limsup p(A4;,) < p(limsup 4,), if ,LL(U Ap) < 0.

(Hint: Show liminf, x 4, = Xlimint, 4, and limsup, x4, = Xlimsup, A, -/
Problem 5.9. Define the Ky Fan metric
a(f,g) = minfe > 0lp({e] |f(z) — g(2)] > e}) < e}.

Show:

()
(ii) d(f,g) =0 if and only if f = g a.e.
(iii) d satisfies the triangle inequality: d(f,h) < d(f,g) + d(g,h).
(iv) fu 5 f in measure < d(f,, f) = 0.

(Hint for (ii): Start with p({|f — bl > d(f,g) + d(g.n)}) < p({If — 9] >
d(f N +p()<...)

The minimum in the definition is attained.
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Problem 5.10. Suppose u is o-finite and choose X, , X with finite
w(Xy) > 0. Show that

_ 1 |f— g
W9 =D 5z /X N

neN

is a metric(if functions which are equal a.e. are identified) which induces
local convergence in measure.

Problem 5.11. Consider X := [0, 1] with Lebesgue measure. Show that a.e.
convergence does not stem from a topology. (Hint: Recall that in a topological
space a sequence T, converges to x if and only if every subsequence has a
subsequence which converges to x — Lemma [B.5] from [25].)

5.4. Weak and vague convergence of measures

In this section X will be a metric space equipped with the Borel o-algebra.
We say that a sequence of finite Borel measures u,, converges weakly to a
finite Borel measure p if

/MMa/j@, Vf € Cy(X). (5.20)
X X

Since by the Riesz representation theorem the set of (complex) measures is
the dual of C'(X) (under appropriate assumptions on X), this is what would
be denoted by weak-* convergence in functional analysis. However, we will
not need this connection here. Nevertheless we remark that the weak limit
is unique. To see this let C be a nonempty closed set and consider

fn(z) := max(0,1 — ndist(z, C)). (5.21)
Then f € Cy(X), fn | xc, and (dominated convergence)
u(C) = lim gndp (5.22)
X

n—oo

shows that u is uniquely determined by the integral for continuous functions
(recall Lemma and its corollary). For later use observe that f, is even
Lipschitz continuous, | f,,(z) — fn(y)| < nd(z,y) (cf. Lemma from [25]).

Moreover, choosing f = 1 shows
w(X) = lim p,(X). (5.23)
n—oo

However, this might not be true for arbitrary sets in general. To see this look
at the case X = R with p,, = d1,,. Then p,, converges weakly to u = dp. But
n((0,1)) = 1 0 = (0, 1)) as well as gin([1,0)) = 0 & 1 = p([~1,0]).
So mass can appear/disappear at boundary points but this is the worst that
can happen:
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Theorem 5.13 (Portmanteau). Let X be a metric space and pin,p finite
Borel measures. The following are equivalent:
(i) pn converges weakly to p.
(ii) fX fdu, — fX fdu for every bounded Lipschitz continuous f.
(iii) limsup,, pn(C) < p(C) for all closed sets C and pn(X) — w(X).
(iv) liminf,, p,(O) > u(O) for all open sets O and pn,(X) — p(X).
(v) n(A) — p(A) for all Borel sets A with u(0A) = 0.
1)

(vi fX fdup, — fX fdu for all bounded functions f which are contin-
wous at p-a.e. x € X.

Proof. (i) = (ii) is trivial. (ii) = (iii): Define f,, as in (5.21)) and start by

observing
lim sup p,, (C) = limsup/XF,un < limsup/fm,un = /fm,u
n n n

Now taking m — oo establishes the claim. Moreover, 1, (X) — u(X) follows
choosing f = 1. (ili) < (iv): Just use O = X \ C and p,(0) = pp(X) —
un(C). (iii) and (iv) = (v): By A° C A C A we have

lim sup i, (A) < limsup g, (A) < p(A)
= u(A°) < liminf p,(A°) < liminf pu,(A)

provided u(0A) = 0. (v) = (vi): By considering real and imaginary parts
separately we can assume f to be real-valued. Moreover, adding an appropri-
ate constant we can even assume 0 < f, < M. Set A, = {z € X|f(x) > r}
and denote by Dy the set of discontinuities of f. Then 0A, C Dy U {x €
X|f(x) =r}. Now the first set has measure zero by assumption and the sec-
ond set is countable by Problem 2.20] Thus the set of all r with p(0A,) > 0
is countable and thus of Lebesgue measure zero. Then by Problem (with
¢(r) = 1) and dominated convergence

/deun—/o pin (A dr%/ dr—/deu

Finally, (vi) = (i) is trivial. O

Next we want to extend our considerations to unbounded measures. In
this case boundedness of f will not be sufficient to guarantee integrability
and hence we will require f to have compact support. If x € X is such that
f(z) # 0, then f~Y(B,(f(z)) will be a relatively compact neighborhood of
x whenever 0 < 7 < |f(z)|]. Hence Cp(X) will not have sufficiently many
functions with compact support unless we assume X to be locally compact,
which we will do for the remainder of this section.
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Let u,, be a sequence of Borel measures on a locally compact metric space
X. We will say that u, converges vaguely to a Borel measure p if

/ [ dun —>/ fdu, Ve Cu(X). (5.24)
X X

As with weak convergence (cf. Problem we can conclude that the integral
over functions with compact supports determines p(K) for every compact
set. Hence the vague limit will be unique if g is inner regular (which we
already know to always hold if X is locally compact and separable by Corol-

lary [1.23).

We first investigate the connection with weak convergence.

Lemma 5.14. Let X be a locally compact separable metric space and suppose
tm — 1 vaguely. Then p(X) < liminf, u,(X) and holds for every
f € Co(X) in case un(X) < M. If in addition p,(X) — w(X), then
holds for every f € Cy(X), that is, un, — u weakly.

Proof. For every compact set K we can find a nonnegative function g €
C.(X) which is one on K by Urysohn’s lemma. Hence pu(K) < [gdp =
lim,, [ gdu, < liminf, u,(X). Letting K X shows p(X) < liminf,, p1,, (X).
Next, let f € Cyp(X) and fix € > 0. Then there is a compact set K such that
|f(z)] <eforz e X\ K. Choose g for K as before and set f = fi + fo with
fi=gf. Then | [ fdp— [ fdus| <| [ fidp — | fidus| + 26 M and the first

claim follows.

Similarly, for the second claim, let |f| < C and choose a compact
set Ky with a corresponding function gg such that u(X\Ky) < e. Then
lim sup,, p1r, (X \ K) < lim, [(1 — go)dpn = [(1 — go)dp < p(X \ Ko), where
K = supp(go). Hence we have p,(X\K) < € for n > N. Choose g for
K as before and set f = f1 + fo with fi = gf. Then | [ fdu — [ fdu,| <
| [ fidu — [ fidun| + 2¢C and the second claim follows. O

Example 5.12. The example X = R with p,, = J, shows that in the first
claim f cannot be replaced by a bounded continuous function. Moreover, the
example p, = n d, also shows that the uniform bound cannot be dropped. <

The analog of Theorem [5.13| reads as follows.

Theorem 5.15. Let X be a locally compact metric space and piy, v Borel
measures. The following are equivalent:
(i) pn converges vagly to p.
(ii) fX fdu, — fX fdu for every Lipschitz continuous f with compact
support.

(iii) limsup,, un(C) < p(C) for all compact sets K and lim inf,, y1,,(O) >
w(O) for all relatively compact open sets O.
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(iv) pn(A) — u(A) for all relative compact Borel sets A with u(0A) =
0.

v dpty, — dp for all bounded functions f with compact sup-
x ] K x O
port which are continuous at p-a.e. © € X.

Proof. (i) = (ii) is trivial. (ii) = (iii): The claim for compact sets follows
as in the proof of Theorem To see the case of open sets let K,, = {z €
X|dist(z, X \ O) > n~t}. Then K,, C O is compact and we can look at

B dist(z, X \ O)
gn(l‘) T diSt(l’, X \ O) + diSt(i’, Kn) .

Then g, is supported on O and g, " xo. Then
lim inf 1, (0) = liminf/Xoun > liminf/gm,un = /gmﬂ-
n n n

Now taking m — oo establishes the claim.

The remaining directions follow literally as in the proof of Theorem [5.13
(concerning (iv) = (v) note that A, is relatively compact). O

Finally we look at Borel measures on R. In this case, we have the fol-
lowing equivalent characterization of vague convergence.

Lemma 5.16. Let p, be a sequence of Borel measures on R. Then p, — i
vaguely if and only if the distribution functions (normalized at a point of
continuity of ) converge at every point of continuity of p.

Proof. Suppose p, — p vaguely. Then the distribution functions converge
at every point of continuity of u by item (iv) of Theorem

Conversely, suppose that the distribution functions converge at every
point of continuity of p. To see that in fact p, — p vaguely, let f € C.(R).
Fix some € > 0 and note that, since f is uniformly continuous, there is a
d > 0 such that |f(z) — f(y)| < € whenever |z — y| < . Next, choose some
points zp < x1 < -+ < x such that supp(f) C (xg,zx), p is continuous at
xj, and xj—x;_1 < § (recall that a monotone function has at most countable
discontinuities). Furthermore, there is some N such that |, (z;) — p(z;)| <
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57 for all j and n > N. Then
k
TRy R Y N C RN e
j=1"\Ti-1,T5

k
+ > @i, 25]) = (@1, 25))]

j=1

k
x) — f(x; du(x).
+;/(mjhm\f( )~ Fa)ldu(z)

Now, for n > N, the first and the last terms on the right-hand side are both
bounded by (u((z0, 1)) + £)e and the middle term is bounded by max |f|e.
Thus the claim follows. O

Moreover, every bounded sequence of measures has a vaguely convergent
subsequence (this is a special case of Helly’s selection theorem — a
generalization will be provided in Theorem |6.11)).

Lemma 5.17. Suppose p, is a sequence of finite Borel measures on R such
that pin,(R) < M. Then there exists a subsequence nj which converges vaguely
to some measure j with p(R) < liminf; py,; (R).

Proof. Let p,(x) = pn((—o0,z]) be the corresponding distribution func-
tions. By 0 < pp(x) < M there is a convergent subsequence for fixed z.
Moreover, by the standard diagonal series trick (enumerate the rationals,
extract a subsequence which converges for the first rational, form this sub-
sequence extract another one which converges also on the second rational,
etc.; finally choose the diagonal sequence, i.e., the fisrt element form the first
subsequence, the second element from the second subsequence, etc.), we can
assume that pu,(y) converges to some number p(y) for each rational y. For
irrational x we set u(z) = inf{u(y)|lr < y € Q}. Then u(x) is monotone,
0 < p(z1) < p(xe) < M for 1 < x9. Indeed for 1 < y; < z9 < yo with
y; € Q we have p(x1) < p(yr) = limy, pn(y1) < limy, g, (y2) = p(y2). Taking
the infimum over y9 gives the result.

Furthermore, for every ¢ > 0 and z — e < y1 <z < ys < = + ¢ with
y; € Q we have

p(z—e) < limpin(y1) < lminf gy (z) < limsup pn(z) < 1im pp(y2) < plzte)
and thus
p(r—) < liminf p,(z) < limsup p,(x) < p(z+)

which shows that u,(x) — p(z) at every point of continuity of . So we
can redefine p to be right continuous without changing this last fact. The
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bound for u(R) follows since for every point of continuity x of p we have
w(x) = limy, py () < liminf, p,(R). O
Example 5.13. The example du,(z) = dO(x —n) for which p,(z) = O(z —
n) — 0 shows that we can have u(R) =0 < 1 = pu,(R). o

A common assumption to exclude the phenomena from the previous ex-
ample is tightness, see Problem [5.15]

Problem 5.12. Suppose p, — p vaguely and let I be a bounded interval
with boundary points xo and x1. Then

[ sam [ fdu‘ < | Fan)u({en}) + | Flao)l i {zo})
I I

for any f € C([zo, 21]).
Problem 5.13. Let p,(X) < M and suppose (5.24) holds for all f € U C
C(X). Then (5.24) holds for all f in the closed linear span of U.

Problem 5.14. Let j1,(R), p(R) < M and suppose the Cauchy transforms

converge
1 1
dun d
/Rx_z " <x>%/w_z ()

for z € U, where U C C\R s a set which has a limit point. Then p, — p
vaguely. (Hint: The span of {(t — z)~t|z € U} is dense in the set Co(R) of
continuous functions vanishing at infinity by the Stone—Weierstrafl theorem;

cf. Problem[B.67 from [25].)

Problem 5.15. Let X be a metric space. A sequence of finite measures
is called tight if for every e > 0 there is a compact set K C X such that
sup,, un (X \ K) < e. Show that if a vaguely convergent sequence is tight,
then pn(X) — pu(X). Show that the converse holds if X is o-compact.

lim sup
n

Problem 5.16. Let ¢ be a mollifier and i a finite measure. Show that ¢ *
converges weakly to p. Here ¢ x p is the absolutely continuous measure with

density [, ¢(x —y)du(y) (cf. Problem .
5.5. The Bochner integral

In this section we want to extend the Lebesgue integral to the case of func-
tions with values in a normed space. This extension is known as Bochner
integral. Since a normed space has no order we cannot use monotonicity and
hence are restricted to finite values for the integral. Other than that, we
only need some small adaptions.

Let (X, 3%, 1) be a measure space and Y a Banach space equipped with
the Borel o-algebra ®B(Y"). Note that if f, g are measurable then so is any lin-
ear combination (Problem[5.17) and also any composition with a continuous
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function. Moreover, the limit of measurable functions is again measurable

(Problem [5.18]).
As in (2.1)), a measurable function s : X — Y is called simple if its
image is finite; that is, if

P
5= Zaj XA, Ran(s) =: {ay}i_;, Aj:= s Hay) € 3. (5.25)
j=1

Also the integral of a simple function can be defined as in provided we
ensure that it is finite. To this end we call s integrable if ;1(A;) < oo for
all 7 with a; # 0. Now, for an integrable simple function s as in we
define its integral as

/Asd,u = Zp:aj n(A;NA). (5.26)

j=1
As before we use the convention 0 - co = 0 (where 0 is the zero vector from
Y).
Lemma 5.18. The integral has the following properties:

(i) [asdu= [y xasdp.

(ii) fof:lAn‘Sd“:ZZo:l A, Sdp.
(iii) [yasdp=« [, sdu, a €C.
(iv) [q(s+t)dp= [, sdu+ [ tdu.
(V) (1 [y sdull < [y lIsldp.

Proof. The first four items follow literally as in Lemma (v) follows
from the triangle inequality. ([

Now we extend the integral via approximation by simple functions. How-
ever, while a complex-valued measurable function f can always be approx-
imated by simple functions s,, this might no longer be true in our present
setting. In fact, note that a sequence of simple functions s,, involves only a
countable number of values from Y and since the limit must be in the closure
of the span of these values, Ran(f) C (J,, Ran(sy,), the range of f must be
separable. Moreover, we also need to ensure finiteness of the integral.

If p is finite, the latter requirement is easily satisfied by considering only
bounded functions. Consequently we could equip the space of integrable
simple functions S(X, u,Y") with the supremum norm ||s||oc = sup,cx ||s(z)]|
and use the fact that the integral is a bounded linear functional,

H /A s dul] < u(A)][5]]oor (5.27)
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to extend it to the completion of the simple functions, known as the regulated
functions R(X, u,Y ). Hence the integrable functions will be the bounded
functions which are uniform limits of integrable simple functions. Note that
the range of a regulated function will even be totally bounded and hence rel-
atively compact. This, together with measurability, characterizes regulated
functions (see Lemma below). While this gives a theory suitable for
many cases, we want to do better and look at functions which are pointwise
limits of simple functions.

Consequently, we call a function f integrable if there is a sequence of
integrable simple functions s, which converges pointwise to f such that

/ 1f = snlldpn — 0. (5.28)
X

In this case item (v) from Lemma ensures that [y s,du is a Cauchy
sequence and we can define the Bochner integral of f to be

/ fdu = lim Spdft. (5.29)
X b's

n—oo

If there are two sequences of integrable simple functions as in the definition,
we could combine them into one sequence (taking one as even and the other
one as odd elements) to conclude that the limit of the first two sequences
equals the limit of the third sequence. In other words, the definition of the
integral is independent of the sequence chosen. The integrable functions will
be denoted by £1(X, du,Y).

Lemma 5.19. The integral is linear and Lemma [5.18 holds for integrable
functions s, t.

Proof. All items except for (ii) are immediate. (ii) is also immediate for
finite unions. The general case will follow from the dominated convergence
theorem to be shown below. O

Before we proceed, we try to shed some light on when a function is
integrable.

Lemma 5.20. A function f: X — Y is the pointwise limit of simple func-
tions if and only if it is measurable and its range is separable. It is the
uniform limit of simple functions if and only if it is measurable and its range
is relatively compact. Moreover, the sequence s, can be chosen such that

|sn(z)|| < 2||f(x)| for every x € X and Ran(s,) C Ran(f)U {0}.

Proof. It remains to establish the converse. Let {y;} en be a dense set for
the range. Note that the balls By, (y;) will cover the range for every fixed
m € N. Furthermore, we will augment this set by yo = 0 to make sure
that any value less than 1/m is replaced by 0 (since otherwise one might
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destroy decay properties of f). By iteratively removing what has already
been covered we get a disjoint cover A;n C B /m(yj) (some sets might be
empty) such that Anm = J;<, A7 = U,<, Bi/m(y;j). Now consider the
simple function s, defined as follows

Sn(ﬂj‘) = {yj? if f(ﬂl‘) € A;n \ Um<k§n An,k?

0, else.

That is, we first search for the largest m < n with f(z) € A, ,, and look
for the unique j with f(z) € AT (ie., the first j with f(z) € By/m(y)))-
If such an m exists we have s,(x) = y; and otherwise s,(z) = 0 (i.e., if
x & Apq). By construction s, is measurable and | f(z) — s,(s)|| < = for
x € Apm with m < n. Hence s, converges pointwise to f. Moreover, to
see ||sn(x)| < 2| f(z)|| we consider two cases. If s,(x) = 0 then the claim is
trivial. If sp(z) # 0 then f(z) € A} with j > 0 and hence [|f(z)|| > 1/m
implying

[sn (@)l = llysll < lly; = F@) + [ f(@)] < %+ 1 (@) < 2)1f(@)]]-

If the range of f is relatively compact, then for every m there is an n such that
Ay, m covers the whole range. Hence || f(2)—sn(z)|| < & for all z. Conversely,
note that the range of a uniform limit of simple functions is totally bounded
(i.e. it has a finite e-cover for every € > 0) and hence relatively compact. [

Functions f : X — Y which are the pointwise limit of simple functions
are also called strongly measurable. Notice that we do not require the
simple functions to be integrable! Some authors do.

Since the limit of measurable functions is again measurable (Problem|[.18))
and still has separable range, the limit of strongly measurable functions is
strongly measurable. Moreover, our lemma also shows that continuous func-
tions on separable spaces are strongly measurable (recall Lemma and
the fact that the continuous image of a separable set is separable; cf. Prob-
lem from [25]). Another fact worth mentioning is, that if Yy is the
closure of the linear span of Ran(f), then restricting Y to Yy does neither
affect integrability nor the integral. In particular, the integral of f is in Yj.

Now we are in the position to give a useful characterization of integra-
bility.
Lemma 5.21 (Bochner). A function f: X — Y is integrable if and only if
it is strongly measurable and ||f|| is integrable.

Proof. We have already seen that an integrable function has the stated
properties. Conversely, the sequence s,, from the previous lemma is inte-
grable (note [ls(x)| = 3, lla?{xar(z) < 2] f(x)]) and satisties (5:28) by

O

the dominated convergence theorem.
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Another useful observation is the fact that the integral behaves nicely
under linear transforms. Recall that a linear operator A : D(A) CY — Z
defined on a domain D (A) is is called closed, if its graph {(z, Az)|x € D(A)}
is a closed subset of Y x Z.

Theorem 5.22 (Hille). LetY, Z be Banach spaces with their respective Borel
o-algebras. Let A : ®(A) C Y — Z be a closed linear operator. Suppose
[+ X =Y is integrable with Ran(f) € D(A) and Af : X — Z is also
integrable. Then

Af rau= [ (Anaw e, (530)
If Ae Z(Y,Z), then f integrable implies Af is integrable.

Proof. By assumption (f, Af): X — Y x Z is integrable and by the proof
of Lemma [5.21] the sequence of simple functions can be chosen to have its
range in the graph of A. In other words, there exists a sequence of simple
functions (sy, Asy) such that

/snd,u—>/ fdu, A/ sndu:/Asndu%/Afdu.
X X X X X

Hence the claim follows from closedness of A.

If A is bounded and s, is a sequence of simple functions satisfying (5.28]),
then t,, = As, is a corresponding sequence of simple functions for Af since
ltn — Af]| < [|A]|l[sn — f]|- This shows the last claim. O

Clearly the assumptions of this theorem are satisfied if A € Z (Y, Z), for
example, if we choose a bounded linear functional from Y™*.

Next, we note that the dominated convergence theorem holds for the
Bochner integral.

Theorem 5.23. Suppose f,, are integrable and f, — f pointwise. Moreover,

suppose there is nonnegative integrable function g with || f,(z)|] < g(x). Then

f is integrable and

lim fndp :/ fdu (5.31)
X X

n—oo
Proof. The pointwise limit f is strongly measurable and by || f(z)| < g(x)

it is even integrable. Moreover, the usual dominated convergence theorem
shows [y [|fn — flldi — 0 from which the claim follows. O

There is also yet another useful characterization of strong measurability.
To this end we call a function f : X — Y weakly measurable if { o f is
measurable for every £ € Y*.
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Theorem 5.24 (Pettis). A function f : X — Y is strongly measurable if
and only if it is weakly measurable and its range is separable.

Proof. Since every measurable function is weakly measurable, Lemma, [5.20
shows one direction. To see the converse direction let {yx}ren € f(X) be
dense. Define s, : f(X) = {y1,...,yn} via s,(y) = yx, where k = k,,, is
the smallest k such that ||y — yx|| = mini<j<n ||y — y;||. By density we have
lim,, o0 5,,(y) = y for every y € f(X). Now set f, = s, o f and note that

fn — f pointwise. Moreover, for 1 < k < n we have
£ ) =(o € X7 @) — el = min [1£@) - g3
<j<n
{z e X||f(@) —wll < min [|f(z) —y;ll, 1 <T <k}
<jsn
and f,, will be measurable once we show that || f — y|| is measurable for every
y € f(Y). To show this last claim choose (Problem [5.21)) a countable set

{yp} € Y* of unit vectors such that ||y|| = sup,y;(y). Then ||f —y|| =
sup, ¢ (f — y) from which the claim follows. O

Finally, there is also a version of Fubini:

Theorem 5.25 (Fubini). Let f be a strongly measurable function on X1 x Xo
and let py, po be o-finite measures on X1, Xa, respectively.

Then

/ 1 (e, @)l dp (1) € £1(X, dpn), (5.32)
X1
respectively,
/ 1 (21, 22) | dpa(az) € £1(X1, dua), (5.33)
Xo

if and only if f € LY(X1 x Xo,du1 @ dusa,Y). In this case

//Xlxxg f(z1, z2)dps @ po(z1,z2) = /X2 ( . f(xl,xg)dul(g;l)> dpis(z2)
— /X1 < . f($17$2)dug($2)> dp (21). (5.34)

Proof. The first claim is Tonelli’s theorem applied to ||f||. Moreover, by
Theorem and linearity the last claim holds for simple functions. Now
choose a sequences of simple functions as in Lemma and apply domi-
nated convergence (twice for the iterated integrals). (]

Finally note that since the integral does not see null sets, one could also
work with functions which satisfy the above requirements only away from
null sets.
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Also note that many results can be reduced to the classical ones by
applying linear functionals. One example is the fundamental lemma of
the calculus of variations (cf. Lemma |3.23)

Lemma 5.26. Suppose X C R" is open and f : X — Y is locally integrable.
Then

[ ewr@aa=o,  veecx(xpz0 (53
X
if and only if f(x) =0 (a.e.).

Proof. Note that by Problem the integrand ¢ f is measurable. More-
over, by [lo(z)f(z)ll = le(@)[|f(x)] and Ran(ef) € Yo, where Yy :=
span Ran(f), we conclude that ¢f is integrable. In particular, we can re-
place Y by Y and assume that Y is separable without loss of generality.
Now choose a countable set of linear functionals £, € Y* as in Problem [5.21]
Then

L¢M@UMM%:@(A¢mﬂwWQ=o

for all k, which implies ¢(f(z)) = 0 away from some null set Nj. Hence
| f(x)]| = supy, [4x(f(x))| = 0 away from the null set | J, Ni. O

Another result that continues to hold (with literally the same proof) is
the Lebesgue differentiation theorem (Theorem and Lemma :

Theorem 5.27. Lebesgue Let f : R™ — Y be (locally) integrable, then for
a.e. x € R" we have
1
lim ——— |f(y) = f(z)|d"y = 0. (5.36)
rl0 |Br(z)] /B, (2)
The points where (5.36)) holds are called Lebesgue points of f. At every
Lebesgue point we have

1 .
ﬂ@—ggmmmAmﬁwwy (5.37)

whenever Aj(x) shrinks to x nicely, that is, there are balls B, (x) withr; — 0
and a constant € > 0 such that Aj(x) C By, (z) and |Aj| > €| B, ()]

Problem™ 5.17. Let (X, X x) be a measurable space andY a Banach space.
Then the set of all measurable functions forms a vector space. Moreover, if
f: X =Y and p: X — C are measurable, then so is ¢f. If in addition, Y
is a Banach algebra and f,g: X — Y are measurable, then so is fg. (Hint:

Compare Corollary[1.19,)

Problem* 5.18. Let (X, X x) be a measurable space andY be a metric space
equipped with the Borel o-algebra. Show that the pointwise limit f : X —
Y of measurable functions f, : X — Y is measurable. (Hint: Show that
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for U CY open we have that f~1(U) = Une_, U2, N2, fr H(Unm), where
U = {y € Uld(y. Y \U) > ;3 }.)

Problem 5.19. Suppose u(A) < oo and f integrable. Show

/A f dp € p(Ayconv(F(A)).

Problem 5.20. Let p be o-finite. Let f be integrable and C C X closed.
Show that if

/ fdue p(A)C, VAe X : pu(A) < oo,
A

then f(x) € C for a.e. x € X. (Hint: Show that the preimage of any ball in
Y\ C is a null set.)

Problem™* 5.21. Let X be a separable Banach space. Show that there is a
countable set l, € X* such that ||z|| = supy, [{k(x)| for all z.

5.6. Lebesgue—Bochner spaces

In this section we briefly discuss Lebesgue spaces of functions with values in
a Banach space Y. As in the complex-valued case we define the LP norm by

1/p
1l = (/X Hprdu> 1<, (5.38)

and denote by LP(X,du,Y) the set of all strongly measurable functions for
which || f]|, is finite. Note that £P(X,du,Y) is a vector space, since || f +
glP < 2 max(|f], lgh)? = 22 max(If7, lgl?) < 22(LFIP + IglP). Again
Lemma [2.6| (applied to || f||) implies that we need to identify functions which
are equal almost everywhere: Let

N(X,du,Y) := {f strongly measurable|f(x) = 0 p-almost everywhere}
(5.39)
and consider the quotient space

LP(X,du,Y) := LP(X,du,Y)/N(X,du,Y). (5.40)

If du is the Lebesgue measure on X C R™, we simply write LP(X,Y). Ob-
serve that || f||, is well defined on LP(X,dyu,Y’) and hence we have a normed
space (the triangle inequality will be established below).

Lemma 5.28. The integrable simple functions are dense in LP(X,du,Y),
1<p<oo.
Suppose X is a second countable Hausdorff space (i.e., it has a countable

basis) and p is an outer reqular Borel measure. Then for every countable base
B and total set V C Y the set of simple functions axo with o € V., O € B,
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and p(O) finite is total. If in addition Y is separable, then LP(X,du,Y),
1 <p < oo, is separable.

Proof. Let f € LP(X,du,Y). By Lemma there is a sequence of sim-
ple functions such that s,(x) — f(z) pointwise and ||s,(x)| < 2|/ f(z)]-
In particular, s, € LP(X,du,Y) and thus integrable since s[5 = |/sn]1.
Moreover, ||f(z) — sp(z)||P < 3P| f(x)||P and thus s, — f in LP(X,du,Y) by
dominated convergence. The rest follows as in Lemma O

Similarly we define L% (X, du,Y) together with the essential supre-
mum

[flloo = inf{C'[ p({z] || f(x)]| > C}) = 0}. (5.41)

Next note that the usual integral inequalities follow by applying the scalar
case after using Lemma (v):

Theorem 5.29 (Holder’s inequality). Let p and q be dual indices, %—l—% =1,
with 1 <p <oo. If

(i) fe LP(X,dp,Y™") and g € LY X,dp,Y), or
(il) f e LP(X,du) and g € LYX,du,Y), or
(iii) f e LP(X,du,Y) andg € L9(X,du,Y) andY is a Banach algebra,
then fg is integrable and

1 gl < [ £llpllgllg- (5.42)

Theorem 5.30 (Minkowski’s integral inequality). Suppose, (X,¥x, 1) and
(Y, Xy, v) are two o-finite measures, Z a Banach space, and f : X XY — Z
1s strongly p ® v measurable. Let 1 < p < oco. Then

/ f(y)dv(y)
Y

< /Y 1FC )l (), (5.43)

where the p-norm is computed with respect to p. In particular, this says
that f(x,.) is integrable for a.e x and [y, f(.,y)dv(y) € LP(X,du, Z) if the
integral on the right is finite.

Corollary 5.31 (Minkowski’s inequality). Let f,g € LP(X,du,Y), 1 <p <
oo. Then

1f +gllp < 1F1lp + llgllp- (5.44)
Moreover, literally the same proof as for the complex-valued case shows:

Theorem 5.32 (Riesz—Fischer). The space LP(X,du,Y), 1 < p < oo, is a
Banach space.
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Corollary 5.33. If || fn — fllp = 0, 1 < p < o0, then there is a subsequence
Jn; (of representatives) which converges pointwise almost everywhere and
a nonnegative function G € LP(X,dp) such that ||fn;(x)| < G(x) almost
everywhere.

Of course, if Y is a Hilbert space, then L?(X,du,Y) is a Hilbert space
with scalar product

(f.g) = /X (f (@), (@) du(z). (5.45)

Also Theorem [3.1§| extends with literally the same proof:

Theorem 5.34. Let X be a locally compact metric space and let p be a
reqular Borel measure. Then the set C.(X,Y) of continuous functions with
compact support and values in a dense linear subspace Y C Y is dense in
LP(X,du,Y), 1 <p<oo.

And mollification works:

Lemma 5.35. If ¢ € LY(R") and f € LP(R",Y) with 1 < p < co. Then

oxf=| oz —y)f(y)d"y (5.46)
satisfies Young’s inequality
16+ fllp < Sl ]l Flp- (5.47)
If ¢. is an approximate identity we have
limg. * f=f (5.48)
el0

with the limit taken in LP. In the case p = oo the claim holds for f €
Co(R™,Y).

Moreover, if ¢ € C¥(R") and f € L'(R™,Y), then ¢ f € CF(R™,Y) and
Oa(¢ % f) = (Oad) * f (5.49)

for any partial derivative of order at most k.

Next we turn to absolutely continuous functions. Let I = [a,b] be a
compact interval together with Lebesgue measure. We set

AC(LY) :={f: I =Y|3g € LYI,Y) : f(z) = f(a) —I—/[ )g(y)dy}.

(5.50)
By dominated convergence, one sees that AC(I,Y) C C(I,Y). Moreover, by
the Lebesgue differentiation theorem (Theorem the same proof as for
Corollary shows that an absolutely continuous function is differentiable
with f/ = g a.e. In particular, ¢ is uniquely determined. If I is an open
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interval, we call f : I — Y absolutely continuous if it is absolutely continuous
on every compact subinterval and we set

Wl’p(I, Y):={f € AC(I,Y)NLP(I,Y)|f' € LP(I,Y)}, (5.51)
which is a Banach space when equipped with the norm
(Hpr HIS P, 1 <p < oo,
ax([| flloo; [[f'lloc), = o0
It is a Hilbert space if p = 2 and Y is a Hilbert space.

£ llw (5.52)

Problem 5.22. Let Y = Cla,b] and f : [0,1] = Y integrable. Compute the
Bochner Integral fo x)dz.

Problem 5.23. Show that an absolutely continuous function f € AC([a,b],Y)
satisfies that for every € > 0 there is a corresponding § > 0 such that

Z|yk—fﬂk\<5 = Znyk: flap)ll <e

for every countable collection of pairwise disjoint intervals (xg,yr) C la,b].

(Hint: Have a look at the proof of Lemma )

Problem 5.24. The variation of a function f : [a,b] — Y with' Y a Banach
space is defined as

V() = sup V(P f), V(P f)=>_ [Ifxe) = flar)ll.
k=1

partitions P of [a,b]
Verify that everything said in Section[{.4] up to the first part of Example[].17

continues to hold if absolute values are replaced by norms.

Problem 5.25. Let U C R" be a domain and I C R an interval. Show that
CI(I,LP(U)) N L™ (I, LY(U)) together with the norm

I£1l == N fllcscr.oeqyy + 1 fllzr ey

is a Banach space for j,k,l € No, 1 < p,q,r < oo. (Hint: Work with test
functions from C2° and recall Problem [3.36f Remark: The same arguments
works if LP(U) and Li(U) are replaced by the Sobolev spaces WP (U) and
Wha(U)), respectively.)

Problem 5.26. Let U C R" be a domain and I C R an interval. Show that
L™(I,LP(U)), 1 < r,p < 00, can be identified with the set of all measurable
functions f: I x U — C for which

([ (feres)") <~

In particular, LP (1, LP(U P(I xU) for1<p< oo.
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The first claim also holds for p,r = oo if the corresponding integrals
are replaced by the (essential) sup and the additional assumption that the
range U, {f(t,.)} € L*>®(U) is separable in the case p = co. Show that this
additional condition is necessary.

Problem 5.27. Let U C R" be a domain and I C R an interval. Show that
for a strongly measurable function f and 1 < p,r < co we have

£l oy = | [ ireolst o
gl o (1 o (1)) =
where p', v are the corresponding dual indices. Moreover, it suffices to take
the sup over functions which have support in a compact rectangle.

Problem 5.28. Show that if f € LPO(X,dp,Y) N LPY(X,du,Y) for some
po < p1 then f € LP(X,du,Y) for every p € [po,pi1] and we have the Lya-
punov inequality

—0 0
11l < 11£llpo £l
where 1 = =0 4 0 g ¢ (0,1). (Hint: Classical Lyapunov inequality from

P1
Problem ﬁ)

Problem 5.29. Let U C R"™ be a domain and I C R an interval. Suppose
feLPo(I,L2U))N L (I, L1 (U)). Show that f € LPo(1,L%(U)) for 6 €
[0, 1], where

1 1-0 0 1 1—0 n 0

po P P g @ @
(Hint: Lyapunov and generalized Hélder inequality — Problems and

51,

Problem 5.30. Suppose X is a Hilbert space. For f € L'(R™, X) define its
Fourier transform as

FOW) = o) = G [ e s@ps

Show that f € Cy(R™, X). Moreover, show that the Fourier transform ez-
tends to a unitary operator on L?>(R",X). (Hint: For the first part just
follow the argument for the case X = C. For the second part it suffices to
consider simple functions in which case the claim again reduces to the case

X =C)






Chapter 6

The dual of LP

6.1. The dual of L?, p < o0

By the Holder inequality every g € LI(X, du) gives rise to a linear functional
on LP(X,du) and this clearly raises the question if every linear functional is
of this form. For 1 < p < oo this is indeed the case:

Theorem 6.1. Consider LP(X, du) with some o-finite measure p and let q be
the corresponding dual index, %—1—% = 1. Then the map g € L1 — £, € (LP)*
given by

)= [ afdn (6.1)

is an isometric isomorphism for 1 < p < co. If p = oo it is at least isometric.

Proof. Given g € LY it follows from Holder’s inequality that £ is a bounded
linear functional with |[{4|| < |lg|lq- Moreover, |[{4]] = ||g|lq follows from

Corollary

To show that this map is surjective if 1 < p < o0, first suppose pu(X) < 0o
and choose some £ € (LP)*. Since ||xall, = p(A)"/P, we have ya € LP for
every A € ¥ and we can define

v(A) = L(xa).

Suppose A := U;’il Aj, where the A;’s are disjoint. Then, by dominated
convergence, || > 7_; xa; — Xallp — 0 (this is false for p = oc!) and hence
oo o0 oo
v(A) =L0) xa,) = lxa,) =Y v(A)).
j=1 j=1 j

Jj=1

167
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Thus v is a complex measure. Moreover, p(A) = 0 implies x4 = 0 in LP
and hence v(A) = ¢(xa) = 0. Thus v is absolutely continuous with respect
to u and by the complex Radon—Nikodym theorem dv = ¢gdu for some
g € LY(X,dp). In particular, we have

Uf) = /X fgdu

for every simple function f. Next let A,, = {z||g(z)| < n}, then g, = gxa, €
L? and by Corollary we conclude [|gn|l; < ||€]|. Letting n — oo shows
g € L7 and finishes the proof for finite p.

If p is o-finite, let X,, ' X with pu(X,,) < oco. Then for every n there is
some g, on X, and by uniqueness of g,, we must have g, = ¢,, on X,, N X,,.
Hence there is some g and by || gn|lq < ||¢|| independent of n, we have g € L9.

By construction £(fxx,) = £4(fxx,) for every f € LP and letting n — oo
shows £(f) = £4(f). O

Given the bidual X** of a Banach space X, the Hahn—Banach theorem
tells us, that X can be identified with a subspace of X** by virtue of the linear
isometry J : X — X** defined by J(x)(¢) := ¢(x) (i.e., J(x) is evaluation at
z); see Theorem [4.18|from [25]. Then X is called reflexive if J is surjective.

Corollary 6.2. Let y1 be some o-finite measure. Then LP(X,dp) is reflexive
for1 < p < oo.

Proof. Identify LI(X,du) with LP(X,du)* by virtue of g ~ £, and choose
h € LP(X,du)**. Then there is some f € LP(X,du) such that

M) = [ afdn b€ D(Xdn) = LY. d).
b'e
But this implies h({y) = £4(f), that is, h = J(f), and thus J is surjective. [

Note that in the case 0 < p < 1, where LP fails to be a Banach space,
the dual might even be empty (see Problem !

Problem 6.1. Let f € LP(R) and g € LY(R) with % + % = 1. Show that
lim [ f(z+n)g(x)dx =0.
n—oo R
In other words, the sequence f(. 4 n) converges weakly to 0 for 1 < p < oo.
Problem* 6.2. Formally extend the definition of LP(0,1) to p € (0,1).
Show that ||.||, does not satisfy the triangle inequality. However, show that it

is a quasinormed space, that is, it satisfies all requirements for a normed
space except for the triangle inequality which is replaced by

la+ bl < K([|all + [|o]])
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with some constant K > 1. Show, in fact,
la +bll, < 277 (lall, + [bll,),  p € (0,1).

Moreover, show that LP(0,1)* = {0} in this case. (Hint: For the first part
show a+B < (aP+pP)/P < 21/P=1(a+pB) for0 < p < 1 and a, B > 0. For the
second suppose there were a nontrivial £ € LP(0,1)*. Start with fy € LP such
that [€(fo)| = 1. Set go = x(0,6).f and ho = Xx(s11f, where s € (0,1) is chosen
such that ||goll, = |[Polly = 27/7| follp. Then |€(g0)| > 5 or |€(ho)| > § and
we set f1 = 2gg in the first case and f1 = 2hg else. Iterating this procedure
gives a sequence fp with [¢(f,)] > 1 and || fnllp = 2_”(1/p_1)|]f0Hp,)

Problem 6.3. Suppose K : LP(Y,dv) — LP(X,du) is an integral operator
with kernel K(x,y) satisfying the Schur criterion (Lemma . Show that
for 1 < p < oo the adjoint operator K' : L9(X,du) — L1(Y,dv) is given by

(K'f) () = /X Ky ) f@)dply),  f € LI(X, dp).

6.2. The dual of L*° and the Riesz representation theorem

In the last section we have computed the dual space of LP for p < oo. Now
we want to investigate the case p = co. Recall that we already know that the
dual of L™ is much larger than L' since it cannot be separable in general.

Example 6.1. Let v be a complex measure. Then

2, (f) ::/deu (6.2)

is a bounded linear functional on B(X) (the Banach space of bounded mea-
surable functions) with norm

1] = [vI(X) (6.3)

by (4.25) and Corollary If v is absolutely continuous with respect to
w, then it will even be a bounded linear functional on L>(X, du) since the
integral will be independent of the representative in this case. o

So the dual of B(X) contains all complex measures. However, this is still
not all of B(X)*. In fact, it turns out that it suffices to require only finite
additivity for v.

Let (X,Y) be a measurable space. A complex content v is a map
v : ¥ — C such that (finite additivity)

n

y(@ A=Y v(Ay),  ANAL=0,j#k (6.4)
k=1

k=1
A content is called positive if v(A) > 0 for all A € ¥ and given v we
can define its total variation |v|(A) as in (4.16). The same proof as in
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Theorem shows that |v| is a positive content. However, since we do not
require o-additivity, it is not clear that |v|(X) is finite. Hence we will call v
finite if [v|(X) < co. As in (4.18), we can split every content into a
complex linear combination of four positive contents.

Given a content v we can define the corresponding integral for simple
functions s(x) = Y, _; agxa, as usual

/Asdy = Z agv(Ap N A). (6.5)

k=1

As in the proof of Lemma 2.1 one shows that the integral is linear. Moreover,

| / sdv] < [V](A) 5]l (6.6)

and our integral is a densely defined bounded linear functional and hence
there is a unique extension to all of B(X) such that

[ £ <10 1l (6.7
(cf. Theorem from [25] and compare Problem [2.4). However, note that

our convergence theorems (monotone convergence, dominated convergence)
will no longer hold in this case (unless v happens to be a measure).

In particular, every complex content gives rise to a bounded linear func-
tional on B(X) and the converse also holds:

Theorem 6.3. Every bounded linear functional ¢ € B(X)* is of the form

- / fdv (6.8)
X
for some unique finite complex content v and ||¢]| = |v|(X).

Proof. Let £ € B(X)* be given. If there is a content v at all, it is uniquely
determined by v(A) := ¢(x4). Using this as definition for v, we see that finite
additivity follows from linearity of £. Moreover, holds for characteristic
functions and by

(O arxa,) =Y apv(A) =) (A, ag = sign(v(Ay))",
k=1 k=1 h=1

we see [V[(X) < |||
Since the characteristic functions are total, holds everywhere by
continuity and (6.7)) shows ||4|| < |v|(X). O

It is also easy to tell when v is positive. To this end call ¢ a positive
functional if ¢(f) > 0 whenever f > 0.
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Corollary 6.4. Let ¢ € B*(X) be associated with the finite content v. Then
v will be a positive content if and only if £ is a positive functional. Moreover,
every ¢ € B*(X) can be written as a complex linear combination of four
positive functionals.

Proof. Clearly ¢ > 0 implies v(A) = ¢(xa) > 0. Conversely v(A4) > 0
implies ¢(s) > 0 for every simple s > 0. Now for f > 0 we can find a
sequence of simple functions s, such that ||s, — f|lcc = 0. Moreover, by
l|sn| — f| < |sn — f| we can assume s, to be nonnegative. But then ¢(f) =
limy, o0 £(s,) > 0 as required.

The last part follows by splitting the content v into a linear combination
of positive contents. (I

Remark: To obtain the dual of L>°(X, du) from this you just need to re-
strict to those linear functionals which vanish on NV(X, du) (cf. Problem|[6.4)),
that is, those whose content is absolutely continuous with respect to p (note
that the Radon—Nikodym theorem does not hold unless the content is a
measure).

Example 6.2. Consider B(R) and define

((f) =lim(Af(=e) + (1 =Nf(e),  Ae(0.1],
for f in the subspace of bounded measurable functions which have left and
right limits at 0. Since [|¢|]] = 1 we can extend it to all of B(R) using the

Hahn—Banach theorem. Then the corresponding content v(A) := ¢(x4) is
no measure:

A=r(-10) =l ) # Sl )) =0
n=1 n=1

n+1 n n+1

Observe that the corresponding distribution function (defined as in ([1.17))
is nondecreasing but not right continuous! If we render v right continuous,
we get the distribution function of the Dirac measure (centered at 0). In
addition, the Dirac measure has the same integral at least for continuous
functions! o

Based on this observation we can give a simple proof of the Riesz rep-
resentation for compact intervals. The general version will be shown in the
next section.

Theorem 6.5 (Riesz representation). Let I = [a,b] C R be a compact in-
terval. Every bounded linear functional £ € C(I)* is of the form

anzsz (6.9)

for some unique complex Borel measure v and ||¢| = |v|(I).
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Proof. By the Hahn-Banach theorem we can extend £ to a bounded linear
functional ¢ € B(I)* and we have a corresponding content v. Splitting this
content into positive parts it is no restriction to assume v is positive.

Now the idea is as follows: Define a distribution function for 7 as in
(1.17). By finite additivity of 7 it will be nondecreasing and we can use
Theorem [[.13] to obtain an associated measure v whose distribution function
coincides with 7 except possibly at points where v is discontinuous. It re-
mains to show that the corresponding integral coincides with ¢ for continuous
functions.

Let f € C(I) be given. Fix points a < 2 < 2} < ...z < b such that
xgy — a, v — b, and supy, |[x}_; —2}}| = 0 as n — oco. Then the sequence of
simple functions

fn(x) = f(xg)X[xg,:ﬁf) + f(x?)X[m?,mg) +oe f(xZ—l) X[zn_,,zn]
converges uniformly to f by continuity of f. Moreover,

Jrav=tm [ fav =t > e a)(af) = Ve

n—oo

n—oo

= Jim 37 f) (Pe}) —#(of)) = Jim [ fodo
=1

—/Ifdﬁ—ﬁ(f)

provided the points 27} are chosen to stay away from all discontinuities of
v(z) (recall that there are at most countably many).

To see ||4|| = |v|(]) recall dv = hd|v| where |h| = 1 (Corollary [4.19). Now
choose continuous functions hy(z) — h(z) pointwise a.e. (Theorem [3.18).
Using h,, = m we even get such a sequence with |h,| < 1. Hence
() = [hihdly| — [|h|?d|v| = |v|(I) implying [|¢]| > |v|(I). The con-
verse follows from (6.7]). O

Problem™* 6.4. Let M be a closed subspace of a Banach space X. Show
that (X/M)* = {¢ € X*|M C Ker(¢)} (cf. Theorem from [25] ).

Problem 6.5. Let v and v be o-finite measures on X and Y, respectively.
Let p,q < oo and let p',q" be the corresponding dual indices. Suppose that
K : X XY — C is measurable with K (x,.) € LY (Y,dv) for a.e. x. Moreover,

suppose that
/ K(z,y) f(y)dv(y)

is a bounded operator from L4(,dv) — LP(X,dp) and the same holds for | K]|.
Then, if we identify the duals LP(X,du)* =2 LY(X,du) and LP(X,dup)* =



6.3. The Riesz—Markov representation theorem 173

LY(X,du), the adjoint of K is given by

(K'f)(y) = /Y K (2, y)9(z)dv(2).

6.3. The Riesz—Markov representation theorem

In this section section we want to generalize Theorem [6.5] To this end X
will be a metric space with the Borel o-algebra. Given a Borel measure p
the integral

o) = /X fdu (6.10)

will define a linear functional £ on the set of continuous functions with com-
pact support C.(X). If 4 were bounded we could drop the requirement for f
to have compact support, but we do not want to impose this restriction here.
However, in an arbitrary metric space there might not be many continuous
functions with compact support. In fact, if f € C.(X) and x € X is such
that f(z) # 0, then f~1(B,(f(x)) will be a relatively compact neighborhood
of x whenever 0 < r < |f(x)|. So in order to be able to see all of X, we will
assume that every point has a relatively compact neighborhood, that is, X
is locally compact.

Moreover, note that positivity of g implies that ¢ is positive in the
sense that ¢(f) > 0 if f > 0. This raises the question if there are any other
requirements for a linear functional to be of the form . The purpose
of this section is to prove that there are none, that is, there is a one-to-one
connection between positive linear functionals on C,(X) and positive Borel
measures on X.

As a preparation let us reflect how p could be recovered from ¢ as in
(6.10). Given a Borel set A it seems natural to try to approximate the
characteristic function y 4 by continuous functions form the inside or the
outside. However, if you try this for the rational numbers in the case X = R,
then this works neither from the inside nor the outside. So we have to be
more modest. If K is a compact set, we can choose a sequence f, € C.(X)

with f, | xx (Problem . In particular,

p(K) = lm [ frdp (6.11)

n—o0 X
by dominated convergence. So we can recover the measure of compact sets
from ¢ and hence p if it is inner regular. In particular, for every positive linear
functional there can be at most one inner regular measure. This shows how
1 should be defined given a linear functional ¢. Nevertheless it will be more
convenient for us to approximate characteristic functions of open sets from
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the inside since we want to define an outer measure and use the Carathéodory
construction. Hence, given a positive linear functional ¢ we define

p(0) = sup{E(f)|f € Cu(X), f < O} (6.12)

for any open set O. Here f < O is short hand for f < yo and supp(f) C O.
Since { is positive, so is p. Note that it is not clear that this definition will
indeed coincide with p(O) if ¢ is given by unless O has a compact
exhaustion. However, this is of no concern for us at this point.

Lemma 6.6. Let X be a locally compact metric space. Given a positive
linear functional £ on C.(X) the set function p defined in (6.12)) has the

following properties:
(i) p(0) =0,
(i1) monotonicity p(O1) < p(O2) if O1 C Oq,
(iii) p is finite for relatively compact sets,
) p(O) <>, p(Oyn) for every countable open cover {Oy} of O, and
(v) additivity p(O1 Y O2) = p(O1) + p(O2) if O1 N O3 = 0.

(iv

Proof. (i) and (ii) are clear. To see (iii) note that if O is compact, then by
Urysohn’s lemma there is a function f € C.(X) which is one on O implying
p(O) < (f). To see (iv) let f € C.(X) with f < O. Then finitely many of
the sets O1,...,0n will cover K := supp(f). Set

dist(z, X \ O;)

hj(x) = N - - s
Y ey dist(z, X \ O) + dist(z, K)

1<j<N.

Then xyxg < hi1 + -+ hy and hence

N
Zzhf sz i) <D p(0n)

To see (v) note that f; < O1 and fo < Oy implies f1 + fo < O1 Y O2 and
hence ((f1) + £(f2) = £(f1 + f2) < p(O1 Y O9). Taking the supremum over
f1 and fo shows p(O1) + p(O2) < p(O1W O2). The reverse inequality follows
from the previous item. O

Lemma 6.7. Let ¢ be a positive linear functional on C.(X) and let p be

defined as in (6.12)). Then
p*(A) = inf {p(O)’A co,0 open}. (6.13)

defines a metric outer measure on X.
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Proof. Consider the outer measure (Lemma [1.8))

v*(A) ;= inf { Z p(O)
n=1
Then we clearly have v*(A) < p*(A). Moreover, if v*(A) < p*(A) we can
find an open cover {O,} such that > p(O,) < p*(A). But for O =J,, On
we have p*(A) < p(O) <3, p(On), a contradiction. Hence p* = v* and we
have an outer measure.

AC [j Oy, Oy open}.
n=1

To see that p* is a metric outer measure let Ay, Ay with dist(A41, A2) >0
be given. Then, there are disjoint open sets O1 2 Ay and Os O As. Hence
for Ay W Az C O we have p* (A1) + p*(A2) < p(O1N0O)+ p(O2N0O) < p(O)
and taking the infimum over all O we have p*(A1) + p*(A2) < p* (A Y
Asg). The converse follows from subadditivity and hence p* is a metric outer
measure. U

So Theorem [I.9] gives us a corresponding measure x defined on the Borel
o-algebra by Lemma [I.11] By construction this Borel measure will be outer
regular and it will also be inner regular as the next lemma shows. Note that
if one is willing to make the extra assumption of separability for X, this will
come for free from Corollary [I.23]

Lemma 6.8. The Borel measure u associated with p* from (6.13)) is regular.

Proof. Since p is outer regular by construction it suffices to show

n(0) = sup u(K)
KCO, K compact

for every open set O C X. Now denote the last supremum by « and observe
a < u(O) by monotonicity. For the converse we can assume « < oo without
loss of generality. Then, by the definition of u(O) = p(O) we can find
some f € Co(X) with f < O such that u(O) < ¢(f) +e. Next let K :=
supp(f) € O and choose a sequence of relatively compact open sets O, N\, K
(Problem [6.6). Then £(f) < p(Op) = p(Oy) implying ¢(f) < p(K) upon
n — 0o. Hence p(O) < U(f)+¢e < u(K)+e < a+e and as ¢ > 0 is arbitrary
this establishes the claim. (]

Now we are ready to show

Theorem 6.9 (Riesz—Markov representation). Let X be a locally compact
metric space. Then every positive linear functional £ : C.(X) — C gives rise
to a unique regqular Borel measure pu such that (6.10]) holds.

Proof. We have already constructed a corresponding Borel measure p and
it remains to show that ¢ is given by (6.10). To this end observe that if
f € C.(X) satisties xo < f < xc¢, where O is open and C closed, then
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w(0) < £(f) < p(C). In fact, every g < O satisfies £(g) < {(f) and hence

<
1(0) = p(O) < £(f). Similarly, for every O 2 C' we have f < O and hence
((f) < p(O) implying £(f) < p(C).

Now the next step is to split f into smaller pieces for which this estimate
can be applied. To this end we can suppose 0 < f < 1 without loss of
generality and define gj! := min(f, %) for 0 < k < n. Clearly g§ = 0 and

= f. Setting f}' := gy —gp_, for 1 <k <n we have f ="}, f" and
%XC,’; < fr< %on_l where OF = {z € X|f(z) > E} and Cp = O} = {z €
X|i)l”(3:) > %} Summing over k we have %Zzzl xcep < f < %EZ;S Xop as
well as

n n—1
L3O < ) < - Y n(Cp)
k=1 k=0

Hence we obtain
OO n 1 n /”L(CE)Z)
< — < < — < _
/fd kgl w(OR) < L(f _n uCk)_/fd,u—i- -

and letting n — oo establishes the claim since Cj = supp(f) is compact and
hence has finite measure. ([l

n—1

k=0

Note that this might at first sight look like a contradiction since
gives a linear functional even if p is not regular. However, in this case the
Riesz—Markov theorem merely says that there will be a corresponding regular
measure which gives rise to the same integral for continuous functions with
compact support. Moreover, using one even sees that both measures
agree on compact sets.

As a consequence we can also identify the dual space of Cp(X) (i.e. the
closure of C.(X) as a subspace of Cp(X)). Note that Cy(X) is separable
if X is locally compact and separable (Lemma from [25]). Also recall
that a complex measure is regular if all four positive measures in the Jordan
decomposition are. By Lemma this is equivalent to the total

variation being regular.

Theorem 6.10 (Riesz—Markov JrE| representation). Let X be a locally com-
pact metric space. Every bounded linear functional £ € Cy(X)* is of the form

= /X fdv (6.14)

for some unique regular complex Borel measure v and ||¢|| = |v|(X). More-
over, £ will be positive if and only if v is.

If X is compact this holds for C'(X) = Cp(X).

1Andrey Markov Jr. (1903-1979), Soviet mathematician


http://en.wikipedia.org/wiki/Andrey Markov Jr.
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Proof. First of all observe that shows that for every regular complex
measure v equation gives a linear functional ¢ with ||¢]] < |v[(X).
This functional will be positive if v is. Moreover, we have dv = hd|v|
(Corollary and by Theorem we can find a sequence h,, € C.(X)

with hy,(x) — h(z) pointwise a.e. Using h,, := y we even get such

a sequence with |h,| < 1. Hence £(h) = [hihdlv| — [ |h2d|v| = |[v|(X)
implying [|€]| > |v|(X).

Conversely, let £ be given. By the Hahn—-Banach theorem we can extend
¢ to a bounded linear functional ¢ € B(X)* which can be written as a
linear combinations of positive functionals by Corollary [6.4 Hence it is no
restriction to assume £ is positive. But for positive £ the previous theorem
implies existence of a corresponding regular measure v such that holds
for all f € C.(X). Since C.(X) = Cp(X) holds for all f € Cy(X) by

continuity. [l

Example 6.3. Note that the dual space of C3(X) will in general be larger.
For example, consider C,(R) and define ¢(f) = lim,_, f(x) on the subspace
of functions from C,(R) for which this limit exists. Extend ¢ to a bounded
linear functional on all of C(R) using Hahn-Banach. Then ¢ restricted to
Co(R) is zero and hence there is no associated measure such that
holds. o

The above result implies that for bounded sequences, vague convergence
is the same as weak-* convergence in Cp(X)*. One direction following from
Lemma and the other from the fact that every weak-x convergent se-
quence is bounded.

As a consequence we can extend Helly’s selection theorem. We call a
sequence of complex measures v, vaguely convergent to a measure v if

/ Fdvy — / fdv,  feC(X). (6.15)
X X

This generalizes our definition for positive measures from Section [5.4 More-
over, note that in the case that the sequence is bounded, |v,|(X) < M, we get
(6.15) for all f € Co(X). Indeed, choose g € C.(X) such that ||f — g|lcc <€

and note that limsup,, | [ fdv,— [ fdv| < limsup, | [ (f—g)dv,— [ (f—
g)dv| < e(M + [v[(X)).

Theorem 6.11. Let X be a locally compact metric space. Then every
bounded sequence vy, of reqular complex measures, that is |vy|(X) < M,
has a vaguely convergent subsequence whose limit is reqular. If all v, are
positive, every limit of a convergent subsequence is again positive.
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Proof. Let Y = Cy(X). Then we can identify the space of regular complex
measure M,..,(X) as the dual space Y* by the Riesz-Markov theorem. More-
over, every bounded sequence has a weak-x convergent subsequence by the
Banach—Alaoglu theorem (Theorem from [25] — if X and hence Cp(X)
is separable, then Lemma from [25] will suffice) and this subsequence
converges in particular vaguely.

If the measures are positive, then ¢,(f) = [ fdv, > 0 for every f > 0
and hence £(f) = [ fdv > 0 for every f > 0, where £ € Y* is the limit
of some convergent subsequence. Hence v is positive by the Riesz—Markov
representation theorem:. U

Recall once more that in the case where X is locally compact and sepa-
rable, regularity will automatically hold for every Borel measure.

Example 6.4. This theorem applies in particular to the case of a sequence
of probability measures p,. If one additionally assumes that the sequence
is tight (cf. Problem then there is a weakly convergent subsequence
whose limit is again a probability measure. o

Problem™* 6.6. Let X be a locally compact metric space. Show that for every
compact set K there is a sequence of relatively compact open sets Op \, K.

Problem* 6.7. Let X be a locally compact metric space. Show that for
every compact set K there is a sequence f, € Co(X) with 0 < f, <1 and
o d XK. (Hint: Urysohn’s lemma.)

Problem 6.8. Show the Lemma[6.0 holds also in case X is a regular Haus-
dorff space. (Hint: Urysohn’s lemma.)

Problem 6.9. A function

1
F(z)::bz—l—a+/ T
R L—Z

du(z),  z€C\R,

with b > 0, a € R and p a finite (nonnegative) measure is called a Herglotz—
Nevanlinna function. It is easy to check that F(z) is analytic (cf. Prob-
lem , satisfies F(2*) = F(z)*, and maps the upper half plane to itself
(unless b =0 and p = 0), that is Im(F(z)) > 0 for Im(z) > 0. In fact, it
can be shown (this is the Herglotz representation theorem) that any function
with these properties is of the above form.

Show that if F,, is a sequence of Herglotz—Nevanlinna functions which
converges pointwise to a function F for z in some set U C C4 which has a
limit point in Co, then F is also a Herglotz—Nevanlinna function and a, — a,
b, — b and pn, — p weakly. (Hint: Note that you can get a bound on pn,(R)
by considering F,(i). Now use Helly’s selection theorem (Lemma will
do) and note that by the identity theorem the limit is uniquely determined
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by the values of F on U. Finally recall that vague convergence of measures
is just weak-x convergence on Co(R)* and use that (in a topological space)
if every subsequence has a further subsequence which converges to the same
limit, then the sequence also converges to this limit (cf. Lemma from
[25].)






Chapter 7

Sobolev spaces

7.1. Warmup: Differentiable and Holder continuous
functions

Given U C R" the set of all bounded continuous functions Cy,(U) together
with the sup norm

[flloc := sup | f(z) (7.1)
zelU

is a Banach space (cf. Corollary from [25]). The space of continuous
functions with compact support C.(U) C Cy(U) is in general not dense and
its closure will be denoted by Co(U). If U is open Cy(U) can be interpreted
as the functions in Cp(U) which vanish at the boundary

Co(U) :={feC(U)|Ve >0,3K CU compact : |f(z)] <e, x € U\ K}.
(7.2)
Of course R™ could be replaced by any topological space up to this point.
Moreover, for U open the above norm can be augmented to handle dif-
ferentiable functions by considering the space CZ}(U ) of all continuously dif-
ferentiable functions for which the following norm

too = [ fllso + D 10f s (7.3)

Jj=1

I/

is finite, where 0; = % Note that ||0; f|| for one j (or all j) is not sufficient
as it is only a seminorm (it vanishes for every constant function). However,
since the sum of seminorms is again a seminorm (Problem the above
expression defines indeed a norm. It is also not hard to see that C}(U) is
complete. In fact, let f™ be a Cauchy sequence, then f™(z) converges uni-
formly to some continuous function f(x) and the same is true for the partial

181
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derivatives 0; f™(x) — g;j(x). Moreover, since f™(z) = f"(¢c,x2,...,2n) +
fczl O fm(t,xa, ..., xn)dt — f(x) = fle,xe, ... 2pn) + fcxl g1(t,za, ..., xy,)dt
we obtain 01 f(z) = g1(x). The remaining derivatives follow analogously and
thus f™ — f in C}(U).

To extend this approach to higher derivatives let C*(U) be the set of all

complex-valued functions which have continuous partial derivatives of order
up to k. For f € CK(U) and o € NP we set

olelf

« Qp )’
61‘11 "'8.%’71”

for |a| < k. In this context a € Nj is called a multi-index and |«| is called
its order. Also recall that by the classical theorem of Schwarz the order in
which these derivatives are performed is irrelevant. With this notation the
above considerations can be easily generalized to higher order derivatives:

Oaf = la] == a1 + -+ ap, (7.4)

Theorem 7.1. Let U C R" be open. The space Ci(U) of all functions whose
partial derivatives up to order k are bounded and continuous form a Banach
space with norm

1f koo =Y sup |0af()]- (7.5)

o<k zelU

An important subspace is C§ (U) which we define as the closure of C¥(U):
CK(U) == Ck(U). (7.6)

Note that the space CF(U) could be further refined by requiring the highest
derivatives to be Holder continuous. Recall that a function f : U — C is
called uniformly Holder continuous with exponent « € (0, 1] if

[f]7 = sup M (77)

etyey T —y[?

is finite. Clearly, any Holder continuous function is uniformly continuous
and, in the special case v = 1, we obtain the Lipschitz continuous func-
tions. Note that for v = 0 the Holder condition boils down to boundedness
and also the case v > 1 is not very interesting (Problem (7.2)).

Example 7.1. By the mean value theorem every function f € C}(U) is Lip-
schitz continuous with [f]y < ||V f]lec, Where Vf = (01 f,...,0,f) denotes
the gradient. o
Example 7.2. The prototypical example of a Hoélder continuous function
is of course f(z) = 27 on [0,00) with v € (0,1]. In fact, without loss of
generality we can assume 0 <z <y and set t = & € [0,1). Then we have

y? — a7 17 1—-1
< =
(y—z)y = (=)~ 1t

1.



7.1. Warmup: Differentiable and Holder continuous functions 183

From this one easily gets further examples since the composition of two
Holder continuous functions is again Holder continuous (the exponent being
the product). o

It is easy to verify that this is a seminorm and that the corresponding
space is complete.

Theorem 7.2. Let U C R"™ be open. The space Cém(U) of all functions
whose partial derivatives up to order k are bounded and Holder continuous
with exponent v € (0, 1] form a Banach space with norm

£ llkrvo0 = fllkoo + D [0atly- (7.8)

la|=k

As before, observe that the closure of CE(U) is Cy(U) := CF'(U) n
CE(U). Moreover, as also already noted before, in the case v = 0 we get a
norm which is equivalent to || f||,00 and we will set Cf’O(U) == CF(U) for
notational convenience later on.

Note that by the mean value theorem all derivatives up to order lower
than k£ are automatically Lipschitz continuous if U is convex.

Example 7.3. So while locally, differentiability is stronger than Lipschitz
continuity, globally the situation depends on the domain: The sign function
is in C}(R\ {0}) but it is not in C’l?’l(]R \ {0}). In fact it is not even uni-
formly continuous. Also observe that the fact that its derivative is Lipschitz
continuous on R \ {0} does not help. o

Moreover, every Hélder continuous function is uniformly continuous and
hence has a unique extension to the closure U (cf. Theorem from [25]).
In this sense, the spaces Cl? 7(U) and Cl? 7(U) are naturally isomorphic.
Consequently, we can also understand C’f 7(U) in this fashion since for a
function from C’: (U) all derivatives have a continuous extension to U. For
a function in CF(U) this will not work in general and hence we define C¥(U)
as the functions from CF(U) for which all derivatives have a continuous
extensions to U. Note that with this definition Cff(U) is still a Banach space
(since Cy(U) is a closed subspace of C,(U)). Finally, since Holder continuous
functions on a bounded domain are automatically bounded, we can drop the
subscript b in this situation.

Theorem 7.3. Suppose U C R"™ is bounded. Then C*72(U) C CO"(U) C
C(U) for 0 <1 < ~y2 <1 with the embeddings being compact.

Proof. That we have continuous embeddings follows since |x — y|™™" =
|z — y| 72 t02=m) < (2r)2 M|z — y|72 if U C B,(0). Moreover, that
the embedding C%"(U) C C(U) is compact follows from the Arzela—Ascoli
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theorem (Theorem from [25]). To see the remaining claim let f,, be a
bounded sequence in C%72(U), explicitly || finlloo < C and [fm], < C. Hence
by the Arzela—Ascoli theorem we can assume that f,, converges uniformly to
some f € C(U). Moreover, taking the limit in |f,(z) — fi(y)| < Clz — y|??
we see that we even have f € C%72(U). To see that f is the limit of f,, in
Co1(U) we need to show [gm],, — 0, where g, := f, — f. Now observe

that
[g ] < sup ‘gm(-f) — gm(y>| + sup |gm(l‘) — gm(y)\
m -
B rAY€EU:|z—y|>e |z —y[m a#yeU:|lz—y|<e lz —y/n

< 2[|gmlloos ™ + (g2 < 2l gmlloos™ ™ + 20727,

implying imsup,,, o [gm]y; < 2C€777 and since € > 0 is arbitrary this
establishes the claim. O

As pointed out in the example before, the embedding C(U) C Cg 1)
is continuous and combining this with the previous result immediately gives

Corollary 7.4. Suppose U C R" is bounded, ki, ks € Np, and 0 < 1,72 < 1.
Then C*272(T) C CF 7 (T) for ki 41 < ko + 2 with the embeddings being
compact if the inequality is strict.

Note that in all the above spaces we could replace complex-valued by
C™-valued functions.

Problem 7.1. Show
Ci(U) = C=(U) = {f € Cy(U)|0°f € Co(U), 0 < |a| < K}
(Hint: Use mollification and observe that derivatives come for free from

Lemma[3.20)

Problem 7.2. Let U C R" be open. Suppose f : U — C is Hélder continuous
with exponent v > 1. Show that f is constant on every connected component

of U.

Problem* 7.3. Suppose X is a vector space and |||, 1 < j < m, is a finite
family of seminorms. Show that ||lz|| == >, ||lzll; is a seminorm. It is a
norm if and only if |z||; = 0 for all j implies x = 0.

Problem* 7.4. Let U C R™. Show that Cy(U) is a Banach space when

equipped with the sup norm. Show that C.(U) = Co(U). (Hint: The function
me(z) = sign(z) max(0, |z| — e) € C(C) might be useful.)

Problem 7.5. Let U C R". Show that the product of two bounded Holder
continuous functions is again Hélder continuous with

[F9ly < 1 fllsclgly + [f]5 119l o
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Problem 7.6. Let ¢ € L'(R") and f € C;"'(R"). Show
[ % fly < l1ll1[f]5-

7.2. Basic properties

Throughout this chapter U € R™ will be nonempty and open and we will
use the notation V' CC U if V is a relatively compact set with V' C U.

Our aim is to extend the Lebesgue spaces to include derivatives. To
this end, for a locally integrable function f € Llloc(U ), a locally integrable
function h € L} (U) satisfying

loc

/so(w)h(fb’)d"w: (—1)'a/(8as0)($)f(x)d"w7 Vo e C(U), (7.9
U U

is called the weak derivative or the derivative in the sense of distributions of
f. Note that by Lemma [3.23]such a function is unique if it exists. Moreover,
if f € C*(U) then integration by parts shows that the weak derivative
coincides with the usual derivative. Also note that the order in which the
partial derivatives are taken is irrelevant for ¢ (by the classical theorem
of Schwarz) and hence the same is true for weak derivatives. This is no
contradiction to the classical counterexamples for the theorem of Schwarz
since weak derivatives are only defined up to equivalence a.e.

Example 7.4. Consider f(z) := #?sin(%) on U := (—1,1) (here f(0) := 0).
Then it is straightforward to verify that

() = 2x sin(;—Q) — 2% cos(%), x #0,
0, x =0,

that is, f is everywhere differentiable on U. Of course f is weakly differ-
entiable on (—1,0) as well as on (0,1) implying that the weak derivative of
f on U must equal f’' (consider test functions ¢ supported away from 0).
However, one can check that f’ is not integrable (Problem and hence f
is not weakly differentiable. o
Example 7.5. Consider U := R. If f(z) := |z|, then df(z) = sign(x) as a
weak derivative. If we try to take a second derivative we are lead to

/ (@) h(x)de = — / o/ (2) sign(z)dz = 20(0)
R R

and it is easy to see that no locally integrable function can satisfy this re-
quirement. o

Example 7.6. In fact, in one dimension the class of weakly differentiable
functions can be identified with the class of antiderivatives of integrable
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functions, that is, the class of absolutely continuous functions

ACla ) = {f(2) = f(@) + [ " h(y)dylh € L' (a,b)},

where a < b are some real numbers. It is easy to see that every absolutely
continuous function is in particular continuous, ACfa,b] C C|a, b]. Moreover,
using Lebesgue’s differentiation theorem one can show that an absolutely
continuous function is differentiable a.e. with f’(x) = h(x) (and hence h is
uniquely defined a.e.). We refer to Section for further details.

If f,g € ACJa,b], we have the integration by parts formula , which
shows that every absolutely continuous function has a weak derivative which
equals the a.e. derivative. In fact, with a little more effort one can show
(Problem that the converse is also true, that is, W'!(a,b) = AC[a, b]
and WP (a,b) = {f € AC[a,b]|f" € LP(a,b)}. Consequently W¥!(a,b) =
{f € C*a,b]|f*~V) € AC[a,b]} and WFP(a,b) = {f € C*1[a,b]|f*+Y) €
ACla,b], f*) € LP(a,b)}. o
Example 7.7. One can verify (Problem that f(x) := |z|77 is weakly
differentiable for v < %. Hence in higher dimensions weakly differentiable
functions might not be continuous. o

Now we can define the Sobolev space W*P(U) as the set of all functions
in LP(U) which have weak derivatives up to order k in LP(U). Clearly
WHP(U) is a linear space since f,g € WEP(U) implies af + bg € WHP(U)
for a,b € C and Jy(af + bg) = a0 f + b0y for all || < k. Moreover, for
f € WkP(U) we define its norm

1/p
Ouflb , 1 <p<oo,
I fllkp == <Z|a|§k | f”p) >p (7.10)
max|q|<k [0 flloo, p = 00.

We will also use the gradient Vu = (0u,...,0,u) and by ||Vu|, we will
always mean |||Vul||,, where |Vu| denotes the Euclidean norm.

It is easy to check that with this definition W*? becomes a normed linear
space. Of course for p = 2 we have a corresponding scalar product

<fa g>W’“12 = Z <8afa aozg>L2 (7'11)

|a|<k

and one reserves the special notation H*(U) := W*2(U) for this case. Sim-
ilarly we define local versions of these spaces I/Vl]f)f(U ) as the set of all func-

tions in L] (U) which have weak derivatives up to order k in L} (U).

Theorem 7.5. For each k € Ny, 1 < p < oo the Sobolev space WFEP(U) is
complete, that is, it is a Banach space. It is separable for 1 < p < oo as well
as reflexive and uniformly convex for 1 < p < oo.
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Proof. Let f,, be a Cauchy sequence in W*P. Then 0, fm is a Cauchy
sequence in LP for every |a| < k. Consequently Oy fr, — fo in LP. Moreover,
letting m — oo in

n. _ 1 n. _ 1 1\ n
/Uwfad z n}gnoo/UsO(@afm)d z = lim (-1) /U(f?aso)fmd x

m—ro0

— (1)l /U @up)fod™z, € C2(U),

shows fo € WFP with 0, fo = fa for |a| < k. By construction f,, — fo in
WP which implies that W*P is complete.

Concerning the last claim note that W#?(U) can be regarded as a sub-
space of @m o|<k LP(U) which has the claimed properties by Lem
and Theorem (see also the remark after the proof), Corollary (cf.
also Problem from [25]). O

As a consequence of the proof we record:

Corollary 7.6. Fiz some multi-index . Let f,, € LP(U) be a sequence such
that O fn, € LP(U) exists. Then fn, — f, Oafn — g in LP(U) implies that
Onf = g exists.

Of course we have the natural embedding W*P(U) — LP(U) and if
V C U is nonempty and open, then f € WkP(U) implies f|y, € WkP(V)
(since C°(V) C CX(U)). Sometimes it is also useful to look at functions
with values in C" in which case we define W*P(U, C") as the corresponding
direct sum.

Regarding W*P(U) as a subspace of @D, ja1<x L7 (U) also provides infor-
mation on its dual space. Indeed, if M C X is a closed subset of a Banach
space X, then every linear functional on X gives rise to a linear functional
on M by restricting its domain. Clearly two functionals give rise to the same
restriction if their difference vanishes on M. Conversely, any functional on
M can be extended to a functional on X by Hahn—-Banach and thus any ele-
ment from M* arises in this way. Hence we have M* = X*/M~, where M+
denotes the annihilator of a subspace, that is, the set of all linear functionals
which vanish on the subspace (cf. also Theorem from [25]). Concerning
the norm of a functional, note that when extending a functional from M
to X, the norm can only increase. Moreover, the extension obtained from
Hahn—Banach preserves the norm and hence the norm is given by taking the
minimum over all extensions. In a strictly convex space the functional where
the norm is attained is even unique (cf. Problem from [25]). Applied to
WHP(U) this gives

WkP(U)* = <@W<k LP(U)*> JWHEP(U)E, ; ;— 1, (712
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and for 1 < p < oo, such that LP(U)* = LY(U), we even get:

Lemma 7.7. For 1 < p < oo, every linear functional £ € W*P(U)* can be
represented as

(f) = o(7) (O f)(x)d" 2, (7.13)
2 ke

with some functions g, € L1(U), |a| < k. Moreover,

1]l = min{llgllg, . ., L2w)|9a as in ([7-13)}, (7.14)

where the minimizer is unique if 1 < p < oo.

In the case p = 2 the Rieszﬂ representation theorem (for the dual of a
Hilbert space; Theorem from [25]) tells us that the unique minimizer is
given by some g € H*(U) such that g, = ag. As another consequence note
that a sequence converges weakly in W*P(U) if and only if all derivatives
converge weakly in LP(U).

Example 7.8. Consider W'P(0,1), then functions in this space are abso-
lutely continuous and one can consider the linear functional

lyo (f) = f(z0)

for given x € [0, 1]. Defining

1 cosh(1 — zg) cosh(z), =z < xo,
4o (@) : { (1~ o) cosh(x) 0

~ sinh(1) | cosh(1 — ) cosh(zg), = > o,

one verifies

1 1
Lo (f) = /0 o () (2)d + /0 o, (@) ' (@)de.

This representation is however not unique! To this end, note that for any
h e W,0,1]

1 1
() = [ W@ @+ [ b e)de = b1 £0) = hO1©) =0
represents the zero functional. In fact, any representation of the zero func-
tional is of this form (show this).

Moreover, note that

[f (@)l < llgaollwrall Fllwre

Since we have ||gz,||co = guo (%0), which attains its maximum at the boundary
points, we infer

HfHoo < COth(l)HfHWl,p.

1Frigyes Riesz (1880-1956), Hungarian mathematician


http://en.wikipedia.org/wiki/Frigyes Riesz
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In particular, we have a continuous embedding W1?(0,1) < C[0, 1]. More-
over, for 1 < p < oo, there is even a continuous embedding into the space of
Holder continuous functions W1P(0,1) < C%7[0, 1] with exponent 7y := 1—%

(Problem [4.32)). o

Since functions from WP might not even be continuous, it will be con-
venient to know that they still can be well approximated by nice functions.
To this end we next show that smooth functions are dense in W*P. A first
naive approach would be to extend f € WFP(U) to all of R™ by setting it
0 outside U and consider f. := ¢. * f, where ¢ is the standard FriedrichsEl’
mollifier. The problem with this approach is that we generically create a
nondifferentiable singularity at the boundary and hence this only works as
long as we stay away from the boundary.

Lemma 7.8 (Friedrichs). Let f € WEP(U) and set f. := ¢. * f, where ¢ is
the standard mollifier. Then for every g > 0 we have fo — f in W*P(U,,)
if 1 < p < oo, where Us := {z € U|dist(x,R"\ U) > e}. If p= 0o we have
Oafe = Oaf a.e. for all |a| < k.

Proof. Just observe that all derivatives converge in LP for 1 < p < oo since
Oafe = (Oate) * [ = ¢ * (Onf). Here the first equality is Lemma (i)
and the second equality only holds (by definition of the weak derivative) on
Ue since in this case supp(¢-(z —.)) = B:(z) C U. So if we fix g9 > 0, then
fo- — f in WkP(U,,). In the case p = oo the claim follows since L C L}

loc = “loc
after passing to a subsequence. That selecting a subsequence is superfluous
follows from Problem [3.32] O

Note that, by Lemmal7.15] if f € W (U) then 0, f is locally Lipschitzﬂ
continuous for all |o| < k — 1. Hence 0y f: — 0o f locally uniformly for all
lo] <k —1.

So in particular, we get convergence in W*P(U) if f has compact support.
To adapt this approach to work on all of U we will use a partition of unity.

Theorem 7.9 (Meyerﬂ—Serrinﬁ). Let U C R"™ be open and 1 < p < oo.
Then C®(U)NWHP(U) is dense in WEP(U).

Proof. The idea is to use a partition of unity to decompose f into pieces
which are supported on layers close to the boundary and decrease the molli-
fication parameter € as we get closer to the boundary. To this end we start
with the sets U; = {z € U|dist(z,R" \ U) > %} and we set U; := () for

2Kurt Otto Friedrichs (1901-1982), German American mathematician
3Rudolf Lipschitz (1832-1903), German mathematician

4Norman George Meyers (*¥1930), American mathematician

5James Serrin (1926-2012), American mathematician


http://en.wikipedia.org/wiki/Kurt Otto Friedrichs
http://en.wikipedia.org/wiki/Rudolf Lipschitz
http://en.wikipedia.org/wiki/James Serrin
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7 < 0. Now consider @ i= ¢¢, * Xv;, where V; := Uj;1 \ Uj_1 and ¢; chosen
sufficiently small such that supp(¢;) C Uj42 \ Uj—2. Since the sets V; cover
U, the function ¢ := j (; is positive on U and since for € V}, only terms
with [j — k| < 2 contribute, we also have ¢ € C°°(U). Hence considering
G = (/¢ € C2(U) we have 37, ¢ = 1.

Now let f € W*P(U) be given and fix § > 0. By the previous lemma
we can choose g; > 0 sufficiently small such that f; := ¢., * (¢;f) has still
support inside Ujyo \ Uj_2 and satisfies

1 = G fllwn < 5oer
Then f5s =3, f; € C*(U) since again only terms with [j—k| < 2 contribute.
Moreover, for every set V' CC U we have

15 = Fllwreqry = 1D (F = GHllwroery < D IF5 = Gfllwrapry <6
J J

and letting V' 7 U we get fs € WEP(U) as well as || f5 — f||Wk,p(U) <é. O

Historically this theorem had a significant impact since it showed that
the two competing ways of defining Sobolev spaces, namely as the set of
functions which have weak derivatives in LP on one side and the closure of
smooth functions with respect to the W*P? norm on the other side, actually
agree.

Example 7.9. The example f(z) := || € W1°°(—1,1) shows that the the-
orem fails in the case p = oo since f’(x) = sign(z) cannot be approximated
uniformly by smooth functions. o

For LP we know that smooth functions with compact support are dense.
This is no longer true in general for W*? since convergence of derivatives
enforces that the vanishing of boundary values is preserved in the limit.
However, making this precise requires some additional effort. So for now we
will just give the closure of C°(U) in W*P(U) a special name Wg’p(U) as
well as H}(U) := W§’2(U). It is easy to see that C*(U) C Wf’p(U) for every
1 < p < ooand WHP(U) € WEP(U) for every 1 < p < oo (mollify to get
a sequence in C2°(U) which converges in W*P(U)). In the case p = oo we
have Wéﬂ (U) C CK(U) (with equality for nice domains, see Problem .
Moreover, note

Lemma 7.10. We have Wg’p(R”) = WHkPR™) for 1 <p < co.

Proof. We choose some cutoff function ¢, € C°(R"™), such that (p,(z) =1
for |z| < m, (n(x) =0 for |z| > m+ 1, and ||0aGmllcc < Cq. For example,
choose a function h € C*°(R) such h(z) =1 for x <0, h(zx) =0 for z > 1
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and let (,(z) := h(|Jz| —m). Now note that for f € LP(R™) dominated
convergence implies ¢, f — f in LP and (04(m)f — 0 in LP for |af > 1.

Fix f € W*P(R") and consider fn, := fCn € WEP(R"). Then using
Leibniz rule we see that 0, fr, — 0o f in LP(R™) for |a| < k and hence f,,, — f
in WkP(R™). Thus Whr (R™) is dense in W"P(R") and by mollification
C>®(R™) is dense in W*P(R™). O

Next we collect some basic properties of weak derivatives.

Lemma 7.11. Let U C R" be open and 1 < p < o0.

(i) The operator 8, : WFP(U) — WHlel»(U) is a bounded linear map
and 0g0af = 0a0sf = Oaspf for f € WkP and all multi-indices
a, B with |af + 8] < k.

(ii) We have

/ 9(Oaf)d = (~1)l°! / (Oag)fd"z, g€ W), | e WHH (),
U U

(7.15)
for all |a| <k, %—i—%:l.
(ili) Suppose f € WIP(U) and g € WH4(U) with 1 := %4—% < 1. Then
f-g€ WL (U) and we have the product rule
9i(f-9)=(9f)g+ f(0j9), 1<j<n. (7.16)

The same claim holds with ¢ = p = r if f € WLP(U) N L>®(U).

(iv) Suppose n € CH(R™) has bounded derivatives and satisfies n(0) =
0 if |U| = oo. Then the map f — no f is a continuous map
WLP(U,R™) — WIP(U) and we have the chain rule d;(no f) =
> kO (f)0j fr. If n(0) = 0, then composition with n will also
map Wyt (U, R™) — WP (U).

(v) Let ¢ : U =V be a C diffeomorphism such that both ¢ and ¢~}
have bounded derivatives. Then we have a bijective bounded linear
map WIP(V) — WLP(U), f+ f o and we have the change of
variables formula 0;(f o) = > (0kf)(¥)0;¢y.

(vi) Let U be connected and suppose f € WLP(U) satisfies 9;f = 0 for
1< j5<n. Then f is constant.

Proof. (i) Problem [7.13]
(ii) Take limits in (7.9) using Holder’s inequality. If g € Wk “4U) only
the case ¢ = 0o is of interest which follows from dominated convergence.

(iii) First of all note that if ¢, o € C°(U), then ¢pp € C°(U) and hence
using the ordinary product rule for smooth functions and rearranging (7.9))
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with ¢ — ¢ shows ¢f € WeP(U). Hence (7.15) with g — g € Wa? shows

/ of (Ojp)d"z = — / (0 )9 + F(D;9)) o™,
U U

that is, the weak derivatives of f - g are given by the product rule and that
they are in L"(U) follows from the generalized Hélder inequality (3.19)).

(iv) Since the claim is trivially true for constant 7, we can subtract 1(0)
and can assume 7(0) = 0 without loss of generality. Moreover, by assumption
|Vn| < L and hence we have |n(z) — n(y)| < L|z — y| by the mean value
theorem. Hence we see |[[no f —nog|, < L||f — gl which shows that
composition with 7 is a continuous map LP(U,R"™) — LP(U). Also note that
the proposed derivative will be in LP(U) provided f € W1P(U R").

Now suppose f, — f in WYP(U, R™) for some V C U. Then

ICVn)(f) - 9if = (V) (fn) - O fullLe < LI|Ojf = OjfnllLe
+ V() = (V) (fa)) - 05 f |l e,

where the first norm tends to zero by assumption and the second by dom-
inated convergence after passing to a subsequence which converges a.e. at
least for 1 < p < oo. In the case p = oo this holds since V7 is uniformly
continuous on bounded sets.

Now for p < oo we can choose f, to be smooth (by Theorem . In
this case the derivative of n o f,, can be computed using the chain rule and
the above argument shows that this formula remains true in the limit, that
is, the proposed derivative is indeed the weak derivative. Since W*(U) C
I/Vllocl(U ) this also covers the case p = 0o by restricting to bounded sets.

Finally, the above argument also shows that if f, — f in WHP(U, R")
then every subsequence f,; has another subsequence f,; for which no fy,,, —
no fin WHP(U). This implies that no f, — no f.

For the last claim observe that composition with 7 maps C}(U,R") C
VVO1 P(UR") — CLU) C VVO1 P(U) and hence the claim follows by density of
these subspaces.

(v) If Jy denotes the Jacobi determinant, then using |Jy| > C the change
of variables formula implies

1 1
[1roupas < [ Ifovrinae =g [ 1fray,
U U \%

which shows that composition with 1 is a homeomorphism between LP(U)
and LP(V) for 1 < p < oo. In the case p = oo we have ||f o ¥|lco = || [l
and the claim is also true. To compute the weak derivative recall LP C Llloc'

Now let ¢. be the standard mollifier and consider f. := ¢. * f. Then, using
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this fact, one computes

Lrovoeas=tm [ (1.0v) 00
=i [ 2Ok 00N Orpd's

= [ St@new@me .
k

This establishes the claim.
(vi) This is just a reformulation of Lemma O

Of course item (iv) can be applied to complex-valued functions upon
observing that taking real and imaginary parts is a bounded (real) linear
map WLP(U) — WIP(U,R?), f ~ (Re(f),Im(f)). However, the important
case of taking absolute values is not covered by (iv).

Lemma 7.12. For f € WhP(U), 1 < p < oo, we have |f| € WIP(U) with
0,11 () = { ) g Re(f(x)) + B9, Tn(f(2)),  f() £ 0,
0 f(z) =0,

(x)’ < |0;f(x)]. For1l < p < oo this map is continuous

(7.17)

In particular,
on WHP(U).
Furthermore, if f is real-valued we also have f+ := max(0, £f) € WHP(U)
with
9if(x),  flx) >0,
0jlf|(x) = { =0if (=), [f(x) <0,

0, else.

+0;f(x), £f(x)>0,
0, else,

O fe(z) = {

Moreover, if f € WoP(U), then |f| € WyP(U) for 1 < p < co.

Proof. In order to reduce it to (iv) from the previous lemma we will take
f1 = Re(f), fo := Im(f) and approximate the absolute value of f by

ne(f1, f2) with na(z,y) = /22 + 4% + €2 —e.

We start by noting that ||Vn:|lcc < 1 and hence we can apply the chain
rule (Lemma (iv)) with n. to see

U

~— [ et S

|f (@) + 52
Letting € — 0 (using dominated convergence) shows
f1(2)0; f1(z) + fo(2)0; folx _ 8 Jd"z
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(with the expression for the derivative understood as being 0 if f(x) = 0)
and establishes the first part. The estimate for the derivative follows from
Re(z1)Re(z2) + Im(z1)Im(22) = |21]|22| cos(arg(z2/21)) for z1, 22 € C.

_ f@+f()
2

The second part follows from fi(x) and linearity of the

weak derivative.

Moreover, using Vf = Vfi — Vf_ shows that Vf = 0 for a.e. x with
f(x) = 0. Hence if we have a sequence f,, — f in WHP(U) we can choose a
subsequence such that both f and V f converge pointwise a.e. Then, by the
above formulas and the preceding remark, the same is true for | f| and V|f|.
Thus dominated convergence shows |f,| — |f| in WHP(U) for 1 < p < co.

The claim for f € Wol’p(U) follows since if f € WaP(U) then |f| €
W2AP(U) and the claim follows by density. O

As byproduct of the proof we note:

Corollary 7.13. For every m € R and every f € WYP(U) we have Vf =0
for a.e. x with f(z) = m.

Of course this implies that item (iv) from Lemma continues to hold
if  is only piecewise C'! with bounded derivative. To see this observe that by
linearity it suffices to consider the case where 1 has only one kink. But then
n can be written as the sum of a C! function and a multiple of a translated
absolute value.

Example 7.10. The example f.(z) := 2 — e € WH(—1,1) shows that
taking absolute values is not continuous in W1>°(—1,1) since |f.|'(z) =
sign(x — €) does not converge uniformly to |fo|’(z) = sign(z). o

Finally we look at situations where it is not a priori known that the
function has a weak derivative. We will offer two variants. The first variant
(ii) shows that an estimate on T, f — f is sufficient, where T, f(z) := f(x —a)
is the translation operator from (3.21). Note that the estimate (i) below
should be thought of as an estimate for the difference quotient

Dif = %E_f (7.18)

in the direction of the j'th coordinate axis. Our second variant employs
duality and requires that the integral in (iii) below gives rise to a bounded
functional. Both characterizations fail in the case p = 1.

Lemma 7.14. For f € LP(U) consider
() f € W (U) with [V 1], < C.
(ii) There exists a constant C' such that

|Taf = fllzeey < Clal (7.19)
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for every V.CC U and all a € R™ with |a| < dist(V,0U).

(iii) There ezists a constant C' with

’/ f(Vy)d'z
U
where p' is the dual index, % + 1% =1.

Then we have (i) = (ii) < (iii) for 1 < p < oo and (i) < (it) < (i) for
1<p<oo.

<Clglly,  »€CZU), (7.20)

Proof. (i) = (ii): By Theorem [7.9 we can assume that f is smooth without
loss of generality and hence

1
|ﬂx—@—f@ﬂ§hyA\Vﬂx—uMﬁ

from which the case p = oo is immediate. In the case 1 < p < oo we integrate
this inequality over V' and employ Jensen’s inequality to obtain

1
77 = iy < b [ | [ 19560 = el

p
d"x

1
§|a|p// Vi(x — ta)Pdtd'
VvV Jo

1
p —ta\lPan P P
<l [ Vi@ = taPd i< P91,
(ii) = (iii): Fix ¢ and choose some V CC U with supp(y) C V. Using
[ @t = peds = [ 1@ 0p- )
U U
for |a| < dist(V,0U) we obtain from (ii)

[ 1@ o= os =| [ @ - poaa
U \%4

< Clalllllp-

Choosing a = €67 and taking ¢ — 0 we get

‘/U f(Ojp)d"x

which implies (iii) with C replaced by /nC.

(ili) = (i) for p # 1: Item (iii) implies that £;(¢) := [;; f(dj¢)d"x is a
densely defined bounded linear functional on ¥ (U/). Hence by Theorem
there is some g; € LP(U) (with ||g;]|, < C) such that £;(¢) = — [;; gjed™z,
that is 0, f = gj.

This establishes the lemma in the case p # 1. The direction (iii) = (ii)
without the assumption p # 1 is left as an exercise (Problem . U

< Cllelly
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Example 7.11. Consider f(z) = sign(z) on U = R. We already know from
Examplethat f does not have a weak derivative. However, items (ii) and
(iii) hold with C = 2.

The problem in the case p = 1 is that, by the Riesz—Markov representa-
tion theorem (Theorem [6.10)), every bounded linear functional on Co(U) is
given by a complex measure. Hence in this case the weak derivatives of f
are in general complex measures rather than functions, that is, there exist
Borel measures p; such that

[ HO)aa == [ gdus(a).
U U
The optimal constant in (iii)

Vu(f) == sup
PeCE(U),llplleo<1

(7.21)

/U F(Vo)d'a

is known as the total variation of f. It is a semi-norm since Vi (f) = 0
if and only if f is constant on every connected component by Lemma [3.24]
Accordingly the class of functions satisfying (ii) or (iii),

BV(U) := {f € LY(U)|Vy(f) < o0}, (7.22)

is known as the functions of bounded variation. In terms of the measures
W it is given by

n

Vu(£)? = |usl(U)2

=1

In the case p = 0o we can also characterize W as follows:

Lemma 7.15. We have C’I?’l(U) C Wo(U) with the embedding being con-
tinuous. Conversely, if U is convex then we have equality and the embedding
is a homeomorphism.

Proof. If f € C’l?’l(U), then Lemmaimplies f € WH® with |V flle <
[/l

Conversely, let f € Wh(U) and f. = ¢. * f with ¢ the standard
mollifier. Then by the mean value theorem

[fe(@) = Fe)] < IV fellool =y < IV Fllool = wl,

where the last inequality holds for ¢ sufficiently small. In fact, note that
for ¢ < dist(z,0U) we have 0;f-(z) = (¢ * 0;f)(x) and the claim follows
from Young’s inequality . Now if x,y are Lebesgue points of f (cf.
Lemma , then we can take the limit € — 0 to conclude

If(x) = fW)| < IVFfllsolz —y|  ae. z,yelU.
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In particular, f is uniformly continuous on a dense subset and hence has a
(Lipschitz) continuous extension to all of U. O

Problem 7.7. Consider f(z) := /z, U := (0,1). Compute the weak deriv-
ative. For which p is f € WHP(U)?
Problem 7.8. Show that the derivative of the function from Ezample[7.4) is

not integrable.

Problem 7.9. Consider the Hilbert space H'(0,1). Compute the orthogonal
complement of the following subspaces:
1

a) Hy(0,1) b)) {f € H'(0,1)] 5 f(x)dz = 0}
Problem* 7.10. Show that f is weakly differentiable in the interval (a,b)
if and only if f(x) = f(c)+ [ h(t)dt is absolutely continuous and f' = h in
this case. (Hint: Lemma[7.11] (vi).)
Problem* 7.11. Consider U := B1(0) C R" and f(z) = f(|z|) with f €
CY(0,1]. Then f € W,SP(B1(0) \ {0}) and

9if(z) = (Ix!)ﬁ
Show that if limsup, _, U f(r)| < oo, then f € WP(B1(0)) if and only
if fif" € LP((0,1),r""1dr).

Conclude that for f(z) = |z|™7, v > 0, we have f € WHP(B1(0)) with

0;f(x) = -2

‘x"7+2

provided v < %. (Hint: Use integration by parts on a domain which ex-
cludes B:(0) and let ¢ — 0.)

Problem* 7.12. Show that for ¢ € C°(R™) we have

1 x
»(0) =—— — - Vp(x)d"x.
O)=-5 | o5 Ve
Hence thz’s weak dem’vative cannot be interpreted as a function. (Hint: Start
with (0 — > (Lo(rw))dr = — IS Veo(rw) - wdr and integrate with

respect to w over the umt sphere S"71; ¢f. Lemma|(2.18 )
Problem* 7.13. Show Lemma[7.1]] ().

Problem* 7.14. Suppose f € WFkP(U) and h € CF(U). Then h- f €
WHP(U) and we have Leibniz’ rule

dalh- 1) =3 (%) (@5h)(Da-s 1), (7.23)
;@ g g

where (g) = Wlﬁ)” al = HTzl(aj!), and f < a means B; < aj for
I1<j<m.
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Problem 7.15. Let 1) : U — V be a C* diffeomorphism such that all deriva-
tives of both v and =" are bounded. Then we have a bijective bounded liner
map WFP(V) — WHEP(U), f s forp.

Problem 7.16. Suppose for each x € U there is an open neighborhood
V(z) C U such that f € WkP(V(x)). Then f € VV;Z?(U) Moreover, if
[ fllwerqy < C for every V.CC U, then f € WhP(U).

Problem 7.17. Suppose 1 < p < oco. Show that if f, € WLP(U) is a
sequence such that f, — f in LP and ||Vf.l, < C, then f € WHP(U).
(Hint: Since LP(U) is the dual of the separable Banach space LY (U) with

%4—% =1, we can extract a weak-* convergent subsequence from any bounded

sequence (Lemmal[{.36 from [25]).)

Problem 7.18. Establish the direction (iii) = (ii) in Lemma for arbi-
trary 1 < p < oo. (Hint: Problem )

Problem 7.19. Show that W*»(U)NW34(U) (with 1 < p,q < 00, j,k € Ng)
together with the norm || f|lweeoawia := || fllwrs 4 fllwia is @ Banach space.

Problem 7.20 (Radial Sobolev spaces). Consider B := Br(0) C R”
(with the case R = oo allowed). Show that the subset Wr’;’g(B) of radial
functions from W*P(B) is closed.

For a radial function f define f via f(z) = f(r), where r = |z|. Show
that if f € era’g(B) then f € WYP((0, R),r"tdr) with the embedding being
continuous and the derivative given by

~ n €T
P = Ben@,  r=lal
j=1
Here WYP((0, R), v Ldr) is the set of all functions f € AC(0, R) for which
f.f" € LP((0, R),r"~tdr).

7.3. Extension and trace operators

To proceed further we will need to be able to extend a given function beyond
its original domain U. As already pointed out before, simply setting it
equal to zero on R™ \ U will in general create a nondifferentiable singularity
along the boundary. Moreover, considering U = (—1,0) U (0,1) we have
f(x) := sign(x) € WHP(U) but it is not possible to extend f to R such that
the extension is in W1P(R).

Of course such problems do not arise if f € I/VO1 P (_U) since we can simply
extend f to a function on f € WP(R") by setting f(z) =0 for z € R*\ U

(Problem [7.21]).
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We will say that a domain U C R"™ has the extension property if for
all 1 < p < oo there is an extension operator E : W1P(U) — WHP(R") such
that

e [ is bounded, i.e., [|Ef|lwirmr) < Cupllfllwie@y and

* Efly =1
We begin by showing that if the boundary is a hyperplane, we can do the
extension by a simple reflection. To this end consider the reflection x* :=
(z1,...,Zn—1, —y) which is an involution on R™. For a domain U which
is symmetric with respect to reflection, that is, U* = U, write Uy := {x €
Ul + 2z, > 0} and a function f defined on Uy can be extended to U_ U Uy
using

* _— f(.it‘), T € U+,
fr(z) = {f(x*), el (7.24)

Note that f* extends to a continuous function in C'(U) provided f € C(Uy).

Lemma 7.16. Let U C R"™ be symmetric with respect to reflection and 1 <
p < oo. If f € WYP(U,) then the symmetric extension f* € WLP(U)
satisfies || f*[lwe oy = 21/7’HfHW1,p(U+). Moreover,

(8jf)*7 1 S] <n,
sign(en)@nf),  j=n.

Proof. It suffices to compute the weak derivatives. We start with 1 < j <n
and

(9;f%) = { (7.25)

/ [r0jpd"x = foj 7 d"x,

U Uy

where o7 (x) = p(x) + @(x*). Since p* is not compactly supported in U,
we use a cutoff function n.(z) = n(x,/e), where n € C*(R, |0, 1]) satisfies
n(r) = 0 for r < % and n(r) = 1 for r > 1 (e.g., integrate and shift the
standard mollifier to obtain such a function). Then

/ [fojpd "z = lim/ f aj(nscp#)cf% = —lim (3jf)ng<p#d"x
U e—0 U+

e—0 U+
= —/ 0 ) d"e = —/(5jf)*<pd”33
Uy U
for 1 < j < n. For j =n we proceed similarly,

| roweaa= [ rogiaa,
U U,

where ©f(x) = @(x) — @(2*). Note that ©*(z1,...,7,_1,0) = 0 and hence
lo*(x)] < L, on Uy. Using this last estimate we have |(9,7:)¢f| < C and
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hence we obtain as before

[ Foweda=tm [ foutneas =~ tim [ @ P
U e—0 U+ e—0 U+

—— [ @unéas = - [ s 0. eds,
Uy U
which finishes the proof. ([

Corollary 7.17. R"} has the extension property. In fact, any rectangle (not
necessarily bounded) @Q has the extension property.

Proof. Given a rectangle use the above lemma to extend it along every
hyperplane bounding the rectangle. Finally, use a smooth cut-off function
(e.g. mollify the characteristic function of a slightly larger rectangle). (]

While this already covers some interesting domains, note that it fails if
we look for example at the exterior of a rectangle. So our next result shows
(maybe not too surprising), that it is the boundary which will play the crucial
role. To this end we recall that U is said to have a C'' boundary if around
any point 2 € QU we can find a C' diffeomorphism 1 which straightens out
the boundary (cf. Section . As a preparation we note:

Lemma 7.18. Suppose U has a bounded C' boundary. Then there is a finite
number of open sets {U;}7" and corresponding functions ¢; € C*°(R") with
supp((;) C Uj such that Y77, (j(z) =1 for all x € U, Uy C U, {U;}74,
are bounded and cover OU, and for each Uj, 1 < j < m, there is a C!
diffeomorphism 1; : U; — Q;, where Q; is a rectangle which is symmetric
with respect to reflection.

Proof. Since near each x € OU we can straighten out the boundary, there is
a corresponding open neighborhood U, and a C'! diffeomorphism v, : U, —
Qz, where @, is a rectangle which is symmetric with respect to reflection.
Moreover, there is also a corresponding radius r(z) such that Br(x) (x) C Uy.
By compactness of OU there are finitely many points {z; };”:1 such that the
corresponding balls B, )(x;) cover the boundary. Take U; := Uy;. Choose
nonnegative functions {; € C°(U;) such that ¢; > 0 on Br(xj)(xj) (e.g.
mollify the characteristic function of B, )(x;)). Ijet V= U;n:l B2,y ()
and Uy := U. Choose a nonnegative function (5 € C°°(R™) supported
inside U such that 50 > 0 on U\ V and a nonnegative function 5m+1 €
C*°(R") supported on R” \ U such that iy > 0 on R*\ (UUV) (e.g.
again by mollification of the corresponding characteristic functions). Then
¢:= Z;”:ng 5]- € C>®(R™) is positive on R™ and ¢ := Q:]/C are the functions
we are looking for. U
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Now we are ready to show:

Lemma 7.19. Suppose U has a bounded C' boundary, then U has the ex-
tension property. Moreover, the extension of a continuous function can be
chosen continuous and if U is bounded, the extension can be chosen with
compact support.

Proof. Choose functions (; as in Lemmaand split f € WHP(U) accord-
ing to Zj fj, where f; := (jf. Then fp can be extended to R" by setting
it equal to 0 outside U. Moreover, f; can be mapped to Q); 4+ using v; and
extended to @; using the symmetric extension. Note that this extension
has compact support and so has the pull back f] to Uj; in particular, it
can be extended to R™ by setting it equal to 0 outside U;. By construc-
tion we have ||ij\|w1,p(Uj) < Gjllfjllwie,) and the product rule implies
1 fillwie@w,) < Cillfllwirw)- Hence f:= 3", f; is the required extension.
The last claim follows since the symmetric extension of a continuous
function is continuous. [l

As a first application note that by mollifying an extension we see that
we can approximate by functions which are smooth up to the boundary.
Moreover, using a suitable cutoff function we can also assume that the ap-
proximating functions have compact support.

Corollary 7.20. Suppose U has the extension property, then C°(R™) is
dense in WHP(U) for 1 < p < oo.

Proof. Simply mollify an extension. If U is bounded the extension will
have compact support and its mollification will be in C°(R"). If U is un-
bounded, multiply the mollification with a cutoff function to get a function

from C2°(R™) as in the proof of Lemma O

Corollary 7.21. Suppose U has the extension property, then WH°(U) =
C’l?’l(U) with equivalent norms.

Proof. Since U has the extension property, we can extend f to W1 (R")
and hence f is Lipschitz continuous by Lemma [7.15] (]

Note that it is sometimes also of interest to look at the corresponding
extension problem for W*P(U) with k > 1. It can be shown that there
is an extension operator £ : WkP(U) — WF*P(R") provided the boundary
satisfies a local Lipschitz condition (see Theorem VL5 in [21] for details).

Next we show that functions in W1 have boundary values in LP. This
might be surprising since a function from W1P(U) is only defined almost
everywhere and the boundary OU is a set of measure zero. Please recall that
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for U with a C! boundary there is a corresponding surface measure dS and
by LP(0U) we will always understand LP(9U, dS).

Theorem 7.22. Suppose U has a bounded C' boundary, then there exists a
bounded trace operator

T:WhP(U) — LP(dU) (7.26)

which satisfies Tf = f‘BU for f € C(U)NWYP(U). Moreover, we have
|Tf| =T|f| and for real-valued functions also (T'f)x =T fx.

Proof. In the case p = oo functions from W°(U) are Lipschitz continuous
by Corollary and hence continuous up to the boundary. So there is
nothing to do.

Thus we can focus on the case 1 < p < 0o. As a preparation we note that
by Corollary the set C(U) N W1P(U) is dense by the previous lemma
and that the Gauss-Green theorem continues to hold for u € C(U,R") N
WEL(U,R") if U is bounded. To see this choose u € C(U,R*)NWHL(U, R?)
and extend it to a function u € C.(R"™, R*)NW11(R™, R™). Then the Gauss—
Green theorem holds for the mollification u. := ¢. * 4 and since we have
ue: — u uniformly on U as well as dju. — dju in L'(U, R") the Gauss—Green
theorem remains true in the limit € — 0.

Now take f € C(U) N WLP(U). As in the proof of Lemma using
a partition of unity and straightening out the boundary, we can reduce it
to the case where f € C(R") has compact support supp(f) C Q such that
oU Nsupp(f) C OR’. Then using the Gauss-Green theorem and assuming
f real-valued without loss of generality we have (cf. Problem

/ P = — / (UfP)ond’z = —p / sign(f)| /17~ (0n f)d"x
ou Q+ Q+
< PIFIE YV £

where we have used Holders inequality in the last step. Hence the trace
operator defined on C(U) N W1P(U) is bounded and since the latter set is
dense, there is a unique extension to all of WP (U).

To see the last claim observe that if f, € C(U) N WYP(U) — f, then
|fu] € C(O)NWEP(U) — | f| by Lemma(7.12, Hence |T'f| = limy o0 [T f0] =
limy, o0 T| fn] = T f]. O

Of course this result can also be applied to derivatives:

Corollary 7.23. Suppose U has a bounded C' boundary, then there erists
a bounded trace operator

T: WhP(U) — WELP(9U) (7.27)
which satisfies T f = f}aU for f € CF=YTU) nWFP(U).
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As an application we can extend the Gauss—Green theorem and integra-
tion by parts to WP vector fields.

Lemma 7.24. Let U be a bounded C' domain in R™ and u € WP(U,R")
a vector field. Then the Gauss—Green formula holds if the boundary
values of u are understood as traces as in the previous theorem. Moreover, the
integration by parts formula also holds for f € WHP(U), g € WH4(U)
with % —+ % =1.

Proof. Since U has the extension property, we can extend u to W1P(R", R").
Consider the mollification u. := ¢, * u and apply the Gauss—Green theorem
to us. Now let ¢ — 0 and observe that the left-hand side converges since
Ojue — Oju in LP C L'. Similarly the right-hand side converges by continu-
ity of the trace operator. The integration by parts formula follows from the
Gauss—Green theorem applied to the product fg and employing the product
rule. U

Finally we identify the kernel of the trace operator.

Lemma 7.25. If U is a bounded C* domain in R", then the kernel of the
trace operator is given by Ker(T) = Wy*(U) for 1 < p < .

Proof. Clearly Wol’p(U) C Ker(T'). Conversely it suffices to show that f €
Ker(T') can be approximated by functions from CZ°(U). Using a partition
of unity as in the proof of Lemma we can assume U = @4, where @ is
a rectangle which is symmetric with respect to reflection. Setting

n _ f(x)v J;GQ—H
0, T eEQ_,

integration by parts using the previous lemma shows

[oeas= [ goprre=— [ @pes. secz@.
Q@ Q+ Q+

that f € W1P(Q) with 8jf7(a;)7: 0jf(x) for € Q4+ and 9;f(x) = 0 else.
Now consider fe(z) = (¢z/2 * f)(z —ed") € C(Q+) with ¢ the standard
mollifier. This is the required sequence by Lemma [3.2I] and Problem

O

Problem* 7.21. Show that f € W(;g’p(U) can be extended to a function

fe Wok’p(R")iby setting it equal to zero outside U. In this case the weak
derivatives of f are obtained by setting the weak derivatives of f equal to zero
outside U.

Problem* 7.22. Suppose v > 1. Show that f € WP(U) implies |f|? €
WP (U) with 0;f|Y = 4| f7"10;|f|. (Hint: Lemma|7.12,)



204 7. Sobolev spaces

Problem 7.23. Suppose U has a bounded C* boundary. Show that WOI’OO(U) =
C3(U). (Hint: Use Lemma to reduce it to the case of a straight bound-
ary. Near the straight boundary use a cutoff n. as in the proof of Lemma.)

Problem 7.24. Let 1 < p < oo and U bounded. Show that T'f = f‘aU
defined on C(U) C LP(U) — LP(OU) is unbounded (and hence has no mean-
ingful extension to LP(U)). (Hint: Take a sequence which equals 1 on the

boundary and converges to O in the interior.)

Problem 7.25. Suppose u € Hg(B1(0)) satisfies u(z) = —u(z*), where
¥ = (z1,...,Tn-1,—Tp). Show that v € H}(B1(0) NRY), where R =
{z € R"|z,, > 0}.

Problem 7.26. Consider the punctured ball U := B1(0) \ {0}. Show that
WP (U) = WyP(By1(0)) and WhP(U) = W2(By(0)) for p < n.

Problem 7.27. Let 1 < p < oo and U bounded. Show that Tf = f!aU

defined on C(U) C LP(U) — LP(OU) is unbounded (and hence has no mean-
ingful extension to LP(U)). (Hint: Take a sequence which equals 1 on the

boundary and converges to O in the interior.)

Problem 7.28. Show that Co(T)NW'P(U) C WyP(U), 1 < p < oo. (Hint:
Of course, if U has a nice boundary, this is immediate using traces. For the
general case use an approximation based on Lemma )

7.4. Embedding theorems

We have already seen that functions in WP are not necessarily continuous
(unless n = 1). This raises the question in what sense a function from W?
is better than a function from LP? For example, is it in LY for some g other
than p? In this respect it is instructive to look at an example which should
be understood as a benchmark for the results to follow.

Example 7.12. Let U := B;(0) and consider f(z) := |z|~?. Then by

Problem [[.17] "

9;f(x) = —y 2|z,

J

|z

where the factor %‘ < 1 is bounded. Hence by Example [2.16| we have
f € WHP(U) provided v < 7 — L. Since we have f € LI(U) provided v < 2
the optimal index for which f € LP"(U) is p* := n’%) provided n > p. If
n < p, then we have —y > 1 — % > 0 and hence f is continuous. In fact it

will be Holder continuous of exponent 1 — %.

Of course we can also take higher derivatives into account. To this end,
using induction, it is straightforward to verify that

00 f(z) = Lol el

= Jall
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where P, is a homogenous polynomial of degree |a|. In particular, note
that the factor P, (z)|z|~1*! is bounded. Hence the optimal index for which
f € LV (U) provided f € WkP(U) is p} := kp for n > pk. For n < pk
we will have f € C*~I=! where | € [%] with the highest derivative being
Hoélder continuous of exponent 1 — ﬂ + 1. o

Theorem 7.26 (Gaghard(ﬂ—Nlrenberg Sobolev). Suppose 1 < p < n and
U CR" is open. Then for any f € Wo P(U) we have

Il < Hua " < s Zua M (728)

L In particular, we have a natural continuous embedding

1
p n
o P(U) < LI(U) for all p < q < p*.

Proof. It suffices to prove the inequality since the rest follows from
interpolation (Problem . Moreover, by density it suffices to prove the
inequality for f € C2°(R™). In this respect note that, if you have a sequence
fn € C(U) which converges to some f in Wol’p(U), then by this se-
quence will also converge in LP" (U) and by considering pointwise convergent
subsequences both limits agree.

We start with the case p = 1 and observe

z)| = ‘/zl Ovf(r,&1)dr

</ o1 () dr,

—00

where we denote by Z; := (21,...,2j—1,%j4+1,..., %) the vector obtained
from x with the j’th component dropped. Denote by f1(Z;) the right-hand
side of the above inequality and apply the same reasoning to the other co-
ordinate directions to obtain

[f()" < ] £i(@)-

J=1

Now we claim that if f; € L*(R"™!), then

H ﬂ fi(@5)m=1
j=1

For n = 2 this is just Fubini and hence we can use induction. To this end

n
L1 (R™) U |f]”L1 Rn— 1

fix the last coordinate x,41 and apply Holder’s inequality and the induction

6Emilio Gagliardo| (1930-2008), Italian Mathematician
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hypothesis to obtain
n+1

fo @i < 10 e

H £

Now integrate this 1nequahty with respect to the missmg variable x,41 and
use the iterated Holder inequality (Problem with » =1 and p; = n) to
obtain the claim.

Ln/(n—l) (Rn)

ﬁ\fj(fj)!i‘

1
1/n
Ll(R = an+1||L1(Rn HHf] L/l(an 1y

1
= |l fasrll gy

Moreover, applying this to our situation where || ;| 1(®n-1) = [|9; f |1 we
obtain

LA < H 95 £

which is precisely for the case p = 1 (the second inequality in (|7.28))
is just the inequality of arithmetic and geometric means). To see the case of
general p let f € C2>°(R") and apply the case p=1to f — |f|” for v > 1 to
be determined and recall Problem [7.22] Then

n "T_l n 1/n
(/R |f]n1d"x> < E (/R \aj\fmdnx) (7.29)

n 1/n n
o IL( [ 1 ossiare) <t L0015
j=1 j=1

(n 1)

where we have used Holder in the last step. Now we choose v := >1
such that % = ('Yp%l)p = p*, which gives the general case. O

Note that a simple scaling argument (Problem [7.30)) shows that ([7.28|)
can only hold for p*. Furthermore, using an extension operator this result
also extends to W1P(U):

Corollary 7.27. Suppose U has the extension property and 1 < p < n, then
there is a continuous embedding WHP(U) < LI(U) for every p < q < p*,
where £ =1 1

P p n
Proof. Let f = Ef € W'P(R") be an extension of f € W'?(U). Then
1fllza@y < [flza@ny < Cpll fllwregny < CoCupllfllwre ), where we have
used W, P (R") = WP(R") (Lemma [7.10)). O

Note that involving the extension operator implies that we need the full
WP norm to bound the LP* norm. A constant function shows that indeed
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an inequality involving only the derivatives on the right-hand side cannot
hold on bounded domains (cf. also Theorem [7.38)).

In the borderline case p = n one has p* = oo, however, the example in
Problem shows that functions in W™ can be unbounded if n > 1 (for

n = 1 we have already seen in Example that we have a continuous em-
bedding W' (a,b) < Cla,b]). Nevertheless, we have at least the following
result:

Lemma 7.28. Suppose p=mn and U C R" is open. Then there is a contin-
uous embedding Wol’"(U) — LI(U) for everyn < q < 0.

Proof. As before it suffices to establish || f|; < C| f|lw1n for f € C(R™).
To this end we employ ((7.29) with p = n implying

1Aty < VAT H o, fIY™ < Z!\f\l@fl)n/(n_l)‘;H@jflln.

Using Young’s inequality (Problem oD/ g < 7; o+ ,8 for
nonnegative numbers a, 8 > 0, this glves

1101y < C (1 N1y + D 195 11n)-
j=1

Now choosing v =nwe get [|flln2/m-1) < C||f||W1 » and by interpolation
(Problem 3) the claim holds for g € [n n"1]. So we can choose v = n+1
to get the claim for ¢ € [n, (n + 1)-24] and 1terat1ng this procedure finally
gives the claim for g € [n, (n + k)-"5], which establishes the result. O

Corollary 7.29. Suppose U has the extension property and p = n, then
there is a continuous embedding WY™(U) «— LI(U) for every n < q < oo.

In the case p > n functions from WP will be continuous (in the sense
that there is a continuous representative). In fact, they will even be bounded
Holder continuous functions and hence are continuous up to the boundary
(cf. Theorem and the discussion after this theorem).

Theorem 7.30 (Morrey). Suppose n < p < oo and U C R"™ is open. Func-
tions from VVO1 P(U) have a continuous representative such that the natural
embedding Wol’p(U) — C’g"y(ﬁ), where v = 1 — %, is continuous. Here
CS’V(U) = CI?’V(U) N Co(U) is the space of Hélder continuous functions
vanishing at the boundary.

Proof. In the case p = oo there is nothing to do, since Wol’oo(U) c ¢l
and [f]1 < ||V f|lc. Hence we can assume n < p < oco. Moreover, as before,
by density we can assume f € C2°(R™).
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We begin by Considering a cube @ of side length r containing 0. Then,
forz € Qand f=r" ”fQ x)d"™z we have

f—f(O):r”/Q(f(x)—f(o))d”m:r”/Q/O < syt

and hence

1 1
F— £(0)] gr—"// \Vf(tx)\x]dtd”:rgrl_”// IV f(tz)|dt d"
/
o [ s G o [ "

< 7||foLP(Q)

where we have used Holder’s inequality in the fourth step. By a translation
this gives

_ rY
|f = f(@)] < 7“Vf\|m(@)

for any cube @ of side length r containing x and combining the corresponding
estimates for two points we obtain

2|V P
\ﬂ@—f@ﬂ§||fy“®w—m7 (7.30)

for any cube containing both z and y (note that we can choose the side
length of @ to be r = maxi<j<p |2; — y;| < | —y|). Since we can of course
replace LP(Q) by LP(R™) we get Holder continuity of f. Moreover, taking a
cube of side length r = 1 containing = we get (using again Holder)

o 2Vl 2|V £llz»
@) < If1+ TS < Wl + S < Ol e
establishing the theorem. ([

Corollary 7.31. Suppose U has the extension property and n < p < o0,
then there is a continuous embedding WP (U) — CI?’V(U), where y =1— 7.

Proof. Let f = Ef € WLHP(R™) be an extension of f € WLP(U). Then
HfHCSW(U) < Hf||CSa’Y(Rn) < CprHleP(Rn) < CPCU:prHWLp(U)? where we
have used W, P(R") = W'P(R") and Morrey’s theorem if p < oo and
Lemma [7.15]if p = oco. O

Example 7.13. The example from Problem shows that for a domain
with a cusp, functions from WP might be unbounded (and hence in partic-
ular not in C17) even for p > n. o
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Example 7.14. For p = oo this embedding is surjective in case of a con-
vex domain (Lemma or a domain with the extension property (Corol-
lary. However, for n < p < oo this is not the case. To see this consider
the Takagi function (Problem which is in C17]0,1] for every v < 1 but
not absolutely continuous (not even of bounded variation) and hence not in
WP(0,1) for any 1 < p < co. Note that this example immediately extends
to higher dimensions by considering f(x) = b(x1) on the unit cube. o

As a consequence of the proof we also get that for n < p Sobolev functions
are differentiable a.e.

Lemma 7.32. Supposen < p < oo and U C R" is open. Then f € VVllof(U)
is differentiable a.e. and the a.e. derivative equals the weak derivative.

Proof. Since VV;)COO - V[/lif for any p < co we can assume n < p < oo. Let
x € U be an LP Lebesgue point of the gradient, that is,

1m# _ PN,
m; 1Q,(z)] /Qr(x) IVf(z) = Vf(y)Pd"y =0,

where @, (x) is a cube of side length r containing x. Now let y € Q,(z)
and r = |y — z| (by shrinking the cube w.l.o.g.). Then replacing f(y) —
fly) — f(x) = Vf(z)- (y— ) in (7.30) we obtain

9 1/p
|f(y) = f(x) =V f(z) (y—2)| < ;Iw —yl” (/ | Vf(z) - Vf(z)|pd”z)

Qr(x

1/p
2 1 P 5
:;|x—y\ <M/QT(I) Vf(x) —Vf(z)Pd )

and, since x is an LP Lebesgue point of the gradient, the right-hand side is
o(|]z — yl|), that is, f is differentiable at x and its gradient equals its weak
gradient. O

Note that since by Lemma [7.15] every locally Lipschitz continuous func-
tion is locally W1, we obtain as an immediate consequence:

Theorem 7.33 (Rademachelﬂ). Every locally Lipschitz continuous function
is differentiable almost everywhere.

So far we have only looked at first order derivatives. However, we can
also cover the case of higher order derivatives by repeatedly applying the
above results to the fact that 9;f € W*=LP(U) for f € WFP(U).

"Hans Rademacher (1892-1969), German-American mathematician


http://en.wikipedia.org/wiki/Hans Rademacher
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Theorem 7.34. Suppose U C R"™ is open and 1 < p < oo. There are
continuous embeddings

1 1 k
WEP(U) — LYU), qelppfl if —==—=>0,
o (U) (U) [p, P] T n
kp 1k
VVO7 (U) — LQ(U)’ q c [pa OO) Zf}; = Ea
1 — =1-2+1, 2&Ny, 1 k
Wer W) — i@, 1= 15,9 g p BN Lk
p ~v€1[0,1), EGNO’ p n

If in addition U C R™ has the extension property, then there are continuous
embeddings

1 1 k
Wk’p(U)C—>Lq(U), qgep,pp) if —=—-——>0,
r P N
i 1k
w ,p(U) <_>Lq(U)7 qe[ 700) fo = E?
_ =1-24], ¢Ny, 1
whe) o e @), 1= |2y, 7T e p ENe g Lk
D v €[0,1), %eNO, p n

Proof. If ]13 > % we apply Theorem 7.26[to successively conclude [|0“ f ||Lp;, <

Cll fllyyrr for |of <k —jforj=1,....k If % = % we proceed in the same
0

way but use Lemma in the last step. If % < % we first apply Theo-

rem [ times as before. If % is not an integer we then apply Theorem

to conclude [|0%f[[ 00 < C|f|[ ke for |af <k —1—1. If 2 is an integer,
0 0

we apply Theorem l — 1 times and then Lemma [7.28] once to conclude

10%fllLa < C|fllyyre for any g € [p,00) for |a| < k — 1. Hence we can
0

apply Theorem to conclude ||6af\|08,~, < CHfHWéc,p for any v € [0,1)

for |a| <k—1-1.

The second part follows analogously using the corresponding results for
domains with the extension property. [l

Note that for p =1 we have a slightly stronger result WSL’I(U) — Cy(U)
in the borderline case k = n — see Problem [T.38

Moreover, for ¢ € [p,p*) the embedding is even compact (it fails for

q = p* — see Problem [7.34)).
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Theorem 7.35 (Relliclﬁ»Kondrachovﬂ). Suppose U C R™ is open and bounded
and 1 < p < oco. Then there are compact embeddings

1 1 1
WoP(U) = LYU), q€lpp’), —=-~— ifp<n,
W) ). gelpp’) o =o oo
WP (U) < Co(U), if p > n.
If in addition U C R"™ has the extension property, then there are compact
embeddings

*

1 1 1
WY (U) — LYU), qe€p,p*), —=-——, ifp<n,
)= L90), q€lpp) = -
WlP(U) < C(), if p > n.

Proof. The case p > n follows from Wol’p(U) — C’g"y(U) — Co(U), where
the first embedding is continuous by Theorem and the second is compact
by Theorem Similarly in the second case using WP (U) — Cl? TU) —
C(U), where the first embedding is continuous by Corollary

Next consider the case p < n. Let F ¢ WYP(U) (or F C Wol’p(U)) be
a bounded subset. Using an extension operator (or Problem we can
assume that ' C WHP(R™) with supp(f) C V for all f € F and some fixed
set V. By Lemma (applied on R™) we have

1Taf = fllp < lalllV £y

and using the interpolation inequality from Problem [3:13] and Theorem [7.34]
we have

ITaf = fllg < NTuf = £l 2N Taf = Flige < lal* PNV L1, CONFIT s

where = = 1779 + ]%, 6 € [0,1]. Hence F is relatively compact by Theo-
rem |3.16, In the case p = n, we can replace p* by any value larger than
q. [l

Since for bounded U the embedding C(U) < LP(U) is continuous, we
obtain:

Corollary 7.36. Under the assumptions of the above theorem the embed-
dings W§+1’p(U) — Wg’p(U) and WHHLP(U) — WHFP(U) are compact.

Proof. By the Rellich-Kondrachov theorem the embedding W1P(U)
LP(U) is compact. Hence, given a bounded sequence in W**t1P(U) we can
find a subsequence for which all partial derivatives of order up to k converge
in LP(U). Hence this sequence converges in W#?(U) by Corollary O

8Franz Rellich (1906-1955), Austrian-German mathematician
9Vladimir Iosifovich Kondrashov, (1909-1971), Russian mathematicia


http://en.wikipedia.org/wiki/Franz Rellich
http://en.wikipedia.org/wiki/Vladimir Iosifovich Kondrashov
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Example 7.15. The Rellich-Kondrachov theorem fails for ¢ = p*. To see
this choose a nonzero function f € VVO1 P(U) with compact support in some
small ball. Now consider f.(z) := ¢ P f(z/e). Then |fllip < [Ifllip
and || f-|l- = [|fllp=- If f- had a convergent subsequence in LP"(U), this
subsequence must converge to 0 since f.(z) — 0 a.e., a contradiction. o

Example 7.16. The Rellich-Kondrachov theorem fails on R™. To see this
choose ¢ € CZ°(R") with support in Bj/5(0) and consider F' = {p; :=
¢(. — ké6Y)|k € N}. Now note that both the WP as well as the L? norm of
o are independent of k and two different functions have disjoint supports.
So there is no way to extract a convergent subsequence and an extra condition
is needed. o

Theorem 7.37. Let 1 < p <n. A set F C WYP(R") is relatively compact
in L1(R™) for every q € [p,p*) if F is bounded and for every € > 0 there is
some r > 0 such that (1 — xp, ) fllp <& forall f € F.

Proof. Condition (i) of Theorem is verified literally as in the previ-
ous theorem. Similarly condition (ii) follows from interpolation since ||(1 —

X8, e < 1A=x5,0) I3 1A= x5,0) % < (X=x5,0) 511115
|

Note that this extra condition might come for free in case of radial sym-

metry (Problem [7.35)).
As a consequence of Theorem we also can get the Poincar@ in-
equality.

Theorem 7.38 (Poincaré inequality). Let U C R™ be open and bounded.
Then for [ € Wol’p(U), 1 < p < oo, we have
1f1lp < CIVFlp- (7.31)

If in addition U is a connected subset with the extension property, then for
fewWtP(U), 1< p< oo, we have

1f = (HNollp < CIV £ lps (7.32)
where (f)y = ﬁ Jiy fdx is the average of f over U.

Proof. We begin with the second case and argue by contradiction. If the
claim were wrong we could find a sequence of functions f,, € WHP(U)
such that || fm — (fm)ullp > M|V fmllp- hence the function g,, := || fm —

(fm)U”;?l(fm — (fm)u) satisfies Hgm”p =1, (gm)v = 0, and ||ngHP < %
In particular, the sequence is bounded and by Corollary we can assume

10Henri Poincaré (1854-1912), French mathematician, theoretical physicist, engineer, and
philosopher of science


https://en.wikipedia.org/wiki/Henri_Poincar%C3%A9
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gm — g in LP(U) without loss of generality. Moreover, |g|l, = 1, (9)v = 0,
and

U m—r0o0 U

m—00 U

That is, 0jg = 0 and since U is connected, g must be constant on U by
Lemma (vi). Moreover, (g)y = 0 implies g = 0 contradicting ||g||, = 1.

To see the first case we proceed similarly to find a sequence g,, :=
| fimll;* fm producing a limit such that ||g|l, = 1 and 8;9 = 0. Now take
a ball B := B,(0) containing U such that B\ U has positive Lebesgue mea-
sure. Observe that we can extend f,,, to f,, € W1P(B) by setting it equal to
0 outside U which will give a corresponding sequence g, := || finll, Lf., and
a corresponding limit g. Since B is connected we again get that g is constant
on B and since g vanishes on B\ U it must vanish on all of B contradicting
lgll, = 1. 0

Example 7.17. Using the Poincaré inequality we can shed some further light
on the case f € WHm(R") from Lemma First note that a simple scaling
shows that the constant C, for a ball of radius r in the Poincaré inequality
is given by C, = Cyr. Hence using Poincaré’s and Holder’s inequalities we
obtain

1

1Bl JB, ()

d™y
| By |

|f(y) = (f)B,@ld"y < Cl?"/

Br(z

1/n
d"y 1
<Chr / Vi) < 9.
1<BT@> W) BT,) v

Locally integrable functions for which the left-hand side is bounded are called
functions of bounded mean oscillation BMO(R") and one sets

1
fllBMo = sup = fw) = (f)B,@)d"y.
[l £1] P Br(x)| () = (f)B. (@

| Vi)l

It is straightforward to verify that this is a semi-norm and || f|lsmo = 0 if
and only if f is constant. o

Finally it is often important to know when WYP(U) is an algebra: By
the product rule we have 0;(fg) = (0;f)g + f(9;g9) and for this to be in
LP we need that f, g are bounded which follows from Morrey’s inequality if
n < p. Working a bit harder one can even show:

Theorem 7.39. Suppose U C R" is open. If% < %, then Wég’p(U) 5 a
Banach algebra with

1f9llkp < Cllflkpllgllkp- (7.33)
If U is bounded and has the extension property, the result also holds for
Whr(U).
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Proof. First of all it suffices to show the inequality for the case when f
and g are C® NW*P. Moreover, by Leibniz’ rule (Problem it suffices
to estimate [|(0af)(089)|lp for |a| + |B] < k. To this end we will use the
generalized Holder inequality (Problem and hence we need to find 1 <
da,qp < oo with % = q% + é such that Wm=lelr «y [9o and Wm=I8le —
L5,

Let I be the largest integer such that % < % Then Theorem
allows us to choose g = o0, qg = p for || < [ and similarly ¢, = p,
qs = oo for |B] < [. Otherwise, that is if % > k=lol and % > k%m then

n
Theorem [7.34) imposes the restrictions L >1_ k—lo] gng L > 1_ k-8,
da P n a3 P n

1 T 1 E_ 1 - s
Hence o T m 25 (H - 5) and we can find the required indices. ([

Problem 7.29. Show that for f € H}((a,b)) we have

1713 < 211 flll1ll2-
Show that the inequality continues to hold if f € H'(R) or f € H'((0,00)).
(Hint: Start by differentiating | f(x)|?.)

Problem* 7.30. Show that the inequality || f||q < C||V f|l, for f € WHP(R™)
can only hold for ¢ = ;. (Hint: Consider fi(z) = f(Az).)

Problem* 7.31. Show that f(x) := loglog(1l + ﬁ) is in WL (B(0)) if
n > 1. (Hint: Problem|7.11})

Problem* 7.32. Consider U := {(z,y) € R?|0 < 2,y < 1, 2% < y} and

flz,y) ==y~ with o, > 0. Show f € WYP(U) for p < (11—:_0(5)5' Now

observe that for 0 < B <1 and a < % we have 2 < (11;ra’6;/3.
Problem* 7.33. Prove Young’s inequality
1 1 1 1
PRI < a8 -4 -=1, a,B>0
p q p q

Show that equality occurs precisely if « = (. (Hint: Take logarithms on both
sides.)

Problem* 7.34. Let U = B1(0) C R™ and consider

n_q 1
mr (1 —mlzx|), |z|< =,

Show that wy, is bounded in W'P(U) for 1 < p < n but has no convergent
subsequence in LP"(U). (Hint: The beta integral from Pmblem maght be
useful.)
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Problem 7.35 (Strauss lemma). Show the Strauss inequality

P02 F () loo < 28, M 1F 1120107 112
for a radial function f € HL ;(R™) (cf. Problem . Use this to show

C
(1= xB,0)fllp < WWHH% p> 2,

and conclude that H:

rad R™) is compactly embedded into LP(R™) for p €
(2, 725) ifn > 2.

Problem 7.36 (Ehrling’s lemma). Let X, Y, and Z be Banach spaces.
Assume X is compactly embedded into Y and Y is continuously embedded
into Z. Show that for every € > 0 there exists some C(g) such that

lzlly < ellellx + Cle)ll] 2.

Problem 7.37. Suppose U C R" is bounded and has the extension property.
Show that there exists a constant C' such that

£ lkp < C 1Y 10akllp+ 111

|a|=k
(Hint: Problem[7.36 and Corollary[7.56])
Problem 7.38. Let U C R"™. Show that there is a bounded embedding
Wi U) < Co(U) satisfying
[ flle < [10(1,...1) fll1-

Problem 7.39. Let U be a bounded domain with a C' boundary and 1 <
p < 0o. Show that for every a > 0 there is a constant C such that

/ |f|Pd"x < 0(/ |prd"x+a/ |f|pd8>, f e WhP(U).
U U oU

Problem 7.40. Show that item (iv) From Lemma holds for Lipschitz
continuous 1. (Hint: Lemma[7.33)

7.5. Lipschitz domains

It turns out that Lemma [7.32] is the key to extending several results from
C' to Lipschitz domains. Of course the first step is to understand a change
of variables in case the transformation ¢ : U — V is bi-Lipschitz, that
is, bijective such that both the map and its inverse are Lipschitz. In other
words, there is a constant C' such that

1§w(:‘c)—¢‘(y)]§a x#yel. (7.34)
z—y
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By Lemma m the Jacobi matrix ET of a Lipschitz function exits a.e. and
(since it is defined as a limit) is measurable. In particular, the same is true
for the Jacobi determinant

oY
ox )
which is bounded from above and below by positive constants. With this in
mind we obtain:

Ty o= det(S2 (7.35)

Theorem 7.40 (change of variables). Let U,V C R" and suppose : U — V'
is bi-Lipschitz. Then

(V) dme = | Jy(@)|d . (7.36)

/ F (@) | T ()| = / (y (7.37)

whenever f is nonnegative or integrable over V.

In particular,

Proof. We literally follow the proof of Theorem [2.17 and we will just point
out the differences. It suffices to show

| ay= [ @
Y(R) R

for every bounded open rectangle R C U. By Theorem [I.3] it will then
follow for characteristic functions and thus for arbitrary functions by the
very definition of the integral.

To this end we consider the integral

L= /w N / (L))o= (0(2) — gz dy

-n 1

Here ¢ := V' xp,(0) and @:(y) := e "p(cy), where V,, is the volume of
the unit ball (cf. below), such that [ ¢ (z)d"z = 1.

To begin with we consider the inner integral
he(y) = /Rsoe(w(Z) —y)d"z.

For £ < &g the integrand is nonzero only for z € K = =1 (B.,(y)), where
K is some compact set containing z = 1 ~!(y). Using the affine change of
coordinates z = x + ew we obtain

)= | I (“’(“5? ‘W)) T, W) = H(K - ).

9

— |w
C ’

’%b(x +ew) — p(x)

€
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the integrand is nonzero only for w € B¢ (0). Hence, as € — 0 the domain
We(z) will eventually cover all of B¢ (0) and dominated convergence implies

lim A, :/ L2 w)d™w = |Jy(z)| 7 .
imbe) = [ oG = 1)

for all « where ¢ is differentiable. Consequently, lim. o I. = |¢(R)| again
by dominated convergence. Now we use Fubini to interchange the order of
integration

I. = Tyt 5 —y)d"yd"z.
/ /w( )‘ w7 ()| (Y(2) —y)d"y d"z
The we have

lim [Ty (™ W) |pe (W (2) = y)d™y = [T~ ((2)))] = [Ty (2)]
10 Jy(R)

at every Lebesgue point of Jy, (v (y)) (Problem[3.32)) and hence dominated

convergence shows lim, g I. = fR | Jy(2)]d" . O

With this result at our disposal we can now show that item (v) from

Lemma holds for bi-Lipschitz maps.

Lemma 7.41. Let v : U — V be a bi-Lipschitz. Then f € WYP(V) if and
only if fo € WYP(U) and we have the change of variables formula

0j(f o) = 2ok Ok f) () 05¢r. Moreover, |[f o pllwrr < Cllf[lwrr-

Proof. If ¢ is Lipschitz, then, by Lemma [7.32] the derivatives 94 as well
as 8]-1/)_1 exist a.e. and are bounded. In particular, the Jacobi determinant
exists a.e. and satisfies |.Jy| > C. Thus we can conclude that composition
with 1 is a homeomorphism between LP(U) and LP(V') for 1 < p < oo as in
the proof of Lemma [7.11]

Furthermore, as in the proof of Lemma [7.11] consider f. and note that
f- o1 is Lipschitz and hence is in W1>°(U) by Lemma In particular,
it has a weak derivative which can be computed a.e. using the chain rule.
Hence the rest follows as in the proof of Lemma [7.32] O

Of course once we have this result, it suffices to observe that Lemma
holds if U has a bounded Lipschitz boundary and the maps v; are bi-
Lipschitz instead of C! diffeomorphism, to conclude that Lemma ex-
tends to such domains. That is, domains with a bounded Lipschitz boundary
have the extension property. Similarly, Theorem [7.22] extends to this situa-
tion and hence such domains have a well-defined trace operator.

Finally let me remark, that also the Gauss—Green theorem extends to
Lipschitz domains.
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Theorem 7.42 (Gauss—Green). If U is a bounded Lipschitz domain in R™
and u € WPL(U,R") is a vector field, then

/U (divu)d"z = / w-vdS, (7.38)

oUu
where the derivatives are understood as weak derivatives and the boundary
values are understood in the sense of traces.

Moreover, the integration by parts formula ([2.67) holds for f € WLP(U),
g € WH(U) with & + 1 = 1.

Proof. It suffices to first proof the case where u € C!(U,R") since the
extension to WP then follows as in the proof of Lemma But in this case
one can again follow the proof from Theorem [2.19| upon observing that the
Leibniz integral rule from Problem holds pointwise at every point where
g is differentiable and the fact that the fundamental theorem of calculus
holds for Lipschitz functions (Theorem together with the fact that every
Lipschitz function is absolutely continuous by Example . The last claim
follows from the product rule. O

7.6. Applications to elliptic equations

The purpose of this section is to show that Sobolev spaces provide a con-
venient framework for treating partial differential equations by functional
analytic methods. To focus on the main ideas we will start by looking at the
Laplace equation

—Au(z) = f(x), zeU,
u(z) =0, x € oU, (7.39)

on a bounded domain U C R™ with Dirichlet boundary conditions. Here

Ay = Z?Zl 8j2u as usual. If we regard the derivatives as weak derivatives,

then our equation reads

/ (Ag)(@)u(e)d™s = / p@)f(@)d, e CEU),  (T40)
U

U
or, after an integration by parts, we can also write it in the more symmetric
form

> [opowea= [ cof@as  pecEw).  (ray

Now recall that by the Poincaré inequality (Theorem [7.38]) we have a scalar
product

(1, v) ;:; /U (0,u) (Dy0)d™ (7.42)
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on H} (U, R) whose associated norm is equivalent to the usual one. Moreover,
using the fact that C°(U,R) C H} (U, R) is dense we see that we can write
our last form as
(v,u) = (v, f2, v € H;(UR), (7.43)
where (u,v) := [;; u(z)v(x)d"x denotes the scalar product in L*(U,R).
We will call a solution u € H}(U,R) of (7.43)) a weak solution of the
Dirichlet problem (7.39)). If a solution is, in addition, in H?(U, R), it is called
a strong solution. In this case we can undo our integration by parts and
conclude that u solves ([7.39)), where the derivatives are understood as weak

derivatives and the boundary condition is understood in the sense of traces
(at least for U with sufficiently smooth boundary; see Lemma |7.25]).

Finally note that ([7.43)) can be understood as
(v,u) = (Jv, f)a, v e Hy(U,R), (7.44)

where J : H}(U,R) — L?(U,R) is the natural embedding. Since this em-
bedding is bounded (in fact, even compact; we will come back to this later),
we can use the adjoint operator to write this as

(v,u) = (v, J*f), v € Hy(U,R), (7.45)

which shows that the weak problem has a unique solution u = J*f €
H(U,R) for every f € L?(U,R). Also note the estimate ||ul| = [|J*f|| <
C||f|l2, where C is the optimal constant from the Poincaré inequality (since
1] = (7] = ©).

Now what about strong solutions? To this end we regard as an
operator equation

Lu = f, (7.46)

where
Lu:=—Au, uec®(L):=H}U,R)NH*(U,R). (7.47)
Then uniqueness of weak solutions implies that L := (JJ*)7! is a well-

defined operator L : ®(L) C L*(U,R) — L%*(U,R) which coincides with
L when restricted to ®(L) (in particular, ®(L) € (L) = Ran(JJ*) C
Ran(J) = H}(U,R)). Since JJ* is self-adjoint, L is also self-adjoint, known
as the Friedrichs extension of the Dirichlet Laplacian (see [24], Sect. 2.3|).
Choosing v € C2°(U,R) in ([7.43) shows that

D(L) = {u € HY(U,R)|Au € L*(U,R)}, (7.48)

where Awu is understood as a weak derivative (this does not mean that the
second derivatives exist individually, it is only this particular combination of
second derivatives which is required to exist). When we also have D (L) C
D (L), that is, when every weak solution is also a strong solution, is a tricky
question which we will not answer here.
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Instead, we point out that since the embedding J is not only continuous,
but even compact by the Rellich-Kondrachov theorem (Theorem , we
can apply the spectral theorem for compact operators (since JJ* is self-
adjoint Theorem [3.7| from [25] will do):

Theorem 7.43. The operator L has a sequence of discrete real eigenval-
ues 0 < Ag < A < --- converging to co. The corresponding normalized
eigenfunctions form an orthonormal basis for L*>(U,R™).

Observe that the inverse of the lowest eigenvalue Ay 1'is the optimal
constant for the Poincaré inequality.

Finally we remark that our consideration extend easily to the Dirichlet
problem for second order elliptic equations of the form

Z 0; Aij(z)0ju () + c(z)u(x) (7.49)

,j=1
with A, j,c € L®(U, R) with
— 1 . .. . — > . .
ag eeLglrrl{g:eUezAw(x)e] >0, ¢ ;IGIf c(x) >0 (7.50)

As domain we choose D (L) = {u € H}(U,R)|A;;0;u € H'(U,R),1 <i,j <
n}. Then the ellipticity condition ag > 0 ensures that the symmetric bilinear
form

)= 3 [ (@ o) @) + @) e (3o

i,7=1
gives rise to a norm which is equivalent to the usual norm on H}(U,R) and
hence we can proceed as before.

Problem 7.41. Compute J* for U := (0,1) C R.

Problem 7.42. Consider the elliptic Dirichlet problem associated with

= > %iAij(@)0jul) + Y bj(x)dju(x) + c(x)u(w),
Jj=1

ij=1
where A; j,b;,c € L®(U,R) with

= . 1{1£€UZeZ ij(x)ej, bo :ilelgw(x)\; co :églf]c(x)

Show that Lu = f has a unique weak solution in H&(U, R) provided 4agcy >
b3. (Hint: Choose H}(U,R) equipped with (7.42)) as underlying Hilbert space.
On this Hilbert space there is a corresponding bilinear form a(u,v), however,
if b #£ 0 this form is not symmetric. To overcome this problem use the Lax—
Milgram theorem (Theorem [2.17 from [25]). Again there will be a problem
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with the term corresponding to b when establishing coercivity. However, note
that this term can be controlled using the other two.)






Chapter 8

Fourier series

8.1. Convergence of mean values and convergence in mean
square

Given an integrable function f on (—m,7) we can define its Fourier series

S(f)(x) = % + Z (ak cos(kz) + by sin(kz)), (8.1)
keN

where the corresponding Fourier coefficients are given by

ay = i/ﬂ cos(kz) f(z)dz, by = ! /7r sin(kz) f(z)dz (8.2)

- L "

for k € Ny. At this point is just a formal expression and it is a fun-
damental question in mathematics to understand in what sense the above
series converges. For example, does it converge at a given point (e.g. at every
point of continuity of f) or when does it converge uniformly?

For our purpose the complex form

S(@) =3 fe, e o

kEZ

e M f(y)dy (8.3)

:% .

for k € Z will be more convenient. The connection is given via fik =
k € Ny (with the convention by = 0).

Note that if the interval [—m, 7] is replaced by an arbitrary interval
[—L, L], the formulas change according to

aj Fiby
2 9

S(f)(x) = % + Z (ak cos (I%x) + by sin (%x)), (8.4)

keN
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with
w=1 [ cos(h(n/L)a) f(w)dz, o= | sin(k(r/L)a) f (x)da
) B (8.5)
and
S(F)(@) = 32 Rl o= ey, (50

kEZ

Example 8.1. An interesting example of a convergent Fourier series on
[—1/2,1/2] is the Jacobi theta functiorﬂ ([16, [(20.2.3)])

Wz, 7) = Z ik T2miks _ 1 4 9 Z ik cos(2mkz), Im(1) > 0.
kEZ keN
The theta function is entire with respect to z (since the series converges
uniformly on every compact subset of the complex plane) and satisfies
Yz +m+nr,T)= e_27ri”2_7ri”2719(z, T), WY(—z2)=1(2),

. ~ H 2
m,n € Z. By construction we have (1) = e+ 7.

Another example is the Bessel function of integer order k defined as
the kth Fourier coefficients of e*5(®) (|16} (10.12.1), (10.9.2)]):

Ji(2) : !

Example 8.2. Another example of a convergent Fourier series on [—m, 7] is
the Poisson kernel

™

/ elzsin(@)—kz) 7., 1/ cos(zsin(z) — kx)dx, z€C. ¢
0

-

oo
: 1— 72
P, = klgikz — 1 4 9 k kx) = <1
»(2) kEGZT e kg 17" cos(kx) 1= 27 cos(z) + 72 |7] ,

where the closed form follows by summing the two geometric series. By
construction we have P, = rlkl, o

Example 8.3. Let f(z) be an analytic function on the unit disc and let

f2) =Y fi?"
k=0

be its Taylor expansion. Then, provided the Taylor series converges at a
boundary point z = e on the unit circle, we have

Re(f(e")) =) frcos(kx),  Im(f(e")) = frsin(kz).
k=0 k=1

Hence convergence of Fourier series is related to convergence of a correspond-
ing Taylor series on the unit circle. o

Lcarl Gustav Jacob Jacobi (1804-1851), German mathematician
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It turns out that concerning convergence of Fourier series there is no
universal result which covers everything, but that the problem can be studied
under various conditions on f and under various modes of convergence. In
this respect we note that integrability of f, which is necessary for the formula
defining the Fourier coefficients to make sense, is the weakest condition
since LP(—m,n) C L*(—m,7) for all p > 1 (Problem .

The first key observation is the following orthogonality relation

1 ™

21 )«

1, m=n,

0 min (8.7)

eimye—inydy — {
which shows that if the Fourier series converges uniformly, such that we
can interchange summation and integration, the Fourier coefficients are nec-
essarily given by the above formula. Moreover, this also shows that the
Fourier series is the orthogonal series corresponding to the orthonormal set
{ex(x) := (2m)~Y2e*} .y in L?(—m, 7). In particular, the question of con-
vergence (to f) of this series in L?(—, 7) boils down to the question whether
this set forms an orthonormal basis.

To investigate convergence we start by looking at the n’th partial sum
Sulf)@) = 3 Fre. 8:9)

We can think of Sy, (f) as a projection of f onto the linear span of {ex () }jxj<n
(in L?(—m,7) it is precisely the orthogonal projection onto this subspace).
Inserting the definition of the Fourier coefficients we can write S,, as a con-

volution
Su()@) = = [ Dola —y)f(y)dy. (3.9)

2 J_,
where

D, (z) = Z e =1 4 2Zcos(km) = s1n(s(17111(—;/12/)2)x) (8.10)
k=1

k=—n

is known as the Dirichlet kerneﬂ (to obtain the third form observe that

the first form is a geometric series) depicted in Figure A few properties
of D,, are easy (Problem [8.3):
e D,(—z) = Dy(x).
e |D,(x)] < min(2n + 1, \%I) for |z| < 7 with a unique global maxi-
mum D, (0) =2n+1 at z = 0.
o 5 /7, Do(x)de = Sp(1) = L.

2Peter Gustav Lejeune Dirichlet (1805 —1859), German mathematician
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Figure 8.1. The Dirichlet kernels D1, D2, and Ds

So at this point it looks like we just need to invoke Lemma [3.21] However, a
closer look reveals that the Dirichlet kernel is no approximate identity since
| Dn|l1 — oo (Problem [8.4)).

In order to improve convergence we will look at mean values, where we
expect some cancellations of the oscillations of the Dirichlet kernel to take
place.

Example 8.4. Consider the sum Y 5o ,(—1)* which is clearly divergent since
Sy =Y R o(=DF = w does not converge. However, the mean values

Sy, =

n—1

1 141
Z Sk = 2 + 4n
k=0

S|

converge nicely. This is also known as Cesaro summationH It is not
difficult to see that a convergent series has a Cesaro sum which coincides
with the usual limit (Problem . But, as our example shows, the converse
is not true in general. 3

Hence we introduce
n—1 T
SN =3 S SiP@) =5 [ Rl -niwds (s11)
k=0

—Tr

where
n—1 . 2
R(e) = 13 Dule) - 1 () (5.12)

3Ernesto Cesaro (1859-1906), Italian mathematician
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F3(z)

Fa(z)
Fy(x)

Figure 8.2. The Fejér kernels Fi, F», and F3

is the Fejér kerne]ﬁ depicted in Figure To see the second form, we use
the closed form for the Dirichlet kernel to obtain

sin((k +1/2)z 1 = N

nhn(e) = kzo (sin(x/é)) - sin(m/2)1mkz;)e(k+l/2)
1 o (i el — 1 _1- cos(nx) _ sin(nz/2)\ ?
B sin(m/Q)I < elr — 1 ) 2sin(x/2)? ( sin(z/2) > '

It turns out that the Fejér kernel is much better behaved as can already be
deduced from the fact that it is nonnegative, F,(z) > 0. Hence, since the
property % ffﬂ F,(xz)dx = 1 is inherited from the Dirichlet kernel, we get
boundedness of || F,,||1 = 27 for free.

Theorem 8.1 (Fejér). Suppose f € Cpep[—m,m| (continuous periodic func-
tions), then the mean values of the partial Fourier sums S,(f) converge
uniformly to f. Similarly, if f € LP(—n, ), then S,(f) converges to f in
the LP norm.

Proof. Using F,(z) < m for 0 < |z| < 7 one can check that F,, is an
approximate identity if we set it equal to 0 outside [—7, 7]. Moreover, taking
a 27 periodic function and setting it equal to 0 outside [—27, 27] Lemma

establishes the claim. O

We remark that for integrable f, the mean values S,,(f)(x) converge for

a.e. x. More specifically, S,,(f)(z) converges at every Lebesgue point of f
and hence in particular at every point of continuity (see Problem [3.32]).

ALipot Fejér (1880-1959), Hungarian mathematician
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This result has a number of noteworthy consequences:

Corollary 8.2.

(i) An integrable function f is uniquely determined by its Fourier co-
efficients f.
(ii) Suppose that the periodic extension of f € L'(—m, ) has (a rep-
resentative which has) both a left and a right limit at some point
x € [-m,m]. Then
tim 5,()(@) = LI

n—00 2

Moreover, S, (f)(x) either converges to this limit or diverges.

(iii) The linear span of the functions {ex}rez, known as trigonometric
polynomials, is dense in LP(—m,7) for 1 < p < oo as well as in
Cper[—m, 7.

Proof. (i) As (ﬁ)|k|gn is all that is needed to compute S,(f) as well as
S, (f). (ii) The limit of S(f)(x) follows from Problem The second claim
follows since convergence of S,, implies convergence of S, by Problem

(iii) Sy, is an explicit trigonometric polynomial which converges to f. O

Item (i) covers the case of Fourier series of integrable functions. It is
however not applicable if the coefficients of a trigonometric series are not a
priori known to be the Fourier coefficients of some integrable function. A
theorem of Cantor states, that if a trigonometric series converges everywhere
(pointwise; with a finite limit), then the coefficients are uniquely determined
by the limiting function. Moreover, a result of de la Vallé—PoussinH states
that if the limiting function is integrable, the coefficients must be the Fourier
coefficients. Finally, Cantor extended his result by showing that if a trigono-
metric series converges to 0 on some interval except at a single interior point,
then it also converges to zero at the missing point. Hence one can improve
Cantor’s result to the case where convergence fails on a discrete set. More-
over, by first removing all discrete points, one can further extend it to the
case where convergence fails on a set whose limit points are discrete. The
question of how far this can be pushed led Cantor to the development of set
theory. Further results and references can be found in the survey [2].

The last item of Corollary tells us that the set {ex}rez is an or-
thonormal base in L?(—,7): Indeed, since orthogonal expansions gives the
best approximation (cf. Lemma from [25]), we have [|S,(f) — fll2 <
15, (f) — fll2, which shows that the Fourier series converges in the sense of
L% for f € L*(—m, 7).

S5Charles Jean de la Vallé-Poussin (1866-1962), Belgian mathematician
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Theorem 8.3. For every square integrable function f € L?>(—m,m), the
Fourier coefficients fi are square summable, satisfy Parseval’s relation

>kl = /ﬂ\ () |dz, (8.13)

keZ

and the Fourier series converges to f in the sense of L?. Moreover, this is a
continuous bijection between L*(—m, ) and (*(Z).

Note that Parseval’s relation says that the map L?((—, ), 27r) — 12(Z),

f— f is unitary, that is, it preserves the scalar product
™

Y G = / 9(x)" f(x)dz, (8.14)

keZ -

which follows from (8.13]) since the scalar product in a Hilbert space is deter-
mined by the associated norm via the polarization identity (cf. Theorem
from [25]).

This gives a satisfactory answer in the Hilbert space L?(—m, 7). It is
possible to extend this result to 1 < p < oo but this is technically much
more difficult.

The outset of this extension is the periodic Hilbert transform on the
circle which is defined as

. 1
(HJ)(a) o= lim - / o M) )y (8.15)

for sufficiently nice periodic functions f such that the limit exists. Since the
kernel cot(y/2) is antisymmetric, we have

(1)) =tim - [ () Sy 810

and hence a Holder condition, |f(z) — f(y)| < Clx — y|" for some v € [0, 1),
suffices to ensure

| cot(y/2)(f(x — N <

such that the limit exists uniformly for all . Due to the non-integrable
singularity of the Hilbert kernel Young’s inequality (3.25)) is not applicable
and such kernels are know as singular kernels. However, not all is lost and

one can show (Problem [8.11))
(Hfy) = fr (8.18)

at least for for trigonometric polynomials. Here we use the convention
sign(0) = 0. In particular, the Hilbert transform satisfies

IHFlls = I1HFll2 < | Fll2 = II£12 (8.19)

2 Cly = 200y (8.17)

51gn(kz)
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for trigonometric polynomials and hence extends to a bounded operator on
L?(—m, ) (cf. Theorem from [25]; in fact it is unitary on the orthogonal
complement of the constant functions). Moreover, there is a powerful theory
developed by Calder()rﬁ and Zygmundﬂ which shows that H also extends to
a bounded operator on LP(—m, ) for 1 < p < oo. We will come back to this
later in Theorem For now we will use it to show:

Theorem 8.4. For every p € (1,00) there exists a constant Cp, > 0 such
that

150 (Pllp < Cpll 1l (8.20)
and hence for every f € LP(—m,m) we have Sy (f) — f in LP.

Both, and convergence Sy,(f) — f for all f fail in L'(—m,7) and
in Cper[—m,m]. Moreover, in these cases Sy(f) diverges for f in a dense G5
set. Recall that a dense G set is a countable intersection of open and dense
sets, which means that it is a large set from a topological point of view.

Proof. Fix p € (1,00). As already pointed out, H extends to a bounded
operator on LP(—m, ), that is, there is some constant A, such that

(Nl < Apllflp-

Hence the same is true for the Rieszﬁ projection

_h

Py (f) 5

1 , SN
t+ 5 (F +iH () =D Frer,
k=0
where ey (z) := e**. Indeed,
1+ A4,

~ A
1P (Pl < @) YPLfol + =22 £llp < (14 221

Now using X[—nn] = X[-n,00) — X(n,00) W€ Can write

n
Sn(f) = Z fkek = e—nP—i—(enf) - en—l—lP—i—(e—n—lf)-
k=—n
Since multiplication with ey, is bounded, ||e, f||, < || f]| the claimed estimate
holds with C), := 2+ A,,.

The last claim now follows easily from convergence on the dense set
of trigonometric polynomials: Indeed, let f € LP and choose m such that
g := Sy (f) satisfies | f — g, < e. Then for n > m we have S,(g) = g and
hence £ = Su(Fllp < 1 — gl + 19— Su(@)llp+11Sn(9) = Su( D < (1+Cp)e
for n > m.

6Alberto Calderén (1920-1998), Argentinian mathematician
" Antoni Zygmund| (1900-1992), Polish mathematician
8Flrig;yes Riesz (1880-1956), Hungarian mathematician
€Marcel Riesz (1886-1969), Hungarian mathematician
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Finally we look at the remaining cases p = 1,00. To this end note that
the operator norm of Sy, : LP(—m,m) — LP(—m,7) (i.e. the optimal constant
for fixed n in (8.20))) is given by ||Sy || zr = || D1 for p = 1, 00. Moreover, this
remains true if we replace L>(—n, ) by Cpe,[—, 7] by choosing a sequence
of continuous functions f,,(z) — sign(D,(—x)) pointwise with || fi|lcc = 1
and noticing that (D, * f,)(0) = || Dxn|l1 as m — oo.

Since || Dy|j1 — oo as mentioned earlier (Problem [8.4)), we see that
fails for p =1, co.

Furthermore, this also implies that the second claim, convergence of
Sp(f) in LP, must fail for p = 1,00. Indeed, boundedness of convergent
sequences implies a pointwise bound |S,(f)|l, < Cy, and the Banach-
Steinhaus-Theorem (Theorem from [25]) tells us that this either holds
for all f, and then implies (8.20)), or it fails for f in a dense Gy set. U

Another consequence can be drawn from the observation that the map
from f to its Fourier coefficients f maps integrable functions to bounded
sequences and square integrable functions to square summable sequences
satisfying the explicit bounds

~ 1 ~
[flloo < o= lf 1l Al =

<5 (8.21)

1
i

Now it is possible to interpolate between these two boundary cases to get
corresponding estimates for f € LP(—m,7) with 1 < p < 2. Similarly, one
can interpolate the estimates for the converse directions

flloo < 11 1 lla = V27 Flla- (8.22)

Explicitly the M. Riesz—Thorin interpolation theorem (Theorem below)
implies:

Corollary 8.5 (Hausdorff-Young inequalityﬂ). For f € LP(—7, ) with 1 <
p < 2 the Fourier coefficients are in P/ P~V (Z) and satisfy

1 llp/-1) < 7)1 £ (8.23)

Conversely, if the Fourier coefficients of an integrable function are in (P(7)
with 1 < p < 2, then f € LY/~ (—x, 1) with

1 £l o1y < (272 Fllp. (8.24)

9IFelix Hausdorff (1868-1942), German mathematician
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Problem* 8.1. Let f € L'(—m, ) be periodic and a € R, n € Z. Show

g9() :E]:k
f(=z) J}k
f(x)* [k

flz+a)| éo*fy
(@) | fr-n
Problem 8.2. Show that a trigonometric polynomial f(z) := Y p__ cpeh®

of degree n can have at most 2n zeros on [0,2m). (Hint: Think of f as a
restriction of a function C\ {0} — C to the unit circle.)

Problem* 8.3. Show the following estimates for the Dirichlet and Fejér
kernels: |Dy(x)] < min(2n + 1, %) and F,(x) < min(n i ) for |z| < .

am ) nx2

Problem* 8.4. Show that the Dirichlet kernel satisfies
§zn:1 < |1 Dulls < 27(1 + log(2n + 1))
= kil E = nill > g

and note that the harmonic series diverges. (Hint: To see the estimate
from below, estimate sin(x/2) from below and make a substitution to ob-

tain || Dylly > 4 [ | sin(y)|dyy. Now split the integral into a sum over the
indiwidual bumps and estimate 1/y by appropriate constants.)

Problem 8.5. Compute the Fourier series of the Dirichlet kernel D, and
the Fejér kernel F,.

Problem 8.6. Compute the Fourier series of f(x) := |z| on [—7,x|. For
which x € [—m, ] does Sy (f)(x) converge to f(x)?

Problem 8.7. Compute the Fourier series of f(z) := 2% on [—m, 7] and use
this to show (Basel problem)

2T e
—n 6

(Hint: Evaluate the series at x = 7.)

Problem™* 8.8. Show that if a sequence of complex numbers S, converges
to S, then the sequence of mean values

also converges to S.
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Problem 8.9. Suppose f and g are periodic (with period 2m) integrable
functions. Show

(f * 9)k = 27 fr G,
where

(Fa)@) = [ f— gty
(Hint: Fubini.)

Problem 8.10. Compute the Fourier series of f(x) := x on [—m, 7] and use
this to solve again the Basel problem (see Problem . (Hint: Parseval’s

relation (8.13)).)

Problem* 8.11. Show (8.18)) for f a trigonometric polynomial. (Hint: It
suffices to compute Hey, for e (x) := e**. To evaluate the integral consider
the closed form of the Dirichlet kernel and split off the +1/2.)

8.2. Pointwise convergence

To investigate pointwise convergence, we first note that for integrable func-
tions the Fourier coefficients will at least tend to zero.

Lemma 8.6 (Riemann-Lebesgue lemma). Suppose f € L*(—, ), then the
Fourier coefficients fi converge to zero as |k| — oo.

Proof. Choose n sufficiently large such that ||f — S, (f)|l1 < 2me, then the
Fourier coefficients of f — S, (f) are bounded in absolute value by & and,
since subtracting S,,(f) only alters the Fourier coefficients with |k| < n, we
obtain ]fk| < ¢ for |k| > n. O

We remark that not every sequence from co(Z) arises as a Fourier series
of an integrable function. Indeed, if this would be the case, the inverse
map would be continuous by the inverse mapping theorem (Theorem
from [25]), that is, there would be a positive constant C' such that || f]j; <
|l F oo for all f € LY(—m, 7). Considering the Dirichlet kernel this gives the
contradiction ||Dp|l1 < C||Dnllsc = C. An explicit example will be given
below.

Furthermore, it is not possible to characterize the range of the discrete
Fourier transform in terms of a simple decay condition as there are integrable
functions with Fourier coefficients of arbitrary slow decay. This can be seen
using the following construction:

Lemma 8.7. Suppose a,, € cy(Z) is a real-valued symmetric sequence, a_, =
an which satisfies the discrete convexity condition

Gn+1 + An—1 > 20y, n € N.
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Then a, are the Fourier coefficients of a symmetric nonnegative integrable
function.

Proof. We start with a discrete variant of Green’s formula for reconstructing
am from the value of its discrete Laplacian b, := apy1 + @n—1 — 2a5:

m = Z (J —m)b;.
j=m+1
Verifying this formula is left as Problem Now the key observation is

that 1 — % are precisely the Fourier coefficients of the Fejér kernel Fj for

m < j (cf. Problem and hence

oo oo
am =Y JbiFm =Y jbiFjm.
j=m+1 J=1

Since Z;’il J bj = ag is finite, the function

= jbjFj(x)
j=1

is a symmetric nonnegative integrable function with the required Fourier
coefficients according to its construction. O

Example 8.5. Using the fact that the logarithm is convex one gets that the
Fourier series

corresponds to an integrable functlon f . Moreover, by the Dirichlet criterion
(Problem [8.18)) it follows that the series converges uniformly away from z =
0.

It turns out that this is not true for the corresponding sine series
i sin(kx)

log(1+ k)’
which now even converges for all  (again Dirichlet criterion; Problem ,
but the limiting function can be shown to be non-integrable. Indeed, if by > 0
are the Fourier sine coefficients of an odd integrable function, then necessarily
> kenbr/kE < oo by Problem In particular, this is an example of

a trigonometric series which converges everywhere, but is not the Fourier
series of an integrable function.

Since for every nonnegative sequence ¢, tending to zero there is a convex
sequence a, (as in Lemma [8.7)) satisfying ¢, < a,, (Problem [8.17)), there is
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an integrable function whose Fourier coefficients satisfy ¢ < | ﬁk|| Conse-
quently, the Fourier coefficients of an integrable function can have arbitrary
slow decay. o

Now we return to our original goal and use the Riemann—Lebesgue lemma
to establish a criterion for pointwise convergence.

Theorem 8.8. Let xg € [—m, 7| be fized and f a 27 periodic function. Sup-
pose
T — X

is in L' (—m, ) as a function of x, then the partial Fourier sums converge
pointwise at T,

n

: 7 ikxzo _

Jlim Y7 el = f(ao). (8.26)
k=—m

Proof. Without loss of generality we can assume xg = 0 (by shifting 2 —

x — 29 modulo 27 implying f — e~ %% f;) and f(zo) = 0 (by linearity since

the claim is trivial for constant functions). Then by assumption

is integrable and f(z) = (e* — 1)g(z) implies fk = gr—1 — gi and hence

n
Z fk = ./q\—m—l - ./q\n
k=—m

Now the claim follows from the Riemann-Lebesgue lemma. (]

Note that this result is for example applicable whenever f satisfies a
Hoélder condition |f(x) — f(xo)| < Clx — xo|” for some v € (0, 1].

If we look at symmetric partial sums S, (f) we can do even better.

Corollary 8.9 (Dirichlethinﬂ criterion). Suppose there is some a such
that
fleo+ )+ f(zo — ) — 2
x
is in LY(—m,7) as a function of x. Then S, (f)(x0) — a.

(8.27)

Proof. Without loss of generality we can assume xy = 0. Now observe
(since Dy(—x) = Dp(x)) Su(f)(0) = a + Sn(9)(0), where g(z) := 3(f(x) +
f(=x)) — a and apply the previous result. O

10Ulisse Dini (1845-1918), Italian mathematician and politician
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Note that this result is for example applicable whenever f has a left /right
limit and satisfies a Holder condition of the form | f(z)— f(xo+)| < C(x—x0)?

for x > xg and | f(x)— f(zo—)| < C(xo—2)7 for x < x for some vy € (0, 1]. In

f(zot)+f(zo—) zo+z)+f(zo—2)—20x | <
2 = <

this case we can choose a = implying \f (
20 |z| =1+,

Observe, that for the convergence of S,(f)(xo) — f(zo) only the be-
havior of f near x( is relevant. This is known as Riemann’s localization
principle.

It is a deep result of Carlsorﬂ that S, (f)(x) converges for a.e. z for
f € L?(—n,w). This was later generalized to the case f € LP(—m,7) for 1 <
p < oo by Hunﬂ For f € L'(—m,n) Kolmogorovﬂ gave an example which
diverges everywhere. Also, for continuous functions pointwise convergence
fails in general, as one can use the BanachfSteinhaus-Theoren@ to show
that the set of continuous functions for which S, (f) diverges at a given point
x is a dense G set (Example [4.7 from [25]).

Example 8.6. The first example of a continuous function whose Fourier

series diverges at some point was given by du Bois—Reymondﬁ To con-
struct such an example we consider the Fourier series (a shifted version of

Problem [8.13))
1 : 1 ikx
fla) =< (z —msign(z)) == cet el <,

kezZ\{0}
and make two observations: The first is that the partial sums f, := S,(f)

are uniformly bounded since (8.36)) below combined with Lemma (v)
implies |fn(x)| < 7+ 27?7111 < 7+ 2. And the second is, that if we take the
negative half of the sum at x = 0, we get the harmonic series which diverges

| " dx
k=1
Now the idea is to look at
gn () =N ().
The Fourier coefficients of gy are the same as those of fu, but they are
shifted such that they are nonzero for N < k < 3N instead of —N < k < N.

Hence, if we consider S,(gn) then we will get 0 for n < N and then we
add f_n, f-n+1, etc. until we have all coeflicients once we have n > 3N.

U ennart Carlson (*1928), Swedish mathematician

1ZRichard Allen Hunt (1937-2009), American mathematician
13Andrey Kolmogorov| (1903-1987), Soviet mathematician
1Stefan Banach (1892-1945), Polish mathematician

15Hugo Steinhaus (1887-1972), Polish mathematician

16paul du Bois-Reymond| (1831-1889), German mathematician


http://en.wikipedia.org/wiki/Lennart Carlson
http://en.wikipedia.org/wiki/Richard Allen Hunt
http://en.wikipedia.org/wiki/Andrey Kolmogorov
http://en.wikipedia.org/wiki/Stefan Banach
http://en.wikipedia.org/wiki/Hugo Steinhaus
http://en.wikipedia.org/wiki/Paul du Bois-Reymond
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In particular, we have S, (gn)(0) = 0 for n < N, Son(gn)(0) = Hy, and
Sn(gn)(0) = fn(0) = 0 for n > 3N. Now we consider
— 1
g(z) == Z ~39N; (),

=17

where Nj is chosen such that the supports of the Fourier coefficients of g,
are disjoint for different j. Then, since f, (and hence gy) is uniformly
bounded, the series converges uniformly and defines a continuous periodic
function. Moreover, San,(g)(0) = j2Hpy, and if we choose Nj such that
j‘2HNj — 00 as j — 00, the partial Fourier sums S, (g) will diverge at 0.
For example, the choice N; = 37% will satisfy both requirements. o

Example 8.7. The Dirichlet-Dini criterion implies that at a jump, the
Fourier series converges to the mid point of the left/right limits. By Rie-
mann’s localization principle it suffices the look at a pure jump function,
e.g., f(z) = sign(z) at z = 0. If one plots S, (f) (Figure B.3), one notices
that Sy, (f) will overshoot at the jumps and that the amount of overshooting
does not decrease as n — oo. This is known as Gibbs phenomenonﬂ
Note that by Lemma (v) this does not happen for S, (f).

Explicitly we have (Problem [8.12)

Sulf)@) = =3

™
k=0

1 sin((2k + 1)x)

and the locations of the extrema follow from the zeros of the derivative

, 4 & sin(2(n + 1)z)
= — 2 1 = —_— .
To see the closed form use cos((2k + 1)z) = Re(e!®**D%) and sum the

geometric series. In particular, the first positive maximum occurs at z =
T and the value is given by

2(n+1)
m 2 2k +1
(D (o 71)) = ("o a)
"D\ 3w n+1k2_gsmc "on +2
where sinc(z) = Sinuéx). This value can be regarded as a Riemann sum
showing

lim SMf)(ﬁ) = 2/01 sinc(mx)dr = 1.17898.

1730siah Willard Gibbs (1839-1903), American scientist
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S19(f)

1 {\v/\ N

N Nl #(z)=sion(z)

VY Y

Figure 8.3. Gibbs phenomenon

Problem* 8.12. Compute the Fourier series of f(x) := sign(z). For which
x € [—m, 7| does Sy (f)(x) converge to f(x)?

Problem 8.13. Compute the Fourier series of f(x) := x on [—7,w|. For
which © € [—m, 7| does Sy, (f)(z) converge to f(z)?

Problem 8.14. Compute the Fourier series of f(x) := %ei‘“ on [—m, 7]

for a € C\ Z. For which x € [—m, 7| does Sy(f)(z) converge to f(x)?

Establish the partial fraction decomposition

[ee]
1
Tz cot(mz) = 14 222 E 2714;2’ z€ C\Z.
Z —_—
k=1

Problem 8.15. Show that for § € R and f € L'(0,7) we have
lim f(z)sin((n + §)x)dz = 0.

n—oo 0

Use this to compute the Dirichlet integral

R .
lim / de =
0

Nk

R—o0 T

(Hint: To evaluate the Dirichlet integral start from [ Dy(x)dx = m and

observe that 2 — W}[/Q) is continuous on [—7,m].)

Problem* 8.16. Show the summation by parts formula

> gi0F); = gnfuir — gm-1fm+ Y _(079)if;

Jj=m Jj=m
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where,
(8f)n:fn+1_fm (8*f)n = fn-1— fn,
are the forward/backward difference operators.
Suppose the real-valued sequence a, converges to zero and satisfies by, :=
—(00*a)n = an+1 + an—1 — 2a, > 0 for n € N. Show that
e a, :=(0%a)y, = apn—1 — an > 0 is decreasing and converges to zero,
e nay, — 0,
® Gm = Z;im—&-l(] - m)bj'
(Hint: To show the second claim use an, — an > (n — m)ay, for n > m. For
the third claim use summation by parts.)

Problem™ 8.17. Let ¢,, n € Ny be a nonnegative sequence tending to zero.
Then there is a convex sequence a, (as in Lemma satisfying ¢, < ay.
(Hint: Let M := sup,cy, ca and choose j, such that c; < M/n for j > jy.
Now use linear interpolation between these points.)

Problem 8.18. Let (ar)ren be a nonnegative monotone decreasing sequence
which converges to zero and (bk(x))ken a sequence of complex-valued func-
tions for which Bp(x) = Z;ll br(x) is uniformly bounded, |By(z)] < C.
Show that (Dirichlet criterion) the series

Z akbk(a?)
k=0

converges uniformly.

Conclude that the Fourier cosine/sine series

Z ay, cos(kzx), Z a, sin(kx)
k=0 k=0

converge uniformly on every compact subinterval 0 < |z| < 2w. (Hint: To
show the Dirichlet criterion use summation by parts from Problem )

8.3. Uniform and absolute convergence

Finally, we want to know under which conditions we can get even stronger
forms of convergence (e.g. uniform convergence). One way of tackling this
question is to look at the decay of the Fourier coefficients.

The space of all periodic continuous functions which have summable
Fourier coefficients A together with the norm

fllaci="" 1l

kEZ
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and the usual product is known as the Wiener algebraﬂ Of course as
a Banach space it is isomorphic to ¢!(Z). Indeed, by definition f f
isometrically maps A — ¢1(Z). To see that this map is surjective, note that
its inverse £1(Z) — A is given by ¢ — f(z) := >, cke'* since by absolute
convergence of this series we can interchange summation and integration to
verify fr = ¢ for all k € Z.

To see that it is a Banach algebra note that
F@)g(z) = fre® " giei = Y figelttie
keZ JEZ k,jEZ
=3 (D Fides )
keZ  jez
implying
(F9)e = FiGr—;- (8.28)
JEZ
Moreover, interchanging the order of summation

Ifgla =33 Faes| < S5 18k5] = 1 llallgla

k€EZ jEZ JEZ kEL

shows that A is indeed a Banach algebra. We remark that it is a celebrated
result of Wiener (Theorem from [25]) that the reciprocal, provided the
function does not vanish on [—m, 7], is again in the Wiener algebra.

An important observation in this respect is the fact that decay of the
coefficients is related to the smoothness of f. For example, if f is periodic of
period 27 and continuously differentiable, then integration by parts shows

s

~ 1 . ,
fo= 5= / e @)dr, € Gl (8.29)

Then, since both k™! and the Fourier coefficients of f’ are square summable,
we conclude by the discrete Holder inequality that ]? is absolutely summable
and hence the Fourier series converges absolutely. So we have a simple
sufficient criterion for summability of the Fourier coefficients, but can we do
better?

A few improvements are easy: holds for any class of functions
for which integration by parts holds, e.g., piecewise continuously differen-
tiable functions or, slightly more general, absolutely continuous func-
tions, which can be defined as the antiderivatives of integrable functions:

xT

ACper|—m,7) 1= {f(z) = f(~m)+ / o(w)dy | g € LM —m, 7, f(r) = f(—m)}

-7

L&Norbert Wiener (1894-1964), American mathematician and philosopher
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The function ¢ is uniquely determined (a.e.) and known as the derivative,
written as f’, of f. We refer to Section for more on absolutely contin-
uous functions. Moreover, the derivative also does not have to be square
summable. Indeed for f’ € LP with 1 < p < 2 we have f’ e ¢/(P=1)(Z) by
Corollary and hence k=1 f/ x € £1(Z) by the discrete version of Hélder’s
inequality. However, f’ € L' does not suffice since we already know that the
Fourier coefficients of an integrable function can decay arbitrary slow. So an
extra condition to ensure summability of the Fourier coefficients is needed.

Example 8.8. Considering the antiderivative of the function from Exam-
ple (cf. also Problem [8.20)) we see that the Fourier series

defines an absolutely continuous function whose Fourier series is not abso-
lutely summable (using the integral test and [(xlog(x)) 'dz = log(log(z))).
It is also not difficult to construct a function with absolutely summable
Fourier coefficients which is not absolutely continuous (Problem [8.25).  ©

One sufficient condition, as pointed out before, is f’ € LP for some
p > 1. For another simple sufficient criterion recall that a periodic function
f € Cper[—m, 7] is called uniformly H6lder continuous with exponent vy €
(0,1] if

£, = sup L&) =S W

8.30
T#y |$ - y|’y ( )

is finite (here we extend f to a periodic function on R to also cover the behav-
ior near the endpoints). Clearly, any Holder continuous function is uniformly
continuous (explicitly we can choose § = (¢/[f],)/7) and, in the special case
v = 1, we obtain the Lipschitz continuous functions. The space of all
periodic Hélder continuous functions will be denoted by Cgél[—ﬂ, 7] and we
refer to Section [Z.] for further results on Holder continuous functions.

Example 8.9. By the mean value theorem every function f € Cger[—ﬂ,w]

is Lipschitz continuous with [f]1 < ||f/||cc. Slightly more general one can

show that an absolutely continuous function f € ACpe,[—n,n| with f' € LP

for some p > 1 is Hélder continuous with [f], 1 < || f’||, (see Problem [4.32).
P

However, the reverse direction is not true in general. That is, a Holder
continuous function might not be absolutely continuous (see Problem m
and Theoremor Problem unless it is Lipschitz continuous, in which
case it is absolutely continuous with a bounded derivative (see Lemma.

o
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Theorem 8.10 (Bernstei. Suppose that f € Coi[—m, w1 is Hélder con-
tinuous of exponent vy > %, then the Fourier coefficients are summable with

SRkl < G (8.31)

keZ\{0}

Proof. In order to turn the Hélder condition |f(z + 6) — f(z)| < [f],67
into an estimate for the Fourier coefficients, we look at the L? norm of this
difference such that we can use Parseval’s identity. Now by Problem [8]]
the Fourier coefficients of f(z + §) — f(z) are (e — l)fk and to get rid
of this extra factor we restrict k& according to %’r < |ko| < %’r such that
letFd — 1|2 = 2 — 2 cos(kd) > 3. Hence, choosing d := ZL2~™  we obtain

S RPN - aPAE = o [ 1+ 0) - fo)Pa
-3 - 6

2m < k| <2m+1 -
1
< g[f]?y§27~

Next we use Cauchy—Schwarz (note that the sum has 2-2™ terms) to estimate
the sum over the Fourier coefficients

1/2

N (m+1)/2 72 2(m+1)/2
> Ihds2 > A < T[f]vm
2m<|k|<2m+1 2m < |k|<2m+1
2 (2m\”
— 222 o(/2=y)mpp
(5 i
Summing over m shows (8.31) with C, finite provided v > % O

Example 8.10. One can show that the Hardy—Littlewood series
o
ek log(k) .

kl/2+y ¢
k=1

P () =

converges uniformly and defines a Holder continuous function ¢, € Cgél [—7, 7]
for 0 < v < 1; see |27, Theorem V.4.2]. Hence Bernstein’s theorem fails for
MY o
If we combine absolutely continuous with Holder continuous, we can
drop the v > % restriction. In fact, we can even weaken the conditions
a bit further. To this end let [a,b] C R be some compact interval and
f i a,b] — C. Given a partition P = {a = o, ..., 2z, = b} of [a,b] we define

19Sergei Natanovich Bernstein| (1880-1968), Soviet mathematician
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the variation of f with respect to the partition P by
V(P.f) =) 1f(en) = far-)l- (8.32)
k=1

The supremum over all partitions

ch’(f) = sup V(P, f) (8.33)

partitions P of [a,b]

is called the total variation of f over [a,b]. If the total variation is finite,
f is called of bounded variation. We refer to Section for more on
functions of bounded variation.

Example 8.11. Absolutely continuous functions are of bounded variation
with
b
VN < [ 1@l (5.34)

Also monotone functions are of bounded variation with V.*(f) = |f(b)— f(a)|.
In fact, every function of bounded variation can be written as a complex
linear combination of four monotone functions (Theorem {4.24)). o

Theorem 8.11 (Zygmund). Suppose f € Cgél[—ﬂ,ﬂ] for some v > 0 is of
bounded variation, then f is summable with

> 1l < G (V)

keZ\{0}

12, (8.35)

Proof. The overall strategy is similar to the proof of Bernstein’s theorem.

We partition the interval [—m, 7] into 2N intervals of equal length § := %.

Then the assumption implies

N
> (f@+10) — fla+ (1 —1)8))
=—N+1
N
<[40 Y0 (f@+18) = fla+ (1= 1)8)] < [fl, V()67
I=—N+1

Next we note that the Fourier coefficients of f(x +10) — f(z + (I — 1)0) are
ﬁei(l*1)5k(ei5k — 1) and thus, integrating this inequality over [—m, 7] (not-
ing that the integral is independent of [ by periodicity), Parseval’s relation
further implies

2NN | FulPle® — 12 < [f], V()87
keZ
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Now we choose N := 2™ and restrict the range of k to get rid of the extra
term:

~ 1 PO o i
SORESs X RR 1R <2 v ()90,
2m—1l|k|<2m 2m—1l|k|<2m
Next we invoke Cauchy—Schwarz
2

SINIT) IFPERND SR Lty

4
am—1<|k|<2m 2m—1<|k|<2m

Finally, taking the square root of this inequality and summing over m shows

a TV O e (VL))
= (D) S ()

and finishes the proof. O

Finally, we turn to uniform convergence. We first establish that the
Fourier series converges uniformly for Holder continuous functions:

Theorem 8.12. Suppose that f € ng[—w,w] is Holder continuous of expo-
nent v > 0, then the Fourier series converges uniformly, ||Sn(f) — flloc = 0
as n — oo.

Proof. Using the estimate F,(z) < min(n, an52> for |x| < m (Problem

we obtain
_ 1 W
192 (f) = flloo < sup o— [ Fu(y)lf(z —y) = f(z)ldy
|| <7 4T J -7
fly [T ,12 %_HJ)y v <1,
< YIr Yy < 77 1—2 \n n
<2 [ Raras < =1, il )

Since Sy, (Sn(f)) = Sn(f) we obtain from

Su(f) = f=5u(f - gn(f)) - (f - gn(f))
that
180 (f) = Flloe < (IDnllx + DISn(f) = flloo
such that the claim follows from || D, |1 < 27(1+1log(2n+1)) (Problem [8.4)).
(]

Another way to get uniform convergence is to impose extra conditions
such that convergence of the Cesaro means implies convergence of the series.

For example using (Problem [8.26))
n

Su(P@) = Sun (D)) = —5 37 WA (830)

k=—n
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we can conclude that unter the condition k fj, = o(1) (uniform) convergence
of Sp(f)(x) implies (uniform) convergence of Sy, (f)(z). In particular, this
applies to absolutely continuous functions. Moreover, we can do even better.

An extra condition ensuring convergence of S, provided S, converges
is known as Tauberian condition in honor auf Taube%who first proved
such a result. The following Tauberian result by Hardy"’| strengthens our
above observation:

Lemma 8.13 (Hardy). Suppose k‘ﬁc is bounded. Then (uniform) conver-
gence of Sp(f) implies (uniform) convergence of Sp(f).

Proof. Since this is in essence a statement about Cesiaro summable series
Sn = Zk o ar we consider this case for notational simplicity (i.e., we set
ag = fo and ay 1= f pe kT 4 fkelk"”) We start with (Problem

n

_ m-+1,- _ 1
Sn_5n+1:n_m(SnJrl_Serl)"'n_m Z (Sn_Sk)a m<n,
k=m+1
and use
—kM _(n—m-1)M
Sp — Skl < — < 1<k<
| M Z = k+1 STy o MriskEm
j=k+1
where M := supycy |kag|. Now, given n, we choose m such that this ex-
pression is smaller than Me for a given € > 0. Solving % < ¢ for m
gives
n—e
<m+1
1+¢
and hence we choose m := [{7=]. Then

_ 1, - _
‘Sn - Sn+1‘ < E(SnJrl - Serl) + Me
and letting n — oo (which also implies m — o0) establishes the lemma. [

To apply this result, all we need is a condition for f ensuring the required
bound on the Fourier coefficients:

Theorem 8.14. Suppose f is of bounded variation, then

il < D)
20k[
Moreover, the Fourier series converges at every point

Supie) » LED 16

k e\ {0}. (8.37)

(8.38)

20 Alfred Tauber| (1866-1942), Austrian mathematician
21Grodfrey Harold Hardy (1877-1947), English mathematician
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where f(x+) := lim. o f(x £ ) denote the right/left sided limits (which ea-
ist since a function of bounded variation can be written as the sum of four
monotone functions, as already mentioned). If in addition f is continuous,
then the convergence is uniform.

Proof. Set § = ﬁ and observe

m . AL rG+1)s _ k=1l s o
JARCEETED S RO Sl QF Ee e
—T j:*k j(S jZ*k 0

6 k_l . .
o \ ;=%

Hence |fi,| < V™ (f )% as claimed. The rest follows from Corollary (i)
and the previous lemma. O

Finally, we remark that it is possible to extend these results to the mul-
tidimensional case and expand periodic functions on f € L!([—m, 7]™) using

fk) = (271)m /[M]m f(x)e*rdmz, (8.39)

where k -z = kiz1 + --- + knxy, is the Euclidean scalar product. Most
results extend without effort using the underlying product structure (e.g.
F,(z1) - Fp(zy) is an approximate identity on R™ by Example and
hence el*® = ei#121 ... oikm@m i5 an orthonormal basis for L?([—7, 7|™), etc.).
We refer to [9] for further details.

Problem 8.19. Show that the convolution of two square integrable periodic
functions is in the Wiener algebra. (Hint: Problem[8.9)

Problem 8.20. Show that the operator
~ 1 (7

I:LN—m,7) = Cper[~m, 7], f(z)+— F(x)— for — 7 F(z)dz,

w

—Tr

where F(z) := [ f(y)dy, satisfies

- 0, k=0,
I(f), = fk
T ke Z\ {0}.

Show also ||I(f)||eo < %Hf”l

Problem 8.21. Let f € L'(—m,m). Show that f € Cre

 [—m, 7| if and only
if |k‘mfk\ is bounded for all m € N.
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Problem 8.22. Define the Sobolev space

Hyep (=7, m) = {f € L3(=m,m) | |kI*fi € E(2)}
Show that Hy,(—m,m) = {f € ACpe,|—m, 7] | f' € L*(—m,m)}. Show that
the Fourier coefficients of f € Hp,.(—m,m) are summable for s > % Show

that this fails for s = 5. (Hint: Problem as well as Example )
Problem 8.23. Show that if f € Cpi|—m, @ is Hélder continuous (cf.

(77)), then
[/l

~ a\”7

Conclude that if f € Cll,g,[—w, 7| (the set of periodic functions which are C'
and for which the highest derivative is Holder continuous of exponent ) we

have " "
2 UYL (T
|fk| §27<|k|> ) k # 0.

(Hint: What changes if you replace e 7% by e hyHT/k) ip (18.3) 2 Now make
a change of variables y — y — w/k in the integral.)

Problem* 8.24. Show that f € L'(—m,m) is in the Wiener algebra if it
has nonnegative Fourier coefficients and is continuous at 0. Conclude that

for f € LY(—m,«) with sign(k:)fk > 0 we have ;g J%’“ < 0o. (Hint: Apply
monotone convergence to S, (f)(0). For the second part use Problem )

Problem 8.25. Consider the function
[e.e]
f(z) = ZZ*WjeiQJx, v > 0.
§=0

Show:
(i
(ii

) f is in the Wiener algebra (and in particular continuous).
)

(iii) f is not absolutely continuous for 0 <y < 1.
)

f
f s not of bounded variation for 0 < vy < 1.

(iv) f is Hélder continuous of exponent v for 0 < v < 1 but not Lips-
chitz continuous for v = 1.

(Hint for (iv): To estimate |f(x+9) — f(x)| split the sum at an index n and
use [ — 1| < |z|, * € R, for the first part and |e® — 1| < 2, x € R, for the
second. Now find a suitable value for n.)

Problem 8.26. Let S, = >_p_oax and S, := = 3720 Si. Show

_ 1 &
Sn—5n+1—n+1;kak-
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Conclude that a Cesaro summable series S, converges provided kay — 0.

Problem* 8.27. Let S, = > p_jaj and Sy, := %ZZ;& Sk. Show that for
m<n

n

(St = Smst) + —— 37 (Su— Sk,

n m
k=m+1

- m+1
Sn_SnJrl:

n—m

8.4. Applications

Here we present two applications of Fourier methods. We begin with Weyl’@
approach to equidistribution. A sequence x,, of real numbers is called equidis-
tributed in the interval [a, b] (with a < b) provided

o Wiz eledy] _d—c .10

n—o00 n b—a

for every subinterval [c,d] C [a,b]. This can be rephrased as
&&ng%

for every characteristic function f = x|q-

(8.41)

Lemma 8.15 (Weyl’s criterion). A sequence x,, is equidistributed in [a,b] if
and only if one to the following conditions holds:

i) (8.41) holds for all characteristic functions f = X(cq with [c,d] C
[a, b].
(ii) (8.41) holds for all Riemann integrable functions f : [a,b] — C.

(i) (8.41)) holds for a set of functions whose linear span is dense in
Cla,b] (w.r.t. the ||.]|cc norm).

Proof. (i) = (ii). By linearity holds for any linear combination of
characteristic functions of intervals, which are known as step functions. Now
let f:[a,b] — R be Riemann integrable. Then (Lemma we can find a
partition P of [a, b] and corresponding step functions s_ < f < s such that

fab(3+(90) —s_(x))dr < (b—a)e. Now

1 b
lim sup — Zf zj) < hmsup Zs+ xj) i — / sy (x)dx

n—oo N
/f )dx — €.

22Hermann Weyl (1885-1955), German mathematician
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Since € > 0 is arbitrary we conclude

Using s_ we get the corresponding inequality for the liminf, which estab-
lishes the claim for real functions. The case of complex functions follows by
considering real and imaginary parts.

(ii) = (iii). Follows since every continuous function is Riemann inte-
grable.

(iii) = (i). Since (8.41)) remains true under uniform limits, we can assume
that (8.41)) holds for all continuous functions. Now given f = Xle,d] choose
two continuous functions f— < f < fy with f;(f+(x) — fo(z))dx < (b—a)e
and argue as before. ([

Example 8.12. It might be tempting to replace Riemann integrable by
(Lebesgue) integrable in (iii). However, this is clearly wrong as can be seen
by choosing for f the characteristic function of the range of the sequence.
Since the sequence is countable, we have f = 0 a.e. and hence the right-
hand-side of equals 0 while the left-hand-side equals 1. o

A striking application of this result is to choose the trigonometric poly-
nomials in (iii) to get that the sequence z,, is equidistributed in [0, 1] if and
only if

n—o0 N 4

1 n
lim — g kT —
Jj=1

for all k € N. For example, if z,, := (yn mod 1) for some v € R, then this
sequence is equidistributed if and only if 7y is irrational. Indeed, we have

n e?ﬂ'i'yj 1_627'rik'y(n+1)
l Z e27ri kvyj n 1—e2miky k’Y ¢ Z7

from which we conclude

I 0, ky€Z
lilarlZe?’”kW:{7 V¥EL,

n—00 1 = 1, kyeZ.

Our second application is Hurwitz’ﬁ proof of the isoperimetric inequal-
ity which roughly states that a circle encloses the maximal area among all
curves with fixed length.

23 Adolf Hurwitz (1859-1919), German mathematician
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Theorem 8.16. Let Q C R? be a bounded C* domain such that its boundary
can be parametrized by a C' curve y. Then

!mﬁﬁf, (8.42)

where £(y) denotes the length of the curve, with equality if and only if v is a
circle.

Proof. By choosing an affine change of parametrization we can assume that
7y : [, 7] — R? and by scaling we can assume that (cf. Problem |4.37) the
length is equal to 27

™
aw=/(%w%wwﬂﬁ=%-
Moreover, the are is given by (cf. Example [2.18):

1= [ (a0nh® - f @)

—Tr
Now we expand the components of v into Fourier series and use Parseval’s

relation (8.13)) and (8.29)) to get

- A~ l
D R (Akl® + 2sl?) = O _y

2m
keZ
and Q)
— = DY k(A 2k — A5 A0) =2 KIm(31495) -
keZ keZ
Now we use 2|Im(ab*)| < |a|? + |b|? (expand |a + ib*|> > 0) to obtain
Q ~ ~ ~ ~
|7r| < k(A + Fakl?) <R (Al + Fenl?) = 1,

keZ keZ
which is the desired inequality.

Since we have |k| < k? for k > 2 we must have |51 x|? + [J2.£|? = 0 for
k > 2 to have equality in the last estimate. Since  is real-valued and we also
have |%,1|2 + |%,1|2 = 1/2 this shows 41 +1 = &\/(;)eii‘sl, 41 = &\/(;)eii‘sl
for some «,d1,09 € R. Finally, since we must also have equality in the first
step this shows 2Im(cos(a) sin(a)e!(%1792)) = 2 cos(a) sin(a) sin(d; — dz) = 1
which implies « = 7 mod 7/2 and 01 — d2 = /2 mod 7. Changing d1, d2
we can assume cos(a) = sin(a) = 1/4/2 which shows v(t) = (¢1 + cos(t +
J),c1 +sin(t + 9)) for some real constants. O



Chapter 9

The Fourier transform

9.1. The Fourier transform on L' and L2

For f € L'(R") we define its Fourier transfornﬂ via

~ 1
f(p) = any2

F(Ho) [ i@, 0.1

Here px = p1x1 + - -+ + prx, is the usual scalar product in R” and we will

use |z| = \/z? + - + 22 for the Euclidean norm.

Lemma 9.1. The Fourier transform is a bounded map from L'(R™) into
Cy(R™) satisfying

1Fllee < 2m) 2| I (9.2)

Proof. Since |eP*| = 1 the estimate (9.2)) is immediate from

) < Gy [ e @ = s [ @

Moreover, a straightforward application of the dominated convergence theo-
rem shows that f is continuous. ([

Note that if f is nonnegative we have equality: HfHoo = (27) 2| f||l1 =
f(0).

The following simple properties are left as an exercise.

1Joseph Fourier| (1768-1830), French mathematician and physicist
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Lemma 9.2. Let f € LY(R"). Then
(f@+a)\(p) =ePf(p), acR", (
(™ f(2))"(p) = fp—a), a€cR", (
(f(Mz)) (p) = Idet(M)!_lf((M_l)Tp), M € GL(R"), (
(f(Az)"(p) = (
)" (p) = (

(f(=2)"(p ()

Next we look at the connection with differentiation.

Lemma 9.3. Suppose f € CHR") such that f,0;f € L' (R"™) for some
1<j5<n. Then

)"
)"
) ( ), A>0,
)

(05)(p) = ip; f (). (9:8)
Similarly, if f(z),zjf(z) € LYR™) for some 1 < j < n, then f(p) is differ-

entiable with respect to p; and
(£ (2))"(p) = 10; f (p). (9.9)

Proof. Let usassume j = 1 for notational simplicity and set £ = (z2, ..., x,)
such that z = (21,#). Then f, 0, f € L*(R") implies that both z; — f(z1, %)
and x1 + 0y f(r1,7) are in L' (R) for a.e. ¥ € R"~! by Fubini. Moreover, for
such Z the identity f(x1,2) = f(0,Z) + f O1f(t,Z)dt shows that the limits
limg, 100 f(21,%) exist and are finite. Moreover, by integrability of f(.,Z)
these limits must be zero. Hence for such Z integration by parts implies

/Reimzl gx{(“’i)dm — efimmf(xl,j)‘iooo _/R <aileip1:r1> f(gjhif‘)dxl
= jpl/e_ip1$1f($1,i)d$1.
R

Multiplying this identity with (27)~ n/2e=10% and integrating with respect to
T establishes (91 )" (p) = ip1jf(p).
Similarly, the second formula follows from

(x]f(x))A(p) - (27r1)"/2 /Rn :cje—ipr(x)dn:c

1 0 —ipz m,. _ 9 »
:W/ <8p]e p)f(a:)dx—lamf(p),

where interchanging the derivative and integral is permissible by Problem
In particular, f(p) is differentiable. O

This result immediately extends to higher derivatives. Roughly speaking
this lemma shows that the decay of a function is related to the smoothness
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of its Fourier transform and the smoothness of a function is related to the
decay of its Fourier transform.

Next, let C>°(R™) be the set of all complex-valued functions which have
partial derivatives of arbitrary order. For f € C*°(R") and a € Njj we set

olel ¢
ozt - dzpn’

An element a € Nj is called a multi-index and |« is called its order. We
will also set (Az)® = Nz for A € R. Recall the Schwartz space

S(RY) = 1{f € CF(RY)|sup [27(05)(2)] < 00, Vo, F€Ng}  (9.11)

« Qn

Onf = =t e, ali=ar 4 ap. (9.10)

which is a subspace of LP(R"™) and which is dense for 1 < p < oo (since
C*(R™) c S(R™)). Together with the seminorms ||z%(0sf)(z)|~ it is a
Fréchet space. Note that if f € S(R"™), then the same is true for 2% f(z) and
(0af)(x) for every multi-index a. Also, by Leibniz’ rule, the product of two
Schwartz functions is again a Schwartz function.

Lemma 9.4. The Fourier transform satisfies F : S(R") — S(R™). Further-
more, for every multi-index o € Nij and every f € S(R"™) we have

@) 0) = @) f(p),  (@*f(@) () =i0af(p). (9.12)

Proof. The formulas are immediate from the previous lemma. To see that

f € S(R) if f € S(R™), we begin with the observation that f is bounded

by (9.2). But then p“(@gf)(p) = i~1el=181(9,2P f ()" (p) is bounded since
Oax® f(x) € S(R™) if f € S(R™). O

Hence we will sometimes write pf(z) for —i0f(x), where 9 = (d1,...,0p)
is the gradient.

In particular, this allows us to conclude that the Fourier transform of an
integrable function will vanish at co. Recall that we denote the space of all
continuous functions f : R™ — C which vanish at co by Co(R").

Corollary 9.5 (Riemann-Lebesgue). The Fourier transform maps L'(R™)
into Cp(R™).

Proof. First of all recall that Cp(R™) equipped with the sup norm is a
Banach space and that S(R™) is dense (Problem[7.4). By the previous lemma
we have f € Co(R™) if f € S(R™). Moreover, since S(R") is dense in L (R"™),
the estimate shows that the Fourier transform extends to a continuous
map from L!(R") into Cp(R™). O

Next we will turn to the inversion of the Fourier transform. As a prepa-
ration we will need the Fourier transform of a Gaussian.
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Lemma 9.6. We have e~#**/2 € S(R") for Re(z) > 0 and

—z|T 1 - z
Flem ) (p) = —pe W/, (9.13)

Here 22 is the standard branch with branch cut along the negative real azis.

Proof. Due to the product structure of the exponential, one can treat each
coordinate separately, reducing the problem to the case n = 1 (Problem|9.3]).

Let gbz(:nA) = exp(—zxz/%). Then ¢, (z) + zx¢,(z) = 0 and hence
i(p6:(p) + 20%(p)) = 0. Thus 2 (p) = c¢1/.(p) and (Problem

c=¢,(0) = \/1277r /Rexp(—za:Q/Q)dx = \}E

at least for z > 0. However, since the integral is holomorphic for Re(z) > 0
by Problem this holds for all z with Re(z) > 0 if we choose the branch
cut of the root along the negative real axis. O

Now we can show

Theorem 9.7. The Fourier transform is a bounded injective map from
LY(R™) into Co(R™). Its inverse is given by

. 1 ipr—e 7 n
f(z) = Eﬁ}W /Rnep ‘p|2/2f(p)d p, (9.14)

where the limit has to be understood in L'. Moreover, (9.14) holds at every
Lebesgue point (cf. Theorem @) and hence in particular at every point of
continuaty.

Proof. Abbreviate ¢.(x) := (2r) /2 exp(—¢|z|?/2). Then the right-hand
side is given by

1
(271')"/2
and, invoking Fubini, Lemma and ((9.4), we further see that this is equal
to

6-(p)e" F(p)d"p = / b-(p)eP" f(y)e PV dPyd"p
R™ R JR7

— [ @ @iy = [ ey -orwdy

But the last integral converges to f in L'(R™) by Lemma [3.21 Moreover, it
is straightforward to see that it converges at every point of continuity. The
case of Lebesgue points follows from Problem [10.15] below. O

Of course when f € LY(R"), the limit is superfluous and we obtain
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Corollary 9.8. Suppose f,fe LY(R™). Then

(N =1, (9.15)
where
~ . 1 ipz n. 2
Fo) = Giors [ @ f@)s = fi-p) (9.16)
In particular, F : F1(R") — F1(R") is a bijection, where
FYR™) = {f € L'(R")|f € L'(R™)}. (9.17)

Moreover, F : S(R") — S(R™) is a bijection.

Observe that we have F1(R") c L'(R") N Cy(R™) C LP(R™) for any
p € [1,00] (cf. also Problem [9.2) and choosing f continuous (9.15) will hold
pointwise. However, note that F : L(R™) — Cy(R") is not onto.
Example 9.1. Consider the function f € C.(R) given by
|z| —1/2
f(z) = mxkl/z,lﬂ](@

with

- V2g—1/2 .
f(p) :/0 o () sin(pz)dz.

Then f is not integrable since

o ~ V2p—1/2 =z
=<0 f(p)dp = d
/0 e (p)dp /0 log(z) €2+ 22 T 0

by Fubini and monotone convergence. Hence f ¢ Ran(F). To get an exam-
ple in arbitrary dimensions use Problem o

Another way of showing that F : LY(R") — Cp(R") is not onto is by
showing that the inverse Fourier transform F~! is not continuous (cf. Prob-
lem . Nevertheless the inverse Fourier transform F~! is a closed map
from Ran(F) — L'(R") since the inverse of a bounded operator is always

closed (cf. Lemma [8.1] from [25]).
Lemma 9.9. Suppose f € FY(R"). Then f, f € L*(R") and

1£13 = 11713 < @) 21 £ 1) fllx (9.18)
holds.

Proof. This follows from Fubini’s theorem since

£ n 1 * 7 ipr mn n
/]Rn ’f(p)Pd p= W/n - f(z)* f(p)eP*d"pd"x
:/n|f(:c)|2d"x
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for f, f € L'(R™). O

The identity ||f|l2 = || 7l |2 is known as the Plancherel identity. Thus
we can extend F to all of L?(R") by setting F(f) := limy, s00 F(fm), where
fm is an arbitrary sequence from, say, S(R™) converging to f in the L? norm

(cf. Theorem from [25]).

Theorem 9.10 (Planchere]EI). The Fourier transform F extends to a unitary
operator F : L*(R") — L?(R").

Proof. As already noted, F extends uniquely to a bounded operator on
L?(R™). Since Plancherel’s identity remains valid by continuity of the norm
and since its range is dense, this extension is a unitary operator. U

We also note that this extension is still given by ({9.1) whenever the
right-hand side is integrable.

Lemma 9.11. Let f € LY(R")NL?(R"), then continues to hold, where
F now denotes the extension of the Fourier transform from S(R™) to L?(R™).
Moreover, we still have (F~1f)(x) = (Ff)(—x) and also (9.14]) continues to
hold if the limit is taken in L>.

Proof. If f € L' N L? has compact support, then by Lemma its mollifi-
cation ¢. * f € C2°(R") converges to f both in L! and L?. Hence the claim
holds for every f with compact support. Finally, for general f € L' N L?
consider fm = fxpB,,(0)- Then fn — f in both L' and L? and the claim
follows.

For the second claim note that (F~1f)(z) = (Ff)(—z) at least for f €
S(R™) which remains true when taking limits in L2, Similarly,

N 1
[ o foa = [ Smeu—a ey

holds for f € S(R™) (as established in the proof of Theorem[0.7)) and remains
true when taking limits in L?. Hence the claim follows by taking € | 0 using

Lemma [3:2T] as in the proof of Theorem [9.7] O
In particular, for f € L?(R") we have
N S T 1 —ipx n
o) = Jim o5 /M e f(a)d"s, (9.19)

where the limit has to be understood in L?(R") and can be omitted if f €
LY(R™) N L2(R™).
Another useful property is the convolution formula (cf. Lemma [3.20)).

2Michel Plancherel (1885-1967), Swiss mathematician
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Lemma 9.12. Let f,g € L'(R™). Then f * g € L*(R"™) with

(F+9)" = (2m)"f5. (9.20)
Proof. That fxg € L' was shown in Lemma and hence we can compute

(f*9)(p) = (2771)”/2 /]R” e ipe ( - f)g(x — y)d”y) d"x

= [ ) ((2;)/2 [ e gta y)dnz) "y
= [ e mwamy = @ )

where we have used Fubini’s theorem. O

Example 9.2. The image of the integrable functions under the Fourier
transform is known as the Wiener algebra

A(R") == {f|f € L"(R™)}.

By construction, this is just the range of the Fourier transform F(L!(R")) C
Co(R™) and the Fourier transform is a bijection F : L'(R") — A(R™). If we
equip it with the norm ||f||,4 := (27)~"/?||f||1, we get a Banach space iso-
morphic to L'(R™) and the norm satisfies || f|loc < [|f]l.4 by (9.2). Moreover,
Lemma shows that the product of two functions f,g € A(R"™) is again
in the Wiener algebra with

1fglla < [If]l.allgll.a-
In other words, the Wiener algebra is a Banach algebra (without identity). <

As a consequence we can also deal with the case of convolution on S(R™)
as well as on L?(R"™).

Corollary 9.13. Let g € L'(R") and f € L?>(R™). Then fxg € L*(R") and
(f=9)" = (20)"2]3 (9.21)

Proof. The fact that f g is in L? was shown in Lemma Hence taking
a cutoff fn, == fxp,,(0) such that f,, € L'NL? and f,, — f in L? establishes

the claim upon taking the limit in (f,, * g)" = (277)"/2fm§. O

Corollary 9.14. The convolution of two S(R™) functions as well as their
product is in S(R™) and

(fx9)"=@m)"2fg,  (fo)"=(@2m)™"?fxg (9.22)

i this case.
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Proof. Clearly the product of two functions in S(R™) is again in S(R™)
(show this!). Since S(R?) C L'(R™) the previous lemma implies (f * g)" =
(2m)" 2fGe S (R™). Moreover, since the Fourier transform is injective on
L'(R™) we conclude f* g = (277)”/2(]”9) € S(R™). Replacing f, g by f, 7 in
the last formula finally shows f # § = (27r)"/ 2(fg)V and the claim follows by
a simple change of variables using f ( y=Ff (—p). O

Corollary 9.15. The convolution of two L*(R™) functions is in Ran(F) C
Co(R™) and we have || f * gllco < || fll2]lgll2 as well as

(fo)" = @n)™2f x5,  (f+9)" =(2n)"%fg (9.23)

in this case. Here (f * g)" should be understood as a limit as in (9.14) but
with eP* replaced by e 'P*.

Proof. The inequality ||f * glloo < ||fll2]lg]|2 is immediate from Cauchy—
Schwarz and shows that the convolution is a continuous bilinear form from
L?(R™) to L*®(R"™). Now take sequences fn,gm € S(R") converging to
f,g € L?>(R"). Then using the previous corollary together with continuity
of the Fourier transform from L!(R"™) to Cy(R") and on L?(R™) we obtain

(f9)" = lim (fngm)" = (2m) 7% T fon % Gun = (2m) "2 5 3.

Now taking the inverse Fourier transform we have fg = (2r) "/2F1 f xq
and replacmg f,g by f g (by virtue of bijectivety of F on L?) we further
get fg = (27r) n2F-1f % g and after a reflection, f(p) = f( p), the second
equality fg = (2n) "2 Ff % g. O

Finally, note that by looking at the Gaussians ¢y (z) = exp(—Az2/2) one
observes that a well centered peak transforms into a broadly spread peak and
vice versa. This turns out to be a general property of the Fourier transform
known as uncertainty principle. One quantitative way of measuring this
fact is to look at

I(zj — ) f (@)l = /R (z; — 2°)%|f ()", (9.24)
which will be small if f is well concentrated around z° in the j’th coordinate
direction.

Theorem 9.16 (Heisenbergﬂ uncertainty principle). Suppose f € S(R™).
Then for any a,b € R we have

~ 2
(25 — )7 (@) all(w; — B)F )2 > 112

2

(9.25)

3Werner Heisenberg (1901-1976), German theoretical physicist
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with equality if and only if f(x) = f(in)eipjb*"(":j*“)2 with o > 0 and f €
L%(R"Y) real-valued up to a constant complex phase. Here & = (1,...,x;_1,
Tjt1y--- 7xn)'

Proof. Replacing f(x) by e™'%® f(z + ae;j) (where e; is the unit vector into
the j'th coordinate direction) we can assume a = b = 0 by Lemma Using
integration by parts we have

1713 = /R @) = — /R 2,0, (@)]2d"s = —2Re /R 2 (2)0; f(2)d"x.
Hence, by Cauchy—Schwarz,

1713 < 2l2sf (@) 2010; £ (2)ll2 = 2l f (@)l|2]p; f ()12

the inequality follows. To have equality in the Cauchy—Schwarz inequality
we need 0; f(x) = ox;f(x)* for some o € C. Without loss of generality we
can assume f(0) = 1 and solving this ordinary differential equation (this is
a first oder system for the real and imaginary parts) shows that all square

integrable solutions are of the form f(x) = f(ic)e*""x?/2 with f € L2(R"1)
real-valued and o > 0. O
2 is interpreted
as the probability distribution for the position of a particle and |f(p)[? is
interpreted as the probability distribution for its momentum. In particular
|fll2 = 1. The the expectation values for a measurement of the position,

momentum is given by

T = /Rn o|f(z)Pd"z,  p= /np|f(p)|2dnp (9.26)

respectively, and the variance is given by

= [ e-aPli@Pes o= [ p-sPlfoler 020

and the above theorem implies

The name stems from quantum mechanics, where |f(z)

a0y > g (9.28)

with equality for Gaussians. This is the classical form of Heisenberg uncer-
tainty principle implying that one cannot simultaneously measure position
and momentum of a particle with arbitrary precision.

Another version states that f and f cannot both have compact support.
Theorem 9.17. Suppose that f € L'(R") and f has compact support, then

f is real analytic. In particular, f can only vanish on a discrete set unless
it vanishes identically.
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Proof. By Theorem [9.7] we have

1 izp 7 0 __ A
F@) = Goyors [ @@, A= supp().

Moreover, by the multinomial theorem

D

and hence

jlal

f0 = e g [ e e,

In particular, ¢, = 0,.f(y) and for y & supp(f) we conclude 9, f(y) = 0 for
all multi-indices «, that is, f = 0. O

Problem 9.1. Show that S(R") C LP(R™). (Hint: If f € S(R™), then
|f(z)] < Cm H?Zl(l + x?)*m for every m.)

Problem 9.2. Show that F*(R™) C LP(R™) with

_n(_1 o 1-1
£l < @m) 22 7171 FIlL

Moreover, show that S(R™) C FL(R™) and conclude that F'(R™) is dense
in LP(R™) forp € [1,00). (Hint: Use 2P < x for 0 < xz < 1 to show

1l < Il P 1AL7)
Problem* 9.3. Suppose f; € L*(R), j =1,...,n and set f(z) := [T5= fi(x).
Show that f € LY(R™) with || fll = ITj= il and f(p) = T} f;(p;)-

Problem 9.4. Compute the Fourier transform of the following functions
fR—=C:
—k|z|

(i) f(z) = x(-1,1)(2)- (if) f(x) = %=, Re(k) > 0.
Problem 9.5. Show that
Unl@) i= Holw)e™ € S(R),
where Hy(z) is the Hermite polynomiaﬁ [16] [(12.7.2)] of degree n given

by
Hy(z) :=ez <3: — dm) ez,

are eigenfunctions of the Fourier transform: wn(p) = (—1)"n(p).

4Charles Hermite (1822-1901), French mathematician
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Problem 9.6. Prove the Poisson summation formula

Z f(n)e™ ™ = /2x Z flz + 2mm),
nez meZ
where f € LY(R) satisfies | f(z)| + | f(x)] < W for some o > 1.
Derive Jacobi’s identity
1 .
92, —2) = Voire™ Ty (2, 1)

T T
for the Jacobi theta function from Example , (Hint: Compute the Fourier
coefficients of the right-hand side. To this end observe that the integrals over
[—m, 7| give a tiling of R when m runs through all values in 7Z.)

Problem 9.7. Suppose f € L'(R) satisfies |f(z)| + |f(z)| < W for

some a > 1. Prove the Whittaker—Shannon interpolation formula

fla) =) f(n)sinc(r(z —n))
nez
provided supp(f) C [-m, 7). HeAre sinc(z) = % (Hint: Use the Poisson
summation formula to express f and take the inverse Fourier transform.)

Problem 9.8. Show - )
R
0 T 2

Furthermore, use integration by parts to compute the Dirichlet integral

R .
lim / sm(gc)dm = E.
0

R—o0 T 2

(Hint: Problem (i).)

Problem 9.9. Suppose f € LY(R"). If f is continuous at 0 and f(p) >0
then

1 n 0
f(0) = W o f(p)d"p.

Use this to show the Plancherel identity for f € L'(R™)NL?(R™) by applying
it to F:= fx f, where f(x) = f(—x)*.
Problem* 9.10. Show that F : L'(R™) — Co(R") is not onto as follows:
(i) The range of F is dense.
(ii) F is onto if and only if it has a bounded inverse.
(iii) F has no bounded inverse.
SEdmund Taylor Whittaker| (1873-1956), British mathematician, physicist, and historian of
science

9Claude Shannon (1916-2001), American mathematician, electrical engineer, and cryptogra-
pher known as "the father of information theory"


http://en.wikipedia.org/wiki/Edmund Taylor Whittaker
http://en.wikipedia.org/wiki/Claude Shannon
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(Hint for (iii): Consider ¢,(x) = exp(—2zx?/2) for z = A\ +iw with A > 0.)

Problem 9.11 (Wiener). Suppose f € LQ(R”). Then the set {f(z + a)|a €
R"} is total in L*(R™) if and only if f( ) # 0 a.e. (Hint: Use Lemma 9.2
and the fact that a subspace is total if and only if its orthogonal complement
is zero.)

Problem 9.12 (Rellich). Let C' be a positive constant and let f; : R™ — R
be two measurable functions such that f;(x) > 1 with limy . fj(z) = o

for j =0,1. Then the set {f € L>(R™)| || fofll2 + ||f1]?||2 < C} is compact in
L?(R™). (Hint: Ezvample )

Problem 9.13. Suppose f(x)e*®l € LY(R) for some k > 0. Then f(p) has
an analytic extension to the strip |Im(p)| < k.

Problem 9.14. Consider the Hilbert space L*(R,w(z)dz) corresponding
to a nonnegative weight w. The corresponding orthogonal polynomaials are
uniquely defined up to normalization by applying Gram—Schmidt to the mono-
mials.

Suppose |w(z)| < Ce ¥ for some C,k > 0. Show that the orthogo-
nal polynomials are dense in L*(R,w(z)dz). (Hint: It suffices to show that
[ f(z) Yrlw(x)dr = 0 for all j € Ny implies f = 0. Consider the Fourier
transform of f(@)w(z) and note that it has an analytic extension by Prob-
lem[9.13 Hence this Fourier transform will be zero if, e.g., all derivatives
at p =0 are zero.)

9.2. Some further topics

A function f: R™ — C is called spherically symmetric (or radial) if it is
invariant under rotations; that is, f(Ox) = f(z) for all O € SO(R") (equiv-
alently, f depends only on the distance to the origin |x|). By Lemma we
have (foO)" = foO (recall | det(O)| = 1) and hence the Fourier transform
of a spherically symmetric function is again spherically symmetric. In fact,
in this case the integral can be evaluated using spherical coordinates. The
final result can be expressed in terms of the the Hankel transform

/ f(s)Ju(sr)sds, v> —%, (9.29)
with
- © (1) 2\ 27+v
JZ,(Z) = ]go m (5) (9.30)

the Bessel function of order v € C (|16 (10.2.2)]; see Problem [9.15)).


http://dlmf.nist.gov/10.2.E2
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Example 9.3. Note that for half integer order the Bessel functions reduce
to trigonometric functions. In fact, we have (Problem [9.17)

J_12(2) = \/Zcos(z).

and using Problem (i) one gets

Jin(2) = (~1)n22 <1j)J<>

In particular,

Jija(2) = \/Z sin(z), Jg/g(z)\/z <—cos(z) + isin(z)) ,

etc. o

It will be convenient to use the following modified version
Ho (F)(r) = Ho(f(s)(s/r)")(r) = /0 F(8)Jy(s7)s™ s, (9-31)

where J,(z) := 27".J,(z). Note that the integral representation from Prob-
lem implies that J,(r) is bounded for r > 0, v > —%, explicitly,
|J,(r)] < (Val(v + $)2¥)71. In particular, the modified Hankel transform
is a bounded linear transform L!((0, 00),r?*"1dr) — Cy([0,00)). Moreover,
using the connection with the Fourier transform established below, one sees
that it is unitary on L?((0,00),r***1dr) at least for v =% — 1, n € N. In
the latter case the integral has to be understood as a limit lim,,— fom like
in the case of the Fourier transform.

Theorem 9.18. Let f(x) = F(|z|) be a radial function with f € L*(R"™) or
f € L2(R™). Then the Fourier transform can be expressed in terms of the
Hankel transform:

F) = Fa(lpl),  Falr) == Ha 1 (F)(r). (9-32)

Proof. The case n = 1 is part of Problem and hence we can assume

~

n > 2 without loss of generality. Since f(p) is radial, we can choose p = |p|d,
in the direction of the last coordinate axis for the purpose of evaluating the
integral. Then, using spherical coordinates we obtain

f(p) = (;:)_nlm /Ooo </07r e—ilplr cos(0) Sin(&)”_2d9> F(T)Tn_ldr
= [ oD F )6 v = g (P) o)

by Problem O
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Corollary 9.19. The Hankel transform H, is unitary on L*((0,00),rdr)
forv=%—-1neN.

Another useful fact is that the radial Fourier transform for different odd
or even dimensions can be computed recursively:

Lemma 9.20. Let F' € L'((0,00),r**tdr) N L'((0,00),7"*2dr). Then
~ 1d -~
T ()) =~ 50, (7)), (933)
Similarly, if F € L*((0,00),r""dr) N L?((0,00),r" 2dr) and v = % — 1,
n € N.

Proof. Note that .J,(z) = 27“J,(z) is an entire function which satisfies
J)(2) = —zJy4+1(z) by item (i) from Problem Hence
1d -

. dTHV(F)(r) = 1/000 srJ! (s1)sF(s)s? tds = H, 11 (F)(r),

where interchanging differentiation and integration is permissible since J,, is

bounded on the real line. The L? case follows by approximation. ([

Example 9.4. Let us compute the Fourier transform of the characteristic
function of the unit ball in R3. In one dimension we have X1,ny(p) =

\/g sin(p) and hence

p
~ 1d . T 1 . 1
t00) =~ 8] =5 (sl = s costsh )
o

Example 9.5. From Problem we know that the Fourier transform of
flx) = et ¢ L'(R) for Re(t) > 0 is given by

~ 2t
0=\ 2t
Hence, applying Lemma [9.20| recursively we obtain
N NG DS t
flp) = —2 5
\/77- (t2 + $2)(n+1)/
in R™ for odd n. In fact, this formula holds for all n € N (Problem [9.18)). ©

In probability theory, the Fourier transform of a measure is known as
the characteristic function and plays an important role. Let us be a bit
more general and define the Fourier transform of a complex measure y by

) = g | @) (039
Note that in probability theory the characteristic function is defined as
pu(p) = (2m) "*1(=p).
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Lemma 9.21. The Fourier transform is a bounded injective map from M(R™)
into Cyp(R™) satisfying

IAllse < (2m) 72|l (R™). (9-35)

Proof. The estimate is immediate from (4.25)) and dominated convergence
implies that fi(p) is continuous. Moreover, for ¢ € S(R™) Fubini implies

| ewaw)as= [ sa)u

and hence injectivity follows from Lemma [3.23] O
Example 9.6. The Fourier transform of the Dirac measure ¢, is

5 - 1 —ipzo

5&00 (P) = (271')"/2 e <o

Theorem 9.22. Consider the Fourier transform of a complex measure on
R. Then

™ \/12* / eitv . S oy 0] () 0.36)

In particular,

. . 1 r ei(bJrs)p _ ei(aJrs)p ~
1((a,b]) = lglfg Jim Nor " 1i(p)dp. (9.37)

Proof. First of all note that the integrand is bounded since
ip

b .
/ eltdt
a
Hence we can use Fubini to write

1 r eibp _ eiap .
— =T e dpdu(a).
o /R / Ty e ()

Now the inner integral gives

elbp — elap

<b-a.

Lo L[ sin((b - a)p) —sin(la - a)p)
2 J_, ip 2 J_, p
1
= —(Si((b—x)r) — Si((a — z)r)),
™
where Si(z) = 5 %dm is the sine integral. In the limit » — oo we obtain

(using the Dirichlet integral — Problem [9.35))

1
(Si((b — z)r) — Si((a — 2)r)) — i(sign((b — z)r) — sign((a — z)r))
_ X(ab)(®) + Xfap) (7)
2
from which the claim follows after invoking dominated convergence. U

1
7
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Corollary 9.23. For the Fourier transform of a complex measure on R™ we
have

i(bj+e)p; _ e i(aj+e)p; R
(. b]) = lim lim ——— / | . p)dp.
r,r|" 1

el0 r—oo , / 2,“- n/2 ip;

Finally we look at the connection with weak convergence.

Lemma 9.24. Let iy, 1 be finite positive measures on R™ and suppose the
Fourier transforms converge pointwise

bm(p) = A(p),  peR™

Then p, — p weakly (cf. (5.20) ).

Proof. First of all note that convergence for p = 0 is equivalent to pi,, (R™) —
w(R™). In particular, p,(R™) is bounded and it suffices to establish vague
convergence by Lemma

Furthermore, using the definition of f and Fubini shows

[ Fin= [ roawi. e,

Hence choosing f € S (R™) we see that (5.24)) holds for f € S(R) and vague
convergence follows from dominated convergence. (]

Next we turn to the case, where the limit is not known to be the Fourier
transform of a measure.

Theorem 9.25 (Lévy continuity theorem). Let ., be a sequence of finite
positive measures on R™ and suppose the Fourier transforms converge point-
wise

m() = ¢(p), peR"

Then ¢ is the Fourier transform of a positive measure p if and only if ¢ is
continuous at 0. Moreover, in this case p, — p weakly (cf. (5.20)) ).

Proof. Convergence at p = 0 implies p,,(R") — ¢(0) and hence p,,(R™) is
bounded. Thus by Theorem [6.11] we can pass to a subsequence and assume
that u,, converges to some measure p vaguely.

To show that u,, — p weakly we will show that the sequence p,, is tight
(cf. Problem [5.15)). To make the argument more transparent we look at one
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dimension first. We start with (using Fubini)

1/ 1 1
il " - - | = —ipx
o /Tum(p)dp \/%/ 5 /Te dp dpim ()
SlIl TCC
dpm (x
%/ fm ()

ﬁ <Nm([_t7t]) + %Nm(R\ [_t7t])>
1
— \/j

2T

1
(1em®) = (1= iR\ [-1,8) )
Choosing t = % we thus obtain

o <V i)

Hence in the n dimensional case this 1mphes

pn(t € B a1 > 21) £ V2T [ (0) — o5

where §; is the j’th basis vector in R™. Moreover, for K, := [-5, Z]" this
implies

pom(R™\ ;) 2/_ — fim(p;6;))dp;.

Now choose r such that |¢(0) — gf)( — for |p| < r. Then

)’ < 4\/771.
Vor

lim g, (R™\ K,)

m—0o0

g
(pjd;))dp; < 3

which shows that the left-hand 81de is smaller than e for m sufficiently large.
O

Example 9.7. Choosing dpy,(x) = e_x2/(2m)% we have Jip, (p) = e ™" /2
X {0} (p), which shows that continuity at 0 is important. Note that in this
case iy, — 0 vaguely. o

Another natural question is when a function ¢ is the Fourier transform of
a positive measure. To answer this question one calls a function ¢ : R™ — C
positive definite if

Z o(p; — pr)cjci >0 (9.39)
7,k=1
for any finite collection of points p; € R™ and constants ¢; € C. In other
words, the matrix {¢(p; — pr)}1<jk<m is positive semidefinite. This defini-
tion should be compared with the definition of a positive semidefinite
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kernel, which shows that ¢ is positive definite is the same as saying that
o(p — q) is a positive semidefinite kernel.

It is straightforward to check that the Fourier transform of a finite posi-
tive measure is positive definite:

~ . 1 2
> ilpj — p)ejcs, = )2 /Rn dp(z) 2 0. (9.40)
I

D e
J
In fact, if we suppose i € L'(R"), then the integral operator

! /R Ay — =) (y)dy

T 2r

(K f)(z)

is positive, since FKF~! is multiplication by (/1) (and by injectivity of F
we also see that in this case y is absolutely continuous with density (7)Y).
This connection with positive definite kernels is the key to establishing the
converse:

Theorem 9.26 (Bochnelﬁ). Let ¢ be a positive definite function which is
continuous at 0. Then ¢ is the Fourier transform of a finite positive measure.

Proof. Let us first consider the case when ¢ is integrable. Since ¢ is contin-
uous (Problem [9.21)), the kernel K (p,q) = ¢(p — q) is positive definite and
hence the associated integral operator K : L? — L? is also positive, in the

sense that (f, K f) > 0, by Lemma (you can also show this directly by
extracting the relevant part from the proof). In particular, by Corollary
it is given by multiplication with ¢ once we apply the Fourier transform:

(fLEKf) = @n)"(f.of) > 0.

Now let f. be a Gaussians such that ff is an approximating identity to
conclude ¢ > 0. Moreover, by (9.14) and monotone convergence we have

(2m)"26(0) =lim | e MRG()dy = | G(y)d"y,
EJ,O Rn R

which shows QAS € L'. Thus ¢ is the Fourier transform of gg(—y) establishing

the claim in the case that ¢ is integrable.

In the general case we consider ¢.(p) = qﬁ(p)e*EPQ/ 2 which is integrable
since ¢ is bounded (Problem . Moreover, since eeP/2 gives rise to a
positive definite kernel the same is true for the product (Lemma [3.30] (v)
and the following example). Now ¢. is the Fourier transform of a positive
measure by the first part and so is its limit by Lévy’s continuity theorem. [J

6Salomon Bochner (1899-1982), Austrian-Hungarian mathematician


http://en.wikipedia.org/wiki/Salomon Bochner
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Problem 9.15. Show that J,(z) is a solution of the Bessel differential equa-
tion
20" 4 2 + (22 = 1v)u=0.

Prove the following properties of the Bessel functions.

(1) (7 Iu(2)) = £ g (2).

(i) Ju-1(2) + Jot1(z) = ZJ(2).

(iii) Jy—1(2) = Jot1(z) = 2J)(2).
Problem 9.16. Show the following integral representations for Bessel func-
tions:

JV(Z) > / ilzcos(O) sin(@)QVdH

)V/ cos(z cos(#)) sin(#)?*df

NSRS

w\»—t
[NCRIRN

Ay
Ay
A G

> / cos(z cos()) sin(0)* do

M\H

wm<;>”/j”cos<zsmw»m@wda,

for Re(v) > —% and z € C. (Hint: Replace the outer cosine by its power
series and use Problem[2.27)

Problem 9.17. Verify the expression for J,l/z(z) and conclude that

7:[_1/2(f)(7") = 1 /000 cos(rs) f(s)ds = f(r)

™

if we extend f to all of R such that f(r) = f(—r). (Hint: (Problem[2.25).)
Problem 9.18. Show that the formula derived in Example holds for all

n € N. (Hint: Use the power series for the Bessel function and Legendre’s
duplication formula from Problem . )

Problem 9.19. Suppose [5.(1+ |z|)*du(z) < oo for some k € N. Show
that ji € C*(R™) and

R 1
Oall(p) =

—ipx/_: \o
@n)? /Rn e PP (—ix)du(x).
Problem 9.20. Show (p * v)" = (2r)"/?[iv (see Problem .

Problem 9.21. Show that a positive definite function satisfies ¢(—p) =
o(p)* and |p(p)| < ¢(0). Moreover,

|p(p) — d(q)| < 46(0)[¢(0) — ¢(p — g)|-
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(Hint: Look at the cases of two {0,p} and three points {0,p,q} and use the
fact that the determinant of a positive semidefinite matriz is nonnegative. )

9.3. Applications to linear partial differential equations

By virtue of Lemma the Fourier transform can be used to map linear
partial differential equations with constant coefficients to algebraic equations,
thereby providing a mean of solving them. To illustrate this procedure we
look at the famous Poisson equation, that is, given a function g, find a
function f satisfying

—-Af=g. (9.41)
For simplicity, let us start by investigating this problem in the space of
Schwartz functions S(R™). Assuming there is a solution f € S(R™) we can
take the Fourier transform on both sides to obtain

pPie)=3) = ) =50 (9.42)
and our solution is necessarily given by
f(@) = (IpI%3(p)" (x)- (9.43)

In fact, this formula still works provided g(z), |p|~2g(p) € L*(R™). Moreover,
if we additionally assume § € L'(R™), then |p|2f(p) = §(p) € LY(R™) and
Lemma implies that f € C?(R") as well as that it is indeed a solution.
Note that if n > 3, then |p|~2g(p) € L'(R") follows automatically from
9,9 € L'(R™) (show this!).

Moreover, we clearly expect that f should be given by a convolution.
However, since |.|~2 is not in LP(R") for any p, the formulas derived so far
do not apply.

Lemma 9.27. Let 0 < o < n and suppose g € L*(R™) N L>®(R™) as well as
Ip|~“g(p) € LY(R™). Then

(500" @) = [ Tulle = uDod"s. (9.4
where the Riesz potential is given by
INE— 1
Io(r) : (*3%) (9.45)

= 2047Tn/21"(%) pn—a’

Proof. Note that, while |.|7® is not in LP(R™) for any p, our assumption
0 < a < n ensures that the singularity at zero is integrable.

We set ¢;(p) = exp(—t|p|?/2) and begin with the elementary formula

& 1
=, ta/Z—ldt L, =
’p| & /0 d)t(p) 9 & 20‘/2F(04/2)’
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which follows from the definition of the gamma function (Problem [2.24))
after a simple scaling. Since |p|~“g(p) is integrable we can use Fubini and
Lemma [0.6 to obtain

Ca

130" @) = o [ ([T utoner1ae) atonar

Cq [o%e) IR ) ) . )
- (27r)"/2/0 </ne P91, (p)g(p)d p) pla—n)/2—1 4y

Since ¢, g € L' we know by Lemma that $§ = (21)7"/2(¢ * g)" More-
over, since ¢g € L' Theorem gives us (¢g)Y = (2m)"™2¢ x g. Thus, we
can make a change of variables and use Fubini once again (since g € L)

(9" @0) = % [ ([ vt =gty ) e

B (27:% /0 < o 9 y)g(y)d"y> t(n—e)/2-1 g

= (2;;1/2 /n (/OOO il — y)t(”_“)/Q_ldt> g(y)d"y
_ Ca/Cn—a / 9(y) dy
R

- (27T)n/2 n ‘l‘ _ y’nfa
to obtain the desired result. O

Note that the conditions of the above theorem are, for example, satisfied
if 9,9 € L'(R™) which holds, for example, if g € S(R"). In summary, if
g € LY(R™) N L>=(R"), |p|~2g(p) € L*(R™) and n > 3, then

f=®xg (9.46)
is a classical solution of the Poisson equation, where
reE-1 1
O(x) := (3 1) n >3, (9.47)

4qn/2 |x‘n72’
is known as the fundamental solution of the Laplace equation.

A few words about this formula are in order. First of all, our original for-
mula in Fourier space shows that the multiplication with |p|~2 improves the
decay of g and hence, by virtue of Lemma f should have, roughly speak-
ing, two derivatives more than g. However, unless g(0) vanishes, multiplica-
tion with |p| =2 will create a singularity at 0 and hence, again by Lemma
f will not inherit any decay properties from g. In fact, evaluating the above
formula with g = xp, (o) (Problem shows that f might not decay better
than @ even for g with compact support.

Moreover, our conditions on g might not be easy to check as it will not
be possible to compute g explicitly in general. So if one wants to deduce
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g € LY(R™) from properties of g, one could use Lemma to show that
this condition holds if g € C*(R™), k > n — 2, such that all derivatives
are integrable (Problem . This seems a rather strong requirement since
our solution formula will already make sense under the sole assumption g €
L'(R™). However, as the example g = XB, (0) shows, this solution might not
be C? and hence one needs to weaken the notion of a solution if one wants to
include such situations. This will lead us to the concepts of weak derivatives
and Sobolev spaces. As a preparation we will develop some further tools
which will allow us to investigate continuity properties of the operator Z,, f :=
I, * f in the next section.

Before that, let us summarize the procedure in the general case. Sup-
pose we have the following linear partial differential equations with constant
coeflicients:

P(l0)f=g,  P(i0)= cail"da. (9.48)
a<k
Then the solution can be found via the procedure

g - P
F F1
g f
and is formally given by
f@) = (P()~'9(p)" (). (9.49)

It remains to investigate the properties of the solution operator. In general,
given a locally integrable function m € L'(R", (1+|z|)~"d"x) for some r > 0
one might try to define a corresponding operator via

Apg = (mg)", (9.50)

for g € S(R™). In this case m is known as a Fourier multiplier and it is
said to be an LP-multiplier if A,, can be extended to a bounded operator in

LP(R™).
Example 9.8. Any m € L>®(R") is an L? multiplier (in fact the converse is
also true — Problem . o
Example 9.9. If m := (27)"/?[i is the Fourier transform of a complex Borel
measure, then (by Problem

Amg=px*g
and m is an LP-multiplier for all 1 < p < oo by Problem
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It can be shown that in the case p = 1 every multiplier is of this form. ¢

Another famous example which can be solved in this way is the Helmholtz
equation

Af+f=g (9.51)
As before we find that if g,§ € L'(R™) then a classical solution is given by
f@) = (1 +1p)9(p)" (x). (9.52)

Lemma 9.28. Let a > 0. Suppose g € L'(R™) N L>(R™) as well as (1 +
Ip|2)~*/2%G(p) € L*(R™). Then

(4200 (@) = [ Jullo=ubad™s, (959
where the Bessel potential is given by
Jolr) = M )" Kewpalr), r>0. (@50
with
Ko(r) = K (r) = % <g)” /OOO e—t—ﬁtffl, r>0,veR,  (9.55)

the modified Bessel function of the second kind of order v (|16}, (10.32.10)] ).

Proof. We proceed as in the previous lemma. We set ¢;(p) = exp(—t|p|?/2)
and begin with the elementary formula

1_‘(7%2)/2 _ /OO ta/2_1e_t(1+|p‘2)dt.
(1 + |p[*)" 0
Since g, g(p) are integrable we can use Fubini and Lemma [9.6] to obtain
9(p) v F(%)l/ iwp </OO /21 ,—t(1+|p[?) >"
- =7 xr) = eliE ta e p dt dn
((1 + |p|2)a/2) ( ) (271')"/2 " 0 g(p) p

Fgfl oo N . 3 /o
2 [ (L eaamamrs ) e te et

(
L(ay-1 oo
N (4(;))71/2 /0 < R” Pry20( — y)g(y)d"y> e~ tpla—n)/2=1 1y

(& -1 o)
=7 4(;))”/2 / ) ( /0 S1jai(x —y)e 't/ Zldt) g(y)d"y

to obtain the desired result. Using Fubini in the last step is allowed since g

is bounded and J,(|z|) € L*(R™) (Problem [9.25). O

Note that the first condition g € L*(R™) N L°°(R"™) implies g € L?(R")
and thus the second condition (1 + [|p|?)~*/2G(p) € L*(R™) will be satisfied
if & <a.

2


http://dlmf.nist.gov/10.32.E10
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In particular, if g,§ € L'(R"), then
f=Jdaxg (9.56)

is a solution of Helmholtz equation. Note that since our multiplier (1 +
Ip|?)~! does not have a singularity near zero, the solution f will preserve
(some) decay properties of g. For example, it will map Schwartz functions
to Schwartz functions and thus for every g € S(R"™) there is a unique solution
of the Helmholtz equation f € S(R™). This is also reflected by the fact that
the Bessel potential decays much faster than the Riesz potential. Indeed,
one can show that [16] (10.25.3)]

K,(r) = \/Zeru +0(r™ ) (9.57)

as r — 00. The singularity near zero is of the same type as for I,, since (see

[16] (10.30.2), (10.30.3)])

(9.58)

for r — 0.
Problem* 9.22. Show that for n = 3 we have
(® + X310 @) = {:31'|| s
— |z| < 1.

(Hint: Observe that the result depends only on |x|. Then choose x = (0,0, R)
and evaluate the integral using spherical coordinates.)

Problem* 9.23. Suppose g € C*(R™) and 8§-g € LY(R") forj=1,...,n
and 0 <1<k forj=1,....,nand 0 <1< k. Then
C

9(p)| < EPDLE

(Hint: Lemma

Problem* 9.24. Show that m is an L?> multiplier if and only if m €
L>°(R™).
Problem* 9.25. Show

° I'(n/2
/o Jo(r)r"tdr = 2(:n//2)’ a > 0.

Conclude that
[Ja * gllp < [lgllp-
(Hint: Fubini.)


http://dlmf.nist.gov/10.25.E3
http://dlmf.nist.gov/10.30.E2
http://dlmf.nist.gov/10.30.E3
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9.4. Sobolev spaces

We have already introduced Sobolev spaces in Section In this section
we present an alternate (and in particular independent) approach to Sobolev
spaces of index two (the Hilbert space case) on all of R™.

We begin by introducing the Sobolev space
H'"(R") := {f € L*(R")||p|" f(p) € L*(R™)}. (9.59)

The most important case is when r is an integer, however our definition
makes sense for any r > 0. Moreover, note that H"(R") becomes a Hilbert
space if we introduce the scalar product

(frgar = | F@)9@)A+ ) d"p. (9.60)
In particular, note that by construction F maps H"(R"™) unitarily onto
L2(R™, (p)"d™p), where (sometimes known as Japanese bracket)

()= (1 +p»HY?, pecCn (9.61)

Clearly H™1(R™) C H"(R") with the embedding being continuous. More-

over, S(R") ¢ H"(R™) and this subset is dense (since S(R™) is dense in
L2(R™, (p)"d"p)).

The motivation for the definition (9.59)) stems from Lemma which

allows us to extend differentiation to a larger class. In fact, every function
in H"(R™) has partial derivatives up to order |[r], which are defined via

Ouf = ((ip)°f(p)Y, feH R, |al<r (9.62)
By Lemma this definition coincides with the usual one for every f €
S(R™).

Example 9.10. Consider f(z) := (1—|z|)x[—11](z). Then f(p) = \/%COSEDPQ)_I

and f € H'(R). The weak derivative is f'(z) = — sign(z)x[_1,1](z). o

We also have
| s@)@uh)@)d's = (5", 0a1)) = G, ()" )
= (D) (ip)*g(p)*, F(p)) = (1) (Bag™, )

= (DM [ Gag)@) (@), (9.63)
for f,g € H"(R™). Furthermore, recall that a function h € L}, (R") satisfy-
ing

L @@= (=0 [ @upe)f@a, Vo CEE. (064
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is called the weak derivative or the derivative in the sense of distributions
of f (by Lemma such a function is unique if it exists). Hence, choos-
ing g = ¢ in (9.63), we see that functions in H"(R™) have weak derivatives
up to order r, which are in L?(R™). Moreover, the weak derivatives coin-
cide with the derivatives defined in . Conversely, given with
f+h € L*(R™) we can use that F is unitary to conclude [g, @(p)h(p)d"p =

~

Jzn (i2)*@(p) f(p)d™p for all ¢ € CX(R™). By approximation this follows
for ¢ € H"(R™) with 7 > |a| and hence in particular for ¢ € C°(R™).
Consequently (ip)o‘f(p) = ?L(p) a.e. implying that f € H"(R") if all weak
derivatives exist up to order r and are in L*(R").

In this connection the following norm for H™(R"™) with m € Ny is more
common:

17 == 10afll3- (9.65)

la|<m

By [p?| < |p/l®l < (1 + |p|?)™/? it follows that this norm is equivalent to
(9-60)-

Example 9.11. This definition of a weak derivative is tailored for the method
of solving linear constant coefficient partial differential equations as outlined
in Section While Lemma only gives us a sufficient condition on f for
f to be differentiable, the weak derivatives gives us necessary and sufficient
conditions. For example, we see that the Poisson equation will have
a (unique) solution f € H%(R") if and only if |[p|=2§ € L?(R™). That this
is not true for all g € L%(R") is connected with the fact that |[p|=2 is un-
bounded and hence no L? multiplier (cf. Problem . Consequently the
range of A when defined on H?(R") will not be all of L?(R™) and hence the
Poisson equation is not solvable within the class H?(R") for all g € L?(R").
Nevertheless, we get a unique weak solution under some conditions. Under
which conditions this weak solution is also a classical solution can then be
investigated separately.

Note that the situation is even simpler for the Helmholtz equation
since the corresponding multiplier (1+ |p|?)~! does map L? to L?. Hence we
get that the Helmholtz equation has a unique solution f € H?(R") if and
only if g € L}(R"). Moreover, f € H"t?(R") if and only if g € H"(R"). ¢

Of course a natural question to ask is when the weak derivatives are in
fact classical derivatives. To this end observe that the Riemann—Lebesgue

lemma implies that 9, f(x) € Co(R™) provided po‘f(p) € LY(R™). Moreover,
in this situation the derivatives will exist as classical derivatives:

Lemma 9.29. Suppose f € L*(R") or f € L*(R") with (1 + |p|k)f(p) €
LY(R™) for some k € No. Then f € CE(R™), the set of functions with
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continuous partial derivatives of order k all of which vanish at oco. Moreover,
the classical and weak derivatives coincide in this case.

Proof. We begin by observing that by Lemma
1 N
_ ipr d"
Now the claim follows as in the proof of Lemma [0.4] by differentiating the
integral using Problem O

Now we are able to prove the following embedding theorem.

Theorem 9.30 (Sobolev embedding). Suppose r > k + & for some k € Np.
Then H"(R™) is continuously embedded into C§(R™) with

10aflloc < Copllfllar, o] <E. (9.66)

Proof. Use |(ip)*f(p)| < ()| f(p)| = (p)=* - (1)!*!**| F(p)]. Now (p)~* €
L*(R") if s > 2 (see Example [2.16) and (p)l*1+5| f(p)| € L2(R™) if s + |a| <
r. Hence (p)l®|f(p)] € L'(R™) and the claim follows from the previous
lemma. ]

In fact, we can even do a bit better.

Lemma 9.31 (Morrey inequality). Suppose f € H™?**7(R") for some v €
(0,1). Then f € C’g’w(R”), the set of functions which are Holder continuous
with exponent v and vanish at co. Moreover,

[f (@) = FOI < Cop I Fll nsass e =yl (9.67)

i this case.

Proof. We begin with

~

1 ipx (,ipy
flatv) = @) = oo [ e e = D)

implying

Hatn) = @) < G [ S fay

Hence, after applying Cauchy—Schwarz, it remains to estimate (recall (2.42)))

|elpy B 1‘2 n 1/\y| ’y|7“ n—l * 4 n—1
/ L PS5 R

_ ly ‘27 4 25 25, nly ’27 _ Sp(4 —37)
2(1 7) gl 2y(1 =)
where S,, = nV,, is the surface area of the unit sphere in R™. U

[y
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Using this lemma we immediately obtain:

Corollary 9.32. Suppose r > k+ v+ 5 for some k € Ny and v € (0,1).

Then H"(R™) is continuously embedded into Cg’W(R”), the set of functions
m C(’)“(R") whose highest derivatives are Hélder continuous of exponent .

In the case r > 3, when Morrey’s inequality holds, we even get that
H"(R"™) is a Banach algebra:

Lemma 9.33. Suppose f,g € H"(R™) and f,ﬁ € LYR"™) for some r > 0.
Then we have fg € H"(R™) with

fallzr < Co (Il Gl + 1L F Il gl ) (9.68)
Moreover, if r > 5, then H"(R™) is continuously embedded into the Wiener
algebra A(R™) with Hle < cpllfllar and we get

1f9llar < Coyll fllzrllgl ar- (9.69)

Proof. Note that we have
(p)" < (1+2p—q +2/gP)? <221+ |p— g + 1+ |g)"
<calp—a)" +(@)"
for ¢, = max(2"~1,2"/2) and r > 0. Hence by Corollary we have

2m)" ()" |(F9)" (1) = ()" |(F D) w)] < /R o)y - a)la@)ld"q
< e (10T @D ) + (1 F1 #1073 (@)

and the first claim with C), , = cr(27r)_”/ 2 follows from Young’s inequality

(3-25)). The second claim follows from Cauchy—Schwarz HfH 1< 17 2l f e
as in the proof of Theorem [9.30 O

Example 9.12. The function f(z) = log(|z|) is in H*(R") for n > 3. In
fact, the weak derivatives are given by

0,f(z) = ‘%

However, observe that f is not continuous. o

(9.70)

The last example shows that in the case r < & functions in H" are no
longer necessarily continuous. In this case we at least get an embedding into
some better LP space:

Theorem 9.34 (Sobolev inequality). Suppose 0 < r < 5. Then H"(R") is
continuously embedded into LP(R™) with p = —2%_ that is,

n—2r’

1£llp < Corlll"FOll2 < Corl fll e (9.71)
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Proof. We will give a prove based on the Hardy-Littlewood—Sobolev in-
equality to be proven in Theorem [I0.10] below.

It suffices to prove the first inequality. Set |p|" 7 (p) = g(p) € L% More-
over, choose some sequence f,, € S — f € H". Then, by Lemma [9.27]
fm = Zgm, and since the Hardy-Littlewood—Sobolev inequality implies that
the map Z, : L? — LP is continuous, we have || finllp = [|Z-mllp < Cllgmll2 =
Cllgmllz = Cll|pl" fm(p)||2 and the claim follows after taking limits. O

Finally, observe that one can also include polynomial decay (cf. Prob-
lem [9.28]) by defining the weighted Sobolev spaces

H™(R") = {f € H'(R")|f € H*R™)}, s, >0, (9.72)
with associated norm

£ 3ms = 112+ 11 = 1) F D)3 + [[{) ()13 (9.73)

Clearly H™*(R") is a Hilbert space and S(R") C H™*(R") is dense. More-
over, the Fourier transform F : H™*(R™) — H™*(R") is unitary and H*"(R")
is a Banach algebra if 7 > % (Problem [9.29).

Problem 9.26. Use dilations f(z) — f(\x), X > 0, to show that p = 22

n—2r

is the only index for which the Sobolev inequality || f|l, < Ch.r| " f(p)l2 can
hold.

Problem 9.27. Suppose f € L*(R™) show that e~ (f(x + eje) — f(x)) —
gi(z) in L? if and only if pjf(p) € L%, where e; is the unit vector into the
j th coordinate direction. Moreover, show g; = 0;f if f € H'(R™).

Problem 9.28. Show that the norm in H**, k € Ny is equivalent to the
norm

1A= > l2%9sf ()13

laf+|B81=k

Problem 9.29. Show that H™*(R") is a Banach algebra if r > 5. (Hint:
Theorem and Lemma[9.33)

9.5. Applications to evolution equations

In this section we want to show how to apply these considerations to evolu-
tion equations. As a prototypical example we start with the Cauchy problem
for the heat equation

up — Au =0, u(0) = g. (9.74)

It turns out useful to view u(t, ) as a function of ¢ with values in a Banach
space X. To this end we let I C R be some interval and denote by C(I, X)
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the set of continuous functions from I to X. Givent € I we call u: I — X
differentiable at ¢ if the limit
a(t) = lim u(t+e) —u(t)
e—0 e

exists. The set of functions v : I — X which are differentiable at all t € I and
for which @ € C (I, X) is denoted by C1(I, X). As usual we set C¥T1(I, X) =
{u € CY(I,z)|u € CF(I,X)}. Note that if U € Z(X,Y) and u € C(I, X),
then Uu € CH(I,Y) and £Uu = Ut.

A strongly continuous operator semigroup (also Cyp-semigroup) is
a family of operators T'(t) € £ (X), t > 0, such that

(9.75)

(i) T(t)g € C([0,00), X) for every g € X (strong continuity) and
(ii) T(0) =1, T(t + s) = T(t)T'(s) for every t,s > 0 (semigroup prop-
erty).

Given a strongly continuous semigroup we can define its generator A
as the linear operator

Af = %1@@) f— 1) (9.76)

where the domain ©(A) is precisely the set of all f € X for which the above
limit exists. The key result is that if A generates a Cy-semigroup T'(t),
then u(t) := T'(t)g will be the unique solution of the corresponding abstract
Cauchy problem. More precisely we have (see Lemma from [26]):

Lemma 9.35. Let T'(t) be a Cy-semigroup with generator A. If g € X with
u(t) =T(t)g € D(A) fort > 0 then u(t) € C*((0,00), X)NC([0,00), X) and
u(t) is the unique solution of the abstract Cauchy problem

u(t) = Au(t), u(0) = g. (9.77)

This is, for example, the case if g € D(A) in which case we even have

u(t) € C1([0,00), X).

After these preparations we are ready to return to our original problem
(0.74). Let g € L*(R™) and let u € C*((0,00), L*(R™)) be a solution such
that u(t) € H?(R") for t > 0. Then we can take the Fourier transform to
obtain

U+ |pPa=0,  4(0)=3g. (9.78)
Next, one verifies (Problem [9.30) that the solution (in the sense defined
above) of this differential equation is given by
a(t)(p) = g(p)e """ (9.79)
Accordingly, the solution of our original problem is

u(t) = Ty(t)g,  Tult)=F e PPir. (9.80)
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Note that Ty(t) : L*(R") — L%(R") is a bounded linear operator with
ITg ()] <1 (since [e~IPI*t| < 1). In fact, for ¢ > 0 we even have Tj(t)g €
H"(R™) for any r > 0 showing that wu(t) is smooth even for rough initial
functions g. In summary,

Theorem 9.36. The family Ty (t) is a Co-semigroup on L*(R™) whose gen-
erator is A, D(A) = H*(R").

Proof. That H?(R") C D(A) follows from Problem . Conversely, let
g & H2(R™). Then t(e 1Pt — 1) — —|p|? uniformly on every compact
subset K C R™. Hence [, |p|*|§(p)|?d"p = [} |Ag(z)|?d™x which gives a
contradiction as K increases. g

Next we want to derive a more explicit formula for our solution. To this
end we assume g € L'(R™) and introduce

1 |2

@t(x) = We i, (981)
known as the fundamental solution of the heat equation, such that
a(t) = (2m)"2G0, = (P % g)" (9.82)

by Lemma and Lemma Finally, by injectivity of the Fourier trans-
form (Theorem we conclude

u(t) = Oy x g. (9.83)
Moreover, one can check directly that (9.83) defines a solution for arbitrary
g € LP(R™).

Theorem 9.37. Suppose g € LP(R"), 1 < p < oo. Then defines
a solution for the heat equation which satisfies u € C*°((0,00) x R™). The
solutions has the following properties:
(i) If 1 < p < oo, then limygu(t) = g in LP. If p = oo this holds for
g € Co(R™).
(ii)) If p = oo, then

[u(®)]loo < llgl[oo- (9.84)
If g is real-valued then so is u and
inf g < wu(t) <supg. (9.85)

(iii) (Mass conservation) If p =1, then

/ ult, ) = / gla)d's (9.86)

and
1

u®)lle < szl

(9.87)
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Proof. That u € C* follows since ® € C'**° from Problem To see the
remaining claims we begin by noting (by Problem [2.23))

/ Oy (x)d"x = 1. (9.88)

Now (i) follows from Lemma [3.21] (ii) is immediate, and (iii) follows from
Fubini. ]

Note that using Young’s inequality ((10.10)) (to be established below) we
even have

1 11
u®llo < 1®ellallglly = ——sllglly, =+ = = 1. 9.89
[u(t)lloo < [|tllqllgll qfq(m)%ll lp s (9.89)

Another closely related equation is the Schrédinger equation

iug + Au =0, u(0) = g. (9.90)
As before we obtain that the solution for g € H?(R") is given by
ut) =Ts(t)g,  Te(t)=FlePHE. (9.91)

Note that Tg(t) : L2(R™) — L%(R") is a unitary operator (since |e1PI*f| =
1):

lu®llz = lglla (9.92)
However, while we have Ts(t)g € H"(R"™) whenever g € H"(R™), unlike the
heat equation, the Schrédinger equation does only preserve but not improve
the regularity of the initial condition.

Theorem 9.38. The family Ts(t) is a Co-group on L*(R™) whose generator
is iA, D(IA) = H?(R").

As in the case of the heat equation, we would like to express our solution
as a convolution with the initial condition. However, now we run into the
problem that e~ 1IPI*t i5 not integrable. To overcome this problem we consider

folp) = e (H* 25 0, (9.93)
Then, as before we have
AV 1 _lz—yl? .
(fe9)"(z) = WWW/RHG 16+ g(y)d™y (9.94)
and hence . ,
Ts(t)o(w) = s [, & o)y (9.95)

for t # 0 and g € L?(R™) N LY(R"). In fact, letting € | 0 the left-hand side
converges to Ts(t)g in L? and the limit of the right-hand side exists pointwise
by dominated convergence and its pointwise limit must thus be equal to its
L? limit.
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Using this explicit form, we can again draw some further consequences.
For example, if g € L?(R") N LY*(R™), then u(t) € C(R") for t # 0 (use
dominated convergence and continuity of the exponential) and satisfies

1
u(t < — . 9.96
)l < ol (9.96)
Thus we have again spreading of wave functions in this case.

Finally we turn to the wave equation
uy — Au =0, u(0) =g, w(0)=f. (9.97)

This equation will fit into our framework once we transform it to a first order
system with respect to time:

u =v, v =Au, u(0) =g, v(0)=f. (9.98)
After applying the Fourier transform this system reads
@ =8 ®=-ppa a0 =3 90)=7F (9.99)

and the solution is given by

sin(t[pl)
) f(p);
(t, p) = —sin(t|p|)[p|g(p) + cos(t|p]) f (p)- (9.100)
Hence for (g, f) € H?(R™) @ H'(R") our solution is given by
u(®)) _ g _ o1 cos(tlpl)  Sne) )
(i) =1 (§) e =7 (—sinosrp\)rm cos(tlpl) ) ©
(9.101)

Theorem 9.39. The family Ty (t) is a Cy-semigroup on H'(R™) @ L*(R")
whose generator is A= (R 3), D(A) = H*(R™) ® H'(R").

u(t, p) = cos(t|p|)g(p) +

Note that we only get the bounds
lu()ll2 < llgllz + [t fll2, — [o@)ll2 < [0gll2 + 1£]]2;

and, in particular, we do not have a contraction. To get a contraction we
can use w defined via @(p) = |p|v(p) instead of v. Then

U(f)> 7 <g> - 1 < cos(t[p|) Siﬂ(flp\)>

— Tt C Tw(t)=F . F, (9.102

(i) =Tw (7)) —sin(lpl) cos(tip) ) 7 10

where h is defined via h = | . In this case Ty is unitary and thus
lu()II3 + lw (@)l = gl + 173 (9.103)

However, since multiplication with |p| is not surjective from H'(R") to
L?(R™) the corresponding space is a bit tricky to define in the original z
coordinates. In this respect note that ||w||3 = (w,w) = (®, D) = (D, |p|*d) =
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>_;{0;v,0jv) but this norm is not equivalent to the ! norm on R™ as there
is no Poincaré inequality on R™. This problem does not occur when one
considers the Klein—Gordon equation

up — Au+mu =0, u(0) =g, w(0)=f, (9.104)

with m > 0. The analysis stays the same and all one has to do is replace |p|

by /|p|? + m throughout.

If n =1 we have % € L?(R) and hence we can get an expression in

. . . . in(t
terms of convolutions. In fact, since the inverse Fourier transform of %

is \/gx[,m] (p/t), we obtain

T+t
ut.a) = [ Sxate =iy =3 [ f)dy

in the case ¢ = 0. But the corresponding expression for f = 0 is just the
time derivative of this expression and thus

T+t
e =50 [ o+ [T sy
Q(Ht);gx_t / F(y)dy, (9.105)

which is known as d’Alembert’s formula.

To obtain the corresponding formula in n = 3 dimensions we use the
following observation

0 . sin(t|p|)

B 1 — cos(t|p|)

Ip|?

Pi(p) == , (9.106)

where @; € L?(R3). Then for f € H"(R3) we have U(t) := (21) 3% x f €
CHR, H™Y(R3)) with U = u, the solution (in the case g = 0) we are looking
for. Hence it remains to compute its inverse Fourier transform

1 .
. - ~ ipr 33
pr(w) = lim R /B o Pr(p)e™ d’p (9.107)

using spherical coordinates (without loss of generality we can rotate our
coordinate system, such that the third coordinate direction is parallel to z)

1 Ropm 271 — cos(tr)
= 1 - - EORWT) ir|x| cos(0),.2 o '
ot (x) A (277)3/2/0 /0 /0 2 e r* sin(0)dpdfdr

(9.108)
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Evaluating the integrals we obtain
1 R T
oi(x) = lim / (1 — cos(tr)) (/ eirlzleos(? )Sln(G)d9> dr
R—o0 \/ 0

= lim \/>/ 1 —cos Sm( m)dr
R—00 |z|r

< sin(r|x|) N sin(r(t — |z]))  sin(r(t + |:z|))> ar.

|7 || ||

= hm—

" RS \/271-

= lim m (28i(Rla]) + Si(R(t — |z]) — Si(R( + |z)))).

(9.109)
where
sin(x)
A1

/ : (9.110)

is the sine integral. Using Si(—z) = — Si(z) for € R and (Problem [9.35))
. . ™

xli)n(;lo Si(z) = 5 (9.111)

we finally obtain (since the pointwise limit must equal the L? limit)

pi(r) = \/zxm,%(lwl)_ (9.112)

For the wave equation this implies (assuming f € H?(R3) such that it is
continuous and using Lemma to compute the derivative pointwise)

10 1 3
u(t,r) = ir ot /Bn ﬁf(y)d Y

1o [
= E& o ;f(l' + 7“&])7'2d0'2(W)d7’
t
= 7 [ o+ (@) (9.113)

If merely f € H'(R3) the 1ntegrand has to be understood in the sense of
traces (Theorem [7.22). Thus we finally arrive at Kirchhoff’s formula.

u(t,z) = 861541;/ gz + tw)do*(w )+E f(z + tw)do? (w)
=0 Je (9+t0g-w+tf)(z+tw)do?(w), (9.114)

for g € H*(R3), f € H'(R3) with the integrand to be understood in the
sense of traces.

Finally, to obtain a formula in n = 2 dimensions we use the method
of descent: That is we use the fact, that our solution in two dimensions is
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also a solution in three dimensions which happens to be independent of the
third coordinate direction. Unfortunately this does not fit within our current
framework since such functions are not square integrable (unless they vanish
identically). However, we can fix this problem by choosing some large value
R > 0 and a cutoff function ¢ € C(R) with ¢(r) = 1 for |r| < R. Then
if we consider functions of the type f(z) = f(x1,x2)¢(x3), the Kirchhoff
formula will not see the difference as long as |z| + || < R. Hence we can
simplify Kirchhoff’s formula in the case f does not depend on z3: Using
spherical coordinates we obtain

L et tw)do?(w) =
4 S2
t w/2 2w
=5r ; ; f(z1 + tsin(0) cos(p), x2 + tsin(f) sin(p)) sin()dOdy
p=sin(0) t /1 /27T f(x1 + tpcos(p), xe + tpsin(p))
2t o Jo 2

VI-7

pdp de

_t fz +ty) 22
21 JBi(0) /1 = [yl?
which gives Poisson’s formula

ot ¢ ¢ h(z +t
ult, z) = / EICRL7 M) oy (9.115)
Ot 21 Jp,(0) /1~ [yl? 2m JBi(0) V1 - [yf?

Problem 9.30. Assume g € L?(R™). Show that u(t) defined in (9.79) is in
CL((0,00), L2(R™)) and solves (0.78)). (Hint: [e5P* — 1| < ¢|p|? fore >0.)
Problem 9.31. Suppose u(t) € C*(I,X). Show that for s,t € I
du
u(t) —u(s)l| < Mt —s|, M= sup [[—(7)]|.
TE[s,t] dt
(Hint: Consider d(1) = ||u(1) —u(s)|| —M(TN— s) for T € [s,t]. Suppose Ty is
the largest T for which the claim holds with M > M and find a contradiction
if 1o < t,)
Problem 9.32. Solve the transport equation
ur + aaxu = 07 U(O) =9,
using the Fourier transform.
Problem 9.33. Suppose A € Z(X). Show that
T(t) = exp(tA) = A
=07

defines a Cy (semi)group with generator A. Show that it is fact uniformly
continuous: T(t) € C([0,00), L (X)).
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Problem 9.34. Letr > 0 and k € Ny. Show that Tg(t) : H"(R™) — H"(R™)
as well as Ts(t) : HFF(R™) — HME(R™) (cf. (9.72)) with

ITs @) fllar = 1Ts@) flmes 1Ts@f grr < CEFIF Il ges-
Problem* 9.35. Show the Dirichlet integral

R -
lim / wdaz _T
0 2

R—o0 T

Show also that the sine integral is bounded

1
. < mi 1 ‘
| Si(z)| < min(x, (1 + 2ex))’ x>0

(Hint: Write Si(R) = fOR Jo " sin(z)e " dt dz and use Fubini.)

9.6. Tempered distributions

In many situation, in particular when dealing with partial differential equa-
tions, it turns out convenient to look at generalized functions, also known as
distributions.

To begin with we take a closer look at the Schwartz space S(R™), defined
in , which already turned out to be a convenient class for the Fourier
transform. For our purpose it will be crucial to have a notion of convergence
in S(R™) and the natural choice is the topology generated by the seminorms

W)= > 12%0s) (@)oo (9.116)

laf,|B]<n

where the sum runs over all multi indices o, 3 € N{j* of order less than n.
Unfortunately these norms cannot be replaced by a single norm (and hence
we do not have a Banach space) but there is at least a metric

d(f.9) =7 ;% (9.117)

n=1

and S(R™) is complete with respect to this metric and hence a Fréchet space:

Lemma 9.40. The Schwartz space S(R™) together with the family of semi-
norms {qn fnen, s a Fréchet space.

Proof. It suffices to show completeness. Since a Cauchy sequence fj is in
particular a Cauchy sequence with respect to g, for arbitrary n, there is a
limit f € C°°(R™) such that all derivatives converge uniformly. Moreover,
since Cauchy sequences are bounded, ¢,(fx) < C),, we conclude f € S(R™).
Finally, limg_,o ¢n(fk, f) = 0 for every n implies limyg_, o d(f, f) =0. O
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We refer to Section from [25] for further background on Fréchet
spaces. However, for our present purpose it is sufficient to observe that f, —
fif and only if gx(fn,— f) — 0 for every k € Ny. Moreover, (cf. Corollary
from [25]) a linear map A : S(R™) — S(R™) is continuous if and only if for
every j € Ny there is some & € Ny and a corresponding constant C}y such
that ¢;(Af) < Crqi(f) and a linear functional ¢ : S(R™) — C is continuous
if and only if there is some k € Ny and a corresponding constant Cj, such
that £(f)] < Crar(f) -

Now the set of of all continuous linear functionals, that is the dual space
S*(R™), is known as the space of tempered distributions. As a natural
topology on S*(R™) one takes the weak- topology defined to be the weakest
topology generated by the family of all point evaluations q¢(T") = |T'(f)| for
all f € S(R™). Since different tempered distributions must differ at least
at one point the weak-* topology is Hausdorff. In particular, a sequence of
tempered distributions 7;, converges to T precisely if T),(f) — T'(f) for all
feSER™).

To understand why this generalizes the concept of a function we begin
by observing that any locally integrable function which does not grow too
fast gives rise to a distribution.

Example 9.13. Let g be a locally integrable function of at most polyno-
mial growth, that is, there is some k € Ny such that Cy, := [p.. [9(z)|(1 +
|z|)~*d™x < co. Then

7,(0) = [ g@)f@)ns

is a distribution. To see that T} is continuous observe that |T,(f)| < Crar(f).
Moreover, note that by Lemma the distribution T, and the function g
uniquely determine each other. o

The next question is if there are distributions which are not of this form.
Example 9.14. Let g € R™ then

Oz (f) := [ (o)

is a distribution, the Dirac delta distribution centered at zy. Continuity
follows from [d4,(f)| < go(f) Formally é,, can be written as T, ~as in the
previous example where d,, is the Dirac d-function which satisfies d,,(x) =0
for & # xo and 8,y (x) = oo such that [g., 0z (x)f(x)d™x = f(xo). This is
of course nonsense as one can easily see that d,, cannot be expressed as Ty,
with a locally integrable function of at most polynomial growth (show this).
However, giving a precise mathematical meaning to the Dirac §-function was
one of the main motivations to develop distribution theory. o
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Example 9.15. Let ¢ € C°(R") be a mollifier and let ¢.(z) = e "¢(%)
be the associated approximate identity. Then Ty () — 0z, as € | 0 since

Ty (—wo)(f) = (¢ * f)(x0) — f(wo) for all f € S(R™) by Lemma@ (in

the p = oo case). o

Example 9.16. The example of the delta distribution can be easily general-
ized: Let p be a Borel measure on R™ such that C, =[5, (1+|z|) Fdu(z) <
oo for some k, then

Tu(f) = o f(@)du(z)

is a distribution since |T),(f)| < Craqr(f). o
Example 9.17. Another interesting distribution in $*(R) is given by

1 ) f(x)
U.— = lim —Zdzx.
(p x)(f) /ﬂc|>s

el0 x

To see that this is a distribution note that by the mean value theorem

.v.l — de @d:v
](p )(f)| /z-:<|ac<1 T - /1<|:p

x x
f(l’)—f(o)‘d jx f(@)]
= /a<|x<1 T v /1<|z| z? !
<2 sup |f/(2)] + 2 sup [ ()]
|z|<1 j2[>1
This shows |(p.v.2)(f)| < 2¢1(f). o

Of course, to fill distribution theory with life, we need to extend the
classical operations for functions to distributions. First of all, addition and
multiplication by scalars comes for free, but we can easily do more. The
general principle is always the same: For any continuous linear operator A :
S(R™) — S(R™) there is a corresponding adjoint operator A’ : S*(R™) —
S*(R™), defined via (A'T)(f) = T(Af), which extends the effect on functions
(regarded as distributions of type Ty) to all distributions. We remark that A’
is also continuous, but we will not use this here. Note however that sequential
continuity is immediate: (A'T,)(f) = Tn(Af) — T(Af) = (AT)(f). We
start with a simple example illustrating this procedure.

Let h € S(R™), then the map A : S(R™) — S(R™), f — h- f is
continuous. In fact, continuity follows from the Leibniz rule

dalh-£) =3 () (@5h)(Da-sp ),
;@ g g

where (g) = WLB)" al = [[iL(a;!), and B < o means B; < a; for
1 < j < m. In particular, gj(h - f) < Cjq;(h)g;(f) which shows that A is
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continuous and hence the adjoint is well defined via
(A'T)(f) = T(Af). (9.118)

Now what is the effect on functions? For a distribution Ty given by an
integrable function as above we clearly have

AT =Th) = [ g(o)bia)f)d"s

N / (g(2)h(x)) [ (@)d"z = Ten(f). (9.119)

So the effect of A’ on functions is multiplication by h and hence A’ generalizes
this operation to arbitrary distributions. We will write A’T = h - T for
notational simplicity. Note that since f can even compensate a polynomial
growth, h could even be a smooth function all whose derivatives grow at

most polynomially (e.g. a polynomial):
CpgR™) :={h € C(R™)|Va € N§" 3O, n : [Oah(z)| < C(1 + |x\)("} |
9.120

In summary we can define
(h-T)(f):=T(h-f), h e Cpg(R™). (9.121)
Example 9.18. Let h be as above and d,,(f) = f(xo). Then

h - 5x0(f) = 5:vo(h ) f) = h(l'O)f(:UO)

and hence h - 6z, = h(20)dz,- o

Moreover, since Schwartz functions have derivatives of all orders, the
same is true for tempered distributions! To this end let o be a multi-
index and consider D, : S(R™) — S(R™), f +— (—=1)I*19,f (the reason
for the extra (—1)1*! will become clear in a moment) which is continuous
since gn(Daf) < Gnija)(f). Again we let Df, be the corresponding adjoint
operator and compute its effect on distributions given by functions g:

(DLT) () = Ty((—=1)ela, £) = (1)l / 9(2)(Oaf (2))d"

— [ (@ug @™ = Ty, ). (9.122)

where we have used integration by parts in the last step which is (e.g.)
permissible for g € C’%'(Rm) with Cf (R™) = {h € C*(R™)|V|a| < k3C,n :
|Oah(z)| < C(1 + |z])"}.

Hence for every multi-index o we define

@aT)(f) = (1) T (04 f). (9.123)
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Example 9.19. If g € W"P(R"), then 0,7, = Ty, 4 for all |a| < k. This
follows since ([7.9) extends to all ¢ in the closure of C.(R"™) in LY(R™) (with
% + % = 1). But this closure contains in particular S(R™). o

Example 9.20. Let O(z) = 0 for < 0 and O(z) = 1 for x > 0 be the
Heaviside step function. Then

(9To)( / O(2)f (x)dz = — /0 F(@)dz = £(0) = 6ol f).

Slightly more general, if u is a finite Borel measure, then using f(x) =
— [° f'(y)dy and Fubini shows

/f )du(x //X[xoo y)dy dp(z)
= | [ X @ @dntardy == [ nto)f ).

Hence p can be obtained as the derivative of its distribution function. It is
straightforward to generalize this to higher dimensions. o

Example 9.21. Let a be a multi-index and 6., (f) = f(x0). Then
Daday (f) = (=1)"16, (90 f) = (=1)* (0 f) (x0). o

Finally we use the same approach for the Fourier transform F : S(R™) —
S(R™), which is also continuous since ¢, (f) < Cphqn(f) by Lemma Since
Fubini implies

[ s@iwirs= [ g@f@aa (9.124)

for g € LY(R™) (or g € L?>(R™)) and f € S(R™) we define the Fourier
transform of a distribution to be

(FI)() =T(f) =T (f) (9.125)
such that FT, = T; for g € L*(R™) (or g € L*(R™)).

Example 9.22. Let us compute the Fourier transform of d,,(f) = f(xo):

() = (1) = Flao) = i [ e @ = 1),

where g(z) = (2r)~"/2¢ =1%o, o
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Example 9.23. A slightly more involved example is the Fourier transform
of p.v.%:

l . L @ L —1 ac
((p'”‘a;)) (7) _le%l/qx x x_lsligx/%/drd/‘f/ y
—1yz
_E&lm//s<|m|<1/s - dx f(y)dy

—i\E i | sigay) ( / " S’“‘f“dt) F(w)dy.

Moreover, Problem [9.35] shows that we can use dominated convergence to

get
((p v — \/>/ sign(y) f(y)dy,

that is, ((pvi)) = —1\/381gn . o
Note that since F : S(R™) — S(R™) is a homeomorphism, so is its

adjoint ' : S*(R™) — S§*(R™). In particular, its inverse is given by
T(f) :=T(f). (9.126)

Moreover, all the operations for F carry over to F'. For example, from
Lemma we immediately obtain

(0.T)" = (ip)®T,  (z°T)" =i9,T. (9.127)

Similarly one can extend Lemma [9.2] to distributions.

Next we turn to convolutions. Since (Fubini)

[ teg@f@dma= [ gap@de b =h-o), ©.125)
for integrable functions f, g, h we define
(hT)(f):==T(h*f), heSER™), (9.129)
which is well defined by Corollary Moreover, Corollary immedi-
ately implies
(h=xT)" = 2m)"*hT, (WD) = 20) "2h«T,  heSER™). (9.130)

Example 9.24. Note that the Dirac delta distribution acts like an identity
for convolutions since

(h*80)(f) = So(h = f) = (h = f)(0) = / hy) fy)d™y = Tu(f). o

m

In the last example the convolution is associated with a function. This
turns out always to be the case.
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Theorem 9.41. For every T € S*(R™) and h € S(R™) we have that h T
is associated with the function

h+T =1T,, g(x) :==T(h(z —.)) € Cpy (R™). (9.131)

Proof. By definition (h* T)(f) = T'(h * f) and since (h * f)(z) = [ h(y —
x) f(y)d™y the distribution 7" acts on h(y — .) and we should be able to
pull out the integral by linearity. To make this idea work let us replace the
integral by a Riemann sum

n
(h* f)(x) = lim Z h(y) — ) f(y})1Q71,
where Q)7 is a partition of [—3, 5]™ into n®™ cubes of side length % and y7 is

the m1dp01nt of Q7. Then, if this Riemann sum converges to hx f in S(R™),
we have

(h+T)(f) = lim Zg y) QY]

and of course we expect this last hmlt to converge to the corresponding
integral. To be able to see this we need some properties of g. Since

[h(z — ) = h(z —y)| < qu(h)|z —y|
by the mean value theorem and similarly
gn(h(z — ) = h(z = y)) < Cpgnr1(h)]z —y|

we see that z +— h(. — ) is continuous in S(R™). Consequently g is continu-
ous. Similarly, if x = x¢ + ee; with e; the unit vector in the j'th coordinate
direction,

Gn <1(h(. —x) —h(. —x9)) — Ojh(. — x0)> < Cpgnya2(h)e

which shows 0;g(z) = T((0jh)(x — .)). Applying this formula iteratively
gives

Dagl(@) = T((Duh) (@ — ) (9.132)
and hence g € C*°(R™). Furthermore, g has at most polynomial growth
since |T(f)| < Cq,(f) implies

l9(@)| = [T(h(. — 2))| < Cgn(h(. — x)) < C(1+[x|")q(h).
Combining this estimate with (9.132)) even gives g € Cpo (R™).

In particular, since g - f € S(R™) the corresponding Riemann sum con-
verges and we have h x T' = Tj,.
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It remains to show that our first Riemann sum for the convolution con-
verges in S(R™). It suffices to show

n 2m

suplal" |2 b — ) fGIQ) ~ [ by =) f@)am| 0
T =1 m

since derivatives are automatically covered by replacing h with the corre-
sponding derivative. The above expressions splits into two terms. The first
one is

sup |z
xT

/ Wy — 2)f (4)d™y| < Caw(h) / LHyl™) @)™y — 0.
ly|>n/2

ly[>n/2

The second one is
n2m
suplal |3 /Q (hly — ) F() — by — 2) F())d™y
x j=1 ;"

and the integrand can be estimated by
MRy} — ) f(y}) = Py — ) f(y)]
< ||V |h(y} = x) = by — 2)||F ] + el ¥y = )| F()) = f ()]
< (av+1 (WA + 7 M )]+ an () + [yI™[8G]) 1y = v7 |
and the claim follows since |f(y)| + |0f(y)| < C(1 + |y|)~ N1 O

Example 9.25. If we take T' = %(p.v.%), then

1 h(z — 1 h
(T % h)(x) =lim — Mdy = lim = Mdy
0T Jy|>e Y 0T Jjg—yl>e T Y

which is known as the Hilbert transform of h. Moreover,
—i

(T % h)"(p) = Nor sign(p)h(p)

as distributions and hence the Hilbert transform extends to a bounded op-
erator on L%(R). o

As a consequence we get that distributions can be approximated by func-
tions.

Theorem 9.42. Let ¢. be the standard mollifier. For every T € S*(R™) we
have ¢ * T — T in S*(R™).

Proof. We need to show ¢, x T'(f) = T(¢e * f) for any f € S(R™). This
follows from continuity since ¢, * f — f in S(R") as can be easily seen (the

derivatives follow from Lemma (ii)). O
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Note that Lemma [3.20] (i) and (ii) implies
Oa(h*T) = (0ah) * T = h % (0,T). (9.133)

When working with distributions it is also important to observe that, in
contradistinction to smooth functions, they can be supported at a single
point. Here the support supp(7) of a distribution is the smallest closed set
V' (namely the intersection of all closed sets with this property) for which

supp(f) CR™\V = T(f) = 0.

An example of a distribution supported at 0 is the Dirac delta distribution
0o as well as all of its derivatives. It turns out that these are in fact the only
examples.

Lemma 9.43. Suppose T is a distribution supported at xg. Then
T=>" calabu (9.134)

laj<n

Proof. For simplicity of notation we suppose x¢g = 0. First of all there is
some n such that |T'(f)| < Cgn(f). Write

T=> calado+T,
lal<n

where ¢, = % Then 7T vanishes on every polynomial of degree at most

n, has support at 0, and still satisfies |T(f)| < Cqn(f). Now let ¢.(z) =

T

#(Z), where ¢ has support in B;(0) and equals 1 in a neighborhood of 0.
Then 7(f) = T(g) = T(¢eg). where g(x) = f(2) — ¥ jajen L Da®. Since

a!
1059(x)| < Cpe™ =1l for x € B.(0) Leibniz’ rule implies g,(¢.g) < Ce.
Hencejf(f)\ = |T(¢-9)| < Cgn(¢-g) < Ce and since £ > 0 is arbitrary we

have |T'(f)| = 0, that is, T'= 0. O

Example 9.26. Let us try to solve the Poisson equation in the sense of
distributions. We begin with solving

—AT = 4.
Taking the Fourier transform we obtain
T = (2m)~™/?

and since |p|~2 is a locally integrable function in R™ for m > 3 the above
equation will be solved by

B = (271')_7”/2(‘1)1’2)\/.
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Explicitly, ® must be determined from

- /) [ 1)

B(f) = (2m) ™ [ dTp = (2m) T [ dT
g [D|? R [D|?

and evaluating Lemma [9.27] at * = 0 we obtain for m > 3 that & =
(27)~™/2Ty, where Iy is the Riesz potential. (Alternatively one can also com-
pute the weak derivative of the Riesz potential directly, see Problems [7.11]
and [7.12}) Note, that ® is not unique since we could add a harmonic poly-
nomial corresponding to a solution of the homogenous equation — Prob-
lem [9.39L

Given h € S(R™) we can now consider h * ® which solves
—A(hx®)=hx(—A®)=hxdy=h,

where in the last equality we have identified h with T},. Note that since h * ®
is associated with a function in Cpg(R™) our distributional solution is also
a classical solution. This gives the formal calculations with the Dirac delta
function found in many physics textbooks a solid mathematical meaning. <

Note that while we have been quite successful in generalizing many basic
operations to distributions, our approach is limited to linear operations! In
particular, it is not possible to define nonlinear operations, for example the
product of two distributions, within this framework. In fact, there is no asso-
ciative product of two distributions extending the product of a distribution
by a function from above.

Example 9.27. Consider the distributions dg, x, and p.v.% in S*(R). Then

1
x - 09 =0, x - (p.v.;) =1.

Hence if there would be an associative product of distributions we would get
0= (z-&) pv.2=20-(x puv.i)=d. o

This is known as Schwartz’ impossibility result. However, if one is con-
tent with preserving the product of functions, Colombeau algebras will do
the trick.

Problem 9.36. Compute the derivative of g(x) = sign(z) in S*(R).
Problem 9.37. Let h € Cpo(R™) and T' € S*(R™). Show
a
Oa(h-T) = Z ( )(8ﬁh)(aa—ﬂT)-
BLa B

Problem 9.38. Show that supp(Ty) = supp(g) for locally integrable func-
tions.
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Problem 9.39. Show that the only harmonic distributions T € S*(R), that
is, all distributions which satisfy AT = 0, are the harmonic polynomials.
(Hint: Take the Fourier transform and use Lemma[9.43)






Chapter 10

Interpolation and some
applications

10.1. Interpolation and the Fourier transform on LP

We will fix some measure space (X, p) and abbreviate LP := LP(X,dpu) for
notational simplicity. If f € LPoN LP! for some py < p; then it is not hard to
see that f € LP for every p € [po, p1] and we have the Lyapunov inequality

1F1lp < £ 1Lz ?1F 115, (10.1)

where % = 1]3;00 + p%, 6 € (0,1) (Problem . Note that LPo N LP1 contains
all integrable simple functions which are a convenient dense set of functions
in L? for 1 < p < oo (for p = oo this is only true if the measure is finite —
cf. Problem .

This is a first occurrence of an interpolation technique. Next we want
to turn to operators. For example, we have defined the Fourier transform as
an operator from L' — L as well as from L? — L? and the question is, if
this can be used to extend the Fourier transform to the spaces in between.

Since it will be convenient to have a space which contains both LP° and
LPr as subspaces, we denote by LPO 4+ LP1 the space of (equivalence classes)
of measurable functions f which can be written as a sum f = fy + f1 with
fo € LPo and f; € LP' (clearly such a decomposition is not unique and
different decompositions will differ by elements from LP° N LP'). Then we
have

LP C [P+ [P, po < p<p1, (10.2)
since we can always decompose a function f € LP, 1 < p < o0, as f =
Xtal1p@1<y HIX el 17@)>13 WIEh FX{a) p@)1<1y € LPOL and fxqa) p@)>1y €

299
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L'NLP. Hence, if we have two operators Ag : LPO — L% and A, : LP* — L%
which coincide on the intersection, Ag|rronrrr = Ai|rronrer, we can extend
them by virtue of

A [Po 4 [P1 5 90 qu, fg + fl — Agfg + Alfl (103)

(check that A is indeed well-defined, i.e., independent of the decomposition
of f into fo + f1). In particular, this defines A on LP for every p € (po,p1)
and the question is if A restricted to LP will be a bounded operator into
some LY provided Ay and Ay are bounded.

To answer this question we begin with a result from complex analysis.

Theorem 10.1 (Hadamard three-lines theorem). Let S be the open strip
{2z € C|0 < Re(z) < 1} and let F : S — C be continuous and bounded on S
and holomorphic in S. If

M =
|F(z)] <<% Re(z) =0, (10.4)
M;i, Re(z)=1,
then
[F(2)] < My~ pe (10.5)

for every z € S.

Proof. Without loss of generality we can assume My, M; > 0 (otherwise
the estimate holds for any positive constants and we can take limits) and
after the transformation F(z) — M M *F(z) even My = M; = 1. Now
we consider the auxiliary function

F.(z):= e(ZQ_l)/"F(z),

which still satisfies |F},(2)] < 1 for Re(z) = 0 and Re(z) = 1 since Re(2? —
1) < —Im(2)? < 0 for z € S. Moreover, by assumption |F(z)| < M implying
|Fn(2)] <1 for [Im(z)| > /log(M)n (assuming M > 1 w.l.o.g.). Moreover,
applying the maximum modulus principle on the rectangle {z € S||Im(z)| <

log(M)n we see |Fy,(z)| < 1 on this rectangle and hence for all z € S.
Finally, letting n — oo the claim follows. O

Example 10.1. The function F'(z) := exp(sin(nz)) satisfies |F'(z)| = 1 for
Re(z) € Z but is unbounded on the strip S. Hence boundedness on the
boundary of S alone does not suffice. o

Now we are able to show the Riesz—Thorin interpolation theorenﬂ

IMarcel Riesz (1886 —1969), Hungarian mathematician
LOlof Thorin (1912-2004), Swedish mathematician


http://en.wikipedia.org/wiki/Marcel Riesz
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Theorem 10.2 (Riesz—Thorin). Let (X, du) and (Y, dv) be o-finite measure
spaces and 1 < po, p1,q0,q1 < 0o. If A is a linear operator on

A LPY(X,dp) + LPY (X, dp) — LP(Y,dv) + LY (Y, dv) (10.6)
satisfying
[Afllgo < Mol fllpos — NAfllqn < Mal[fllpss (10.7)

then A has continuous restrictions

1 1-60 6 1 1-6 0
Ag: LPO (X, dp) — LY (Y, dv), — = b, == +— (10.8)
Do bo b1 qe 4o q1

satisfying || Ag|| < Ma=0 MY for every 6 € [0,1].

Proof. By Lemma [3.6]it suffices to show
[anmatit)| < ag-ar

where f, g are simple functions with || f||,, = ||g||qé =1 and é + qi, =1
6

To this end let f(z) = >, ajxa;(®), g(x) = > 4 Brxs,(z) be simple
functions with || f||,, = ||9||q; = landset f,(x) := Zj |ozj|p9/pz sign(aj)XAj (z),
9:(y) = 2p |Bkl%/% sign(By)xp, (y) such that || fallp, = [lg:llq = 1 for
x := Re(z) € [0,1]. In the case pg = oo the quotient py/p, has to replaced
by 1 and similarly if gj = oo

Next, note that

F(z):= /(Afz)gzdy

is entire (being a linear combination of exponential functions) with
FEI <Y [ 14, b dvlagn/e |5
ik

In particular F' is bounded for 0 < x := Re(z) < 1. Moreover, for x = 0 we
have by Holders inequality [F'(z)| < Mol| fx[po ll9:l, = Mo and for z =1 we
have similarly |F ()| < M;. Hence, as required, |F(z)| < My~ “M7 by the
tree lines theorem. O

Note that the proof shows even a bit more

Corollary 10.3. Let A be an operator defined on the space of integrable
simple functions satisfying , Then A has continuous extensions Ag as
in the Riesz—Thorin theorem which will agree on LP°(X,du) N LPY(X,dp).
If p1 = oo, then Ay is only defined on the closure of the space of integrable
simple functions in L.
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Proof. To see that all extensions agree for f € LPO(X, du) N LPY(X,du),
choose a sequence of simple functions f,, with |f,| < |f| which converges
pointwise to f (Problem [2.3)). O

Also observe that it is important to work with complex spaces. If A is an
operator on real Lebesgue spaces, we can of course extend it to the complex
spaces (by setting A(f+ig) = Af +1Ag) but this will in general increase the
norm by a factor of 2 and this factor hence also needs to be added to (|10.5)).

As an application we get two important inequalities:

Corollary 10.4 (Hausdorff-Young inequality). The Fourier transform ex-
tends to a continuous map F : LP(R™) — LI(R"™), for 1 <p <2, %—i— % =1,
satisfying

(2m) " CD| Iy < 2m) P £l (10.9)

We remark that the Fourier transform does not extend to a continuous
map F : LP(R™) — L4(R"™), for p > 2 (Problem [10.3). Moreover, its range
is dense for 1 < p < 2 but not all of LI(R™) unless p = g = 2.

Corollary 10.5 (Young inequality). Let f € LP(R™) and g € LY(R™) with
% + % > 1. Then f(y)g(x —y) is integrable with respect to y for a.e. x and
the convolution satisfies f x g € L"(R™) with

1+ gllr < 17 lpllglla, (10.10)

1_1, 1
where = = = 4+ = — 1.
= p-l-q

Proof. We consider the operator Ayf := f * g which satisfies |4, f]|; <
lgllgllfll1 for every f € L' by Lemma . Similarly, Holder’s inequality
implies || Ay flloo < lgllqllflly for every f € LY, where %—&—% = 1. Hence the
Riesz—Thorin theorem implies that A, extends to an operator A,, : LP —
Lr,where%:1—?9+i,:1—gand%:ﬁ+%:l+%—l. To see that

f(y)g(x — y) is integrable a.e. consider f,(z) = X|::|§n(x) max(n, |f(x)]).
Then the convolution (f, * |g|)(z) is finite and converges for every x by
monotone convergence. Moreover, since f, — |f| in LP we have f, * |g| —
Ajgf in L", which finishes the proof. O

Combining the last two corollaries we obtain:

Corollary 10.6. Let f € LP(R") and g € LI(R™) with L =
and 1 <r,p,q < 2. Then

(fx9)" = (2m)"fg.
Proof. By Corollary the claim holds for f,g € S(R™). Now take a

sequence of Schwartz functions f,, — f in L? and a sequence of Schwartz
functions ¢, — ¢ in L?. Then the left-hand side converges in L”', where
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1l _9_1_

= =

- 5 %, by the Young and Hausdorff-Young inequalities. Similarly,

the right-hand side converges in L" by the generalized Holder (Problem )
and Hausdorff-Young inequalities. ([l

Problem 10.1. Show that
1 £[ := inf{|[ follpo + 1f1llpy HF = fo+ f1, fo € L, fr € LP*}

turns LPO + LPY into a Banach space. (Hint: To show completeness, use that
a Banach space is complete if and only if every absolutely convergent series
converges.)

Problem 10.2. Use dilations f(x) — f(Az), A > 0, to show that an in-
equality || fllq < Cpqllfllp can only hold if% + % =1.

Problem* 10.3. Show that the Fourier transform does not extend to a con-
tinuous map F : LP(R™) — LY(R™), for p > 2. Use the closed graph theorem
to conclude that F is not onto for 1 < p < 2. (Hint for the case n = 1:
Consider ¢,(x) = exp(—z2?/2) for z = X\ +iw with A > 0.)

Problem 10.4 (Young inequality). Let K(z,y) be measurable and suppose

sup HK(%-)HU(Y,du) <C, sup HK(vy)HLT(X,du) <C.
x )

I% > 1 for some 1 < p < q < oo. Then the operator
— LY X,du), defined by

(K f)(x) = /Y K (2, y)(y)dv(y),

for p-almost every x, is bounded with |K| < C. (Hint: Show | K f|lcc <
Cllfllers 1K fllr < Clfll1 and use interpolation.)

10.2. The Marcinkiewicz interpolation theorem

In this section we are going to look at another interpolation theorem which
might be helpful in situations where the Riesz—Thorin interpolation theorem
does not apply. In this respect recall, that f(x) := i just fails to be integrable
over R. To include such functions we begin by slightly weakening the LP
norms. To this end we fix some measure space (X, u) and consider the
distribution function

E¢(r) == p({z € X||f(2)| > r}) (10.11)

of a measurable function f : X — C with respect to pu. Note that E; is
decreasing and right continuous. Moreover, E¢(r) = 0 for 7 > || f||o-
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Example 10.2. Considering the characteristic function y 4 of a measurable
set A. Then E, ,(r) = |A] for 0 <r <1 and E, ,(r) =0 for r > 1.

In general you can think of the area under the graph of f as some mass
points which are only allowed to move horizontally like beads on an abacus.
Then you obtain E; by rotating the abacus by 90 degrees and let gravity
do the rest. Note that if you rotate the abacus back, the result is known as
decreasing rearrangement of f (Problem . o

Given, the distribution function we can compute the LP norm via
LFIE = p /0 T B, 1<p< oo (10.12)
In fact, integrate |f(z)[" = p [;° x{|f@)|>r} ()P~ dr over X and use Fu-
bini (cf. Problem . In the case p = co we have
| flloo = inf{r > O[Ef(r) = 0}. (10.13)

Another relationship follows from the observation
1£115 =/ |flPdp 2/ rPdp = P Eg(r) (10.14)
X |f|>r

which yields Markov’s inequality
Er(r) < r Pl fI5- (10.15)
Motivated by this we define the weak L, norm
|| fllpw :=inf{C > O|Ef(r) < r PCP, r > 0}

:suprEf(r)l/p, 1 <p<oo, (10.16)
r>0

and the corresponding spaces LP"" (X, du) consist of all equivalence classes
of functions which are equal a.e. for which ||.||,, is finite. Clearly the distri-
bution function and hence the weak LP norm depend only on the equivalence
class. Despite its name, the weak L, norm turns out to be only a quasinorm
(Problem [10.5)). By construction we have

1/ llpw < I11lp (10.17)
and thus LP(X, dp) C LP" (X, dp). In the case p = oo we set ||.||oo.w 1= ||-||oo-
Example 10.3. Consider f(z) = 2 in R. Then clearly f ¢ L*(R) but

1 _ 2
Ep(r) = [{a| =] > r} = {al [o] <71} = =
shows that f € LV (R) with || f||1., = 2. Slightly more general, the function

f(z) = |z|~/? ¢ LP(R") but f € LP*(R™). Hence LP"(R") is strictly larger
than LP(R™). o
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Now we are ready for our interpolation result. We call an operator T :
LP(X,du) — LY X,dv) subadditive if it satisfies

IT(f + 9l <|T(HI+ T (9)l- (10.18)
It is said to be of strong type (p,q) if
IT(F)llq < Coall fllp (10.19)
and of weak type (p,q) if
IT(F)llgw < Cpgwll fllp- (10.20)

By (10.17) strong type (p, q) is indeed stronger than weak type (p, ¢) and we
have Cp g0 < Cpg.

Theorem 10.7 (Marcinkiewiczﬂ). Let (X,du) be a measure space and 1 <
po < p1 < 00. Let T be a subadditive operator defined for all f € LP(X,du),
p € [po,p1]- If T is of weak type (po,po) and (p1,p1) then it is also of strong
type (p,p) for every po < p < p1 with

N BT T = )
1T <2 (2t ) G G Rl (102)

Proof. We begin by assuming p; < co. Fix f € LP as well as some number
s > 0 and decompose f = fy + f1 according to

Jo =X |f1>sy € L NLP, J1 = IX(a)|p1<sy € LP NP
Next we use (|10.12)),
oo

1T = p /O PV Ep gy (r)dr = p2? /0 PV Ep gy (2r)dr

and observe

Er(p)(2r) < Brs0) () + Ersy) (7)
since [T(f)] < |T(fo)l + |T(f1)] implies [T(f)] > 2r only if [T(fo)] > r or
|T(f1)] > r. Now using (|10.15) our assumption implies

TF )l w0 \ P O Fall N\ P
gy < (o) o (GBI Y g,

B r B r
and choosing s = pr (with p > 0 to be chosen later) we obtain

( ) - Cgo / ‘ |p0 Cfl |f|p1

E 2r) < flPodu + .
T(f v / d
) ko {z||fI>pr} i {=||f|<pr}

2J6zef Marcinkiewicz (1910-1940), Polish mathematician
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In summary we have ||T(f)|[h < p2p(Cg°I0 + CP' 1) with

= [ s m @) dr
|f(@)l/p
= [ 1@ / P dpla) =
X 0

I = / /Tp PN @ 1f @) <pry | f () Prdp(z) dr

1*10
)P rP=P1=1 0 1 flP.
- [ 1r@) /lwp (o) = E— |1

In summary we obtain

Il < 2(/ (0 = po)CE ™ + 1/ (o1 = D)CT ) P ],
and choosing p such that

and

Cpoppo -p _ Cplppl -p
produces the desired estimate.
The case p1 = oo is similar: Split f € LP according to
fo= FXalifizsscry €L ALY, f12= fXqalipio/cry € PO LT

(if C1 = 0 there is nothing to prove). Then ||T(f1)]|c < s/Ci and hence
ET(fl)(S/Cl) = 0. Thus

Po

C
Ergn < 2 [ P dp
o PO (el | f1>r /1)

and we can proceed as before to obtain

IT(H)lp < 2(p/(p — po)) /PCEP O™/ 1)),

which is again the desired estimate. O

As with the Riesz—Thorin theorem there is also a version for operators
which are of weak type (po,qo) and (p1,q1) but the proof is slightly more
involved and the above diagonal version is frequently sufficient.

As a first application we will use it to investigate the Hardy—Littlewood
maximal function defined for any locally integrable function in R™ via

M(F)(w) =sup =
r>0 ‘B ( )’ B, (z)
By the dominated convergence theorem, the integral is continuous with re-
spect to x and consequently (Problem M(f) is lower semicontinuous
(and hence measurable). Moreover, its value is unchanged if we change f on
sets of measure zero, so M is well defined for functions in LP(R"). However,

[f(y)ld"y. (10.22)
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it is unclear if M(f)(x) is finite a.e. at this point. If f is bounded we of
course have the trivial estimate

Moo < N1fllso- (10.23)
Example 10.4. The maximal function of f(z) := x(_11)(z) is given by

(Problem [10.12))
1, lz| <1,

M) = {+| o

Note that even though f has compact support, M(f) only decays like O(1/x)
and hence ist not integrable. So M is not of strong type (1,1). The slow
decay could be fixed by taking the sup not for r > 0 but (e.g.) for 0 < r < 1.
However, this will still not render M of strong type (1,1) (Problem [10.13).

o

Theorem 10.8 (Hardy-Littlewood maximal inequality). The mazimal func-
tion is of weak type (1,1),

3TL
Bpmp(r) = Il (10.24)
and of strong type (p,p),
3np 1/P
Ml <2 (2] 17l (1025

for every 1 < p < o0.

Proof. The first estimate follows literally as in the proof of Lemma
Let K C {x | M(f)(x) > r} be compact. Then for every z; € K there is
some ball B; := By, (x;) such that [Blr < [ |f(y)|d"y. By compactness
finitely many of these balls By,..., By, cover K and we can choose a subset
of disjoint balls Bj,, ... Bj, as in Wiener’s covering Lemma@ Then

n

k k
mn 3n
K<Y BB <=3 [ Iy < .
=1 Ji

,
i=1 =

This establishes the first claim by inner regularity of the Lebesgue measure.

Combining this estimate with the trivial one (10.23)), the Marcinkiewicz in-

terpolation theorem yields the second. O

Using this fact, our next aim is to prove the Hardy—Littlewood—Sobolev
inequality. As a preparation we show

Lemma 10.9. Let ¢ € L (R"™) be radial, ¢(z) = ¢o(|z|), with ¢po nonnegative
and nonincreasing. Then we have the following estimate for convolutions
with integrable functions:

(@ f)(2)] < ll@liM(f) (). (10.26)
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Proof. We start with the case where ¢g = Z§:1 jX[o,r;) With o > 0is a
simple function. Then

ZQJ’BTJ ‘ |Br ( )’ f(y)dny

BT (z)

and the estimate follows upon taking absolute values and observing ||¢|1 =
>_; | Br; (0)].

To see the general case choose a sequence of simple functions ¢f ,” ¢g
and observe

(@ F)(@)] < (¢ [f)(x) = lim(¢™ « [f[)(x) < lim [[¢"|[s M(f)(2)
= [[¢lLM(f)(x)

by monotone convergence. ([

Now we will apply this to the Riesz potential (9.45) of order a:

Tof = I % . (10.27)

Theorem 10.10 (Hardy-Littlewood—Sobolev inequality) Let 0 < a < nm,

pe(l,2), andq = p"a € (7%5,00) (i.e., %—7—7) Then I, is of strong
type (p, q),

1Zafllg < Cp.amllfllp- (10.28)

Proof. We split the Riesz potential into two parts
I = Ig + 1207 Ig = IaX(O,e)a Igo = LaX[e,0)»

where ¢ > 0 will be determined later. Note that I3(].|) € LY(R") and
I°(].]) € L™(R™) for every r € (=2, 00). In particular, since p’ = - €

n—o’

p—1
(-~ ), both integrals converge absolutely by the Young inequality (10.10]).

n—ao’

Next we will estimate both parts individually. Using Lemma we obtain

@) < | ‘fZ%M(fx@:Mew(f)(x).

yl<e Y a—1

On the other hand, using Hélder’s inequality we infer

1/p’ 1/p'
. d™y n—1)V, o—n
72w < ( /. ,y|(n_a>,,/) 11 = (o) el
ylze

/n
Now we choose € = (%)p such that

ap o

Zof ()| < CIFISMf) (@), 6=—€ (=,1),

n n
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where C'/2 is the larger of the two constants in the estimates for ZO f and
I f. Taking the L? norm in the above expression gives

1Zaflly < CIFIGIM) " llg = CUADIM a0 = CIUFIIM, ™
and the claim follows from the Hardy—Littlewood maximal inequality. O

Problem* 10.5. Show that Ey = 0 if and only if f = 0. Moreover, show
E¢ig(r+s) < E¢(r) 4+ Ey(s) and Eqf(r) = E¢(r/|al) for a # 0. Conclude
that LP"(X,dp) is a quasinormed space with

1+ gl < 2(/1f] pw) lof
Problem 10.6. Show f(z) = |z|~™? € LP*(R™). Compute ||f||p-

Problem 10.7. Let A be a set with finite measure and 0 < ¢ < p < o0.
Show that

p 1-4
tdp < L (A E| ),
[ 1510 < Py R
and conclude that
LP(X,dp) € LPU(X, dp) © LI(X, dp).
provided p is finite. (Hint: p({z € A||f(x)| > r}) < min(u(A), rP|f]|hw)-)

Problem 10.8. Let 0 < ¢ < p < o0 and consider

3=

f = sup p(A)

1 1/q
; <j/deu) |
0<pu(A)<oco A

P 1/q
megMﬂmwg<q]) 1 -

Show that

Show that for p > 1 the choice ¢ = 1 gives a proper norm. (Hint: For one
direction use the previous problem. For the other direction make a special

choice for A.)
Problem 10.9. Show that if f,, — f in weak-LP, then f, — f in measure.

Problem 10.10. The right continuous generalized inverse of the distribution
function is known as the decreasing rearrangement of f : X — C:

f5(t) == inf{r > 0|E¢(r) < t}

(see Sectionfor basic properties of the generalized inverse). Note that f*
is decreasing with f*(0) = || f|lco. Show that

Ep = Ey
and in particular || f*|, = || fllp-

Problem 10.11. Show that f = 0 if and only if M(f)(z¢) = 0 for one xg.
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Problem 10.12. Compute the mazimal function of f(x) := x(—1,1)().

Problem 10.13. Show that the mazimal function of an integrable function
might not be (locally) integrable. Specifically, show that

X[-1/2,1/2) (95)
@) = Yl og([a])?

is in L1 (R) and satisfies

1
M()(z) > s e |-1/4,1/4],
which is not locally integrable.

Problem 10.14. Show that the maximal function of an integrable function
satisfies
[f (@) < M(f)(z) < o0

at every Lebesque point.

Problem* 10.15. Let ¢ be a nonnegative nonincreasing radial function with
ol = 1. Set ¢p(x) = e "¢(%). Show that for integrable f we have (e *
(@) — f(z) at every Lebesgue point. (Hint: Split ¢ = #° + ¢° into a
part with compact support ¢° and a rest by setting ¢°(x) = min(6, ¢(z)). To

handle the compact part use Problem[3.32 To control the contribution of the
rest use Lemma[10.9)

Problem 10.16. For f € L'(0,1) define
T(f)(x) = 500 S008) £ (),
Show that T is subadditive and norm preserving. Show that T is not contin-

wous in L1,

10.3. Calder6n—Zygmund operators

In this section we want to look at convolution-type integral operators
/ K(x —y)f(y)d"y. (10.29)

If the kernel satisfies K € L'(R"), then the associated operator K will be
a bounded map on LP(R™) whose norm can be estimated using Young’s
inequality . Here we want to look at the case where this assumption
is not satisfied. The prototypical example being the Hilbert transform with
K(z) := % in R.

To this end we will call a measurable function K : R® — C a Calderén—
Zygmund kerneﬂ provided

JAlberto Calderén (1920-1998), Argentinian mathematician
3 Antoni Zygmund| (1900-1992), Polish mathematician
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(i) |K(z)| < %, for all x € R™,
(ii) f|$|>2|y| |K(z) — K(x — y)|d"x < B for all y € R" (Hé6rmander
condition),
(iii) fr<|$|<R K(z)d"z = 0 for all 0 < r < R (cancellation condi-
tion).
Such operators are also known as singular integral operators since K
is not necessarily integrable. Note that these type of operators have two

potential problems: A potential (non-integrable) singularity at 0 and the
slow (non-integrable) decay.

Example 10.5. The Hilbert transform K(z) := % clearly satisfies these
conditions with B = 2log(2). To see (ii) observe

1 1
/ |— — |d"z < / Lda: = 2log(2)
w2y T T Y le|>2ly) 1]z = yl)

since |x — y| > |z| — |y| - o

As with the Hilbert transform, special care has to be taken when defining
an associated operator and we will set

(kD)) =t [ K@) [ (10.30)

for f € S(R™). To see that this limit exists, we first split the integral and
then use the cancellation condition to obtain

(Kf)(x) = 1513 eyt K(z —y)f(y)d"y + /1<z—y| Kz —y)f(y)d"y

=/’ K@—ykﬂ@—f@ﬁfy+/ K(z - y)f(y)d"y.
|z—y|<1 1<]|z—y|
(10.31)

Here the first integral can be estimated according to |K (z—y)(f(y)—f(x))] <
#C |z — y| and hence is integrable and the limit follows from dominated
convergence. Of course a weaker condition like f € C%%(R") N LP(R™) for
some 1 < p < oo would also be sufficient for this argument. The uniform
convergence as ¢ | 0 shows that K f € Cp(R") in this case (cf. Problem

for the second integral).

Note that the Hérmander condition is a smoothness condition and for
differentiable kernels there is the following variant which is easier to check.
Lemma 10.11. Suppose K is differentiable on R™ \ {0} with

B
’x|n+l’

VK (z)| < (10.32)

ALars Hérmander (1931-2012), Swedish mathematician
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then the Hormander condition holds with B replaced by 2"S,B.

Proof. We begin by observing

1 1
B
K(z) — K(z — —/VK:U—t : dt‘g/ dt
|K(z) — K(z —y)| ‘0 (x—ty)y ; ‘x_ty,nﬂlyl

1 +1
B 2" B
< | ————Jyldt < 2" Blyl
0 |x_ty|n+1 ’$|n+1 )

where that last estimate holds for |z| > 2|y| since in this case |z — ty| >
2| — |y| > |z|. Consequently
/ |K(x) — K(2z — y)|d"z < 2" Bly| d"z =2"BS,
|z[>2]y|

2| >2py| 2"t

as required. O

x

Example 10.6. Let n > 2. The Riesz transform K;(z) := —47 as well

|z|™
TjTg

as the double Riesz transform Kji(z) := e for j # k and Kjj(z) =

212
e

o satisfy these conditions. Note that the double Riesz kernel is
up to a constan e second derivative of the fundamental solution of the
pt tant) th d derivati f the fund tal soluti f th

Laplace equation ({9.47]).

Indeed (i) and (ii) are straightforward (via Lemma [10.11)). Finally, (iii)
is evident for K; and K, if k # j since we integrate an odd function over a
symmetric domain. In the case j = k note that (by symmetry) the integral
over x? /|z|"*2 is independent of j. Hence we also have (iii) in this case. o

Applying the Fourier transform, a Calderon—Zygmund operator is ex-
pected to be given by a multiplication operator which provides insight into
its properties on L?(R™).

Example 10.7. By Example the multiplier associated with the Cauchy
kernel is m(p) := —i(27)~'/2sign(p). Hence the Hilbert transform extends
to a unitary opeartor when multiplied by (27)/2. o

Example 10.8. Consider the fundamental solution of the Laplace equation
(0.47). Then we know that its Fourier multiplier is |p| =2 (cf. Lemma .
Consequently the Fourier multiplier of the double Riesz transform is expected
to be (up to constants) m;(p) := n~16,; — pjp|p| 2. Since m,y, is bounded,
the double Riesz transform is expected to extend to a bounded operator on
L2(R™). o

In general, it will not be possible to compute the associated multiplier
explicitly, but we can still show that K is always bounded:

Lemma 10.12. Let K be a Calderon—Zygmund kernel. Then K gives rise
to a bounded operator on L*(R™).
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Proof. The idea is that K is given by multiplication with (27r)”/21? when
taking the Fourier transform and hence the statement is equivalent to the
fact that K is bounded. To this end consider the (up to constants) Fourier
transform of the truncated kernel

my.s(p) == / K (z)e P*d".
r<|z|<s

Then we have

K(f)(z) = _lim K(z)f(y —x)d"x

r—0,s—00 r<|z|<s
pointwise for f € S(R™) and hence by Fatou
K fllz < liminf [[Kpsflls < lminf ([mys]loo|| fl2-
r—0,s—00 r—0,s—00

Consequently it suffices to bound m,. 5. For the first part we obtain by virtue
of conditions (i) and (iii)

/ K(z)e P2dny
r<l|z|<so

< B/ 2Pl gy < 05 B,
T

<|z|<so ‘x|n

/ K(z)(e™P* — 1)d"z
r<|z|<so

where so := min(27|p|~!,s). Also note that the domain of integration is
empty for 27|p|~! < r and the estimate trivially true.

For the second part we define 7o := max(27|p|~!, ) and assume 27|p|~! <
s since otherwise the domain ro < |z| < s is empty and the estimate below

trivially true. Now let ¢ := W# (such that e?4 = —1) and use
/ K(z)e Pody = —/ K (x)e Pt gy,
ro<|z|<s ro<l|z|<s

= / K(z — q)e P*d"z.
ro<|z—q|l<s

Now we can add these two expressions in order to use (ii). The only nuisance
being that the domain of integration slightly differs. Fortunately, this will
not affect the required bound. To simplify notation, let A := {z € R" | rg <
|z| < s} and Ay := A —q. Then

: 1 .
/ K(z)e P*d"x = = / (K(z) — K(x —q))e "*d"x
ro<|r|<s 2 /a4

q

1 . 1 .
42 / K(z)e Pdry — - / K(z)e P*dny
2 Ja\a, 2 Jaga
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and we need to estimate these three integrals. The first one follows from (ii)
since r¢ > 2|q|:

/ (K(x) — K(z — ) P*d"x
Aq

< / K(z +q) — K(2)|d"s < B.
A
Concerning the second one, note that A\ A, C {z | ro < |z| <7ro+|q|}U{z |
s —lg| < |z|] < s} and hence
K (2)e—Pdns| < / K (2)|d"z + / K (2)|d"z
A\Aq ro<|z|<ro+lq| s—lql<|z|<s

ro+|q| s
=5,B (/ dr + / dr) = SnB(log(ir0 + |q|) + log(

o r —lgl T To §— |Q‘

Similarly, A\ Ay C{z|ro—|g| <l|z|<mo}U{x|s <|z|] <s+]ql} and

))-

K(z)e P q"z| < S, B(log( o )+ log(s +ldl ))-
A \A ro — |q| s

In summary this shows

T0|p|+7r) lo (S‘p|+ﬂ-))
rolp| — 7 slp| =

/ K(z)e Podz| < BS,, (log(
ro<|z|<s

t+m

=) is decreasing and ro|p| > 27 as well as s|p| > 27 we conclude

Since log(

/ K(z)e P*d"z| < BS,2log(3).
ro<|z|<s

In summary this shows

liminf ||mys|lcc < 2BSy(m +1log(3)). O
r—0,s—00

Our next aim is to provided a weak-L' bound for Calderéon-Zygmund
operators such that we can apply the Marcinkiewicz interpolation theorem.
For this we will need a decomposition of an integrable function f € L'(R")
into a good and a bad part according to the Hardy-Littlewood maximal
function. Recall that the Hardy-Littlewood maximal function is based on

the quantity

L612| /Q \f(2)]d"z, (10.33)

where @ C R™ are balls. However, here it will be more convenient to use
cubes instead since they can be chosen to tile the domain nicely. To this end
we introduce the dyadic cubes

Qrom = [2my, 2 (my + 1)) x -+ x [2Pmy, 2% (my, + 1)), k€ Z, m €2,
(10.34)
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of side length 2*. Note that |Qk,| = 2"F and that two dyadic cubes are
either disjoint or one is contained within the other. Moreover, due to our
integrability assumption

1 o Il
g /Q e < 1 (10.35)

and our averages will decay as the side length of the cubes increases. On
the other hand, if we decrease the side lengths, then they will either stay
bounded (if e.g. f is bounded on the cube) or increase for a sequence of
cubes containing singularities of f. Hence we will choose a threshold and
divide the domain into good and bad cubes depending on whether our above
quantity remains below the chosen threshold no matter how small we make
the subdivision.

Lemma 10.13 (Calderén-Zygmund). Fiz A > 0. Any function f € L*(R?)
can be decomposed as f = g+ b, such that:
(i) llglloc <A and [|gl[x + [|blls = [ £l1-

(ii) b:= Zj Xq, f, where the sum runs over disjoint dyadic cubes such
that for each cube one has

1
A< — |f(x)|d"z < 27\
‘QJ‘ Qj
(iii)
1 Ll
>olQil < =
J
Proof. We call a dyadic cube bad if
A< o F@ld"
x)|d"z
|Qk7m’ Qk,m

and if it is not already contained in a larger bad cube. The collection of bad
cubes is obtained by observing that there are no bad cubes @, provided
k > ko := Llogy(||f[l1/A) by (10.35). Hence one can start at ko and proceed
by decreasing k£ and removing the bad cubes at each level while further
subdividing the others. This gives a collection of disjoint bad cubes (); and
a corresponding decomposition f = g+ b.

Note that since every bad cube Q; = Q. is contained in some parent
cube from the previous step, Qg m C Qk+1,m/, We have

1
‘Qk’m| Qk,m

|f(z)|d"z < |f(x)|dmz < 27\

|Qk’m| Qk+1,m’
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and (ii) holds. Moreover,

1 " f
TR AZ/Q Flaylare < 1

and consequently (iii) also holds. Finally, if z¢p & Uj Qj, then there is a

sequence Qj, := Qk,m,, of dyadic cubes containing xo such that

1
— [ |f(z)|d"z < A
|Qk| J&y
Consequently |f(zo)] < A at every Lebesgue point (Lemma [4.7). Since
9(z0) = f(zo) and since g vanishes on |J; @, item (i) also holds. O

This is known as Calderon—Zygmund decomposition of f at height A.
Note that by interpolation (10.1)) we have g € LP(R"™) for every 1 < p < occ.

Subtracting the average over each bad cube from b and adding them to
g we can assume that b has average zero over each bad cube.

Corollary 10.14. Fiz A > 0. Any function f € L'(R™) can be decomposed
according to f = g + b, such that:

(1) llgllee <2"X and [[g]lv < |[fll1, lI6lx < 2[[f]1-
(il) b= 3" xq,(f - @ fQj fd"x), where the sum runs over disjoint
dyadic cubes such that for each cube one has

1
A< — |f(x)|d"x < 2™
‘QJ‘ Qj

Sai< Il

Now are ready to show the anticipated weak-L! estimate. Our formula-
tion emphasises that we only require the Hérmander condition (ii) together
with boundedness on L2. This is convenient in case the latter condition can
be obtained by other means than Lemma [10.15] This will come handy in
the proof of Theorem below.

(iii)

Lemma 10.15. Let K be a kernel satisfying the Hormander condition (ii).
Moreover, suppose that there is a bounded operator K on L?*(R™) such that

(K@) = [ K@=y)fly)dy (10.36)
for all f € L2(R™) and all x & supp(f). Then for every f € L*(R")NL'(R™)
there is the weak-L' bound

e e RKN@I =N < Sl A>0 (1037
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Proof. Let f € L?(R") N LY(R") and write f = g + b according to Corol-
lary [10.14] (note that b= f — g € L> N L'). Next (cf. Problem |10.5)
{z e R" | [(Kf)(x)] = A}

<z e B | [(Ko)@)] > D} + I € B | [(KD)(x)| = 2]

¢ " A
< ol + Hz € R™ [ |(KD)(@)] = 3},

where we have used Markov’s inequality (10.15) and our assumption that
K is bounded on L?. Moreover, by Lyapunov’s inequality (10.I) we have
9113 < llgllillglles < [[f1l127X implying
2nC A

5 Il + Ha e R (ED) ()] = S}
and it remains to control the second summand. In order to be able to apply
(ii) we will work with slightly expanded cubes. To this end denote by Q*
the cube with the same center but side length increased by 2/n. Then

{z e R" [[(Kf)(@)] = A} <

o € RYI(KBY@)] > 531 <10y Q) + 1z € B\ Uy | [(KD)(@)| = 5]

2
< vyl 2 /R g, (DG

Next we use b = ), by, where by := bx(,, to obtain

2 mn 2 n
L@ =33 [ Kb @)d
R™M\UQS RN

2 mn
593 / g I

Since by has mean zero, we have

(Kby)(x) = / (K(x—y) — K@ - g)bel)d'y, @ & Qr,

where yj, is the center of @k, and we can now exploit (ii) (and Fubini) to
obtain

/ (Kb ()" < / K(z —y) — K@ — y)llu(y)|dy '
R™\Qj R™\Qj J Qp

<B / ()l
Qk

In summary, we have
2

2B 4B
s L wy@s < 2 < i =
RMUQ;

Given these preparations we are now able to prove the main result:
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Theorem 10.16 (Calderon-Zygmund). Let K be a Calderon—Zygmund ker-
nel. Then K gives rise to a bounded operator on LP(R™) for all 1 < p < co.

Proof. Combining Lemma [10.12] and Lemma [10.15| with the Marcinkiewicz
interpolation theorem establishes the claim for 1 < p < 2. To cover the
remaining cases we apply a duality argument: To this end we identify the

dual space of LP(R™) with L? (R") as usual (Theorem . Then the adjoint
is defined via

[ wows@as= [ g

for all g € L” and f € LP. Since it suffices to consider a dense set, we
choose f,g € S(R™) and abbreviate K¢(v) := K(¥)Xc<|g|<1/c(z). Then
using dominated convergence and (iii) we obtain

/ g () (K f)(@)dv = / oa)lim [ Koo =) )y d's =
.

el0

:/ hm/ K.(z— ) (f(y) — f(@)d"y d"x

= 113)1 g(x) | Kz —y)(fly) — f(z))d"yd"z
€ R» Rn

—tiw [ [ g@)Ke - )y

Now invoking Fubini and repeating the previous operations in reverse order
shows that the adjoint operator is associated with the kernel K'(z) = K(—x).
Since K'(x) is a Calderon—Zygmund kernel if and only if K (x) is, we conclude
that K is also bounded on L?' for 1 < p < 2, that is for 2 < p/ < 0. O

Example 10.9. Note that the Hilbert transform is neither bounded on
LY(R) nor L*(R). Indeed, observe that

1 |1+ z|
y =1
/ _yX[—l,l](y)d 0og (|1—{L”)

RZT

is unbounded and non-integrable (it decays like 2/x). Hence we cannot cover
the cases p = 1, oo in general. o

Example 10.10. Note that this result also applies to the periodic Hilbert
transform as follows: Consider the Calderon-Zygmund kernel K (z) :=
cot(2/2) X[, (7). Then the periodic Hilbert transform H is bounded on
LP(—m, ) if K is bounded on LP(R). Indeed observe that for smooth periodic

f we have (Hf)(z) = (K f)(z) for x € (=, 7). Now using f = X (=2r2m)
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we have
IH fll 2o (—nm) = 1K fllommy < IEFllo) < Coll fllrom)
= 27 Cy | fll o (= m)- o

Example 10.11. Let us look once again at the Poisson problem on R™.
Given f € S(R™) the solutions is

uw)i= [ eI,
where @ is the fundamental solution (9.47)). Moreover, we have

ouie) = | (O) = DIy

Dioku() =lim [ (@,08)(x — ) Fw)d"y —  [().
€l0 e<|z—y| n

Hence the Calderén—Zygmund theorem implies that convolution with the

fundamental solution provides a solution u € WP (R™) satisfying |jul|2, <

C| fllp for every f € LP(R™), 1 < p < co. Moreover, this is the only solution

in W2P(R™) since the only solutions of the homogenous equation (in the sense

of tempered distributions) are the harmonic polynomials (Problem. o

So far we took a singular integral operator as our point of departure.
However, when using the Fourier transform to solve a constant coefficient
partial differential equation (cf. Section the solution operator arises nat-
urally as a Fourier multiplier. Hence it is desirable to read off mapping
properties of the corresponding operator directly from the multiplier. This
is the content of the Mikhlin multiplier theoremﬁ Its proof uses a de-
composition of a function along a geometric scale.

Lemma 10.17 (dyadic partition of unity). There exists a function ¢ €
CX(R™\ 0) such that
d @iz =1, z#0. (10.38)
JEL
Moreover, 1) can be chosen radial with support in 1/2 < |z| < 2 and such
that at most two terms in the above sum are nonzero.

Proof. Choose x € C2((0,00)) such that x(r) = 1 for 0 < r < 1 and
x(r) =0 for r > 2. Then ¥(z) := x(|z|) — x(2|z|) is the required function.
Indeed

m

Y (@) = x(2"2]) = x (2" a)

j=—m

5Solomon Mikhlin (1908-1990), Soviet mathematician


http://en.wikipedia.org/wiki/Solomon Mikhlin
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and for 27 < |z| < 2™ this equals one as required. The additional proper-
ties are straightforward. ([

Recall that m is called an LP multiplier if the associated operator
Anf:=(mf)",  feSERY
extends to a bounded map in LP(R"™).

Theorem 10.18 (Mikhlin). Suppose m : R™ — C satisfies

B

0°m(p)] < o
p|

(10.39)

for any multi-index of order |a| < n+2. Then m is an LP multiplier for any
1 <p<oo.

Proof. We use a dyadic partition of unity ¢ to decompose m into a sum of
m;(p) :=1(277p)m(p). Then the corresponding operator is associated with

the kernel K;(z) := (27)""2(m)Y(z);. By Lemma we conclude that
K; € L'(R™) and hence satisfies the claim for any 1 < p < co by Young’s
inequality. To establish the claim for m we will show that

satisfies
VKN (2)] < Cplz| ™

uniformly in N. Here, and below, C), stands for a constant which is an

n-dependent multiple of B. Then Lemma [10.13|implies
1Y fllp < Cpnll £l

(since both the constant in (ii) as well as the L? bound, which is just ||m| s <
B, are linear in B and independent of N) and since for f € S(R™) we have
KN % f — (mf)Y uniformly, Fatou’s lemma implies

[y pars = [t s fravs <timint [ K35 fravs < Gl 1

as required. Hence it remains to establish the estimate for K. Since
¥(277p) has support in 2971 < |z| < 27, we conclude [0%m;(p)| < C,2771
as well as [|0%m;||1 < C,2"27719l for all |a| < n + 2. Similarly we obtain
10%pkm;(p)|l1 < Cr27m277(=1) for all |a| < n + 2. Taking the Fourier
transform we get

o VK () oo < G210
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for all o] < n + 2. Finally, summing over the corresponding monomials we
get

¢ 2i(n—r+1)

IVEj(@)lloo £ =

- el
for all r <n+ 2.

Now using these estimates with » = 0,n + 2 we have

VEN (@) <Y VK@) < Y VK@)l + Y [VE;)
j

20 < |z|~1 27 >|z|~1
) C 4
(n+1) n -
< Cn Z 2 || +2 Z 2
29 <z| -1 29> x|~
1 1 C 1 40y,

+

n
< Cn|m|n+1 1_o-n—1 " [+ 2y —5= < [+

as required. O

Example 10.12. The prototypical examples are the multipliers correspond-
ing to the Hilbert, Riesz, and double Riesz transform. These examples also
show that the estimate fails for p = 1 and p = oo in general. Somewhat
more general, any multiplier of the form

P(p)
m(p) =
"
where P is a homogenous polynomial of degree r, satisfies the assumption

(110.39) for any multi-index a. o

Problem 10.17. Show that the condition
K(r) - K@—y)| _ B
ly|” A

sup
2ly|<|z]

for any fizxed v € (0, 1] implies the Hormander condition (ii) (with a different
constant). Moreover, show that if this condition holds for some vy, then it
holds for all v < ~y. Finally, show that implies this condition for
v =1 (and hence for all v < 1).

Problem 10.18. Show that the norm of K,(x) = %X|x|gr(l’) in LP(R) is
independent of r.

Problem 10.19. Compute the Fourier multiplier of the Riesz transform

Kj(z) = z;|z|™" (forn >2). (Hint: Lemma )
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(Glossary of notation

ACla,b] ...absolutely continuous functions,

arg(z) ...argument of z € C; arg(z) € (—m, 7|, arg(0) =0

B, (x) ...open ball of radius r around x

B(X) ... Banach space of bounded measurable functions

BV]a,b] ...functions of bounded variation,

B =Bl

B" ... Borel g-algebra of R™, |§|

C ...the set of complex numbers

c(U) ...set of continuous functions from U to C

Co(U) ...set of continuous functions vanishing on the
boundary 0U,

C.(U) ...set of compactly supported continuous functions

Chperla,b] ...set of periodic continuous functions (i.e. f(a) = f(b))

Ck(U) ...set of k times continuously differentiable functions

CFU) ... functions in C* with derivatives bounded,

ckU) ... functions in C* with derivatives vanishing on the

boundary 0U,

Cpe(U)  ...set of smooth functions with at most polynomial growth,
C*®(U) ...set of compactly supported smooth functions

C(U,Y) ...set of continuous functions from U to Y

¢ (X,Y) ...setof compact linear operators from X to Y

xa(.) ... characteristic function of the set Q

D(.) ...domain of an operator

On,m ... Kronecker delta

det ...determinant

dim ...dimension of a linear space
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Glossary of notation

div
diam(U)
dist(U, V)

conv(.)
H(U)
H*(U)
HE(U)
HT,S(RTL)
Im(.)

inf

Jy(x)
Ker(A)

)\n
Z(X,Y)
Z(X)
LP(X,du)
L> (X, du)
Ly, (X, dp)
LN X .dp)
M(X)
MTeg (X)
M(f)

oy fn)

...divergence of a vector filed,

1= SUDP(; )cr2 d(z,y) diameter of a set
=inf(, euxv d(r,y) distance of two sets
... Napier’s constant, e* = exp(z)
...general linear group in n dimensions
...gamma function,

... Gram determinant,

...a Hilbert space

...convex hull

... set of holomorphic functions on a domain U C C
... Sobolev space, (186},

... Sobolev space,
... weighted Sobolev space, m

... complex unity, i? = —1
...imaginary part of a complex number
... infimum

:=det df (z) Jacobi determinant of f at z,

... kernel of an operator A

... Lebesgue measure in R",

...set of all bounded linear operators from X to Y
=2Z(X,X)

... Lebesgue space of p integrable functions,

... Lebesgue space of bounded functions,
...locally p integrable functions,

... space of integrable functions,

... maximum

... finite complex measures on X,

... finite regular complex measures on X,

... Hardy-Littlewood maximal function,

...the set of positive integers

:=NuU{0}

... winding number

= (01f,...,0mf) gradient in R™

...outward pointing unit normal vector,

... Landau symbol, f = O(g) iff limsup,_,, |f(z)/g(x
... Landau symbol, f = o(g) iff lim,_,4, | f(z)/g9(z)| =
...the set of rational numbers

...the set of real numbers

...resolvent set of an operator A

...range of an operator A

...real part of a complex number

...spectrum of an operator A

...surface measure on S"1,

:={z € R"| |x| = 1} unit sphere in R"

= nﬂ'”/Q/F(% + 1), surface area of the unit sphere in R",

)| < oo
0
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sign(z) :=2z/|z| for z # 0 and 1 for z = 0; complex sign function
S" ... semialgebra of rectangles in R",

S” ... algebra of finite unions of rectangles in R,
S(R™) ... Schwartz space,

sup .. .supremum

supp(f) ... (essential) support of a function f,
supp(p)  ...support of a measure p,

span(M) ...set of finite linear combinations from M
WHFP(U) ...Sobolev space, |186

WyP(U) ... Sobolev space, [190

Va ::W”/Q/F(% + 1), volume of the unit ball in R™,
Z ... the set of integers

I ...1identity operator

vz ...square root of z with branch cut along (—o0,0)
z* ...complex conjugation

fr ...symmetric rearrangement of a function, m
A* ...adjoint of an operator A

A ...closure of an operator A

f :=F f, Fourier transform of f,

f := F~1f, inverse Fourier transform of f,

|| = \/m Euclidean norm in R™ or C"

2] ... Lebesgue measure of a Borel set

Il ...norm in a Banach space

I|.11p ...norm in the Lebesgue space LP,

I|11.p ...norm in the Sobolev space WH?

|l.llky,00 - .Holder norm for derivatives,

(o) ...scalar product in a Hilbert space $)

<) ...direct/orthogonal sum of vector spaces

® ... product of o-algebras and measures

o ... union of disjoint sets, |§|

|z | :=max{n € Z|n < z}, floor function

[x] :=min{n € Z|n > z}, ceiling function

(x) :=+/1+ |z|?, € C" (Japanese bracket)

0 :=(01f,...,0nf) gradient in R™

O ... partial derivative in multi-index notation, m
0. F(xz,y) ...partial derivative with respect to x

0 :=U \ U° boundary of the set U

U ... closure of the set U

U° ... interior of the set U

V.ccU ...V isrelatively compact with V C U

M+ ...orthogonal complement in a Hilbert space
(A1, \2) ={A € R| A\ <X < A2}, open interval

[A1, A2] ={A e R| A1 <X < Ay}, closed interval

Tp — T ...Torm convergence

Ty — T ... weak convergence

*
Tp — X N Weak—* convergence






Index

a.e., see almost everywhere
absolutely continuous, [I86]

function,
measure, [IT]]

absolutely continuous functions, [240)
algebra, [f]

almost everywhere,

Anderson model, [T45]

approximate identity, [03]

arc length, [T36]
arc length parameterization, [[36]

Basel problem, 232} 233]
Bessel function,
Bessel potential, 273|

Beta function,
bi-Lipschitz, 2T5]
blancmange function, [134
Bochner integral,
Borel

function,

measure, [I§]

regular,

set, []

o-algebra, [f]
Borel transform, [0§]
Borel-Cantelli lemma, [T47]
bounded mean oscillation, [213

bounded variation, [[29] [196] 243]

Brezis—Lieb lemma,

Calderén—Zygmund kernel,
cancellation condition, [317]

Cantor

function, [T19]

measure, [[20]

set, [I9]
Cantor set

fat,
Cauchy transform, [08] [I54]
Cesaro summation, [226
chain rule,
change of variables, [[01] 2T7]

characteristic function,
of a measure, 264]
Chebyshev inequality, [T20]
complete
measure, [I9]
completion
measure, [I7]
concave, [78|
content, [I69]
convergence
in measure, [[45]
in probability,
convex, [78]
convolution, 02
measures, [09]
counting measure, [7]
cover, [139]
covering lemma
Vitali, [34]
Wiener, [IT5]

cylinder

set, [T44]
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Index

d’Alembert’s formula, [284]
devil’s staircase,
diameter, [I39]
Dirac delta distribution, [28§]
Dirac measure, [7] 22} {2]
direct sum
measure, [7]
Dirichlet criterion, [239]
Dirichlet integral, [74] [238] [261] [287]
Dirichlet kernel, [06] 225]
distribution function, 20] [303|
divergence, [62]
dominated convergence theorem, [£3]
dyadic cubes, [314]
Dynkin system, [J]
Dynkin’s 7-A theorem, [J]

elliptic equation,
equidistributed, 24§
equimeasurability, [L09]
essential support, [76]
essential supremum, [76}
Euler’s reflection formula, [58|
exponential function, [I37]
extension property, [I99

F, set, 3]
Fejér kernel, [06] 227]

Fourier multiplier, 272]

Fourier series,

Fourier transform,
measure, [264]

Friedrichs extension, 219
Friedrichs mollifier, [34]
Fubini theorem, @

functional

positive, [[70]
fundamental lemma of the calculus of
variations, [06] [I60]
fundamental solution
heat equation, [28]]
Laplace equation, 27
fundamental theorem of calculus, [44]
IBE!

Gs set, 3]

gamma function, [57]
Gaussian, 253
generalized inverse, [66]
Gibbs phenomenon, 237]

gradient, 253

Gram determinant, [59] [64]

Green’s first identity,
Green’s second identity, [65]

Hormander condition, [311

Hadamard product,

Hahn decomposition, [T26]

Hankel transform, [262

Hardy inequality, [86]

Hardy space, [98]

Hardy—Littlewood maximal function,
00|

Hardy—Littlewood maximal inequality,

Hardy-Littlewood series, [242

Hardy—Littlewood—Sobolev inequality,
03]

Hausdorff dimension, [142

Hausdorff measure, [T40]

Hausdorff-Young inequality, [302]

heat equation,

Heisenberg uncertainty principle,

Helmholtz equation, 273]

Herglotz—Nevanlinna function,

Hermite polynomial, [260]

Hilbert transform, 229} [294] 317

Hilbert-Schmidt operator, [[07]

Holder continuous,

Hélder’s inequality, [80] [I62]

generalized, [§4]

image measure, [52]
improper integral, [73]
inclusion exclusion principle, [45]
integrable,
Bochner integral, [T56]
Riemann, [7]]
integral,
integration by parts, [64] [[33] 203
integration by substitution, [6§|
inverse function rule,
isoperimetric inequality, 249]

Jacobi theta function, 224
Jacobi’s identity, [261
Japanese bracket, [275]
Jensen’s inequality, [79]
Jordan content,

Jordan decomposition, [T23]
Jordan measurable, 2]

kernel
Hilbert—Schmidt,
positive semidefinite, [[03]
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symmetric, [I03]
Kirchhoff’s formula, 285]
Klein—-Gordon equation, 284
Ky Fan metric, [T4§]

A-system, [J]
Landau kernel, 08|
Laplace equation, [21§
layer cake representation, [10Y
Lebesgue

decomposition, [[13]

measure, [22]

point, [TT6] [I60]
Lebesgue integral, [3§]
Lebesgue measure, [16]
Lebesgue outer measure, [3]
Lebesgue—Stieltjes measures,
Legendre’s duplication formula,
Leibniz integral rule,
Leibniz rule, @
Leibniz’ rule, @
lemma

Riemann-Lebesgue, [253]
liminf, [T46]
limsup, [T46]
Lipschitz continuous,
Littlewood’s three principles,
locally

integrable, [77]
lower semicontinuous, @
Luzin N property, @

Lyapunov inequality, [85] [165} [299]
Markov inequality, [I20] [[27} [304]

measurable
function,
set, [1]
space, [6]
strongly,
weakly, [T58]
measure, [§]
absolutely continuous, [[T1]
complete, [T5]
complex, [[2]]
finite, [6]
Hausdorff,
Lebesgue,
minimal support,
mutually singular,
outer, [I2]
polar decomposition, [T26]
product, [47]

space, [7]

support, [I§]
metric outer measure, |E|
Minkowski inequality,

integral form,
mollifier, [04]
monotone convergence theorem, @
Morrey inequality, [277]
multi-index,

order, [182] 253
multiplier, see Fourier multiplier
mutually singular measures, [[T1]

norm
strictly convex, [B3]
uniformly convex, [83|

null set,

operator
Calderén—Zygmund, [310]
Hilbert—Schmidt,
integral,
singular integral, [3T1]
Ostrogradsky formula, [62]
outer measure, [I2]
Lebesgue, Bl
outward pointing unit normal vector, [6]]

Parseval’s relation, [229
partition, [69]
partition of unity

dyadic, BI9]
m-system, [9]
Plancherel identity, [256
Poincaré inequality, 212]
Poisson equation, [270]
Poisson kernel, 08] 224]
Poisson summation formula, 267]
Poisson’s formula, 286]
polar coordinates, [54]
polar decomposition, [T26]
positive semidefinite kernel,
preimage o-algebra,
premeasure, [T1]
probability measure, [f]
product measure, 7]

product rule, [136]

pushforward measure, [52]

quasinorm, [I6§]

radial, 262

Radon measure, [31]
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Radon—Nikodym

derivative, [T13] [124]
theorem, [TT3]
random walk,

rearrangement, [I08] [309]

rectangle, 2]
rectifiable, [T36]
regular measure, [I8] [[26]
relative o-algebra, [7]
reproducing kernel,
reproducing kernel Hilbert space, [I06]
Riemann integrable, [7T]
Riemann integral, [7]]
improper, [73]
lower,
upper, [71]
Riemann’s localization principle, 23]
Riemann—Lebesgue lemma, 233
Riesz potential,
Riesz transform, [312]

Schrédinger equation, 282
Schur criterion, [T00]
Schur test, [T07]
Schwartz space, [253
semialgebra,
semigroup

generator, [280]

strongly continuous, @
o-algebra,
o-finite, [6]
signed measure, [123]
simple function, [37} [[55]
sine integral, 285
singular integral operator, [311
singular kernels, 229
Smith-Volterra—Cantor set, [20]
Sobolev inequality, 27|
Sobolev space,

radial,
spherical average, [85]
spherical coordinates, [54]
spherically symmetric, 262]
Steiner symmetrization, [140
Stirling’s formula,
strictly convex space, @
strong solution, 219
strong type, [305]
strongly measurable,
subadditive,
submanifold, [59]
submanifold measure, [59]

substitution rule,
summation by parts, 23§
support
distribution, [295)
function, @
measure, [I§]
surface,

symmetric

kernel,

Takagi function,
Tauberian condition, [245)
tempered distributions, 28§
theoem

Morrey, [207]
theorem

Bernstein,

Bochner, 268

Borel-Cantelli, [I47]

bounded convergence, [T40]
Brezis—Lieb,
Calderén—Zygmund,
Carathéodory, [T4]

change of variables, [53] 216]
Clarkson,

Dirichlet—Dini,

divergence, [62]

dominated convergence, [£3] [[5§|
du Bois-Reymond, [07] B9
Dynkin’s 7-A, |§|

Egorov,

Ehrling, 215

Fatou, [40] [42]

Fatou—Lebesgue, [I3]

Fejér,

Friedrichs,

Fubini, [49] [T59]

fundamental thm. of calculus, [{4] [I33]
Gauss—Green,
Hadamard three-lines, |300]
Hardy-Littlewood, [I09]

Helly’s selection, [I53]
Hilbert—Schmidt, [I02]

Hille, [T5]

integration by parts, @
Jordan,

Kolmogorov, [[44]
Kolmogorov—Riesz—Sudakov,
Lebesgue,

Lebesgue decomposition,
Lebesgue differentiation, [T16]

Levi, [38]
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Lévy, @

Luzin,

Marcinkiewicz, @
Merecers, [T04]
Meyers—Serrin, [I89]
Mikhlin, [5T9]

monotone convergence, [38|
Ostrogradsky, [62]

Pettis, [I59]

Plancherel, 256]

Poincaré, 212]

portmanteau, [I50]
Pratt, [46]
Rademacher, 209]
Radon—Nikodym, [T13]
Rellich,
Rellich—Kondrachov,
Riesz representation,
Riesz—Fischer,
Riesz—Markov representation,
Riesz—Thorin,
Schur,
Sobolev embedding,
Strauss,
Tonelli, [49]
Urysohn, [97]
Wiener, 262
tight, [[54]
total variation, [[21] [[29} [196] 243]
trace o-algebra, [7]
translation operator, |38
transport equation, 28]

uncertainty principle,
uniformly convex space,
unit sphere,

upper semicontinuous, 2§
Urysohn lemma

smooth, [07]

vague convergence, [[5]]
variation, [[29] 243

Vitali covering lemma, [34]
Vitali set,

wave equation, 283
weak

derivative, [I85] [276]
weak LP[304
weak convergence

measures, [[49]
weak solution, 219

weak type,
weakly measurable, [I5§]
Whittaker—Shannon interpolation

formula:, 261
Wiener algebra, 240} 257

Wiener covering lemma, [115

Young inequality, 163} [302] [303]
Young’s inequality, 03] [[28] 214
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