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Foreword

This document is a compilation of the lecture notes of Introduction to Math Analysis (Math-
GA.1420) taught at NYU in Spring 2021. It is meant to help students to follow the course
and provide exercises related to the notions covered. The lectures are articulated around the
construction of Lebesgue’s measure and theory of integration, with some applications such as
the product of convolution and the Fourier transform.

The course is divided in ten chapters. Chapters 1, 2, 3, 4, 7, and 9, focus on the theoretical
development of Lebesgue’s integration (measure, integral, functional spaces), while chapters 5,
6, 8, and 10, are more related to the application of this theory. Although the class is restricted to
the Lebesgue measure, some key elements on the general measure theory are also introduced.
Similarly, an introduction to the theory of distributions is also provided in chapter 8 (with
application in chapter 10). These topics require, of course, a more thorough discussion that is
not proposed in these notes.

A few concepts and key results have not been discussed in the lectures, such as theorems on
the existence and the unicity of the Lebesgue measure. If you are interested in delving more
into these and willing to go beyond what we have seen in class, I can recommend you, among
others, the following resources that have been used to prepare this class:

e W. Appel, Mathematics for Physics and Physicists, Princeton Univiversity Press, 2007;
e F. Jones, Lebesque Integration on Euclidean Space, Jones and Barlett Publishers, 2001;
e F. Burk, Lebesque Measure and Integration: an Introduction, John Wiley & Sons, 1998;
e W. Rudin, Principles of Mathematical Analysis (3'‘ed.), MGraw-Hill, 1976;

e P.R. Halmos, Measure Theory, D. Van Nostrand Company, 1950.

Some other resources (in French) can also prove helpful: Thierry Gallay’s notes from his lectures
at Université Joseph Fourier (Grenoble, France), and Cédric Villani’s notes from his lectures
at Ecole Normale Supérieure de Lyon (Lyon, France).

Finally, these notes being quite recent, they are likely to contain mistakes. If you find any
typo, mistake, or comment that would be good to add, please let me knw by sending me an
email at sb7018@nyu.edu. Many thanks in advance.
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CHAPTER 1

Introduction to R"” and Elements of Topology

In this first chapter, we will review fundamental properties of the R" set as well as basic
topological concepts (open sets, closed sets, ...). By no means is this chapter a complete lecture
on these notions, to which the reader is assumed to be somewhat familiar. Topological notions
are defined on sets, without any further assumptions, and do not require precise knowledge
of linear algebra although most of the concepts can be extended to vector spaces with many
interesting properties.

1.1 Ensembles, Sets, and Subsets

2.

DEFINITION 1. Number systems (1/2).

1. N

: positive (or natural) integers, i.e. {0,1,2,3,...}.

S A QO F © N

(relative) integers, i.e. {...,—3,—2,—1,0,1,2,3...}.
rational numbers, i.e. {p/q|p € Z,q € N, q # 0}.
real numbers.

complex numbers, i.e. {z +iy|z € R,y € R}.
either R or C.

unit circle, i.e. {e™|z € R}.

DEFINITION 2. Number systems (2/2).

1. Let A be either N, Z, Q, R, C. We note A* = {x € A|z # 0}.
2. Let A be either Z, Q, R. We note A" = {z € A|z > 0}.
3. Let A be either Z, Q, R. We note A~ = {x € A|z < 0}.
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DEFINITION 3. Extended real system. B
We note R the extended real system, defined by R = {z € R or x = +o0}.

1.1.1 Sets and Subsets

In what follows, € is a set of elements.

DEFINITION 4. Subset.
Let A and B be two sets of elements of (2. If all elements of A are in B, we say that A
is a subset of B, and we note A C B.

ACB A and B, nothing special A and B are disjoint

Figure 1.1: A can be a subset of B, or A and B can be disjoint, but A and B can have only
some part in common and be neither subsets nor disjoint sets.

REMARK 1. If two sets A and B satisfy A C B and B C A, then A = B. Note that a usual
way to prove that two sets A and B are equal is to prove that they are mutual subsets.

DEFINITION 5. Set operators.
1. Union: AUB={ze€Q|z e Aorzc B}
2. Intersection: ANB={z€Q|z € Aand z € B}
3. Difference: A\ B={z € Q|z € A and x ¢ B}
4. Symmetric difference: AAB ={zx € Qz € A\Borx € B\ A}
5. Complement: A¢={z € Q|z ¢ A}

REMARK 2. The complement is always defined with respect to a set.

DEFINITION 6. Disjoint sets.
We say that A and B are disjoint if AN B = ().

DEFINITION 7. Cartesian product.
We call Cartesian product of A and B and we note A x B the set

Ax B={(z,y)|zr € Aand y € B}.

10
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Aand B AUB ANB

B A A
A\ B AAB A¢€

B A B A A

Figure 1.2: A and B are two subsets of (2. This panel illustrates the set operators from definition

6 above. Note that A° is understood as the complement of A with respect to €.

REMARK 3. This definition naturally extends to a multi-product of sets and, notably, given
N € N subsets of €2, Ay, A, ..., Ay, we can define their Cartesian product A, = A; x Ay X

... x Ay. The elements of A, are ordered N-tuples. If the subsets A;, A, ..

., Ay, are all equal

to a subset A, we will note A, = AV the associated product space. In particular, given n € N,

wenote R"=R xR x ... x R.

DEFINITION 8. Union and intersection of multiple sets.

of these sets are defined, respectively, by

UAr={zeQIk el zec A}

kel

nAk:{ZL’€Q|\V//€€I,$€Ak}

kel

Let I be an indexing set, and { A}, ., a family of sets of 2. The union and the intersection

REMARK 4. If the indexing set I = N, we will write

+00 +oo
k=0

keN k=0 keN

11
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PrOPOSITION 1. Morgan’s Laws.
Let I be an indexing set, and {A;},.; a family of sets of (2. Then

kel kel kel kel

EXERCISE 1. % Morgan’s Laws.
Prove Morgan’s Laws.

1.1.2 Applications

DEFINITION 9. Application.

Let A and B be two sets. An application f associates to each element of A an element
of B. We note

f:A — B
z — f(z)

DEFINITION 10. Injectivity, sujectivity, and bijectivity.
Let A and B be two sets, and f and applicaton defined on A with values in B.

1. f is injective if V(z,y) € A%, f(z) = fly) &z =1y.
2. f is surjective if Yy € B, 3z € A, f(x) = y.

3. fis bijective if f is surjective and injective.

1.1.3 Countable Sets

DEFINITION 11. Countable set.
A set A is said to be countable if there is a one-to-one correspondance between it and a
set of natural numbers, i.e. if there is a bijective application f : I — A where I C N.

REMARK 5. A countable set can be finite, but it is not mandatory!

EXAMPLE 1.

1.

The set of positive integers, N*, is countable: we can think of a bijective application
fin—n+1

The sets of even and odd numbers are countable: we can use, respectively, the two
applications f :n+ 2n and f:n+— 2n+ 1.

The set of prime numbers is countable: we can define by induction a sequence of prime
numbers (py,), oy, With po = 2 and p,4; the smallest prime number grater than p,,. Then,
we have the bijective application f : n — p,.

EXERCISE 2. % Countable sets.
Show that the following sets are countable:

NxN Q NxZxQ,and forneN, A4, ={zeU|z"=1}.

12
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1.2 Fundamentals of Topology

1.2.1 Norms

DEFINITION 12. Norm.
A norm on F is an application NV : E — R such that

1. Ve € E,N(z) >0

2.V e E,N(z) =0 2=0

3. VA e K,Vz € E, N(Az) = |\|N(z)

4. Y(z,y) € E?, N(x +y) < N(z) + N(y) (triangle inequality)

and (E, N) is said to be a normed space.

ExAMPLE 2. The following applications are norms:
1. If E =R or C, the modulus (absolute value) is a norm.
2. If E = K", we have three norms:

(a) Norm-oo or uniform:

|2]loe = sup [
1<i<n

(b) Norm-1:

n
el = > |l
i=1

n
lzllz = || D |zl
i=1

3. If £ =C([a; b],K), we have three norms:

(¢) Norm-2:

(a) Norm-oo or uniform:

| flloe = sup |f(z)]
z€[a; b]
(b) Norm-1:
b
171 = [ 15 @las
(c) Norm-2:

b
Ul =/ [ 1F@)Pa

EXERCISE 3. % A few norms.
Prove that the above examples are norms.

13
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PROPOSITION 2. 1-Lipschitzian.
Let N be a norm on E. Then

V(z,y) € E%,IN(z) — N(y)| < N(z — y).

N is said to be 1-Lipschitzian.

PROOF.

Let (z,y) € B

We have N(z) = N(z—y+y) < Nz —y)+ N(y). So N(z) — N(y) < N(z —y).
Similarly, we show that N(y) — N(z) < N(z —y).

Therfore, |N(z) — N(y)| < N(x —y).

]
1.2.2 Distance
DEFINITION 13. Distance.
A distance on E is an application d : E? — R such that
1. Y(z,y) € E% d(z,y) >0
2. ¥(z,y) € E?,d(z,y) = d(y,v)
3. V(z,y) e B € E,d(z,y) =0&x=y
4. Y(z,y,2) € B3 d(z,y) < d(z,z) + d(z,y) (triangle inequality)
and (FE,d) is said to be a metric space.
PROPOSITION 3. Metric & normed spaces.
Let (E, N) be a normed space. Then (F,d) is a metric space, where d is the distance
associated to the norm N
d:ExE — RT
(z,y) = N(z—-y)
ProOF. Trivial, since the norm is compatible with the definition of a distance. -

EXERCISE 4. % Comparison of distances.
Show that V(z,y,2) € E3, |d(z,y) — d(x, 2)| < d(y, 2).

DEFINITION 14. Cauchy sequence.

A sequence (up), oy in a metric space (E,d) is a Cauchy sequence if d(up,,u,) — 0 when
(m,n) = +o0, ie.

Ve > 0,3IN € N,Vn > N,Vm > N, d(um, u,) < €.

DEFINITION 15. Complete metric space.
A metric space is said to be complete if and only if every Cauchy sequence is convergent.

14
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EXAMPLE 3.

1. Q, with the usual distance d(p,q) = |p—q| for (p,q) € Q?, is not complete: if we consider

the sequence (u,),, oy defined by

" 1
u0:2anan€N,un+1:%+u—.

This is a Cauchy sequence, with all its terms in Q, but is does not converge in Q since
its limit is /2.

2. R and C, with the absolute value / modulus norm, are complete. This is convenient for
us, since we will work in R and C.

1.2.3 Open and Closed Sets

We consider that (E,d) is a metric space.

DEFINITION 16. Open ball.
Let x € F and r € R. The open ball of center x and radius 7, noted B(x, r), is defined by

B(x,r)={y € E|d(z,y) <r}.

EXERCISE 5. % Distance of two open balls.
Let (z,2') € E? and (r,r') € R% Show that

1. B(z,r) and B(2',r") are disjoints if and only if r + ' < d(x,2’)

2. B(z,r) C B(z',7") if and only if d(x,2") < 7' —7r

DEFINITION 17. Bounded set.
A subset A of (E,d) is bounded if and only if it is contained in an open ball.

EXERCISE 6. % Diameter of a set.
Let A be a non-empty bounded set. We define its diameter ¢ by

d(A) = sup d(z,vy).

(z,y)€A?

Show that ¢ exists. What is the diameter of an open ball of center xy and radius r, B(xg,r)?

DEFINITION 18. Neighbourhood.

Let z € E. We call neighbourood of x a subset v C E such that there exists r € R™ so
that B(z,r) C v.

DEFINITION 19. Open set.
Let €2 be a subset of E. We say that €2 is open if and only if it is a neighbourhood of all
its points, i.e.

Q open & Vo € Q,Ir € R™ B(x,r) C Q.

EXAMPLE 4.

15
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1. 0 is open.

2. E is open.

DEFINITION 20. Closed set.
A subset I of E is closed if and only if its complementary F¢ is open.

DEFINITION 21. Closure.
Let A be a subset of E. The closure of A, noted A, is the intersection of all closed sets
containing A (it is also the smallest closed set containing A).

ProPOSITION 4. Closed sets and closure.
A set E is closed if and only if it is equal to its closure.

E=E.

THEOREM 1. Sequential characterization of the closure.
Let A be a subset of . a € A if and only if there exists a sequence (ay), .y of elements
in A such that its limit is a, i.e.

a€ A I(a,) €AY, lim a, =a.

n—-+o0o

COROLLARY 1. Sequential characterization of a closed set.
A subset A of E is closed if and only if for all converging sequence (ay,), oy of elements
in A, its limit is in A.

EXAMPLE 5.

1. 0 is closed since E is open.
2. E is closed since () is open.

3. [0;1][C R is neither open nor closed.

DEFINITION 22. Interior point.

Let x € E. The point z is said to be an interior point of E if there exists r € R such
that B(xz,r) C E.

DEFINITION 23. Interior.
The interior of E, noted E, is the union of all open sets of F (it is also the largest open
set contained in £), and can be defined by

o

E={z € E|3r e R, B(z,7) C E}

PROPOSITION 5. Open sets and interior.
A set  is open if and only if it is equal to its interior.

o
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1.3 Compacity

DEFINITION 24. Compact set (sequential definition).
A subset K of (E, N) is compact if and only if for every sequence of elements in K, one
can extract a subsequence converging in K.

DEFINITION 25. Compact set (topological definition).
A subset K of (E, N) is compact if and only if whenever K is contained in a union of
open sets, then K is contained in a finite union of some of these sets.

REMARK 6. These definitions are equivalent. I will mostly use the first one when necessary.

EXERCISE 7. % Elementary compacts.
Prove that:

1. () is compact.

2. Any finite set is compact.

3. If A and B are compact, then so is AU B.
4. Any finite union of compact sets is compact.
5. B(z,r) is not compact.

6. R™ is not compact.

PROPOSITION 6. Properties of a compact set.

1. A compact set is closed.

2. A compact set is bounded.

PROOF.

1. Let K be a compact set, and (a,), .y & converging sequence of elements in /K. Since

K is compact, we can extract a subsequence (a¢(n)> N that converges in K. Yet, since
n

(an),en converges, its limit is the same as (a¢(n)) , l.e.

neN

lim a,= lim a
n—-+o0o " n—-+4o0o ¢(n)7

and is therefore still in K. Hence, every converging sequence of elements of K converges
in K, so K is a closed set.

2. Let A be a non-empty unbounded subset of (F,N); we will show that A cannot be
compact. In order to do so, we will build a non-converging sequence (a,),,cy of elements
of A. We proceed by induction:

(a) Since A in non-empty, we can pick at least one element ag € A.

17
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(b) Let n € N such that we have built a sequence of elements (ay, ...a,) € A", satisfying
Vi # j, N(a; — aj) > 1. We note

R= Orgzag);N(ao — a;).

Since A is unbounded, Ja, 1 € A, N(a,41 — ap) > R+ 1. Then

Vi€ [0;n], N(aps1 —ai) = N(aps1 —ao+ ag — a;)
N(aps1 —ag) — N(ag — a;)
R+1-R

1.

AVAR VARV

Adding an element to the the proposed sequence.
(c) By induction, we build a sequence (ay,), . of elements of A that satisfies the inequal-
ity V(i,7) € N?,i # j,N(a; — a;) > 1.

Due to the previous inequality, we cannot extract any Cauchy sequence from (ay,),,cy, i-e.
we cannot extract any converging subsequence. Hence, A is not compact. n

THEOREM 2. Bounded sequences of K”.
If we consider the normed space (K", || ® ||o), where ||2]|oc = sup;<;<, |2|, a converging
subsequence can be extracted from every bounded sequence of elements in K”.

PROOF.
Let (asp)peN be a bounded sequence of elements in K". For every p € N, we can write z, as
(Tp,1: Tp2, ooy Tp). Since (), is bounded, the sequences (z,) . are all bounded. We can

- 1.
can extract from (2,,1),cy & converging subsequence (x¢1(p)71)peN ; then, from (2,2) o, We can

extract a converging subsequence <x¢1(¢2(p)),2) . and so on.
P

We note ¢ = ¢ 0 s 0 ... 0 ¢,. Then, (:c¢(p)) N is converging. O

pe

THEOREM 3. Heine-Borel.
Let A be a set of (K", || ®||»). A is compact if and only if A is closed and bounded.

PROOF. 2

1. We already know one implication: if K C K" is compact, then K is closed and bounded.

2. We now assume that K C K" is closed and bounded. Let (ap)peN be a sequence of
elements of K. This sequence is bounded (since K is bounded) and theorem 2 tells us

that we can extract a converging subsequence <a¢(p)> - The limit of this (converging)
p

subsequence is in K, since K is closed. Therefore, from every sequence of elements of K
we can extract a subsequence converging in K, and K is compact. ]

REMARK 7. The previous theorem is actually a restriction of Heine-Borel theorem to the
normed space (K", || ® ||« ), since it is true for any vector space of finite dimension. It is false,
however, in infinite dimension. This falls beyond the scope of this class.

IThis comes from the Bolzano-Weiestrass theorem: from any bounded sequence in R or C, one can extract
a converging subsequence.

2The equivalent proof, using the topological definition of a compact instead of its sequential characterization,
can be found in F. Jones, Lebesgue Integration on Fuclidean Space.
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1.4 Applications and Functions

1.4.1 Functions

DEFINITION 26. Function.
We call function an application f defined on K" and with values in K", and we will note

fiK" = K"
z = f@)

REMARK 8.

1. A 1l-variable function is a function defined on K. In these lectures, however, we will use
the wording “1-variable” function to refer to functions defined on R.

2. A real (valued) function with values in R, whereas a complex (valued) function is a
function with values in C. In these lectures, we will mostly focus on real functions.

DEFINITION 27. Characteristic function.
Let A be a subset of K". The characteristic function of A, x4, is an application defined
on K" and with values in {0; 1}, such that

xa:K* — {0; 1}

. 1 ifzeA
v 0 ifz¢A

1.4.2 Asymptotics

Let f and g be two functions defined on R"” and with values in R™.

DEFINITION 28. Asymptotically bounded (“domination”).
We say that f is bounded by g in a € R", and we write f = O (g) if

Tr—ra

AM € R™, v € v(a),Vz € vNR", || f(2)]| < M[|g(2)]].

DEFINITION 29. Asymptotically dominated (“preponderance”).
We say that f is negligible compared to g in @ € R"”, and we write f = o (g) if

rT—a

Ve > 0,3 € v(a), Vo € v R, ||f(@)]] < llg(x)]

DEFINITION 30. Asymptotically equivalent (“equivalence”).
We say that f is equivalent to ¢ in a € R", and we write f ~g if

(f —9) =9, (IfID-

T—ra

REMARK 9. When f and g are defined on R, these definitions are often used in +oo and
can be written as follows
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L. f=0(g) & 3IM eR",Ja e R™ Vo € R,z > a, || f(2)|| < M|g()]|

2. f=o0(g) ©Ve>0,3a e R™* Ve e R,z > a,||f(2)]] < ellg)]]

3. f~ge(f—g)=ollflD).

1.4.3 Continuity

Let f be a function defined on a subset A of the metric space (R", d) and with values in (R", d).

DEFINITION 31. Continuity at a point.
Let a € A. We say that f is continuous at a if

Ve > 0,3n > 0,Vx € A, d(a,z) <n=d(f(a), f(x)) <e.

REMARK 10. Compared to 1-variable functions defined on a subset of R, this definition
is a generalisation to the multi-variable case. It means, in particular, that the function f is
continuous at a € A if f has a unique limit in a (and this limit is reached).

DEFINITION 32. Continuity on an interval.
We say that f is continuous on A if f is continuous at every a € A.

EXERCISE 8. % Continuity of 2-variable functions.
Discuss the continuity of these functions at (0,0):

[ (z,y) = 2* 4 3a3? and g:(x,y)—

DEFINITION 33. Sets of continuous functions.
Let I ¢ R. We define

C°(I,K) {f:1I—XK]f is continuous on I},

C'(I,K) = {f:I—K|fand f are continuous on I},
CHI,K) = {f I = K| f,f,...f® are continuous on [},
C*(I,K) = {f .1 — K|Vk €N, f® is continuous on I} :

DEFINITION 34. Image and inverse image.
The image of a set X C A is formed by all the images of every point of this subset, i.e.

f(X)={/(z)|z e X}.
The inverse image of a set Y € f(A) is formed by all the points whose image is in Y, i.e.

fFHY)={z € Alf(z) eY}.

THEOREM 4. Image of a compact.
Let f: A — R" be a continuous fonction. The image by f of a compact set is compact.
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PROOF.
Let K C A be a compact set and f : A — R" be a continuous fonction. We consider a

sequence (Yn ),y With Vn € N,y, € f(K). We can build a corresponding sequence (x,,)
defined by

neN

Vn e N, 3z, € K,y, = f(x,).
Since all terms of this sequence are in K, which is compact, we can extract a subsequence

(%’(”))neN converging towards € K. Then, since f is continuous,

im ygm) = lim f(zgm)) = f( Im 240)) = f(x) € f(K).

n—+00 n—+00 n—-+o0o

Therefore, (yd)(n)) o Converges in f(K), i.e. for every sequence of elements in f(K'), one can
n
extract a subsequence converging in f(K), and f(K) is compact. ]

THEOREM 5. Heine.

All real-valued continuous fonction f defined on a (non-empty) compact K is bounded,
and its bounds are reached (i.e. inf and sup exist and are reached).

PROOF.

Let K C A be a non-empty compact. Since f is continuous, we know that f(K) is a compact
too and so f(K) is closed and bounded. f(K) is also non-empty because K # (), so inf f(K)
and sup f(K) exist. We know that inf f(K) € f(K) (by definition), but f(K) is closed so
inf f(K) € f(K). The same goes for sup f(K). 0

1.4.4 Uniform Continuity

Let f be a function defined on a subset A of the metric space (R", d) and with values in (R", d).

DEFINITION 35. Uniform continuity.
We say that f is uniformly continuous if and only if

Ve > 0,3 > 0,Y(z,y) € A%, d(x,y) <n = d(f(z), fy)) <e.

PRrOPOSITION 7. Uniform continuity & continuity.
If f is uniformly continuous on A, then f is continuous on A.

REMARK 11. The reciprocal is not true!

DEFINITION 36. Lipschitzian.
The function f is said to be k-Lipschitzian, k& € R™*, if and only if

Y(z,y) € %, d(f(2), f(y)) < kd(z,y).

REMARK 12. For f: E C R — R, with the natural norm on R, we have

V(z,y) € B2 |f(z) — f(y)| < klz —y].
EXERCISE 9. % Lipschitz.

1. Let f € C}(I Cc R,K). Show that f is Lipschitzian if and only if f’ is bounded.
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2. Let (E,|| ]|) be a normed space. Show that || e || is Lipschitzian.
3. Show that, if f and g are Lipschitzian, then f o g is Lipschitzian.

EXERCISE 10. %% Norms and Lipschitz.
We define L([a; b], R) the set of Lipschitzian applications from [a; b] C R to R.

L Is Ni(f) = inf {k|V(z,y) € [a; 0%, |f(z) = f(y)| < K|z — yl} a norm?

2. Is Nao(f) = |f(0)] + N1(f) a norm?

PRrROPOSITION 8. Uniform continuity & Lipschitz.
If f is Lipschitzian on A, then f is uniformly continuous on A.

PROOF. This follows from taking n = ¢/(k + 1) in the definition.

REMARK 13. Again, the reciprocal is not true!

THEOREM 6. Uniform continuity on a compact.
If f is continuous on a compact K C A, then f is uniformly continuous on K.

PROOF.
Let assume that f: K C A — F' is continuous, but not uniformly continuous. Then,

Je > 0,¥n > 0,3(z,y) € K?,d(x,y) <nand d(f(z), f(y)) > e.

We chose n = 1/2" with n € N. Then,

de > 0,Vn € N, 3(zp,yn) € KQ,d(mn,yn) < 1/2" and d(f(z,), f(yn)) > €.

However, K? is compact since it is a product of compacts, and we can extract from ((,, Yn)),en

a subsequence ((x¢(n),y¢(n))> o that converges towards (a,b) € K2. f is continuous, and the
n

distance d is continuous too (e.g. take the norm, which is 1-lipschitzian), so we can take the

limit n — +o00. Therefore, we obtain

d(a,b) =0 and  d(f(a), f(b)) = ¢,

i.e. a="band f(a) # f(b), which is contradictory.

REMARK 14.
1. A periodic function is uniformly continuous.

2. A continuous function on R with limits in 4oo in uniformly continuous (R is compact).
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1.4.5 Convergence

DEFINITION 37. Pointwise convergence.
Let (fn),en be a sequence of functions defined on I C K. (f,),cy converges pointwise to
the function f if and only if

Vo €K, lim_fa(@) = £(z).

DEFINITION 38. Uniform convergence.
Let (fn),en be a sequence of functions defined on I C K. (f,,),, oy converges uniformly to
the function f if and only if

Ve > 0,IN e NNVn e Nyn > N = Vz € K d(f.(2), f(x)) <e.

REMARK 15.

1. Since we are considering K, the uniform convergence of a sequence of functions is equiv-
alent to say that the sequence of functions satisfy the Cauchy criterion.

2. The uniform convergence is a stronger convergence criterion than the pointwise conver-
gence: a uniformly converging sequence of function also converges pointwise, but the
reciprocal is not true.

1.5 Summary

This first chapter provides an introduction to some topological concepts and to the real ensem-
ble, R. The motivation for this is to begin with precise definitions of open and closed sets, with
the basic operations (union, intersection, etc) that will be useful in the following chapters to
build the Lebesgue measure and the notion of Lebesgue-measurable sets. In particular, we have
discussed various categories of sets such as normed spaces, metric spaces, and compact spaces.
They provide the “good” framework since they are stable with respect to the basic operations
(on sets and on elements) and preserve convergence properties, especially when working with
real-valued functions. With the norm and the distance, the notions of open balls and adherence,
we might even get an idea of what could be the “size” of a set, or its “measure”.
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CHAPTER 2

Lebesgue Measure on R"

If we consider a function f and a domain D C R™ (we will make no further assumptions on f
and D as of now), when we write the integral

/, f@)dz.

how can we interpret dx” Newton and Leibniz already proposed an approach to this mathemat-
ical object by introducing infinitesimal calculus: dx is a small part of the integration domain
D, and we assume that dx — 0. Similarly, we write the derivative of a function as

o) — pim A0 @) A

dz—0 dz T dx

This means that dx can be an infinitely small portion of a length, of an area, of a volume, etc
(see figure 2.1). A priori, we can easily measure the “size” of a domain D in R"™ by summing
all the infinitely small portions that consitute this domain. This approach is notably used by
Riemann to define the integral as a limit of a sum (discussed in a following chapter) and by
physicists to derive continuous theories (soft matter, fluid dynamics, etc).

dr in R dz? in R? dz? in R3
Figure 2.1: Elementary infinitesimal elements in R, R?, and R?.

Such a definition seems to work, but there are two main problems here:

1. What happens when the domain D has a complicated shape? For example, if it is not
connex, or if it is a collection of sets of various shapes, or if some sets are point-sets, or
if point-sets are removed from some sets, or if some parts of the domain have a different
weight? We want to use the characteristic function of the set, but what would be the
meaning of “dxp(z) 77
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2. What happens when the function f does not have “good properties”” For example, if
it is discontinuous on an interval, or if it is not discontinuous in a simple way but from
point to point?

Hence, before delving into integration theory, we shall define a rigorous way to quantify
the area of subsets of R"™, which is called measure. The mathematical concept of measure is,
formally, the generalisation of the notions of length (on R), area (on R?), and volume (on R?),
of which we all have an intuitive definition.

This is not an easy problem, and we can consider the following argument to see that we
have to be careful while defining such a measure. Let us define £ the “naive” length of subsets
of R. If we consider an interval of R, say I = [0;1], then we want its length to be (1) = 1. If
we now consider the open interval |0; 1], its length cannot be greater than 1 since it is contained
in I (we reasonnably assume that the length application £ is monotonic). For alln € Nyn > 2,
we define the intervals I, = [1/n;1—1/n], which are all contained in ]0;1]. Using our intuitive
definition of the length of an interval, we have Vn € N;n > 2, £(1,,) =1 — 2/n. As we expect £
to be monotonic, we deduce that

lim &(7,) =1,

n—-+o0o

hence we should have £ (]0;1]) = 1. Since I = {0} U]0;1] and £(I) = £(]0;1]) = 1, this
naturally leads to an intuitive definition of the length of a singleton {x} for 2 € R, as {({z}) = 0,
consistent with the statement that “points are dimensionless”. This, however, leads to paradox!:
if we define I as

I = U {ZL‘},

zel

then the length of the left-hand side is 1, whereas the length of the right-hand side is a sum
of lengths of singletons, i.e. 0. This simple example shows that uncountable sums are an issue
with the “naive” definition of a length, &, and that the length of some subsets of R might not
be well-defined (or not defined at all).

This second chapter is dedicated to the construction and characterisation of a proper way
to measure the sizes of subsets of R", called the Lebesgue measure. Note that there are different
approaches to define the Lebesgue measure, for example: (1) by a step-by-step construction (see
Jones), in which larger and larger subsets of R" are considered with an appropriate application
to measure their size; or (2) by defining rigorously the right family of subsets of an ensemble and
showing that its measure, when restricted to R", happens to be the Lebesgue measure. Here,
the approach is slightly different (Burk, Rudin) as we first construct the Lebesgue measure,
then construct the relevant subsets.

2.1 Sets, Subsets, and Set Functions

2.1.1 Sets and Subsets

DEFINITION 39. Ring of sets.
A family S of sets is called a ring if

1. S#0
2. V(A,B)e §?, AUBE€S
3. V(4,B) € S2,A\BeS

!This “paradox” is taken from F. Burk’s book, Lebesque Measure and Integration.
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PROPOSITION 9. Stability of a ring of sets.
Let S be a ring of sets. The following properties are satisfied:

1. The empty set is an element of S: ) € S
2. S is stable by intersection: V(A, B) € S, ANB € S

3. S is stable by symmetric difference: V(A, B) € S, AAB € S

PROOF.
We shall use the definition of a ring of sets to re-write the basic set operations in terms of
stable operations. This yields

1. Let A€ S, we write ) = A\ A and since a ring is stable by difference, then () € S.

2. Let (A, B) € 8% we write AN B = A\ (A\ B) and since a ring is stable by difference,
then ANB € S.

3. Let (A, B) € 82, we write AAB = (A\ B) U (B \ A) and since a ring is stable by finite
union and by difference, then AAB € S. u

REMARK 16. A ring of sets can also be defined as a non-empty set of sets, stable by finite
intersection and by symmetric difference. The stability by finite union and by difference are
then consequences of the first two.

DEFINITION 40. o-ring of sets.
Let S be a ring of sets. § is said to be a g-ring of sets if it is stable by countable union,
ie. if {Ag}, ey is a family of sets in S, then

+oo
U A esS.

k=0

ProprosIiTION 10. Stability by countable intersection.
A o-ring is stable by countable intersection, i.e. if S is a o-ring of sets and {Az}, .y a

family of sets in S, then
+00

Ak €S.

k=0

PROOF.
We write the countable intersection in terms of a countable union

ﬁoAk:AO\UO(AO\Ak),

and since a o-ring is stable by difference (ring) and countable union (o-ring), then it is stable
by countable intersection. O

EXERCISE 11. % Examples of o-rings.
Show that the following collections of sets C' form a o-ring on a set €2

1. C={0,0}.
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2. C' =29 the collection of all subsets of €.
3. C ={0,{2k|k € N}, {2k + 1|k € N} N}, with Q = N.

REMARK 17. Finite additivity vs. countable additivity.

The difference between a ring of sets and a o-ring of sets is that a ring of sets is stable by
union, and finite union (can be shown by induction from the stability by union), whereas a
o-ring of sets is also stable by countable union. The issue with the countable union is that one
may easily get infinite sets.

We consider the two following examples:

1. We define A = {A,, = [1; n]}. The set of sets A is not empty, since the singleton {1} € A.
Moreover, A is stable by union: V(m,n) € N* A, U A,, = Amax(mn) € A. Hence, any
finite union of elements of A is still in A, since it will be of the form [1; N] with N € N.
If we now consider the countable union

+o0
U Ak = N7
n=1

then, this is not an element of A since this set cannot be written in the form [1; N] with
N € N. A is stable by finite union, but not by countable union.

2. We consider N the set of finite sets of N. We can show that A is a ring of sets, since
it is not empty (it contains singletons), it is stable by finite union, and it is stable by
difference. Yet, N is not a o-ring of sets, because the countable union of elements of N,
such as the Ay previously defined, can be an infinite subset of N.

DEFINITION 41. g-algebra of sets.
A o-ring of sets S is said to be a og-algebra of sets if it is stable by complement, i.e. if

VAe S, A€ S.

REMARK 18. Let define a o-ring of sets R and a o-algebra of sets A, on a set 2. The
difference between R and A is that the o-algebra A contains €2, whereas the o-ring R does not
necessarily contains ). For example, S = {{} is a (trivial) o-ring of €, but not a o-algebra
(since it is not stable by complement).

EXERCISE 12. % Examples of o-algebras.
Show that the following collections of sets C' form a o-algebra:

1. C={0,0}.
2. C' =29 the collection of all subsets of €.
3. C ={0,{2k|k € N}, {2k + 1|k € N} ,N}, with Q = N.

2.1.2 Set Functions

DEFINITION 42. Set function.
Let S be a family of sets. A set function is an application ¢ defined as
$:S — R
A o g(A)
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DEFINITION 43. Positivity.
A set function ¢ defined on a family of sets S is said to be positive if

VA €S, (A) > 0.

DEFINITION 44. Additivity.
A set function ¢ defined on a family of sets S is said to be additive if

V(A,B) €S>, ANB=0= ¢(AUB) = ¢(A) + ¢(B).

DEFINITION 45. Countable additivity.
A set function ¢ defined on a family of sets S is said to be countably additive if, given a
family { A}, of non-overlapping elements of S (i.e. V(k,l) e N k # 1 = A,NA =0),

we have . .
¢(Um)=z¢mw
k=0 k=0

REMARK 19.
If we have an inequality instead of the equality, like

+o0 +o0
o(Ua) = So,
k=0 k=0
then the set function ¢ is said to be countably subadditive.

2.2 Construction of the Lebesgue Measure

2.2.1 Length of an Interval

DEFINITION 46. Length of an interval.
Let (a,b) € R? a < b. The length | of an interval I of endpoints a and b is defined by

I(I)=b—a

REMARK 20. The length application has its values in R'. Itisa positive set function.

EXAMPLE 6. A direct application of the length definition yields:

1103 10) = 1(J031]) = £([051]) = 1

2. Even though it is not rigorously defined, if a = b then the length of a singleton is 0.
3. 1([1;400]) = +0o0

EXERCISE 13. % Length of intervals.
Calculate the lengths of the following intervals:

1. I =] —1; 1))
2. L={ylzeeL,y=2v+1}
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3. L={ylz € L,y =a%}

EXERCISE 14. % Monotonicity.
Show that the length application [ is monotonic, i.e. if I; and I, are two real intervals such

that I, C I, then [(I;) < I(13). Show that if {/;}, . is a sequence of intervals of R such that
Vk € N, I}, C Iiyq, then V(p,q) € N* p < ¢ = I(I,) < I(I,).

EXERCISE 15. % Invariance by translation.

Show that the length is invariant by translation, i.e. if I C R is an interval and ¢ € R, then
I(I)=1(I+c) where [ +c={x|z—ceI}.

EXERCISE 16. %y Finite covers.

Let I be an interval of R. Let N € N and {Iy, I1,...Iy} a finite family of bounded open
intervals such that

N
Ic I

k=0
Show that the length of I is smaller than the length of its finite cover, i.e.

I(I) < ivjz([k).

EXERCISE 17. %% Lengths of sub-intervals.
Let I be a bounded open interval of R.

1. It {Io, I, ...Ix} is a finite family of mutually disjoint open intervals such that

N
U]kCI,

k=0

show that
N

> U(I) < 1(D).
k=0
2. If {Ii},cy is a countable collection of mutually disjoint open intervals such that
400
U Iy ClI,

k=0

show that

fzuk) < (1),

3. If I; and I are two disjoint intervals such that I = I; U Iy, show that I(I) = I(I;) + (]2).

LEMMA 1. Lindelof.
Any open cover of a set of real numbers contains a countable subcover.

PROOF.
Let AC Rand {A,}, g & cover of A.

If we pick a € A, then there exists at least one z, € X such that a € A,,. Since A,, is
open, then we can find € > 0 such that Ja — ¢; a + ¢[C A,,.
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Let (p,q) € Q such that a —e < p < a < ¢ < a+e. We can associate to each point a of
A an open interval with rational endpoints I(a) =|p; ¢[ that contains a and that is a subset of
(at least) one open set of the cover {A,}, g (in this construction, it is A,,). We define

T ={I(a)|ac A},

and since for each a € A we can find at least one open set of the cover {A4,}, .y g that contains
I(a) we construct A the collection of such sets, so that there is a correspondance one-to-one
between Z and A. We note that the collection of intervals Z is a cover of A, as well as A.

With this construction, it is likely that there exists two elements (aj,as) € A% such that
I(ay) = I(ay): there is no bijection, a priori, between A and Z.

Then, since QQ is countable, so is the set of all possible open intervals with rational endpoints,
and so is Z. As we have a bijection between Z and A, the collection of sets A is also countable.
Hence, A is a countable subcover of A. ]

ProposiTION 11. Comparison of lengths.

Let I be a bounded open interval of R and {I;},.y a countable family of bounded open
intervals of R such that I C (JI;. Then

D < 3 UL

COROLLARY 2. Comparison of lengths.
If I be a bounded open interval of R, then

400 +00
[(I) = inf { > U(Iy)|I € | Iy and VE € N, I, is an open interval} :
k=1 k=1

PRrOOF.

Let I =|a; b[ be a bounded open interval of R and {Ij}, .y a countable family of bounded
open intervals of R covering I. If the cover family is not countable, we use Lindel6f’s lemma to
reduce it to a countable subcover family.

We introduce K = [a; b]. K C R is closed and bounded, so K is compact (Heine-Borel
theorem). Using the topological definition of a compact (definition 25) we know that from any
countable cover of open sets of K we can extract a finite subcover of open sets.

Let ¢ > 0. Then, {Ja —¢/4; a+¢/4[,]b —€/4; b+ e/4[} U {I}},cy is @ countable family of
bounded open intervals covering K. Using the monotonicity of the length application and the
result from the exercise on finite covers, we have

(1) <UK) <e+ fj I(I) < e+ iozuk).

k=1 k=1

Since this is true for all € > 0, we conclude that

HESIA)

The corollary follows, since it is true for all family of bounded open intervals covering I, it
is in particular true for the family that contains I and empty intervals

+oo +oo
[(I) = inf { > U(I)| I C | Iy and VE € N, I, is an open interval} :
k=1 k=1 [l
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2.2.2 Lebesgue Outer Measure on R

DEFINITION 47. Lebesgue Outer Measure.
Let A be a subset of R. The Lebesque outer measure u* of A is given by

w(A) = inf{iol(fk)

k=1

+o0
AC U I and Vk € N, I}, is an open interval} )
k=1

THEOREM 7. Properties of the Lebesgue outer measure p*.

1. p* is defined for every set of real numbers;

2. Definite: p*() = 0;

3. Positivity: for any subset A C R, 0 < p*(A) < +o0;

4. Monotonicity: for any subsets A C R and B C R, if A C B then p*(A4) < p*(B);
5. Points are dimensionless: Va € R, u* ({a}) = 0;

6. Length of an interval: if I C R is an interval, then p*(I) = I();

7. Invariance by translation: VA C R,Va € R, p*(A + a) = p*(A);

8. Countable subadditivity: for any sequence (Ag), .y of subsets of R,

pr (DO Ak) < iou* (Ax)
k=1 k=1

PROOF.

1.

Let A be a set of real numbers. The Lebesgue outer measure of A is defined if and only if
there exists an open cover of A in R. By definition of A, there is at least one open subset
of R that contains A (R itself), and the inf is well defined.

The empty set is a subset of every subset of R. In particular, if a € R, then () C {a}.
Using the positivity and the monotonicity of u*, we have 0 < p*(0) < p* ({a}), and since
points are dimensionless we deduce p*()) = 0.

Let A be a set of real numbers. As mentioned before, the collection of countable open
sets covering A is not empty (it contains at least R) so the set

{iol(fk)

k=1

+o0
AC U I, and Vk € N, I}, is an open interval} ,
k=1

is not empty and contains a lower bound. Since the length of an interval is positive, this
lower bound is positive, and 0 < p*(A).

. Let A and B be two subsets of R with A C B. Their Lebesgue outer measure exist

(subsets of R). We note {Ip},.y @ family of open intervals of R covering B, and Sp
the sum of their length. By definition, p*(B) < Sp. Since A C B, any open cover of B
is also an open cover of A, so p*(A) < Sp. This is true for any family of open intervals
covering B, hence p*(A) < u*(B).
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5. Let a € R and € > 0. The point-set {a} is contained in the open set I. =|a —¢; a + ¢|.
Since p* is monotonic, 0 < p* ({a}) < wp*(I.). This inequality is true for all ¢ > 0 so it
follows p* ({a}) = 0.

6. We proceed by steps, because we should prove that for any interval of R (open, closed),
u (1) = (D).

(a) Let I =]a; b[C R be a bounded open interval. I is a cover of itself, so by definition
of p* we have pu*(I) < I(I) = b—a. Yet, corollary 2 tells us that [(]) is smaller than
the inf, so I({) < p*(I). Therefore, p*(I) =1(I) =b — a.

(b) Let I = [a; b[C R. For all ¢ > 0, we can write that |a; b[C I Cla — &; b[. With the
monotonicity of p*, we now have Ve > 0,b —a < p*(I) < b — a + ¢, from which we
deduce that p*(I) = b —a = [(I). The same reasoning applies for I =]a; b] C R.

(c) Let I = [a; b] C R be a bounded closed interval. Similarly to [a; b] and ]a; b], we
show that p*(I) =b—a=1(I).

(d) Let I =Ja; +oo[C R. Then, by definition of u*, we have p*(I) < 400 = I(I).
For all b € R,b > a, we have Ja; b|C I so, by monotonicity of u*, we can write
Vb e R, b>a,b—a < p*(I) < +4oo. This is true for any b as large as possible, so we
deduce p*(I) = +o0o = [(I). The same goes if we consider an interval of the form
| — 00; b|C R and, as shown before, if we change the open bounds by closed bounds.

7. We already know (see previous exercises) that the length is invariant by translation. Let
A be a subset of R and ¢ € R. If we consider a family of open intervals {;},.y of R
covering A, then we also have

“+oo
(A+c)C JUx+0).
k=1
Then, by definition of u*, we have
“+o0o “+oo
r(A+e) < ST U(Ip+¢) = D U(I).
k=1 k=1

This means that p*(A + ¢) is a lower bound for the lengths of covers of A, from what we
deduce p*(A + ¢) < p*(A) using the definition of p*.

If we now consider a a family of open intervals {J}, .y of R covering B = A + ¢, then
the same reasoning holds for B — ¢ = A and we show that p*(A) < p*(A+ c¢). Therefore,
p(A) = w (A +c) and p* is invariant by translation.

8. Let consider a sequence (Ay), oy of subsets of R.

(a) If the sum of their Lebesgue outer measure diverges, then the proof is trivial by
definition of u* and we have

+o0 +o0
w (U Ak> <Y (Ay) = +o0.
k=1 k=1
(b) We now assume that this sum does not diverge and has a finite limit. We set ¢ > 0.
For each k € N, we pick a family of open intervals {Ix;}, . covering Ay, i.e.
+o00
Ap C U Iy,

i=1

33



Samuel Boury Introduction to Math Analysis 11 Spring 2021

and such that
+00

(AR < S U(I) < pt(Ag) +

=1

g
?.

Note that such a cover of Ay exists by definition of p* as an infimum. Then, the
collection of intervals formed by the reunion of all these families is a countable
(bijection from N x N) set of open intervals covering the union of the sets Ay, i.e.

+oo +oo /+oo
Uacu(Uw)
k=1 k=1 \i=1

and, by monotonicity of u*, we can write

e (U) = (U U)

The next step is to calculate the right-hand side, the measure of a double union of
intervals. The union of a union of intervals is, in the end, simply a union of intervals
and since the family formed by the {Ik,i}(i pyene 1 countable, we can label them

differently as {J;},_ where Vj € N,3(k, ) € N2, J; = Ij;, and
+o0o “+oo “+00 +00
<U (U fk>) = (Ui | < 22005 = 323 Uka).
k=1 j=1 j=1 k=1 i=1
We now use the definition of the families of open intervals {/x;},  and
“+00 +00

+o0
ZZZI;“ <Z< ;k):kz::lu*(/lk)+z—:

k=11i=1

This being true for all € > 0 we conclude that p* is countably subadditive
+oo +oo
pr (U Ak) <Dt (Ag).
k=1 k=1

REMARK 21. Use of infimum.

1. The infimum is a lower bound.

2. The infimum is the greatest lower bound.

REMARK 22. Why is this set application called an outer measure? We will see, in the rest
of this chapter, that we have to define a particular set of ensembles that are measurables, and
that these sets form a o-algebra. A o-ring is a particular case of what is called hereditary rings
(we will not go into the details in this class). A measure is, formally, an extended real valued,
non-negative, and countably additive set function defined on a ring. An outer measure is, this
time, an extended real valued, non-negative, and countably subadditive set function defined on
a hereditary o-ring.

EXERCISE 18. % Similar sets.

1. Let AC R, and a € R. We define B = AU {a}. Show that pu*(A) = p*(B).
2. Let A and B be two subsets of R. Show that, if u*(A) = 0 then u*(AU B) = p*(B).
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EXERCISE 19. % Measures of a few sets.
Calculate the measure of the following sets:

1. Ay =|a; b[U]c; d] where (a,b,c,d) € R* and a < b and ¢ < d.
2. Ay ={1/k|k € N*}.

3. A3 =Q.

4. Ay =R\ Q.

EXERCISE 20. %% A surmesure?

1. We define pf such that VA C R, u¥(A) = inf {u*(B) |A C B C R}. Is u} a measure? And,
if so, is it a new measure or do we have VA C R, uf(A) = pu*(A)?

2. We define p such that VA C R, u%(A) = sup {u*(B)|A C B C R}. Is p} a measure?
And, if so, is it a new measure or do we have VA C R, p*(A) = p*(A)?

2.2.3 Concluding Note

In this section, we started by defining the length [ of an interval and we showed that it naturally
extends to the Lebesgue outer measure for any subset of R. It would be nice, however, to have
a property stronger than the countable subadditivity, namely a countable additivity i.e. we
would like property 8 to be an equality instead of a sub-equality.

2.3 Lebesgue-measurable o-Algebra

2.3.1 Carathéodory’s Measurability Criteria

DEFINITION 48. Carathéodory’s measurability criteria.
Let E be a set of real numbers. E is said to be Lebesgue-measurable if, for every set X
of real numbers,

p(X) = (XN E)+p (X \ E).

EXERCISE 21. % Elementary Lebesgue-measurable sets.

1. Show that () and R are Lebesgue-measurable.

2. Show that, if F is a Lebesgue-measurable set of real numbers, so is R \ F.

2.3.2 Carathéodory’s o-Algebra

LEMMA 2. Stability of Lebesgue-measurable sets.
Let S be a collection of sets that satisfy Carathéodory’s measurability criteria. S is stable
with respect to the basic set operations:

1. VA€ S, A€ S

2. V(A,B) e 8>, ANBeS
3. V(A,B)e S’ AUB€ S
4. Y(A,B) € 82, A\B€S
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PROOF.
Let S be a collection of sets that satisfy Carathéodory’s measurability criteria, and (A, B) €
S§? two Lebesgue-measurable sets.

1. We consider A° =R\ A. We note that

VXCRXNA = X\ (R\A),
VXCRX\A = XN(R\A),

hence we prove that R\ A € § since it satisfies Carathéodory’s criteria

VX CR, p* (X) = p" (XN A) + 7 (XN A) = p7 (X (RN A)) + 7 (XN (RN A)).

2. Let X C R. We write
X=(XNANB)UX\(ANDB)).

Since p* is subadditive, we have

pr(X) <pt (XN (AN B)) + " (X \ (AN B)).
Yet, we can also write

X\(ANB)=(X\AU(XNA\B).
Again, using the subadditivity of u* we have
W (X\ (AN B)) < i (X \ A) + 1 (XN A)\ B),
leading to, with Carathéodory’s criteria, since B and A are Lebesgue-measurable
p(X\N(ANB)) < p" (X\NA)+p" (X NA) —p (X NA)\ B),
< X)) = (XN A\ B).
Therefore, we deduce that
Pt (X) <pt (XN (AN B)) +p" (X \ (AN B)) < p*(X),

SO

pr(X) = pt (XN (ANB)) +p" (X \ (AN B)),
and AN B satisfies Carathéodory’s criteria, so ANB € S and S is stable by intersection.

3. Showing that AUB € S is equivalent to show that (AU B)“ € S. We can write (AU B)® =
A¢ N B¢ Since S is stable by complement, A° € § and B € S, and since S is stable
by intersection, A°N B¢ € S. Hence, (AU B)® € S and again, since S is stable by
complement, AU B € §. Thus § is stable by union.

4. We note that A\ B = AN B¢. Since S is stable by complement, B¢ € S, and since S is
stable by intersection, AN B¢ € S. Hence, A\ B € § and § is stable by difference. B

THEOREM 8. Carathéodory’s o-algebra.
The collection of sets that satisfy Carathéodory’s measurability criteria forms a o-algebra.
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PROOF.

Let S be a collection of sets that satisfy Carathéodory’s measurability criteria, and {Ay},
a family of mutually disjoint sets of §. In order to show that § is a o-algebra, we have to show
that S is a o-ring stable by complement. We will procede step by step, using the results from
the previous lemma.

1. We first show that S is a ring of sets.

(a) We verify that S is not empty. This is true since () € S.
(b) We have shown that S is stable by union: V(A4,B) € S*, AUB € S.
(c) We have shown that S is stable by difference: V(A, B) € S*, A\ B € S.

Hence, § is a ring of sets.

2. We now show that S is a o-ring of sets, i.e. that S is stable by countable union.

In order to do so, we will first show a preliminary result:

Vn € N,V{By},, € S"M VX C R, p (Xﬂ (U Bk>> => W (XNBy).

k=0 k=0
This can be shown be induction.
Now, we can write

(X)) = p (X N (Lnj Ak>> + p* <X \ <k00 Ak>> (by definition)

k=0

w(xn (U] eu (20 (U] ov monotoniciy of )

k=0

v

v

Zn: w (X N AL+ p* <X \ (:OZ Ak)> (inductive result)

k=0
The previous result is valid for all n € N, so we can take the limit n — +o0 and write

X)) > S (XN A (X \ (Uo Ak>>

> u <X N <Uo Ak>> + u* (X\ (UO Ak>> (by subadditivity)

If we write, however, that

<= (xa(Ua) o (Ua)

then using the subadditivity of u* we obtain the reverse inequality

s o0 () o ()

We therefore proved that any countable union of sets satifying Carathéordory’s criteria
also satifies this criteria, so S is stable by countable union

- o0 () oo (1)
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3. Finally, we have shown that the o-ring of sets S is stable by complement, therefore it is
a g-alebra of sets. 0

THEOREM 9. Countable additivity of u*.
If S is a collection of sets that satisfy Carathéodory’s measurability criteria, then the
Lebesgue outer measure p* is countably additive on S.

PROOF.
Let S be a collection of sets that satisfy Carathéodory’s measurability criteria, and {Ay}, o
a family of mutually disjoint sets of S. In the previous proof, we showed that

VXCR,VHEN,M* (Xﬁ <U Ak>> = ZM*(XﬂAk)
k=0 k=0

The choice X = R yields

n

Vn € N,,LL* <U Ak) = ZM*<A1€)7
k=0 k=0

therefore finite additivity is satisfied.
We now write, for n € N,

n

St (A = (UA)

k=0

+oo
< <U Ak> (using monotonicity)
k=0
+oo
< Y p*(Ay) (since p* is countably subadditive).
k=0

This result is valid for all n € N, therefore we can take the limit n — +o00 and we conclude
that p* is countably additive

PROPOSITION 12. Lebesgue-measurability of intervals of R.
Intervals of R satisfy Carathéodory’s measurability criteria.

PROOF.
Let a € R. We will show that ]a; +o0o] satisfies Carathéodory’s criteria, i.e.

VX C R, it (X) = it (XNa; +oo]) + g (X\]a; +o0]).
First of all, using the subadditivity of u*, we already know that
VX C R, p(X) < p" (XN]a; +o0f) + p* (X\Ja; +o0l).

Let X C R and € > 0. From the definition of the Lebesgue measure, we can find a cover of
open intervals {/;},.y such that
+00o
PH(X) < DU < i (X) +e.

k=1
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For k € N, if we now take a look at [;N]a; +00], this is either empty or an open interval,
and XNJa; +o00[ is a subset of the union over k € N of the IzN]a; +oo[. Similarly, for k£ € N,
I\]a; +00[ is either empty or an interval (open or closed), and X\]a; +00[ is a subset of the
union over k € N of the [};\]a; +00[. Hence, we write

i (XNa; +ool) + i (X\Jas +ool) < g (OO (e +oo[>) o (OO I\ +oo[>>

k=1 k=1

Zool (IxN]a; +o00l) + Zool (Ix\]a; +o0l)

Z U (IN]a; +oof) + 1 (Ix\]a; +oo[) }

+i:ol(fk)
< (X)) +e,

IN

IN

IN

in which we use the additivity of the length application over mutually disjoint intervals?. Since
this is true for any £ > 0, we deduce

VX C R, p*(X) > p* (XN]a; 4o00]) + p* (X\]a; +00[),
and finally
VX CR, " (X) = p* (XNJa; +o00]) + p* (X\]a; +00]) .

A similar reasoning shows that, for b € R, intervals of the form |—oo; b| satisfy Carathéodory’s
criteria. Using the stability of Carathéodory’s o-algebra regarding the elementary set opera-
tors, we show that intervals of the form Ja; b[=] — oco; b[N]a; +o00[ also satisfy Carathéodory’s
criteria. ]

2.3.3 Subtractivity and Continuity of the Lebesgue Measure

THEOREM 10. Subtractivity. Let A and B be two subsets in S with B C A. Then, if
p*(A) < +o0, we have
pr(A\ B) = p*(A) — p(B).

EXERCISE 22. % Subtractivity.
Prove the subtractivity theorem.

EXERCISE 23. % Measure of a subsets and elementary operations.
Let A and B be two subsets of  C R. What can you say about pu*(AU B), u*(AN B),
p(A\ B), p*(AAB), p*(A°), and p*(A°U B)?

DEFINITION 49. Increasing sequence of sets.
A sequence of sets { Ay}, is an increasing sequence of sets if Vk € N, A, C Apyq.

THEOREM 11. Continuity from below.
If {Ar},cy is an increasing sequence of sets in S of which the limit A is in S, then

w(A) = ,u*( lim Ak> = lim p*(Ag).

k——+o0 k——+o00

2See result from exercise 17, question 3.
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PROOF.

Let{Ay},cn be an increasing sequence of sets in S of which the limit A is in S. Without
changing our problem, we can assume that Ag = (). Then we will use the countable additivity
of Lebesgue outer measure on disjoint sets

= (i a) = w(Ua)
- (U a)

i=1
400
= > (A \Aiy)  (additivity)
i=1

k
= lim ) p" (4 \ Aiy)
1

k—+o0 i

= lim p* <U(AZ~\AZ~_1)> (additivity)

k—+o0 .
=1

w) = (Jim Ac) =l (A4 :

DEFINITION 50. Decreasing sequence of sets.
A sequence of sets {Ay}, is a decreasing sequence of sets if Yk € N, Apq C Ay.

THEOREM 12. Continuity from above.
If {Ay},cy is a decreasing sequence of sets in S of which the limit A is in S and of which
at least one of the sets has a finite measure, then

w(A) = p (kgr-‘:l-loo Ak) - kgr-fl—/loo'u (4k).

PROOF.

Let {Ay},cy be a decreasing sequence of sets in S of which the limit A is in & and of
which at least one of the sets has a finite measure. Let note A, be one of these terms of finite
measure. Then, {A;\ A}, is an increasing sequence. Using the previous theorem and the
subtractivity of u*, we write

W (Ay) — it < lim Ak) = u <Aq \ kggloo Ak>

k——+o0
=t lim (4,\ A0))

= lim g7 (A \ Ay
= JHm (u7 (Ag) — p” (Ar))

= w(Ag) = lim p”(Ay),
from which we conclude, since p* (4,) is finite, that

wA) = (kggl-loo Ak) B kgl-fl—loo'u (Ar). 0
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REMARK 23. Continuity.

The outer Lebesgue measure is continuous from above and continuous from below for sets in
Carathéodory’s o-algebra. We will simply say that the outer Lebesgue measure is continuous.

THEOREM 13. Continuity implies countable additivity.
Let A be a finite, non-negative, and additive set function on S. If A is continuous (either
from above or from below), then A is countably additive.

PROOF.

We already know that A is additive, i.e. for two disjoint sets A and B we have A(AU B) =
A(A) + A(B). By induction, we can easily prove that A is finitely additive. We now proceed
with the countable additivity, and we consider a countable disjoint sequence of sets { Ay}, of
R. We note

+oo
A= A

k=1

1. Case 1: If X is continuous from above, then we define

k
VkeN, By = | J A4,

i=1

which is an increasing sequence of sets in R, with limit A. Then, we can write

A(A) = A (UO Ak> . <klim Bk)

k1 ——+00
= kglfoo)\(Bk) (continuity)
k
= lim > X(A;) (finite additivity)

k—+o0 P

= :ZOOA(Ak)-

2. Case 2: If X is continuous from below, then we define
k
VkeN,C, = A\ | 4,
i=1

which is a decreasing sequence of sets in R, with limit ). Then, the subtractivity of A
(see previous theorems, A being additive and finite) allows to write

VkeN,)\(A):)\(Ck)Jr)\(CJAi).

=1
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Hence, we have

A(A) :A<+LOJOAk> = A(Ok)+>\<LkJ AZ)

k=1 i=1

k
SEA TN

= lim ()\ (Ck) + zk: A (A,)) (finite additivity)

k—+o0
=1

= lim A (Cy)+ 1121 Z)\

k——+o0

= )\( lim Ck> + Z A(4;)  (continuity)

=1

= go)\(Ak)-

2.4 Extension of the Lebesgue Measure to R"

DEFINITION 51. Cuboid of R".
A cuboid P of R" is defined by a sequence of intervals {I}},,, such that

P=IxLx..xIL,=]]I.

REMARK 24.
In R2, this corresponds to the intuitive definition of a rectangular domain, and in R?, of a
rectangular parallelepiped. In R, using this definition, we recover the definition of an interval.

DEFINITION 52. Volume of a cuboid in R™.

Let P be a cuboid of R™ generated by the sequence of intervals {I;}, <k<n- Then, the
volume of P, noted v(P), is defined by the product of all the lengths of the intervals of
the sequence that generates P, i.e.

o(P) = I] o).

k=1

EXAMPLE 7.

1. Py =]0; 1] in R: v(Py) =1(]0; 1]) = 1.

2. Py =]0; 1[x[0; 2] in R%: v(Py) =1 x 2 = 2.

3. P3=]0; 1[x[0; 2] x [1; 2] in R3: v(P3) =1x2x1=2.

EXERCISE 24. % Volumes of cuboids.
Calculate the volumes of the following cuboids:

1. Py =]0; 1[x[1; 3[x[—m; 7] in R3.
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2. Py =]1; 2[* in R™.

3. Ps=1; x I x ... x I, in R" with Vk € [0;n], I, =] — k; k[.

ProproOSITION 13. Volume of a compact of R™.
Let K be a compact of R”. Then, the volume of K is given by

+oo +00
v(K) = inf { > v(Pp)| K C |J Pr and Vk € N, P, is an open cuboid} :
k=1 k=1

DEFINITION 53. Lebesgue Outer Measure on R”.
Let A be a subset of R™. The Lebesque outer measure u* of A is given by

“+o00

w(A) = inf { > v(Py)

k=1

+oo
AC U P and Vk € N, Py, is an open cuboid} )
k=1

DEFINITION 54. Lebesgue Inner Measure on R".
Let A be a subset of R™. The Lebesque inner measure p, of A is given by

—+o0 —+o00
s (A) = sup { > u(Ky)| | Kx C Aand Vk € N, K}, is a compact} )
k=1 k=1

THEOREM 14. Lebesgue outer and inner measures on R".
Let A be a subset of R™. If A satisfies Carathéodory’s measurability criteria (extended
to R™), then p*(A) = u(A) (i.e. same inner and outer Lebesgue measures).

EXERCISE 25. %% % Properties of the Lebesgue outer measure on R".

Show that the Lebesgue outer measure we have defined on R" and the Lebesgue outer
measure we have defined on R satisfy the same properties (see theorem 7), i.e. positivity,
monotonicity, etc.

EXERCISE 26. %
1. Prove that if G is a bounded open set, then p*(G) < +oc.

2. Prove that p*(R") = 400

EXERCISE 27. % Measures of sets in R2.
Compute the measure of the following sets:

1
A = {(x,y)‘lﬁxand0<y<x}
Ay = {(:L’,y)|0§xand0<y<e_$}
A = {($7y)‘1 <zand 0 <y < e_a} with a € [1; +o00]

EXERCISE 28. %% Frontier of a set. .
Let A be a subset of R”. We note OA the frontier of A, defined by 04 = A\ A.

1. Is 0A a closed set? Why?
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2. Is OA an open set? Why?
3. If A is bounded, is 0A a compact?
4. Assuming that A and A are Lebesgue-measurable, show that 0 A is also Lebesgue-measurable.

5. What is the Lebesgue-measure of the frontier, u(0A)?

PROPOSITION 14. Lebesgue-measurability of cuboids of R™.
Cuboids of R™ satisty Carathéodory’s measurability criteria.

EXERCISE 29. % Carathéodory’s measurability criteria for cuboids.
Prove that cuboids of R” satisfy Carathéodory’s measurability criteria.

EXERCISE 30. ¥ Intersection and countable additivity.

Let A be a measurable set, and {B}},.y a sequence of mutually disjoint measurable sets.
We note

5 N +o00
\V/NEN,BN:UBk and B:UBk
k=1 k=1
1. Show that for all N € N, By is Lebesgue-measurable.
2. Is B Lebesgue-measurable, and why?
3. Show that N
VN €N, u* (ANBy) =Y i (AN By).
k=1
4. Show that .
pW(ANB) =) (AN DBy).
k=1

2.5 Summary: Measuring in R"?

In this chapter, we have built the Lebesgue measure on R™: starting from the length of an
interval and the volume of a cuboid, we defined the Lebesgue outer measure of a set A as an
infimum on the lengths and volumes of open sets covering A. We then restricted the collection
of measurable thanks to Carathéodory’s measurability criteria, and we obtained a o-algebra of
measurable sets. We therefore did two important steps: first, we defined the Lebesgue measure;
second, we defined (theoretically) a set of measurable sets stable with respect to the elementary
set operations.

There is still a remaining question: what can we measure? Or, in other words: is everything
measurable in R™?  We have shown that open intervals of R and open cuboids of R" are
measurable, but these cannot describe all the possible sets of real numbers. Using the stability of
Carathéodory’s og-algebra, we can show that unions of intervals, differences, etc, are measurable
too, but this implies that we should characterise the measurability of many kinds of sets! Can
we provide a more accurate description of the measurable sets of R™? This will be the aim of
the next chapter.
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CHAPTER 3

Measurable Sets and Functions

In chapter 2 we defined, through an inductive construction, the Lebesgue measure on R",
and we have shown that the set of Lebesgue measurable subsets of R" is a o-algebra of sets,
characterised by Carathéodory’s criteria, and therefore stable with respect to the elementary
set operations. We may now ask the following question: what is contained in this o-algebra
of Lebesgue measurable sets? We will proceed as follows: first, we will show that there exist
non-measurable sets of real numbers, which justifies the need of such a o-algebra; then, we will
define the relevant sets for the Lebesgue integration theory on R”, which are called Borelians.
Later on, we will discuss the measurability of functions defined on such sets.
Throughout this chapter, we will note & Carathéodory’s o-algebra of measurable sets.

3.1 Is Everything Measurable?

3.1.1 Existence of Non-Measurable Sets

THEOREM 15. Existence of non-measurable sets.
There exists a set £ C R™ such that F is not measurable.

PRrooOF.

We will construct a non-measurable subset of R™. In order to do so, we define, for all
€ R”, the set Q, = {a € R"|Jg € Q",a =2+ q}. We can show (see next exercise) that for
all (z,y) € (R™)?, we have either Q, = Q, or Q, N Q, = 0, i.e. every vector of real numbers
belongs to one and only one set (J,. Note that the such a set (), is not unique, since it is based
on the choice of a representant z € R". Since every vector of real numbers is contained in one,
and only one, of these sets Q),, R" can be covered by the translates of Q"!.

Hence, we choose a set £ C R" such that we can construct such a cover of R” with disjoint
sets, i.e.?

R"={J Q.= U @+Q".

zel zeE

Tt is also possible to define an equivalence relation ~ on R™ with z ~ y & —y € Q", and to consider the
quotient ensemble formed by R™ and this equivalence relation. Then, the subset E defined in the proof can be
choose to be in [0; 1] and the last part of the proof is more straightforward.

2The reasoning here is based on the aziom of choice: we can choose such elements x € R™ to build this
cover, although the choice is not unique.
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We can also write this covering property as follows

R"= |J (¢+ E).

qeQm

We assume that E is measurable. From this equality, we can write

WRY = 4o = 3 g+ B) = 3w (E),
qeQr qeQr
since Q" is countable (we then use the countable additivity and the invariance by translation
of the Lebesgue measure). The only way to satisfy this equality is to have u*(E) > 03.
Now, we consider an arbitrary compact K C E and a subset D = B(0,1) N Q™. D is a
bounded infinite countable set. The set

A= ¢+ K),

qeD

is then an infinite countable disjoint union, contained in D 4+ K by definition; since D and
K are bounded, the union has a finite measure. Yet, using the countable additivity and the
invariance by translation of y, we have

e (A) = > g+ K) = Y pu(K),
qeD geD
and since the sum is infinite, but the Lebesgue measure of A is not, the only possibility is that
ps(K) = 0. K being an arbitrary compact, we deduce that p,(E) =0 *.
These two results are contradictory, therefore E is not Lebesgue-measurable’. O

EXERCISE 31. % Translated of Q™.
Let (z,y) € (R")?. We define Q, (respectively Q,) by Q, = {a € R* |3 € Q*,a =z + ¢}
(respectively @,). Show that either

Qx:Qy or meQy:(b'

COROLLARY 3. Existence of non-measurable subsets.
If A C R™ is measurable and of measure p(A) > 0, then there exists a subset B C A such
that B is not measurable.

PROOF.
Using the notations of the previous proof, if A C R" is measurable and of measure p(A) > 0,
then we can write

A= J@+E)nA

qeQr
We know that p(A) > 0 so, with the countable additivity of u, we need a least one of the sets
of the union to have a non-zero outer measure. Let note B = (¢+ F) N A this set, with ¢ € Q",
and we have p*(B) > 0. Yet, we also have

px(B) = (¢ + E) N A) < pulq + E) = p(E) =0,

which is, again, contradictory. 0

3To be more precise, the outer Lebesgue measure is strictly positive

4To be more precise, the inner Lebesgue measure is zero

5To be exact, we found that the inner Lebesgue measure of E is zero, and that the outer Lebesgue measure
of FE is strictly positive. We have shown, however, that if a set is measurable, its inner and outer Lebesgue
measures are the same. This cannot be the case here, hence E is not Lebesgue-measurable.
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3.1.2 Cantor Set

In this subsection, we will construct a particular set called a Cantor. This is motivated by
the following observation: what has zero Lebesgue measure? A singleton for example, or a
countable union of singletons, have zero Lebesgue measure; this is “intuitive” since the interior
of such sets is equal to the empty set, as if “there is nothing to measure”. On the contrary, we
have seen many measurable sets of non-zero Lebesgue measure, and they all have a non-empty
interior: intervals, R"™, etc. As in the introduction of chapter 2, we will see that we should be
careful with this intuitive reasoning.
Let consider (ay),cy @ sequence of strictly positive real numbers, such that

+oo
S a2t <1
k=1

We build a decreasing sequence of compacts Ay all included in [0; 1] as follows: for all k €
N, Aj.; is obtained by removing open intervals of length «j in each of the closed intervals
composing Ay, in order to split them in two halfs of equal length. This means:

1. Ayg =05 1]
2. A1 =10; (1 —ap)/2]U[(1 4+ ap)/2; 1]
3. and so on.

This process is illustrated in figure 3.1.

Ao

A | | |

Al ] 1 [
A00 OO 00 00

Figure 3.1: Construction of a Cantor set (here the ternary Cantor set).

Then, Vk € N, Ay, C Ay, A is constituted of 2% disjoint closed intervals of the same

length, and
k-1

/,L(Ak) =1- ZQpOép > 0.

p=0
We can define K the intersection of all of these sets

+o0o

K = () A

k=0
K is a non-empty compact, since it is the intersection of a decreasing sequence of non-empty
compacts, and therefore K = K (Heine-Borel theorem, K is a compact of R). Yet, K =0
Vk € N, K C A;, and A, does not contain any interval whose length is larger than 27%. Hence,
we deduce that K = 0K (its frontier). If we now compute the measure of K, we have

+oo
= i =1— k>
w(K) kkrfooM(Ak) 1 kZ::Oosz > 0.

We now have two options:
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1. if the sum of a;2F is equal to 1, i.e.

+o0o
S a2t =1,
k=1

then u(K) = 0 and we call K a “thin” Cantor set;

2. if the sum of a;2" is smaller than 1, i.e.

+o00o
Z aka <1,
k=1

then p(K) > 0 and we call K a “fat” Cantor set.

REMARK 25.

1. The Cantor set is uncountable.
2. The Cantor set is equal to its frontier: K =0, K = K = 0K.

3. The Cantor set does not contain open intervals.

3.2 Borelians

3.2.1 Borelian Tribe

DEFINITION 55. Tribe.
A tribe T of € is a family of subsets from 2 that satisfies the following properties:

1. 7T is stable by complement
VEe€T,E°eT.

2. T is stable by countable union

V{E},a; € T.UE €T.

el

DEFINITION 56. Borelian tribe.

The Borelian tribe B of () is the smallest family of subsets from () that is a tribe and
that contains all the open sets of 2. We note B(£2) the Borelian tribe of (2. Elements in
B(Q2) are called the Borelians of €.

PROPOSITION 15. Borel o-algebra.
Let Q be a non empty set. Then, B({2) is a o-algebra of sets.

PROOF.

First, we note that since B is stable by complement and by countable union, it is also stable
by countable intersection (application of Morgan’s Laws). Then, it is also stable by finite
intersection.

We now proceed with the proof of the proposition, step by step:

1. B is a ring of sets:
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(a) B is not empty, since it contains () (it is a trivial open set of §2).
(b) B is stable by finite union, since it is stable by countable union.

(c) Bis stable by difference: V(A, B) € B%, A\ B = AN B¢ and B is stable by intersection
and complement.

2. B is a o-ring of sets, since it is stable by countable union.
3. B is a o-algebra of sets, since it is stable by complement.
EXAMPLE 8.

Let  be a non empty set.

1. 71 = {0,Q} is the smallest tribe of .

2. T, = P(Q) (partition of ) is the largest tribe of €.

EXERCISE 32. % Tribes-inter-tribes.
Let I ¢ N and {7;},.; be a family of tribes on a non empty set (2. Show that

Ti=NT

el

is still a tribe of €.

3.2.2 Borelians of R, R"”, and R

PROPOSITION 16. Borelian tribe B (R).
The Borelian tribe of R, B (R), is generated by the open intervals ]a; +00[, with a € R.

PROOF.
Let Z be the tribe generated by the open intervals |a; +oo[, with a € R.

1. By construction, Z C B(R).

2. Let a € R. If we consider the semi-open interval [a; 400, we can write

[a; +o0] = ;QJG_ li; —l—OO{

and since 7 is a tribe, [a; +00] € Z. Using the stability by complement, we also have
]—00; a[ = [a; +00[® € Z. Using the stability by intersection, we have for (a,b) € R? a <
b, ]a; b] = ]—o0; b N ]a; +o0].

Yet, any open set of R is a (countable) union of intervals of the form |—o0; al, |a; b[, and

la; +00], so Z contains all the open intervals of R. We therefore have B(R) C Z.

Hence, 7T = B(R).

REMARK 26.
B (R) is a o-algebra of sets, called the Borel o-algebra of R.

REMARK 27.
What is in B (R)?
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1. All the open sets of R.

2. All the closed sets of R.

3. All the countable unions of closed sets of R.

4. All the countable intersections of open sets of R.

5. ... and more!

EXERCISE 33. % Borelian tribe B (R)

Characterise the Borelian tribe of R.

EXERCISE 34. %% Borelian tribe B (R™).
Show that the Borelian tribe of R™, B (R™), is generated by the open cuboids of R".

THEOREM 16. Measurability of Borel sets.
Every Borel set of real numbers is Lebesgue measurable.

PROOF.

The Borel tribe of R is generated by the open intervals of R. Similarly, the Borel tribe of
R™ is generated by the open cuboids of R™. These are the smallest o-algebra generated as such.
Since S, the set of Lebesgue-measurable sets, is also a o-algebra, we only have to show that
open intervals and open cuboids are in S, which we did in the previous chapter. The proof is

complete.
m

REMARK 28.

We have proven that B C S, i.e. all Borel sets of R" are Lebesgue-measurable in the sense
of Carathéodory. This does not mean, however, that any Lebesgue measurable set of R" is a
Borelian. In fact, there exist such sets, but they are beyond the scope of this class®.

3.2.3 Structure of Lebesgue Measurable Sets

THEOREM 17. Approximations of Lebesgue measurable sets.
Let E be a subset of R". The following statements are equivalent:

1. E is Lebesgue measurable in the sense of Carathéodory.

2. For any € > 0, there exists an open set G such that £ C G C R” and p*(G\ F) < ¢
(called exterior approximation by open sets).

3. For any € > 0, there exists a closed set F' such that F* C EC R" and p*(E\ F) < ¢
(called interior approximation by closed sets).

4. There exists a countable intersection B of open sets of R" such that £ C B C R”
and p*(B\ E) =0.

5. There exists a countable union C of closed sets of R™ such that C ¢ F C R™ and
W*(E\ C) = 0.

6See Appendix C of F. Burk’s Lebesque Measure and Integration.
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PROOF.
We proceed step by step:

1. 1 = 2. We assume that E is Lebesgue measurable in the sense of Carathéodory. Let
e > 0.

(a) Case 1: p*(E) < +oo. From the definition of the Lebesgue measure, we can find a
family of open intervals {I}, .y such that, introducing G as

G=UL

keN

we have

w(G) < p(E)+e.
G is Lebesgue measurable and G = (G \ E) U E so pu*(G) = u*(G\ E) + u*(E). As
p*(E) < 400, we can substract and finally obtain p*(G \ F) < ¢.

(b) Case 2: pu*(E) = +o0. For all k € N, we define Ey, = EN[—k; k|. E) is Lebesgue
measurable, ©*(Ey) < +oo (by construction), and we just showed that for any & € N
we can find open sets Gy, such that By, C Gy, and p*(Gy, \ Ex) < £/2% (as small as we
want). F is the countable union of all Ej and E is a subset of G being the countable
union of all GG;. Therefore, we have

p(G\E) < ,LL*<L_OJO(GIC\Ek)>
< Jioﬂ*(Gk\Ek)
<

2. 2 = 3: this can be deduced using the complement. Using the previous notations with
E°, we have E¢ C G with p*(G'\ E°) < €. Then, if we introduce F' = G¢, we have F' C E
and p*(E\ F) = p*(G\ E°) <e.

3. 3= 4: let E C R". We apply point 3 to £ to build a sequence of closed sets { By},
such that Vk € N, B, C E and p*(E°\ By) < 1/k. We note B the countable intersection
of all the Bj,. Then, B is a countable intersection of open sets and £ C B by construction.
Then

W(B\ B) = (E\OOB)

SO
Vk e N,y (B\ E) < p*(E°\ By) < 1/k.

Hence, we deduce p*(B \ E) = 0.
4. 4 = 5: deduced using the complement, similarly as for 2 = 3.

5.5 = 1: let E and C be the sets from point 5, and let X C R". Note that E does not
necessarily satisfies Carathéodory’s criteria at this point, but C' does.

(a) By subadditivity, we already have
WH(X) = i (XN E)U (X \ B)) < (X 1 E) + (X \ E).
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(b) First of all, we can write

pXNE) = p(XNE)NC)U((XNE)\C))
= P ((XNE)NC)+p" (XN E)\C)
= W XNnO)+p (XNE)\C)

Since (X N E) \ C is a subset of £\ C, and since p*(E \ C) = 0, we deduce that
(X NE)\C) =0 and therefore p*(X N E) = p* (X NC). Moreover, we have

pXANE) = p ((K\E)NC)U((X\ E)\C))
(XN E)NC) + 7 (X \E)\C)
H0)+p (XN E)\C)

(
(XN C).

I
I
I

< p

Hence, we have
WX NE)+p (X \E) <p(XNC) 4+ p (X \ C) = p*(X)

Therefore, E satisfies Carathéodory’s measurability criteria and

VX CR™, (X)) = (X N E) + p*(X \ E).

THEOREM 18. “Completion” of Borel measure.
Every Lebesgue measurable set of real numbers is the union of a Borel set and of a
Lebesgue measurable set of measure 0.

PROOF.

Let E be a Lebesgue measurable set of real numbers. Using the previous theorem, we know
that there exists a Borel set B such that B C E and p*(E \ B) = 0. Thus, we can write
E'=BU(E\ B) with B a Borelian and E'\ B a Lebesgue measurable set of measure 0.

EXERCISE 35. %% %
Suppose E is a subset of R" with p*(E) < +oo. Show that F is Lebesgue measurable if
and only if there exists U, a finite union of open intervals, such that for any € > 0 we have

pw(EANU)+p (U\E) <e.

3.2.4 Negligeable Ensembles and the Notion of Almost Everywhere

In all this subsection, €) is a metric space with a measure .

DEFINITION 57. Negligeable ensemble.
An ensemble X C () is said to be p-negligeable if there is a Borelian B C () such that
X C B and u(B) = 0.

ExAMPLE 9. Countable set of R.
If D C R is a countable set of R, then D is Lebesgue-negligeable. This is trivial, since the
Lebesgue measure of a singleton is 0 and any countable set of D C R can be written as

D= {«}.

zeD
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DEFINITION 58. Completeness of a measure.
Let A be a measure. A is said to be complete if, for any subset A of a measurable
negligeable set X, A is also negligeable.

PROPOSITION 17. Non-completeness of the Lebesgue measure.
The Lebesgue measure is not complete on B(R).

PROOF.
This comes from the Cantor set: a Cantor set of measure 0 contains non-measurable subsets,

therefore non-negligeable subsets. 0

DEFINITION 59. Notion of almost everywhere.

Let x — P(x) be a property that depends on = € €, and X the ensemble containing all
the = € Q such that P(x) is not satisfied. P is said to be true u-almost everywhere if the
ensemble X is p-negligeable.

ExaMPLE 10.
We consider the function

fR - R
This function is continuous on R, but not derivable on R: indeed, the left and right derivatives

at 0 are different, so f is not derivable in 0. The set of points for which f is not derivable is
the singleton {0}, and p ({0}) = 0: f is derivable almost everywhere.

DEFINITION 60. Convergence almost everywhere.

Let (fyn),en Pe a sequence of functions defined on I C K. (fy),cy converges almost
everywhere to the function f if and only if it converges pointwise on a subset A C [
whose complement (in ) is p-negligeable.

REMARK 29.

This provides a third type of convergence, weaker than the pointwise convergence (and also
weaker than the uniform convergence). With regards to the integration (or other “large scale”
transforms), the convergence almost everywhere is often a sufficient condition for existence.

EXERCISE 36. % Polynomial function.
Let f : R — R be a polynomial function. Show that either f = 0, or f # 0 almost
everywhere. What can you say about |f|?

EXERCISE 37. % Fractional function.

Let f and g be two polynomial functions defined on R and with values in R. We define
r = f/g. Show that:

1. If g # 0, then r is defined almost everywhere.
2. If f#0, then r # 0 almost everywhere.

3. For any a € R, either r = a, or r # a almost everywhere.
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3.3 Measurable Functions

DEFINITION 61. Measurable function.
Let f be a function defined on the measurable space X, with values in R. The function
f is said to be measurable if, for every a € R, the set

{z € X[f(z) > a}

is measurable.

EXERCISE 38. % Characteristic function.

Let A C R. Prove that the characteristic function of the set A, x4, is measurable if and
only if A is measurable.

THEOREM 19. Stability of measurable functions (1/3).
If f and g are measurable functions defined on X C R, then

1. If f #0, 1/f is measurable;

2. f + g is measurable;

3. When defined, f o g is measurable;
4. fg is measurable;

5. min(f, g) and max(f, g) are measurable.

THEOREM 20. Stability of measurable functions (2/3).
If f is a measurable function defined on X C R, then

1. f* =max(f,0) and f~ = —min(f,0) are measurable;
2. |fl = fT+ f~ is measurable;

3. Vp € R, |f|P is measurable.

THEOREM 21. Stability of measurable functions (3/3).
If (fi)gen is @ sequence of measurable functions defined on X C R, then

1. supfr and ilgf fr are measurable;
k

2. limsupf; and liminf f; are measurable;
k—+00 k—+o0

3. If it exists, lim f; is measurable.
k——+o0
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COROLLARY 4. Measurability in C.
Let f and g be two functions defined on X C R with values in C.

1. f is measurable if and only if ®(f) and J(f) are measurable;
2. If f and g are measurable, then so are |f|, f+ g, fog, fg;

3. There exists a measurable function o : X — C, with Vz € X, |a(z)] = 1 and

f=alfl.

EXERCISE 39. % Measurability in C.

Prove the last point of the previous corollary: if f : X — C is a measurable function, then
there exists a measurable function a : X — C, with Vz € X, |a(z)| =1 and f = off].

EXERCISE 40. % Measurable functions.
Are these functions measurable? (do it without the following proposition)

1. fi: x> cos(x)
2. fo:rax— cos(x)” forn € N

3. fs: x> P(cos(x)) where P € R[X] (polynomial)

ProposITION 18. Continuity and measurability.
Continuous functions defined on measurable sets are measurable.

PROOF.
Let f be a continuous function on a measurable set £ C R. Our goal is to show that

Va € R, A= {x € E|f(x) > a} is measurable.

Let a € R and A the subset defined above.
1. If A =0, then we already know that the empty set is measurable.

2. If A+ (), then let z € A. We know that f(x) > a by definition (strict inequality, a is not
on the frontier), and since f is continuous at x this means that there exists €, > 0 such
that X =]z —e,; v+ ¢,[NF and Vy € X, f(y) > a.

Hence, we can “construct” A thanks to its elements as follows

A= (o —es z+e,[NE) = <U]x—£z;x+8x[>ﬂE,

z€A €A

where the ¢, are defined for each x € A. A is then the intersection of a measurable set F
and of a (non-necessarily countable) union of measurable sets (the intervals |z—e,; z+¢,[),
so A is measurable by stability of the measurable sets.

[]
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3.4 Concluding Remarks

Previously, in chapter 2, we have built the Lebesgue measure in R", with the conclusion that
measurable sets satisfy Carathéodory’s measurability criteria. Examples of such sets are: inter-
vals, cuboids, compacts, and all their unions, intersections, and so on. In order to define more
rigorously the set of measurable sets, we introduced in this chapter (chapter 3) the notion of
Borelians. From this, we saw how to define Lebesgue measurable sets, and how to approximate
open and closed sets by their exteriors and interiors, respectively. The Lebesgue measure on
R allows us to define the two very important notions of almost everywhere and of measurable
functions. We will build upon these the integration theory.

This chapter concludes our discussion on the Lebesgue measure in itself, so it is worth
reminding that, when measuring a set, one has to be careful with the “intuitive” results! As
seen in chapter 2, the naive definition of lengths and measures does not work (mainly due to
the countable unions). At the beginning of chapter 3, we saw that there exist non-measurable
sets in R”, and that sometimes the measure of a set is counter-intuitive (with the example of
the Cantor set).
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CHAPTER 4

Integration

The integral we are all familiar with is the Riemann integral, which is obtained by an approx-
imation of the integrable function by a staircase function over a fixed subdivision of the set
of definition. This definition is very intuitive and easy to apply to a given function, but with
this “simplicity” comes several issues, such as numerous non-integrable functions, convergence
theorems, and so on. For example, what can we say about the Dirichlet integral

toogint
[ty
0 t

that is non-integrable? And yet, can be computed (and is equal to 7/2)! Or, if we define

f:00;1] —- R

. 0 ifze@Q
o 1 ifz¢Q,

what would be .
/ f(z)dx ?
0

We can say a few things, like it is bounded by 0 and 1, but not much more. In order to address
these issues, Lebesgue proposed to redefine the Riemann integral thans to a change of point of
view, counting the “volume under a curve” differently: based on his measure theory, this is the
Lebesgue integral.

4.1 Riemann Integral vs. Lebesgue Integral

Let n € N be a “discretisation” parameter, i.e. how much the space is discretised, or how well
the integrated function is approximated (figure 4.1). We write the Riemann sum as

n

Ra(f) =) f(zx)ow.

k=0

Such a sum corresponds to a sum of rectangles approximating the area or volume “under
the curve of the function f” that can be obtained thanks to a staircase function. Note that,
depending on the definition of the Riemann sum, the value of f for each rectangle starting at
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xr can be taken either in xp or in xp,q; similarly, it is also possible to define this sum using
Darboux’s sums of staircase functions always larger or smaller than f (we will come back to
this later). The Riemann integral is then obtained by taking the limit n goes to infinity of this
sum, i.e. taking the limit dx goes to 0. We then write the Riemann integral of f as

Reo(f) = ;iof(fk)(gl‘ = /01 f(z)dz.

ox

Figure 4.1: Basic Principle of the Riemann integral (left) and Lebesgue integral (right).

/

f(iﬂk) Yk+1

/
&[

0] Tk Th41

6ZL' Ak

Figure 4.2: Elementary sets for the Riemann integral (left) and Lebesgue integral (right).

As shown in figure 4.1, instead of discretising the space on which the function is defined,
we can discretise the set of images and write the Lebesgue sum as

L (f) = > 1(Ax)dy,
k=0
by measuring the size of the A;. Hence, we have the correspondances f(zy) <> dy and dz >
p(Ag) (see figure 4.2). The idea of the Lebesgue integral is therefore to proceed as for the
Riemann integral: taking the limit n goes to infinity of this sum, this time by taking the limit
0y goes to 0. We want to write the Lebesgue integral of f as

L) = X Ay = [ F)uta)

k=0

In the next section, we will see how such an integral can be defined rigorously, by considering
the integrals of simple functions.
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4.2 Simple Functions

4.2.1 Lebesgue Integration of Simple Functions

DEFINITION 62. Simple functions.

Let f be a function on a measure space (R, B(R), ). We say that f is a simple function
it there exists n € N such that there is a finite sequence of numbers in {ak}ke[[l;n]] € R"”
and a finite sequence of mutually disjoint sets {Fj} ke;n] € B (R)™ such that

with xg, the characteristic function associated to the set L.

f=> axs,
k=1

EXAMPLE 11.

1.

2.

Let £ C R. The characteristic function of the set, xg, is a trivial simple function.

The sign function o defined by

fR — {-1,+1}

. +1 ifz>0
* 1 ifx <0,

is a simple function.
The staircase function f defined by

f:R — N
r —w neNn<z<n+l1,

is not a simple function, since it cannot be described by a finite set of real numbers
associated to a finite set of Borelians. In fact, we can write

+oo
f= Z kxg, with Vk € Z, By = [k; k+ 1].

k=—00

. Any restriction of the staircase function f to a bounded interval I, f;, defined by

f[iR — N

flz) fzxel
v {0 if w1,

is a simple function.

DEFINITION 63. Integrability of a simple function.

Let f be an simple function, defined with a finite sequence of numbers in {ay} kei;n] € R™
and a finite sequence of mutually disjoint sets {Ej}cpp.,,y € B(R)". [ is said to be
integrable if for all k in [1; n], if ax # 0, then pu(Ex) < +o0.
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DEFINITION 64. Integral of a simple function.
Let f be an integrable simple function, defined with a finite sequence of numbers in
{artiep, ) € R" and a finite sequence of mutually disjoint sets {E}ycpy. ) € B(R)". The

integral of f, written
/fduz /Rf(w)du(fv)

[ fau= kz aw(E).

is defined by

PROPOSITION 19. Invariance of the integral.

Let f be an integrable simple function. The integral of f is independent of the representa-
tion chosen. In other words, if we have two representations of f such as {ai}ycpr, ) € R”
and {Ey}ycp.,p € BR)™, and {bi}yepy. g € R™ and {Fi}yepr. g € B(R)™, such that

f = Z g XE, = Z kaFku
k=1 k=1

then the integral is unambiguously defined

/fdu = app(BEy) = Z b (Fy).
k=1 k=1

EXERCISE 41. ¥ Invariance of the integral.
Prove the proposition on the invariance of the integral with respect to the definition of a
simple function.

DEFINITION 65. Lebesgue integral.
Let f be an integrable simple function, defined on X C R. The Lebesgue integral of f on
E C X is defined as

/fdu /f )dpu(x /XE u(x)Z/fodu-

EXAMPLE 12.

1. The characteristic function of a set E of finite measure is integrable and

/XEd,u /XE Ydp(x /d,u w(E

2. The sign function is not integrable.

3. Any restriction to a compact of the staircase function is integrable.

EXERCISE 42. % Removal of a countable subset.

We consider X = [—1; 1] and f : =+ 1/2. If f integrable on X7 What is the value of the
integral of f on X7 We now consider £ = X \ Q. Is f integrable on E? If so, what is the
value of the integral of f on E? If they are defined, can you comment on the values of these
two integrals?
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DEFINITION 66. Sets of measurable simple functions.
We will note £ the set of measurable simple functions, and £* the set of positive mea-
surable simple functions.

4.2.2 Key Theorems on Simple Function Integrals

THEOREM 22. Linearity of the integral.
If f and g are integrable simple functions, and if (a,b) € R?, then

/(af+bg)du=a/fdu+b/gdu.

THEOREM 23. Positivity of the integral.
If f is an integrable simple function, positive almost everywhere, then

/fduz()-

THEOREM 24. Monotonicity of the integral.
If f and g are integrable simple function such that f > g almost everywhere, then

[ fau= [ gdu.

THEOREM 25. Triangle inequality.
If f and g are integrable simple functions, then

J 17+ gl < [1f1an+ [ gl

THEOREM 26. Absolute value inequality.
If f is an integrable simple function, then

[ 1 < [151p.

EXERCISE 43. %% Key theorems on simple function integrals.
Prove the five theorems on simple function integrals.

4.2.3 Indefinite Integrals of Simple Functions

DEFINITION 67. Indefinite integral.
The indefinite integral of an integrable function f is the set function Z defined for every
measurable set E by

I(E) = /E Fdu.
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THEOREM 27. Monotonicity.

If f is an integrable function, non-negative almost everywhere, then its indefinite integral
is monotone, i.e. if £ C F then

[ sdu< [ sap

PROOF.

If E C F are measurable subsets and if f is an integrable function, non-negative almost
everywhere, then ygf < xrf and the result follows from the monotonicity of the integral. [

THEOREM 28. Absolute continuity.
The indefinite integral of an integrable function is absolutely continuous.

PROOF.

Let ¢ be any positive number greater than all the values of | f| on the set of integration E.
Then, we can write

‘/E fdu‘ < cu(E).

O
THEOREM 29. Countable additivity.
The indefinite integral of an integrable function is countably additive.
PROOF.
This is a direct consequence of the countable additivity of . O

EXERCISE 44. % Distance between two functions.
Let f and g be two integrable functions. We define the application p by

p(f,9) =/|f—gldu-
Show that p(f, f) =0, p(f,9) = p(g, f), and p(f,g) < p(g,h) + p(h, g). Is p a distance?

4.3 Lebesgue Integration

4.3.1 Integration of Positive Measurable Functions

LEMMA 3. Approximation by a staircase function.

Let f : R — [0; +o0] be a positive measurable function. There exists an increasing
sequence of measurable staircase functions converging pointwise to f.

PROOF.
For all n € N we define ¢,, by
¢n:RT — R*
N 27"E@2"z) ifx<n
n if x >n, ’

with = +— F(z) is the integer part. ¢, is a positive staircase function and Vt € Rt 0 < ¢,(t) <

Gnt1(t). We define, for n € N, the function f, = ¢,of. Then, {f,}, oy is an increasing sequence
of measurable staircase functions converging pointwise to f.

62



Samuel Boury Introduction to Math Analysis 11 Spring 2021

[]

DEFINITION 68. Lebesgue integral of a positive measurable function.
Let f: R — [0; +00] be a positive measurable function. The integral of f is defined by

/fdu:sup{/hdu|h€€+ i hgf}.

And, if E' is a measurable subset of R, we note

[ fdu= [xufdu.

THEOREM 30. Properties of the Lebesgue integral.
The Lebesgue integral of positive measurable functions is linear, positive, monotonic, and
satisfies the triangle inequality and the absolute value inequality.

EXERCISE 45. % Vanishing property.
Let f be a continuous positive measurable function. Prove that

/fduzO@{xER|f{x)>0}:@.

What can we say if f is not continuous?

EXERCISE 46. % Finiteness property.
Let f be a continuous positive measurable function. Prove that

/fd,u< +00 & {r € R|f(z) = +oo} = 0.
What can we say if f is not continuous?

PRrROPOSITION 20. Domination of a measurable set by an integral.
Let f be a positive measurable function defined on a subset X C R. Then

Va € X,u(fx € X|f() 2 a}) < - [ fu

PROOF.
Let a € X and A = {x € X|f(x) > a}. This set is measurable (inverse image of a measur-
able set by a measurable function) and f > ax4, so by monotonicity

[ fdu = an(a).

ProproSITION 21. Integral equality almost everywhere.
Let f be a positive measurable function defined on a subset X C R. Then

/ fdu =0« f =0 almost everywhere.
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PROOF.

Let assume that f = 0 almost everywhere. Then, if we pick h € £1 such that h < f, we
have h = 0 almost everywhere. Therefore, the integral of h is equal to zero and this does not
change when taking the sup, so

f =0 almost everywhere = / fdp = 0.

Now, let assume that the integral of f is equal to zero. For all n € N* we define

An:{xeX‘f(x)zi}.

Then, A,, is measurable, A,, C A,+1 and the countable union of the A, is A = {z € X |f(z) > 0}.
Using the domination of a measurable set by an integral proposition, we have

VYn € N* u(A <n/fd,u

Therefore,
p(A) = lim p(A,) =0,
and
/ fdp =0= f =0 almost everywhere.

COROLLARY 5. Integral equality almost everywhere.
Let f and g be two positive measurable functions defined on a subset X C R. Then

f = g almost everywhere = / fdp = / gdp.

EXERCISE 47. % Integral equality almost everywhere.
Prove this corollary, and explain why the equivalence is not true.

THEOREM 31. Monotone convergence (Beppo-Levi).
Let {fn},cn be an increasing sequence of positive measurable functions defined on a
measurable set X, and f be the pointwise limit of this sequence. Then, f is measurable

and
/fd,u— hm /fnd,u

PROOF.
We first note that, since {f,}, oy is an increasing sequence of functions, the monotonicity

of the integral gives
vn €N, [ fudn < [ faridp

and therefore the limit
= lim / fndu

n—-+o0o

exists (in Rﬂ. As the sequence {f,}, oy is converging pointwise to f, the function f is mea-
surable, and since Vn € N, f,, < f, we obtain from the monotonicity of the integral

ag/fd,u.

64



Samuel Boury Introduction to Math Analysis 11 Spring 2021

Let h € £ such that h < f and let ¢ €]0; 1[. For all n € N, we define the subsets
A, ={z e X|f.(x) > ch(z)}.

These subsets are measurable, we have Vn € N, A,, C A, 1, and the countable union of the A,
forms the initial set X. Yet, we can write

[fdunz [ fduz [ chdp=c [ hp
An An A

If we now write h as a simple function
h = Z oszk,
k=1
then -
/A hdu = Z api(Br N Ay).

k=1
Here we can take the limit n goes to 400 and we obtain

lim /A hdp = / hdp =3 agpp(By).
n k=1

n——+o00o

Hence, we deduce that

Ve €l0; 1LVYh € X h < foa > c/hdp.
By taking the sup on ¢ €]0; 1[ and then the sup on h € €T with h < f, we find that
aZ/fd,u.

Thus, we conclude that

a:/fdu. -

COROLLARY 6. Monotone convergence (decreasing sequence).

Let {fn}, ey be a decreasing sequence of positive measurable functions defined on a mea-
surable set X, and f be the pointwise limit of this sequence. Then, if the integral of f,
is finite, f is measurable and

/ fdu= lim / Fodu

n—-+00

PROOF.
By application of the previous theorem to the increasing sequence of positive measurable
functions {g,},cy defined by ¥n € N, g,, = fo — fy. O

COROLLARY 7. Countable additivity.
Let {fn},en Pe a sequence of positive measurable functions defined on a measurable set
X, and f be defined by

F=Y b

neN

/fdu => /fndu-

neN

Then f is measurable and
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Proor.
We define, for N € N, the function

N
gn = Z fn-
n=0

Then, {g,},cy is an increasing sequence of positive measurable functions and, for all N € N,

we have N
[t =" [ fudi
n=0

The corollary follows by taking the limit NV goes to +oo and by applying Beppo-Levi’s theoreny

LEMMA 4. Fatou’s lemma.
Let {fn},en e a sequence of positive measurable functions. Then

/ lim inf f,dye < lim inf / fndp.

PROOF.
Since liminff, = lim (mf fn) this is the limit of an increasing sequence of functions,
n—+oo k—4o00 \n>k

therefore Beppo-Levi’s theorem gives

/ liminf f,dpy = lim (mf fn>

n——+oo k—+o0 n>k

In addition, if we let p > k, we have H;Efn < fp, s0
/ (;erlgfn) dp < / frdpt,
[ (i) e < [ s

/%@}&ffnd/v‘ < lim mf/fpdu:l?ilrgglof/fndu. 0

k—+oo0 p>

and therefore

Hence, we have

REMARK 30.
Fatou’s lemma is actually a corollary of Beppo-Levi’s monotone convergence theorem.

4.3.2 Integration of Measurable Functions

DEFINITION 69. Lebesgue integral of a measurable function (in R).
Let f be a measurable function with values in R. f is integrable with respect to the
measure f if

/ | fldp < 4o0.
The integral of f is then defined by

/fdu= /f*du—/f‘du,

where f* = max(f,0) and f~ = max(—f,0).
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DEFINITION 70. £! space.

We note £(X, B(X), 1) the space of integrable functions defined on X, where measurable
sets are the borelians of X, and the measure considered is the Lebesgue measure p. In
general, we will omit to mention the Borelian set and even the measure, when we are
unambiguously using the Lebesgue measure. We then note £!(X).

THEOREM 32. Properties of the Lebesgue integral (in R).
The Lebesgue integral of measurable functions is linear, positive, monotonic, and satisfies
the triangle inequality and the absolute value inequality.

EXERCISE 48. Y% Properties of the Lebesgue integral.
Prove that the Lebesgue integral of measurable functions is linear, positive, monotonic, and
satisfies the triangle inequality and the absolute value inequality.

PROPOSITION 22. Domination.
If f is integrable and g is a measurable function such that |g| < |f|, then g is integrable.

PROOF.
This is trivial using the monotonicity of the integral on functions in £t approximating | QJE]

PropPoOSITION 23. Bounded product.
If f is integrable and g is an essentially bounded measurable function (i.e. almost every-
where), then fg is integrable.

PROOF.
Let ¢ € R such that |g| < ¢ almost everywhere. Then, |fg| < ¢|f| almost everywhere, and
the result follows from the domination proposition. 0

PROPOSITION 24. Bounded function.
If f is an essentially bounded measurable function, and if F is a set of finite measure,
then f is integrable over E.

PROOF.
Let f be an essentially bounded measurable function and ¢ = xg. Then g is integrable over
E since E has a finite measure, and the previous proposition on bounded product applies to

fg. N

DEFINITION 71. Lebesgue integral of a measurable function (in C).
Let f be a measurable function with values in C. f is integrable with respect to the
measure f if

/ | fldp < +o0.
The integral of f is then defined by

[ rdu= [ R(r)ap+i [ S(Hap
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REMARK 31.
If the imaginary part of f is zero, we recover the previous definition.

THEOREM 33. Properties of the Lebesgue integral (in C).
Again, the Lebesgue integral of measurable functions is linear, positive, monotonic, and

satisfies the triangle inequality and the absolute value inequality.

EXERCISE 49. % Integrability of f and |f|.
Let f be a measurable function. Show that f € L}(R) < |f| € £L'(R). Then, prove the

absolute value inequality
[ s < [171an

EXERCISE 50. % Domination.
Let f and g be two measurable functions. We assume that g € £'(R) and that |f| < |g|.

Show that f € L}(R).

4.3.3 Negligeable Sets

PROPOSITION 25. Integration on a set of measure 0.
If f is an integrable function defined on X and if £ C X is a set of measure 0, then

/Efd/LZO.

PRrooFr.
We write
[ ddu= [ xefap.

Then, the function z — xg(x)f(x) is zero almost everywhere since p(E) = 0. Yet, we have
seen that if a function is equal to zero almost everywhere, then its integral is equal to zero. =

PROPOSITION 26. Integration on a strictly positive function.
If f is an integrable function defined on X, positive almost everywhere, and if £ C X,

then
/Efdu:0:>u(E):O.

PROOF.

We define the sequence of sets (F,), .y by

Fo={z € E|f(z) >0} and VnEN*,Fn:{xEE‘f(x)Zi}.

E and Fj are measurable, so we can write (Carathéodory)
w(E) = w(ENFy) + p(E\ Fo).

Since f is positive and the integral of f over E is zero, we have u(E \ Fy) = 0. Now, we note

that )
neN,0= [ fduz—pu(ENF) 20,

ENEy
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and that .
Fy = U Fn7
n=1
so we have the following inequalities
+00
0<uWENFR) <Y wENF,)=0.
n=1

Hence, u(E N Fy) = 0 and the result follows.

PROPOSITION 27. Integration measurable sets.
If f is an integrable function defined on X, then if

VECX,/fduzo,
E

with E measurable, then f = 0 almost everywhere.

PROOF.
We define A = {x € X|f(x) > 0}. By hypothesis, since A C X, we have

/Afdpz 0.

By applying the proposition on the integration of a strictly positive function, we deduce that
A is a set of measure 0. We can apply the same reasoning to the function —f and show that

B ={z € X|f(x) < 0} has measure 0. Hence, AU B = {x € X|f(z) # 0} has measure 0. 0

4.3.4 Integral Calculus

THEOREM 34. Chasles.
Let f be an integrable function on A C R, and [a; ] C A. Then, for all ¢ € [a; b], we

have
/:fduz /:fdwr/cbfdu-

PROOF.
Trivial using the additivity property of the Lebesgue measure.

DEFINITION 72. Convergence — divergence.
Let a € R and let f be a measurable function defined on [a; +00[ with values in R. We
say that the integral of f over [a;+o00] is converging if the function

v [ pdu,

has a finite limit in +o00. If not, the integral is says to be diverging.

REMARK 32.
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1. These are also often called proper and improper integrals.

2. This definition is an extension of the definition of the integral; however, it does not change
the definition of integrability. In fact, an integrable function has a finite integral.

3. A diverging integral is not necessarily equal to +o00. It is possible that the limit does not
exist at all.

THEOREM 35. Integrability.
Let f be a measurable function defined on A C R. f is integrable if and only if its integral
on A is converging.

THEOREM 36. Integration by parts.
Let (a,b) € R” and (f, g) € C'(Ja; b]). We assume that the limits of fg in a and b exist
and are finite. If f’g is integrable, then so if ¢’ f and we have

Tr—a

b b
| #9dn = lim f(@)g(x) ~ lim f(2)g(@) - [ fo'dp.

THEOREM 37. Change of variables.
Let f be integrable on |a; b[C R and ¢ :]Ja; B[—]a; b a function in C'(]a; B[), that is
increasingly monotonic and bijective. We have

[ fan=[(fo0)ap.

REMARK 33.
We will see, in the next chapter, how to properly formulate a change of variables.

PROPOSITION 28. Integration of asymptotics: “domination”.
Let (f,g) be two positive measurable functions on [a;b[C R. We assume that f Ob(g).
z—

Then

b b T a3
1. If/ fdu is diverging, then / gdp is diverging and / fdu Ob (/ gdu).
a a a T—r a

b b b b
2. It / gdp is converging, then / fdu is converging and / fdu Ob (/ gdu).
a a a3 T— a8

PROPOSITION 29. Integration of asymptotics: “preponderance”.
Let (f,g) be two positive measurable functions on [a;b[C R. We assume that f o (g).

x—b
Then

b b x T
1. If/ fdu is diverging, then / gdp is diverging and / fdu o, (/ gdu).
a a a T— a

b b b b
2. If / gdy is converging, then / fdu is converging and / gdp °, ( / gdu).
a a a3 T— a3
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ProprosITION 30. Integration of asymptotics: “equivalence”.
Let (f,g) be two positive measurable functions on [a;b[C R. We assume that f ~, 9
z—

Then

b b T T
1. If/ fdu is diverging, then/ gdp is diverging and/ fdu Nb/ gdp.
a a a T—b Ja

b b b b
2. If/ fdu is converging, then/ gdp is converging and/ fdu Nb/ gdp.
a a a3 =0 Jg

4.3.5 Scaling Functions

DEFINITION 73. Reference functions.
A family of functions (¢;),.,; defined on a subset A C R is a family of reference functions
in the neighbourhood of a € A if and only if

V(i,j) € I, i # j,di=0(p;) or ¢;=o0(¢).

ProPOsSITION 31. Canonical reference functions on R.
The following functions are reference functions:

o,B)ER?’

1. In a neighbourhood of 0, (z%),z and (xo‘] ln(a:)\ﬁ)(

2. In a neighbourhood of +o0, (%) g, (:z:a] ln(a:)\ﬂ)( B)eR? and (e**) g

3. In a neighbourhood of a € R, (|z — a|®), cr-

EXERCISE 51. % Reference functions.
Using the definition of o in a neighbourhood from chapter 1, prove the proposition on
canonical reference functions on R.

DEFINITION 74. Expansion on reference functions.

Let f be a function defined in a neighbourhood of @ € A C R, and (¢;),.; a family of ref-
erence functions in the neighbourhood of a. f is said to have an asymptotic development
on (¢;),c; of order p in a if there exists p € N, a p-uplet (iy,...,7,) € I?, and a p-uplet
(¢1y...,cp) € RP and j € I such that

Vk € [L;p], ¢ir,, = 0(03y,)
and I
=2 cidi, =0(8)).
k=1

We also write

p
F=> cidi, +0 ().
=1

REMARK 34.

1. This expansion is unique.
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2. If the first coefficient is non-zero (i.e. ¢; # 0) then c1¢; is the dominant part of f in a.

PROPOSITION 32. Integrability of reference functions.

1. x+ z“ is integrable on [0; 1] for o > —1.

2. x +— x® is integrable on [1; 00| for a < —1.

3. |z — a|* is integrable on [1; +oo] for a > —1.

4. x — e* is integrable on [1; +oo] for a < 0.
REMARK 35.

These asymptotics are useful in both Riemann and Lebesgue integration theory, since they
ensure the same integrability.

EXERCISE 52. % Integrability and domination.

1. Show that z + z®e¢™“xr\g(x) is Lebesgue integrable on R**.
2. What can you say about z — |z — 2]3%¢™"xg\g(z) on R**?

3. What about x — z3e~¥lyg\g(z) on R?

4. Let f be polynomial. Can you comment on the Lebesgue integrability of the function
z— f(z)e "xr\o(z) on R**?

4.4 Convergence Theorems

4.4.1 Dominated Convergence

THEOREM 38. Dominated convergence.
Let (fn),en be a sequence of measurable functions. If

1. the sequence converges pointwise to a function f (i.e. the limit exists),
2. there exists a positive integrable function g such that Vn € N, |f,| < ¢,

then f is integrable and

Jm [ fudp=[fap end  lim [ 1f— fldu=0.

PROOF.

With the pointwise convergence, we know that f is measurable and, since |f| < g, we also
know that f is integrable. Noting that Vn € N, |f — f,,| < 2g, we can apply Fatou’s lemma to
the sequence (29 — |f — ful),en (constituted of positive terms), and

[20dp= [timint(2g — | ~ fudi < timinf [ 29~ |f ~ f,ldu

— timinf ([ 290~ [ 1f = fuldn)
= /2gdu —limsup [ |f — fu|dp.
+

n—-+0oo
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By substracting, we deduce that

limsup [ | — fuldu <0,

n—-+o0o

hence
gg;/v—ﬁ$m=0
Besides, since

[ = [ g < [15 = fulan,

we conclude that

73&/nw=/m»

THEOREM 39. Dominated convergence (almost everywhere).
Let (fn),en be a sequence of measurable functions. If

1. the sequence converges pointwise almost everywhere in X to a function f (i.e. the
limit exists),

2. there exists a positive integrable function g such that Vn € N,|f,| < ¢ almost
everywere in X,

then f is integrable and

lim /fndu:/fdu and lim /]fn—f\du:O.

n—-+o0o n—-+o0o

PROOF.
We introduce

A:{xeX

lim exists
n——+oo fn ’

and

VneN,B, ={z € X||fulz) <g(x)}.
We note that we have u(A°) =0 and ¥n € N, u(BS) = 0. Let E be the set defined by

+o0o
E=AnN <ﬂ Bn>.
n=0

We also have p(E°) = 0 (using set operators and Morgan’s laws).
Now, introducing for all n € N the functions f, = xgfn, [ = xef, and § = xgg, we can
apply the dominated convergence theorem to the functions f,,, f, and §. Since

[Rdu= [ pudn and [ fap= [ fap

the conclusion follows.
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COROLLARY 8. Convergent series.
Let (fn),en be a sequence of integrable functions on X such that

“+o0o
Z/Ifnldu < +00,
n=0

then the series of the (f,),cy converges (absolutely) almost everywhere in X to an inte-
grable function f and we can write

+00
[ rdu = > [ fuds

PROOF.
Let ¢ the function defined on X by

Vo € X, ¢(x) = f fala)]

Using the monotone convergence theorem (countable additivity version), we know that

+oo
/¢du = nZO/ | fuldp < +o00.

Hence, ¢ is integrable and there exists a measurable subset £ C X such that pu(E°¢) = 0 and
Ve € E,¢(x) < +oo. Therefore the series based on the f, converges absolutely and we can
define its limit f by

f- X —- R

S0 fulz) ifr€eE,
v {0 ife ¢ FE.

k

By applying the dominated convergence theorem to the sequence (Z fn> , dominated by
n=0 keN
the characteristic function of the set E, we have

k k +o00

REMARK 36.
These results mean that, under the right assumptions (not too restrictive), the limit and
the integral can be switched, and the sum and the integral as well.

EXERCISE 53. %Y Application of the dominated convergence theorem.
We consider the function f defined on Rt by

T

f:xr—>e_2cosx.

1. Show that f can be written as the limit of a series of functions as follows

_ S
F0) = tim () =t 3 Lot

2. Is f integrable?

3. Using the dominated convergence theorem, show that
VT an
[ F)dut) = e
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4.4.2 Parametrised Integrals

DEFINITION 75. Parametrised integral.

Let X be a measured space and A a metric space (e.g. Nor R). Let f: X x A — C
be an integrable function on X. For all A € A, we define the function F' : A — C, or
parametrised integral, by

VA€ A, F()) = /X (@, Ndu(z).

THEOREM 40. Continuity.
Let F': A — C be a parametrised function defined from f: X x A — C. If

1. VA€ Az — f(x,\) is integrable on X
2. For p-almost everywhere in X, the function A — f(x, \) is continuous on A

3. There exists g : X — R™ integrable such that, for pg-almost everywhere in X and
for all A € A, |f(z, \)] < g(2),

then F : A — C in continuous on A.

REMARK 37.

1. For the first condition, we actually do not need the integrability of f but only its mea-
surability, since the third condition implies the integrability.

2. In the second condition, if we require that A — f(z, A) is continuous only on a point A,
then we obtain F' continuous only on .

PRrROOF.

We note that assumption 1 ensures that the function F' is actually well defined.

Let Ao € A and (A,),,cy & sequence in A converging to Ag (using the distance on A). Then,
thanks to assumption 2 we have that, p-almost everywhere in X,

lim f(x,\,) = f(z,Xo).

n—-+o0o

With assumption 3 we also have that, py-almost everywhere in X,
Vn €N, |f(z, \)] < g(=),

therefore applying the dominated convergence theorem we deduce that

lim F(A) = lim /fo e /fx)\o du(z) = F(D).

n—-+4o0o n—-+o00

This result being true for any arbitrary Ao, the theorem is proved.
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THEOREM 41. Derivability.
Let F': A — C be a parametrised function defined from f : X x A — C, with A C R

non-empty. If
1. VA e A,z — f(z, ) is integrable on X
2. For p-almost everywhere in X, the function A — f(x, \) is derivable on A

3. There exists g : X — R™ integrable such that, for pg-almost everywhere in X and
for all A € A, |0\ f(z, )| < g(x),

then F': A — C is derivable on A and

FO) = [ 3 7 0dua)

REMARK 38.

1. Oxf is defined p-almost everywhere in X, and can be set to zero where it is not defined.

2. Even if we only want to prove a pointwise derivability, we still need to assume that
condition 3 is fulfilled (i.e. |0y f| bounded on a larger scale).

PrROOF.
Let Ay € A and ()\n)neN a sequence in A converging to \g with Vn € N, \,, # A\g. We define
for all x € X and for all n € N the sequence of functions

[, M) = S, M)
An — Ao '

hn(z) =

Thanks to assumption 2 we know that there exists a set A C X such that p(A¢) = 0 and
A — f(x,\) is derivable for all x € A. Hence, we have

. 0
Vo € A, ngrfoo ho(x) = — f(x, \o).
We define the function h by

h: X — C
0

e L@ ifwea,
0 if v ¢ A.

Using assumption 3, there exists a measurable set B C A with p(B¢) = 0 and

Vn € N,Vz € B, |h,(z)| < sup
AEA

(@) < ).

Thus, using the dominated convergence theorem, we deduce that

lim M: lim /th(x)du(x):/Xh(m)d,u(x).

n——+00 A — Ao n——+00

Since the sequence (\,), oy is arbitrary, we finally have F' derivable on A\ and
PO = [ 2 ()
A
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]

REMARK 39.
These theorems are similar to the parametrised integral theorems with the Riemann integral:
do we really have something more? The answer is yes, mostly for two reasons.

1. These theorems apply to functions that do not behave nicely with the Riemann integral
(see example of the function defined on [0; 1]\ Q).

2. These theorems only require a validity p-almost everywhere on X, meaning that isolated
discontinuities, for example, do not matter.

EXERCISE 54. %% Parametrised cosine integral.
Show that

2 2
/ e cos(xt)dp(z) = £e_t /4,
R+ T

4.4.3 FEuler Function

DEFINITION 76. Euler function.
For o € R™ we define the Euler function, noted I', as the parametrised integral

+oo
[Na) = / o e ?dx.
0

ProprosiTION 33. Continuity.
For all « € R*™*, T" is defined, has values in R**, and is continuous.

PRroOF.
First of all, we note that for all & € R™, the function f : x — 2% 'e~® is continuous on
R**, thus measurable, and has positive values. We can define the integral

+oo
INa) = / e dx,
0

in the Lebesgue sense, which belongs to R+; but the question is to know if this integral is finite
or not for all values of a € R™ i.e. if it is integrable or not.

We cut the integral in two parts, and will consider the integration on [1; +oo[ and on ]0; 1]
to conclude. We fix an arbitrary o € R™ to proceed.

Part 1: For all N € N we define fy : © — 2* 'e “xp,n)(x). The sequence (fy)yey 18
an increasing sequence of positive measurable functions converging pointwise to f, so using
Beppo-Levi’s monotone convergence theorem we have

O a1 T a1 N a1
/ e dr = lim e xp; v (r)de = lim e d.
1 N—+oo J1 ’ N—+oco J1

We now write
N 1 N 1 2 2
/ 47 e Pdx :/ x e #2022y,
1 1

Since g : x — 2% 'e~*/? is a continuous function on [1;+oo[ that has for limit 0 in +oo, g
is bounded and there exists a (positive) constant ¢, such that Vz € [1;+o00[,g(x) < ¢, (this
constant depends, a priori, on «). Thus

N N
/ e %dr < / coe 2dx = QCQ(6_1/2 — e_N/z) < 2¢, < Ho00.
1 1
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Therefore, taking the limit in N, we have

+oo
Va € ]R**,/ e dr < +oo.
1

Part 2: The same reasoning gives us

1 1
/ e dr = lim | 2% 'e *dz.
0 e—0 Je

Yet, we have

1 1 1
/ e e < / e = —(1—-¢%) < = < +o0.
a

1
€ € (6]

Then, taking the limit in €, we have

1
Va € R+*,/ e dr < +o0.
0

Finally, using the linearity of the integral, we conclude that

+oo
Va € R+*,/O e dr < +oo.

Note that, since f : z — 2% e~ is positive, having I'(«) < +o0 for all @ € R™ means that
f is integrable. This integrability, however, cannot be proved using a domination of f over R™
at once! To show the continuity of I', we thus need to use the two dominations we just found.

Let 8 and v such that 0 < 8 < v < 400, and A = [8; 7]. For all a € A, z +— z* le % is
integrable on R™ and for all z € R™, o — 2% e is continuous. Moreover, if we define h as

/2 > 1
' ce if x> 1,
h‘xﬁ{xﬁl if 2 <1,

then
Va € AVz € R™ 0 < 2* e ™ < h(z),

and h is integrable on R**.
The theorem on continuity of parametrised integrals gives the continuity of I' on A = [3; ]
and, since  and ~y are arbitrary, we obtain the continuity of I" on R**. u

PROPOSITION 34. Derivatives.
I' € C* (]0; +00]) and

+x (k) _ +eo k, .o-1_—x
Va € R™ Vk € N, T (a) (In(z))"z* e *dx.
0

EXERCISE 55. %% % Derivatives of I'.
Prove that I" € C* (]0; 4+o00[) and

+x (k) _ +oo k, .o—1_—x
Va € R™ Vk € N, T (a) (In(z))"z* e *du.
0

COROLLARY 9. Convexity.
The I' function is strictly convex.
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PRrROOF.
We have

+o00
Va € R T"(a) = / (In(z))*x* e *dz > 0.
0

PRrorosITION 35. Iterations.

Va e R™* T'(a+1) = al(a).

EXERCISE 56. %% Iterations of I'.
Prove that Vo € R™* T'(a + 1) = ol'(«).

COROLLARY 10. Iterations on integers.

VneN,I'(n+1) =n!

PROOF.
Can be shown by induction, since it is a consequence of the iteration proposion on R**. 0

EXERCISE 57. %% Values of I" on half-integers.
Show that I'(1/2) = /7. What is the value of I'(3/2)? And of I'(n/2) for n € N*?

PRrROPOSITION 36. Asymptotic behaviours.

1. When « goes to zero, we have
MNa) ~—.

«

2. When « goes to 400, we have

P(a+1) = Vae “a”f(a),

fla) = /_J:; <1 + %)aem\/&dx,

where

and

lim f(a) = v2m.

a——400

Hence, we have

Fa+1) ~ V2raa®e ™.

COROLLARY 11. Stirling.
We have an symptotic approximation for large values of n € N as

n! ~2mnn"e ",

EXERCISE 58. Y% Beta function.
For (a,b) € (R**)?, we define the Beta function by

1
B(a,b) = / 271 — 2)""da.
0
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1. Show that V(a,b) € (R*)?, B(a,b) = B(b,a).

2. Show that, for (a,b) € (R™)? we can write
o T2 9a1 2b—1
B(a,b) = 2/ (sin0) (cos @)™ 6do.
0
3. Show that B(1/2,1/2) = 7 and that B(a,1) = 1/a.

4. Prove that, for (a,b) € (R™)2, we have

[(a)L'(b)

B(a,b) = Tath)

5. Use these results to prove that Va € R™ I'(a + 1) = al'(a).

4.5 Comparison to Riemann Integral

DEFINITION 77. Riemman integration of a staircase function.
Let A C R and (1) kefo;n] @ finite collection of mutually disjoint intervals covering A. Let
f be the staircase function defined on A by

n
frozw Z Ak X1y s
k=0

where for all k£ € [0; n], ax, € R and xy, is the characteristic function of the interval I.
The Riemann integral of f is defined by

/Af(x)dx = En: arpl(Iy),
k=0

with [ the length application.

REMARK 40.

An important difference with the Lebesgue integration of simple functions is that, in order
to define the Riemann integral, we consider mutually disjoint intervals and not simply mutually
disjoint sets.

DEFINITION 78. Riemman integration (sequential).

Let f be a function defined on A C R, with values in R. f is said to be Riemann
integrable if there exists two sequences of staircase functions (f,,), oy and (¢y),,cy, With
Vn € N, ¢, > 0, such that

VneN,|f — fol <¢én  and lim /A¢n(:c)dx —0.

n—-+00

In that case, we define the Riemann integral of f by

/Af(:c)dw: lim /Afn(x)d:c.

n—-+o0o
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EXERCISE 59. % Riemman integration (sequential).
We consider the definition on Riemann integration (sequential).

1. Explain why the limit 1_1}111 / fn(z)dz is correctly defined.
n—+oo J A

2. Show that the definition of / f(z)dz does not depend on the choice of the sequences
A

(fr)nen and (éy),,cy (consider two other sequences).

DEFINITION 79. Riemman integration (Darboux’s sums).
Let f be a function defined on A C R, with values in R. f is said to be Riemann integrable
if there exists two sequences of staircase functions (f;"), oy and (f,,),cy such that

Vn S N, f;_ 2 7—;_1 and f_ S fn_—i—b
with
neN fr<f<ff and  lm [ (@)= £ (@)de = 0.

n—-+00

Then, the Riemann integral of f is defined as

/Af(:c)dx: lim /Af:[(x)dx: lim /Afn_(a:)dx,

n—-+o00 n—-+o0o

where the integrals of f and of f, are called Darboux’s sums.

PRrROPOSITION 37. Riemann-Lebesgue equivalence.
Let f be a Riemann integrable function, defined on a mesured space (R, B(R), ). f is
Lebesgue-measurable (for the Borelian tribe), Lebesgue-integrable, and

[1@ae = [ f@)au).

Riemann integral Lebesgue integral

PROOF.

Let f be a Riemann integrable function, defined on R, with values in R. Let (f,), oy and
(n)pens With ¥n € N, ¢,, > 0, be two sequences of staircase functions (defined through a family
of mutually disjoint intervals) such that

nENIf - ful <60 and L [gu(@)de =0,
We assume that (since we can always extract a subsequence)

Vn €N, / bn(x)dz < 277

The definition of a staircase function proposed here agrees with the definition of simple
functions, meaning that Vn € N, ¢, € €1 and thus for all n € N, ¢, is Lebesgue integrable and

Vn € N, / bn(x)dz = / b (2)dpa(2).

Since we assumed that, for all n € N, the integral of ¢,, is smaller than 27", we know that
+o0
> [ énla)du(z) < +oo,
n=0
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SO

qun )dxr < 400,

pu-almost everywhere on R. If we define E the subset of R such that this inequality is satisfied,
we have u(E£°) = 0. In particular, we have a convergence p-almost everywhere

Vo € E,nl_lgloo on(z) =0,

which implies
Vr e E, 1_131 fo(z) = f(x).

Hence, f is Lebesgue measurable: let a € R, we have
{z eR|f(x) >a} ={z € E|f(x) >a}U{x € E°|f(x) > a} € B(R),

that is the union of two Lebesgue measurable sets. In addition, let N € N such that fy is
Riemann integrable (such a N exists since the sequential definition of the Riemann integral
ensures the convergence of the integral when n goes to +00) and is, by consequence, Lebesgue

integrable. We can write |f| = [f — fx + fx| < |f — fn]| + | fn] < |én] — | fn], and since |¢n]
and | fy| are both integrable, |f| is Lebesgue integrable.
Applying the dominated convergence theorem, we have

[r@adu@) = tim_ [ fu@)an

n—-+o0o

Then, since for all n € N, f, is a staircase function, its Lebesgue and Riemann integrals are
the same, so

lim /fn(x)d,u = lim /fn

n—-+00 n—-+00

and, by definition of the Riemann integral, we have

nl_lgloo/fn(x)dxz/f(x)dx
Thus, we conclude with

[r@ae = [ r@an).

Riemann integral Lebesgue integral ]

ProproOSITION 38. Riemann-Lebesgue equivalence.
Let f be a function defined on a mesured space (R, B(R), u). f is Riemann-integrable if
and only if

1. f is bounded, and defined on a compact space; and
2. the set E of discontinuity points of f is Lebesgue-negligeable.
EXERCISE 60. %% % Riemann-Lebesgue equivalence.

Prove the previous proposition, i.e. for f a function defined on a mesured space (R, B(R), 1),
f is Riemann-integrable if and only if

1. f is bounded, and defined on a compact space; and

2. the set E of discontinuity points of f is Lebesgue-negligeable.
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REMARK 41.
The Lebesgue integration solves several definition issues we could have with the Riemann
integration, but the generalised integrals are still not integrable. If we consider the Dirichlet

integral
+o gint
[ty
0 t

then the function z — sin(x)/z is continuous on R* and therefore is measurable, but

du(t) = +oo0,

/*"0 | sin(?)]

t

so it is still non-integrable for Lebesgue. Yet, we can directly compute

4.6 Conclusions

Fundamentally, the theory of integration developped by Lebesgue consists in a different point
of view on the integral: we could say, to simplify, that Riemann defines the integral thanks to
a subdivision of the domain of a function and by measuring in its codomain, while Lebesgue
defines the integral thanks to a subdivision of the codomain of a function and by measuring
in its domain. When they are both defined, these integrals are the same; however, the set
of Lebesgue integrable functions is larger than the set of Riemann integrable functions: for
example, the characteristic function of Q, restricted to a compact, has a meaning in the theory
of Lebesgue but not in the theory of Riemann. The elementary operations are formally the
same as well, but we gain in generality with Lebesgue since the notions of measurability and
of almost everywhere save us from dealing with negligeable singularities and generally allows
for weaker assumptions in the theorems.
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CHAPTER b

Integration and Product Spaces

In chapter 3, we have defined the Lebesgue measure (outer and inner measure) on R and on R™.
As discussed in the corresponding section, the Lebesgue measure on R™ corresponds, in some
sense, to the extension of the intuitive notion of volume in R? (and higher dimensions as well).
Here, we will extend the Lebesgue measure theory to product spaces in order to formulate
Lebesgue integration theory on such spaces. Note that, according to the previous definitions,
we already have an intuitive sense of what would be the Lebesgue integral of the characteristic
function of a set: the measure of the set itself. How can we define it rigorously? How can we
integrate functions defined on product spaces?

5.1 Product Spaces and Product Measure

5.1.1 Rectangles

DEFINITION 80. Rectangle.
Let X and Y be two sets, and A C X and B C Y. A rectangle R is a subset of X x Y

formed by the Cartesian product of A and B, i.e. R = A x B. A and B are called the
sides of the rectangle.

REMARK 42.

Note that, in the previous definition, we did not specify the nature of the sets A and B
that form the rectangle. The intuitive notion of a rectangle is a bi-dimensional set that can be
defined, in R?, by the product of two intervals, i.e. a cuboid in R?. Here, and throughout this
chapter, a rectangle is a set in any product space (not only R x R) formed by the product of
two sets that are not necessarily intervals, and not necessarily connex either.

THEOREM 42. Empty rectangle.
A rectangle is empty if and only if one of its sides is empty.

PROOF.
Let R = A x B be a rectangle.

First, let assume R # (). Then, we can pick (a,b) € R with, by definition, a € A and b € B,
so A# () and B # ().
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Now, let assume A # () and B # (). Then, we can pick a € A and b € B and we have, by

definition of the Cartesian product, (a,b) € A x B, so R # . -

THEOREM 43. Sub-rectangles.
If Ry = Ay x By and Ry = Ay X By are non-empty rectangles, then Ry C Ry if and only
if Ay C Ay and B; C Bs.

PROOF.

With the notations of the theorem, if A; C Ay and By C By then Ry C Ry is obvious: any
(a,b) € Ay x By is also in Ay X By.

Now, we assume that Ry C Rs. Let (a,b) € A; x By, and we suppose that there exists
¢ € A; such that ¢ ¢ As. Then, (c,b) € Ay x By and (¢, b) ¢ As X By. Yet, this is contradictory
since A; X By C Ay X By, and we conclude that A; C A,. The same reasoning yields By C Bﬁ']

THEOREM 44. Equal rectangles.
If Ry = Ay x By and Ry = Ay X By are non-empty rectangles, then Ry = R if and only
if Al = A2 and Bl = BQ.

PRrROOF.

This comes from the previous theorem: R; = R, if and only if Ry C Ry and Ry C R;. On
one side, we have Ry C R, if and only if Ay C Ay and By C By. On the other side, we have
Ry C Ry if and only if Ay C Ay and By C By. The conclusion A; = Ay and B; = B; follows.

THEOREM 45. Disjoint union of rectangles.

Let R=AXx B, Ry = A; X By, and Ry = As X By be non-empty rectangles. Then, a
necessary and sufficient condition that R is the disjoint union of R; and R, is that either
A is the disjoint union of A; and Ay with B = By = By, or B is the disjoint union of B;
and By with A = A, = A,.

PROOF.
Showing that the condition is necessary:
We assume that R is the disjoint union of R; and R, hence we have R; C R and Ry C R.

Using the previous results, we deduce that A; C A and Ay C A so A; U Ay C A (same for
By U By C B). Since we have

RiURy C <A1 UAQ) X (Bl U 32)7

it follows that A C A; U Ay and B C By U B,. Thus, A= A1 UA; and B = B; U Bs.

We can proceed similarly for the intersection, and using that R; and R, are disjoint we find
that

(AlmAg) X (BlmBQ) CleRQZQ
This means that the rectangle (A; N Ay) x (B N By) is empty, so one of its sides (at least) is
empty, either A; N Ay or By N Bs.
We suppose that A;NAs = ) (i.e. they are disjoint). Let assume that there exists b € B\ By.
Then, for any a € A; we have (a,b) € R but (a,b) ¢ Ry (because b ¢ B;) and (a,b) ¢ Ry
(because a ¢ Aj): this is contradictory since R = Ry U Ry, so B\ By = . With the same

86



Samuel Boury Introduction to Math Analysis 11 Spring 2021

reasoning on B\ B, we show that B = By = B,. Similary, we show that if By N By = () we
have A = A1 = AQ.

Showing that the condition is sufficient:

If A is the disjoint union of A; and Ay, and B = B; = B, then: A1 C A, Ay C A, B; C B,
and By C B, so Ry U Ry C R. Moreover, if (a,b) € R, then either (a,b) € Ry or (a,b) € Ry,
since either a € A; or a € Ay. Therefore, E is the disjoint union of R; and Rs.

]

THEOREM 46. Ring of rectangles.
If S and T are rings of subsets of X and Y, respectively, then the set R of all finite,
disjoint unions of rectangles of the form A x B with A € S and B € T, is a ring of sets.

PROOF.
In order to prove that R is a ring of sets, we have to prove that R is not empty, and that
it is stable by union and by difference.

1. Since § and 7T are ring of sets they are not empty, thus we can find A € S and B € T,
and A x B € R so R #0.

2. Let Ry = Ay x B; and Ry = Ay X By be two elements of R. We note R = R URy. R
is a subset of X X Y so we can write R = A x B with A € X and B € Y, but at this
stage we do not know whether A and B are in § and 7 or not. Then, using the previous
theorems, we know that A; C A and Ay C Aso A;UA,; C A, and similarly B; U By C B.
Then, writing

R1 UR2 C (Al UAQ) X (Bl U B2)7

we deduce that A C A; U Ay and B C By U By. Thus, we have A = A U Ay € § and
B =By UBy €T since § and T are rings (stable by union). Hence, R is an element of
R, and R is stable by union.

3. Let Ry = A; x By and Ry = Ay X By be two elements of R. Then
R1 \ R2 = [(Al N AQ) X (Bl \ Bg)] U [(Al \ Ag) X Bl] .
Yet, S and T are ring of sets so they are stable by intersection and difference, and

AlmAQ € S, Al\AQ € S, and Bl\BQ S T Thus, (AlﬂAQ) X (Bl\BQ) € R and
(A1 \ A2) x By € R, and we just showed that R is stable by union.

We conclude that R is a ring of sets.

DEFINITION 81. Cartesian product of o-rings.

Let X and Y be two sets,and S and 7 be o-rings of sets of X and Y, respectively. Then,
we note S X 7 the o-ring of sets of X x Y, generated by the class of all sets of the form
A x B where Ae Sand BeT.

THEOREM 47. Product of measurable spaces.
If (X,S) and (Y, T) are measurable spaces, then (X x Y, S x T) is a measurable space.
It is the Cartesian product of two measurable spaces.
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PROOF.
If (z,y) € X XY, then we can find two sets A and B such that r € Ae¢ Sandye Be T
Hence, (z,y) e Ax BeSxT. 0

DEFINITION 82. Measurable rectangle.

Let (X,S) and (Y, T) be two measurable spaces, and (X X Y, S x T) their Cartesian
product. Rectangles of S x T are called measurable rectangles. Alternatively, this means
that A x B is a measurable rectangle if A € S and B € T.

5.1.2 Sections

DEFINITION 83. Section of a set.

Let (X,S) and (Y, T) be two measurable spaces, and (X x Y, S x T) their Cartesian
product. Let E be a subset of X x Y and x € X. We call section of E or section of E
determined by xr and write F, the set

E.={yeY|(z,y) € E}.

Similarly, for y € Y, we call section of E or section of E determined by y and write EY
the set

EY={z € X|(x,y) € E}.

REMARK 43.

With the same notations, we note that E, is not a subset of X x Y, but a subset of Y
(and similarly for EY, which is a subset of X). Sometimes, we only need the fact that the
section is determined by a fixed point and is a subset of the other space; if so, we will use the
terminology X -section for a section E, determined by a point of X, and Y -section for a section
EY determined by a point of Y.

DEFINITION 84. Section of an application.

Let (X,S) and (Y, T) be two measurable spaces, and (X x Y, S x T) their Cartesian
product. Let E be a subset of X x Y and f an application defined on E. If x is a point of
X, we call section of f, or section of f determined by x, or X-section of f the application
defined on E, by

fo iy fz,y).

Similarly, if y is a point of Y, we call section of f, or section of f determined by y, or
Y-section of f the application defined on £, by

fYrx— f(z,y).

THEOREM 48. Measurability of the section of a set.
Every section of a measurable set is a measurable set.

PROOF.

We take (X, S) and (Y, T) two measurable spaces. Let M be the set of all subsets of X x Y
with the property that each of their sections is measurable. Let £ = A x B be a measurable
set of X x Y: this is a measurable rectangle, so A and B are measurable.
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We now consider z € X and the section F,. Using the definition of the section of a set, we
can show that either £, = () or E, = B. Hence, E, is measurable. Similarly, we obtain EY
measurable, and finally £ € M.

Then, it is easy to show that M is a o-ring of sets, so S x T C M, and the proof is complete;

THEOREM 49. Measurability of the section of a function.
Every section of a measurable function is a measurable function.

PROOF.
Let f is a measurable function on X x Y C R x R, x € X, and a € R. We consider N =
{y € Y|f.(y) > a}. Since f is measurable, by definition, M = {(z,y) € X x Y|f(x,y) > a}

is measurable. Using the previous theorem, we know that any section of M is also mea-

surable and in particular M, = {y € Y|(z,y) € M} is measurable. Yet, we can re-write

M, ={yeY|f(z,y) >a} = {y€Y|f.(y) >a} = N, so N and therefore f, is measurable.

Similarly, we show that f¥ is measurable. ]
REMARK 44.

This has to be added to the list of stable operations for the class of measurable functions:
again, when a function is measurable, most transformations keep the function measurable.

ExXAMPLE 13. Let x be the characteristic function of a set £ C X x Y. Then y, and Y
are the characteristic functions of £, and EY, respectively. In particular, if £ = A x B is a
rectangle, then V(z,y) € E, x(z,y) = xa(x)x5(y)-

EXERCISE 61. % Section of a simple function.

Using the previous example, show that every section of a simple function is a simple function.

5.1.3 Product Tribes

DEFINITION 85. Product tribe.
Let (X, M) and (Y, ) be two measurable spaces. The product tribe M @ N is the tribe
generated by the rectangles A x B where A € X and B €Y.

REMARK 45.

1. In general, the set of all rectangles A x B where A € X and B € Y is not a tribe, which
is why we need to define the product tribe as generated by them and not as the set of
possible rectangles.

2. The product tribe gives to the product space X x Y the structure of measurable space.

DEFINITION 86. Projections.
Let (X, M) and (Y, N) be two measurable spaces. The projections 7x and 7y are the
two applications defined on X x Y such that

x :(x,y) — and Ty (x,y) — y.

ProPOSITION 39. Product tribe and projections.
Let (X, M) and (Y, N) be two measurable spaces. The product tribe M ® N is the
smallest tribe for which 7y and 7y are measurable.
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PROPOSITION 40. Associativity.
Let 71, 7>, and 73 be three tribes, then

(i) @T:=TL®(T20T:)=Ti T2 ® Ts.

EXERCISE 62. %% Associativity.
Prove the associativity of the product on tribes.

PROPOSITION 41. Let X and Y be two subsets of R, and B(X) and B(Y') their Borelian
tribes. Then B(X) ® B(Y) = B(X xY).

REMARK 46.
If X and Y are only topological spaces with their borelian tribes, then the previous propo-

sition is not true. We would have, in general, B(X) ® B(Y) € B(X xY). If X and Y are
separable metric spaces, then we can conclude B(X) ® B(Y) = B(X x Y). In our case, we are
interested in R (and R™), and these are separable metric spaces.

PROPOSITION 42. Measurability of the section of a function.

Let (X, M, ) and (Y, N, V) be two measurable spaces and f a function defined on X x Y.
If f is measurable for the product tribe M ®N, then for any (x,y) € X x Y, the sections
of f, f. and fY, are measurable.

PROPOSITION 43. Sub-spaces.
Let (X, M, ) and (Y, N, v) be two measurable spaces, and E C X xY. If E € M@N,

then for any (z,y) € X xY, E, € N and EY € M.

REMARK 47.
These are the extension of what we have done for rectangles and to tribes and tribe product.

5.1.4 Product Measure

DEFINITION 87. o-finite space.
Let (X, T, ) be a measured space. We say that it is o-finite if there exists an increasing

sequence of sets (E,), y such that

+o0o
X=UE. and Vn € N, u(E,) < +o0.

n=0

THEOREM 50. Measurability of measured section.
Let (X, M,u) and (Y,N,v) be two o-finite measured spaces, and F be a measurable
subset of X x Y. The functions f and g defined on X and Y, respectively, by

fix—v(E,) and g:y— u(EY),

are non-negative measurable functions such that

/fdu: /gdy.
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THEOREM 51. Product measure.
Let (X, M, u) and (Y, N,v) be two o-finite measured spaces. Then

1. There exists a unique measure A on (X x Y, M ® N') such that

VA e M,VB € N,\(A x B) = u(A)v(B).

2. Foral EEMQN,

DEFINITION 88. Product measure.
With the notations of the previous theorem, A is called the product measure of the mea-
sures 1 and v, and we write A = u ® v.

5.2 Fubini’s Theorems

5.2.1 Double Integral and Iterated Integrals

DEFINITION 89. Double integral.

Let (X, M, ) and (Y, N, v) be two o-finite measured spaces, and f an integrable function
defined on X x Y. We note A = 4 ® v the product measure. The double integral of f
over X X Y is the quantity

[rx= [ rawew),

also written

[ femara,y) = [ f@ydpe )@ y).

DEFINITION 90. Iterated integrals.
Let (X, M, ) and (Y, N, v) be two o-finite measured spaces, and f an integrable function
defined on X x Y. The dterated integrals of f over X x Y are the quantity

[ sawav = [ (f sau)av= [ ([ s antx)) avie),
//fdud,uz / (/fdu) dp = /X (/Y f(:c,y)du(y)) du(z).

REMARK 48.

1. The double integral and the iterated integrals are not the same quantities! As we defined
it, the double integral is an integral over a product space (X x Y'), whereas the iterated
integrals are the integrals over two spaces (X and V).

2. Similarly, the two iterated integrals we defined are not the same in general!

3. The point of the Fubini’s theorems we will prove is to tell that (1) the two iterated
integrals are the same and (2) they correspond to the double integral.
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PROPOSITION 44. Negligeable subset of X x Y.
A necessary and sufficient condition that a measurable subset E of X x Y has its measure

equal to zero is that almost every X-section (or almost every Y-section) has measure zero.
FE will be said negligeable.

PROOF.
Using the definition of the product measure, we can write

NE) = [v(E)du(e) = [ u(E")du(y).

Thus, if A(F) = 0, at least one of these two integrals has to be zero. Since the integrands are
non-negative (measures), this means that either v(E,) = 0 or u(E£Y) = 0. On the other hand,
if either of the integrands is zero we directly have that A(F) = 0. 0

THEOREM 52. Fubini-Tonelli (positive functions).
Let (X, M, pu) and (Y, N,v) be two o-finite measured spaces, and f : X x Y — Rt a
measurable function for the product tribe M ® N. Then

1. The functions Iy and Ix defined on X and Y, respectively, by

Iyiom [ feydly)  and Iy [ fy)du)
are measurable.

2. The following equality is satisfied

[ sawer) = [ ([ fenaw) e = [ ([ ) a) e v

PROOF.
We proceed by steps.

1. Let E€e M®N, and f = xyg. Then, we have

Vee X, Iy z— /Y Fz,y)dv(y) = v(E,),

and
YyeY, Ix :y— /X flz,y)du(z) = u(EY)

and the theorem is true by definition of the product measure: Iy and Ix are measurable,
and the double integral is equal to the two iterated integrals (and is equal to A(E)).

2. Using the linearity of the Lebesgue integral, the theorem is still true for simple functions.

3. Now, let consider f : X x Y — RT a measurable function. There exists an increasing

sequence of simple functions (f,),cy converging to f for all x € X and all y € Y. Using
the monotone convergence theorem, we have

| f@marty) = tim [ )du)

n—-+00o

so Iy and Ix are measurable. Moreover, the equality on double and interated integrals is
true for all of the f,, functions, so thanks to the increasing limit and applying twice the
monotone convergence theorem we prove that the equality is also true for f.
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]

THEOREM 53. Fubini-Lebesgue (integrable functions).

on X x Y, integrable for the product tribe M ® N and product measure p ® v. Then

1. For almost every x € X, the function y — f(x,y) is integrable on Y.
For almost every y € Y, the function x — f(z,y) is integrable on X.

2. Iy :x — / f(z,y)dv(y), defined p-almost everywhere, is integrable on X.
Y

Ix:y— / f(z,y)du(z), defined v-almost everywhere, is integrable on Y.
X

3. The following equality is satisfied

0= [ ([ s ) - ()

Let (X, M, pn) and (Y, N,v) be two o-finite measured spaces, and f a function defined

PROOF.
We consider f: X xY — R, integrable.

1. The X and Y-sections of f are measurable, so for all x € X the function y — f(z,y)

is measurable. Therefore, applying Fubini-Tonelli’s theorem to the function |f|, we find

that

[ ([ 1smiav) dutw) = [ Ifldiee ) < +oc.

Therefore, for almost every x € X, we have

| 1 p)ldv(y) < +oc.

and the function y — f(z,y) is integrable on Y. Similarly, for almost every y € Y, we

have

[ 1@ pldu(a) < +oo,
and the function = — f(x,y) is integrable on X.
2. Now, we write f = f* — f~ and we define the function g on X by
yioes / FHay)avly) = [ F@ydvly) iy f@y)lavy) < +oo.
otherwise,

Then, applying Fubini-Tonelli to f* and f~ yields g measurable and

Jolglan < [ ([ 1fidv) dute) < +oc,

so ¢ is integrable, and the second proposition of the theorem is true.

3. Finally, using Fubini-Tonelli’s theorem, we have

/XX frd(pev) / (/ Tz, y)dv(y )) du(z),
/Xxyf d(p@v) / (/ f (2, y)dv(y )) dpu(z).

and

The difference of these two integrals leads to the equality of the double and iterated

integrals.
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REMARK 49.
Fubini-Lebesgue’s theorem applies if the integrable function has values in R or in C.

COROLLARY 12. Fubini and factorisation.

Let (X, M, pu) and (Y, N, v) be two o-finite measured spaces, and f a function defined
on X x Y that satisfies the assumptions of either Fubini-Tonelli or Fubini-Lebesgue. If f
can be factorised, i.e. if f = hg with h a function defined on X and g a function defined

on Y, then
Joey T @) = (f 00) (f av).

EXERCISE 63. % Cavalieri’s principle (short version).
Let E and F' be measurable subsets of X x Y for the product measure A = u ® v, such that
v(E,) = v(F;) for almost every z € X. Show that A\(E) = \(F).

REMARK 50.

Why do we need two Fubini’s theorems?

Usually, we would like to apply Fubini-Lebesgue’s theorem to a function f, but in order to
do so we need to be sure that the function f is integrable. Fubini-Tonelli’s theorem is the right
tool to prove this condition.

EXAMPLE 14. Direct application of Fubini’s theorems.
We consider the function f : R™ x R™ — R defined by

. e "sin(zy)

Here, we consider R with its Borelian tribe and the Lebesgue measure p; for simplicity, we
will use the notation du(z) = de. We will show that f is integrable and we will compute its
double integral.

1. First, we note that f is continuous on (R**)?, thus measurable. Since f can have positive
and negative values, we will use Fubini-Lebesgue’s theorem, and we have to show that f
is integrable in order to apply it. To prove the integrability, we will use Fubini-Tonelli’s
theorem with |f|, which is a positive measurable function.

2. Showing that f is integrable: to do so, we need to prove that the integral of |f] is finite.
Since |f| is a positive measurable function, we can apply Fubini-Tonelli’s theorem and
directly bound the iterated integral.

We recall that Vo € R, |sin(z)| < min(|z|,1) < |z|.

(a) For z €]0; 1], we have

e Yy e Yy
oV/1+22 = /1 +a2?

|f(2,y)] <

thus

+oo
)|dy < ——
|yl <

(b) For x € [1; +o0[, we have
e_y
[
)l s —y

thus
1

+oo
/0 | f (2, y)|dy < W
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Therefore, we write

/ | f(z,y)|dy < ( )71 toof( )71
x,y)|d gl 4+ X1 +oof (T .
; Y)14y < Xjo;1 o Al T2

Using the reference integrable functions (power laws), we see that this function of z is
integrable. Actually, we have

+oo +o0o 1 +oo ]
0 0 0 1 x

Hence, f is integrable.

3. Computing the double integral: f being integrable, Fubini-Lebesgue’s theorem apply and,
noting A\ = p ® u, we can write

e Ysin(zy)
dA = / ———=d\(z,
/R+*xR+* / R+*xR+* 14/1 + 22 (=:9)
+oo 1 too
= /. i (/0 eV sm(xy)dy) dz.

Now, we can compute the integral on y as

+oo 400 .
/ e Vsin(zy)dy = & (/ e_yewydy)
0 0

1 x
pr— C\l pr— .
J(1—7;95) 1+ 22

Thus

+oo 1 T

d\ = d
/R+*x]R+* / 0 V1 + 221+ 22 v

+o0 1 4
N /0 (1t 2232

— /0+0<> - sh12(t))3/2 ch(t)dt  x — sh(t)

+o00 1 &t
- /0 ch?(t)

= [th(t)]y™
- 1L

ExAMPLE 15. Importance of the integrability condition in Fubini-Lebesgue.
We consider the function f :]0; 1[x]0; 1[— R defined by

22—
fi(zy) — @+ g2
We note that, for a fixed x €]0; 1[, we have

1 1 x2_y2 Y ! 1
y)d :/ LY gy = = .
/o fay)dy 0 @+ [xz%—y?]o 1+ a2

Therefore, if we compute the iterated integrals, we find that

/01 </01 f(x,y)dy) do = /01 1 _:ﬁdx = [arctan(z)], = %,
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and, since f is antisymmetric when permuting x and y,

[ ([ fwar)ay= [~y = [ arctany)ly = -7

1492

The two iterated integrals are different! Here, Fubini-Lebesgue’s theorem does not apply,
because f is not an integrable function. One should always check the integrability of f before
applying Fubini-Lebesgue’s theorem!

5.2.2 Multiple Integrals

DEFINITION 91. Multiple integrals.
Let N € N and (A,),cp, vy @ family of subsets of R, to which we associate the mea-

sures (fin),cpo. vy and the Borelian tribes (B(A,)),cpo, vy We define the measured space
(B, B(E), i) by

(B, B(E), 1) = (r_[O A @ B(4,).® un> |

where we define the (finite) Cartesian product

N
HAn:AOXAQX...XAN,
n=0
the (finite) product tribe
N
Q) B(A,) = B(Ao) ® B(4) @ ... ® B(An),
n=0

and the (finite) product measure

N
QR tin = po @ pi1 ® ... ® -
n=0

REMARK 51.
N

As previously, it is important to note that B(E) # (X) B(A,) in general. It is true, however,
n=0

in the case of subsets of R.

DEFINITION 92. Multiple integrals.

Let N € N and (4,),,¢[o, 5y @ family of subsets of R, to which we associate the measures
(Hn)pepo; vy and the Borelian tribes (B(Ay)),cpo.ny- We consider the measured space
(E,B(FE), 1) as defined previously. Then, if f is an integrable function on E, we define

its multiple integral by
N
dp= [ fd .
[E fdu= | f (ng u)
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DEFINITION 93. Iterated integrals.

defined by

Let N € N and (4,),,¢[o, 5y @ family of subsets of R, to which we associate the measures
(Hn)nepo; vy @and the Borelian tribes (B(4,)),cp, n7- Let o @ [0; N] — [0; N] a bijective
ordering function (i.e. a permutation). Then, the iterated integrals of f are the integrals

//.../fd,ua(o)d,ua(l)...dua(]v) = / ( (/ (/ fdua(0)> d,ug(l)> ) dpto(ny-

THEOREM 54. Fubini’s theorems.
Fubini’s theorems can be extended to such multiple integrals.

5.2.3 Applications
Gauss’s Integral

Let f: R™ x R™ — R* the function defined by

I (@yy) e e,

The function f is measurable (because it is continuous) and positive, so we can apply Fubini-

Tonelli’s theorem. Performing the integration over x yields

/+OO 6—$(1+y2)dl‘ _ 1 :
0 1+ y?

400 +o00 +o00 1 T
—2(1+y%)q )d :/ dy = -.
/0 (/0 ‘ YT 12 T 2

On the other hand, integrating over y first yields

/+oo e_z(H_yg)dy _ e_w /+00 e—zdey
0 0

then

then

Combining these two results, we find that
+0oo
/ e dt = ﬁ,
0 2
and we deduce the value of Gauss’s integral
/ e~ dt = /7.
R
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Open Ball in R”
We work in (R", B(R"), \) and we define
wn = A({z e R [|z]| < 1}).
This quantity w,, corresponds to the volume of an open ball in R", of radius 1. We know that
1. for n =1, we have w; = 2 which is the length of the interval | — 1; 1[;
2. for n = 2, we have wy = 7 which is the area of a unit disc; and
3. for n = 3, we have w3 = 47/3 which is the volume of a unit sphere.

Can we derive a general result?
Let n € N. We consider the product space R” x R and, for z € R", we will write z =
(x1,...,x,). Let f:R" x R — R defined by

fi(z,t) = e Xqjalp<sy-

The function f is measurable for the Borel tribe B(R™) ® B(R) and f is positive, so we can
apply Fubini-Tonelli’s theorem. Performing the integration on ¢, we have

+o0 )
/ f(z,t)dt :/| etdt = e~ llel?,
R

|||

hence
n

/ (/ f(m,t)dt) dr = / e~ @A) qp = 11 (/ e_m?dxi> =2,
R \JR Rr R

i=1

Now, if we first integrate over z, we obtain

/Rn flz, t)dr = e\ ({:1: e R ||z]| < \/E}) = e tw,tV2.

/R (/ f(x,t)da:) dt = /Re’twnt”/gdt =w,I <Z + 1) ;

with I' the Euler function.
With Fubini-Tonelli’s theorem, we know that these two iterated integrals are equal, so we
deduce

Thus

,n.n/2

r(3+1)
We check that we find the expected results for n = 1, 2, and 3; now, if we consider n = 4, we
obtain that the volume of the unit ball in R* is

Wy —

EXERCISE 64. %% Dirichlet integral.

1. Integrating x — sinze™™¥ on ]0; a[x]0; +00[, show that

/a sin:cd T /+°° e~ W d . /*"o ye—@yd
T = — —cosa —sina :
0o T 2 o 1+9? 4 o 1+792 4
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2. Use this result to prove that

3. Now, let ¢ € R. Show that

[— /+°<> sin(cz)d%
0

T
is equal to /2 if ¢ > 0, to 0 if ¢ = 0, and to —7/2 if ¢ < 0.

EXERCISE 65. % Logarithms.
By integrating (z,y) — e~*¥ over an appropriate region, show that, for (a,b) € (R™)?, we

have ) b
400 p—axr __ ,—bx
[ (2.
0 T a

EXERCISE 66. % Changing sign (1/2).
Compute the iterated integrals on [0; 1] of

r—Y
Dz, y) m — =
Can we apply Fubini-Lebesgue’s theorem?
EXERCISE 67. % Changing sign (2/2).
Compute the iterated integrals on [0; 1] of
x7? if y<ax <1,

f:<x7y)'_>{—y_2 ifx<y<1.

Can we apply Fubini-Lebesgue’s theorem?

EXERCISE 68. % Cosine integral.
We define K = {(z,y) € R*|z >0,y > 0,2+ y < 1}. Compute the following integral

//K cos (i - z> d(z,y).

EXERCISE 69. %% Another function of two variables.
We define the function f on R™ x R™ by

1
14+ y)(1+ 22y)

fo(zy)— (
1. If f Lebesgue-integrable?

2. Compute

[ feyasay,

/0+°° In(x) e

x2—1 "

EXERCISE 70. %% Yet another function of two variables.
We define the function f on [0; 1] x R™ by

3. Use this result to compute

fi(z,y) — e Ysin(2zy).
1. Prove that f is Lebesgue-integrable.
2. By integrating f, compute
/;OO 1 sin®(t)e~"dt.
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5.3 Change of variables

5.3.1 Partial Derivatives and Jacobian

DEFINITION 94. Partial derivatives.

Let f : R® — R" a C! function of several variables, and v € R™ We note
f = (fi, for s fn) and u = (uy,us,...u,). The partial derivative of the i*® component
of f with respect to the j* variable, noted

ofi
an ’

is obtained by looking at the derivative of f; with respect to u; when keeping all other
variables constant.

DEFINITION 95. Jacobian.

Let f : R®* — R" a C' function of several variables, and v € R™. We note
f=(f1,f2, - [n) and u = (uq, us, ...u,). We define the matrice of the partial derivatives
of f evaluated in u as

(Df)i(w) = (gz{; (u)>z‘j |

The determinant of this matrice is called Jacobian of f in w and is noted Jy(u).

5.3.2 Diffeomorphism

DEFINITION 96. Diffeomorphism.

Let U and V' be two non-empty sets of R”. The application ¢ : U — V is a diffeomorphism
if

1. ¢ is bijective;
2. ¢is C! on U; and
3. ¢7lisClon V.

EXAMPLE 16.
If U=V =R, then z — x and x — —x are diffeomorphisms.

EXERCISE 71. % Diffeomorphisms.

1. U=V =R,is ¢ : U — V defined by x — 2% a diffeomorphism? Same question if
U=V =R".

2. IfU =|0; +o00[x]0;7/2[and V =]0; +oo[?,is ¢ : U — V defined by (x,y) — (z cos(y), z sin(y))
a diffeomorphism?

EXERCISE 72. % Jacobian of a diffeomorphism.
Let ¢ : U — V be a diffeomorphism and x +— J,(z) the function associated to the Jacobian
matrix of ¢. Then, show that for all z € U, J,1(¢(z)) = (Jy(2)) "
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LEMMA 5. Measure invariant by translation.

We consider the measured space (R", B(R)™, 1), where p is the Lebesgue measure. If
v:BR") — R"™ is a measure and is invariant by translation, finite on bounded sets,
then there exists ¢ € RT such that u = cv.

PROOF.

Let ¢ = v([0; 1[*) > 0. For all k& € N*, the set [0; 1] can be written as a disjoint union
of k" cuboids that are all translated of the cuboid [0; 1/Ek[". Therefore, since v is invariant by
translation, we have

Vk € N*, v([0; 1/k[") = /?Cn
Let P the subset of R™ defined by

P =1]10; ail,
i=1
where Vi € [1; n],a; € RT. If we note E the integer part function, then we have for all k € N*,

ﬁlo E(:){ Cpc H[ W[

=1

Hence, using the previous result and the invariance by translation of v, we obtain that

n B(ka, B(kar) +1
vk e N, e[ (k‘”) <cH a’ s
=1

Taking the limit & — 400, we obtain that

P)=c]Jai=cu(P
i=1

By looking at countable unions and intersections of translated of such cuboids, we find that for
all open (and for all closed) cuboid P, we have that v(P) = cu(P). Since the Borelian tribe of
R"™ is generated by such cuboids, and as the Lebesgue measure is unique, we have v = cpu for
all set of B(R™). -

PROPOSITION 45. Measure: linear diffeomorphism.
Let M € GL,(R) (n x n inversible matrix) and b € R™. Let f : R" — R” the function
defined by x +— Mz + b. Then,

A€ BR") = f(A) € BR") and u(f(A)) = |det(M)|u(A).
REMARK 52.

This proposition actually corresponds to the invariance by translation, rotation, and dilata-
tion of the Lebesgue measure on R".

PROOF.
With the notations of the proposition, we consider the functions f and g defined by

frax— Mzx+b and gy M (y—=b)=f"(y).

If A e B(R"), then f(A) =g '(A) € B(R") since x4-1(4) = Xa © ¢ is measurable.
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Now, we want to compute u(f(A)). The Lebesgue measure being invariant by transla-
tion, we can assume for simplicity that b = 0. If we define the set application v such that
VA € B(R"),v(A) = u(f(A)), then v is a measure (same properties as p), v is invariant by
translation (since f is linear), and v has finite values on bounded sets. Hence, there exists a
positive constant ¢(M) such that v = ¢(M)u. We only have to prove that this constant is the
determinant of M.

There are different cases:

1. If M is orthogonal (i.e. if M~' = 'M), then we note B = {z € R"| ||z]| < 1}. We
have f(B) = {Mz|x € B} = B. Hence, v(B) = u(f(B)) = pu(B) and v = 1y, so
c¢(M)=1=det(M) (M is orthogonal).

2. If M is real, symmetric, and definite, then there exists an orthogonal matrix O and a
(positive) diagonal matrix D = diag(dy, ds, ...d,,) such that we can write

‘OMO = D.
Let P = [0; 1]" and A the set defined by A = OP, then
n(A) = p(OP) = p(P) =1,
and .
V(A) = j(f(A)) = ju(MA) = ((ODP) (H ) — det(M).
In this case, v = ¢(M)p with ¢(M) = det(M).
3. In the general case, we write the polar decomposition of M as M = RS with
S = (‘"MM)'? and R=MS™",

where S is real, symmetric, and positive, and R is orthogonal. Then, for all Borelian set
A we can write

V(A) = p(RSA) = p(SA) = det(S)(A).
and therefore v = ¢(M)p with ¢(M) = det(S) = | det(M)].

EXERCISE 73. % Translation, rotation, and dilatation of a set in R2.

Let A be a Borelian set of R%. Using this proposition, show that

1. If u € R?, then pu(A +u) = u(A).

2. If 6 € [0; 27| and Ay is obtained by rotatation of angle 6 of the set A, then p(Ay) = u(A).
3. If k € R and if kA is the set obtained by dilatation of A, then u(kA) = u(A).

How does this translate in R? And in R"?

PROPOSITION 46. Measure: general diffeomorphism.
Let ¢ : U — V be a diffeomorphism. If A € B(R"), A C U, then ¢(A) € B(R") and

= [ Vel = [ 17s@ldutu)
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5.3.3 Change of Variables

THEOREM 55. Change of variables in R™ (positive measurable functions).
Let U and V be two open sets of R® and ¢ : U — V a C! diffecomorphism. Then
if f:V — [0; 4o0] is positive and measurable, then (f o ¢)|.Jy| : U — [0; +00[ is

measurable, and
[ F@dv = [ fow))lJo(w)ldu.

THEOREM 56. Change of variables in R™ (integrable functions).
Let U and V be two open sets of R® and ¢ : U — V a C! diffeomorphism. Then if
f:V — R is integrable, then (f o ¢)|J,| : U — R is integrable, and

[ F@dv = [ £(60w)1sw)du

PRrooOF.

We will prove the two theorems at once.
Let B C V be a Borelian, and let A =¢~'(B) C U.
If we consider f = xp, then fo¢ = xpo¢ = x¢-1() = Xa, and we obtain

/Bf(v)dv:/de:,u(B

[ £l s(w)ldu = u(6(4)) = u(B),

but also

thanks to the proposition on a diffeomorphism (general case). Hence, by linearity of the integral,
the first theorem is true for positive simple functions and, by taking the limit (see definition of

the Lebesgue integral), for all positive measurable function.

Now, if f is integrable (and real), we can apply this theorem to f™ and f~ and we obtain

that the second theorem is true. We can also prove it if f is integrable and complex, by applying

the results to R(f) and I(f).

]

COROLLARY 13. Change of variables in R.
Let f be integrable on |a; b[C R and ¢ :]Ja; B[—]a; b a function in C'(]a; B[), that is
increasingly monotonic and bijective. We have

[ fan=[(fo0)ap.

EXERCISE 74. % Change of variables in R.
Using the previous theorems, prove the corollary on the change of variables in R

EXAMPLE 17.

On R, let u € R" and ¢ : * — = + u. Then, ¢ is diffeomorphism and |J,| = 1. Then, if
f :R — R is integrable, we have

/R fa)da = / (o +u)dz.

R
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5.3.4 Applications to R? and R?

PROPOSITION 47. Polar coordinates in R2.
Let U = {(r,0)|r e R™ and 0 €] — 7; 7[} and V = R?\ {(z,0)|z € R~}. We consider
¢ : U — V defined by

¢:(r,0) — (rcos,rsinf).

Then ¢ is a C*° diffeomorphism, and

Jy(r,0) = det ( cos —rsinf ) =r>0.

sinff rcos@

If f is a positive measurable function, or an integrable function, defined on R?, we have

/2 f(z,y)dzdy :/ f(rcos@,rsin@)rdrdd.
R U

COROLLARY 14. Invariance by rotation in R?.
Applying the previous theorem to a function f invariant by rotation, i.e. there exists a

function ¢g : R — R such that V(z,y) € R? f(z,y) = g(v/22 + y?), then Fubini yields

+oo
/R2 f(z,y)dzdy :/0 27trg(r)dr.

EXAMPLE 18. Gauss’s integral.
Using Fubini-Tonelli’s theorem, we can write that

1/2

+o00 +o00 +oo 1/2
/ e dr = </ e dx x / e_ygdy> = </ e_(””2+92)dxdy) .
0 0 0 RH+* xR+*

In polar coordinates, we have

w/2 p4oo 400
/ e_(x2+y2)d1:dy = / / e " rdrdf = E/ re " dr = E.
R+* x R+* 0 0 2 Jo 4

We deduce the value of Gauss’s integral
/ e dx = /7.
R

EXERCISE 75. % Integrability and polar coordinates.
Let « € R™ and f : R? — R* defined by

1
f-($;y72)'—>m~

Let B = {(x,y,2) € R®2% +4? + 22 < 1}. Is f integrable on B? Is f integrable on B°? Com-
pute the integral of f on B and B¢ when it is possible to do so.
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COROLLARY 15. Cylindrical coordinates in R?.
Let U = {(r,0,2)|[r e R*™, 0 €] —m; [, and z € R} and V = R3\ {(z,0,0)]zr € R™}.
We consider ¢ : U — V defined by

¢:(r,0,2z)— (rcosf,rsind, z).

Then ¢ is a C* diffeomorphism, and

cosf) —rsinf 0
Jp(r,0,z) =det | sinf rcosf 0 | =r>0.
0 0 1

If f is a positive measurable function, or an integrable function, defined on R?, we have

/3 f(z,y, z)dedydz :/ f(rcos@,rsind, z)rdrdfdz.
R U

PROPOSITION 48. Spherical coordinates in R3.
We consider the two following sets: U = {(r, 0, p)|r € R™, 6 €] — m; 7|, and ¢ €]0; [}
and V =R3\ {(z,0,2)|xr € R~ and z € R}. Let ¢ : U — V defined by

¢ :(r,0,¢) — (rcosfsing, rsinfsin g, rcosp).
Then ¢ is a C* diffeomorphism, and
cosfsinyp rcosfcosp —rsinfsing
Jy(r,0, ) = det | sinfsing rsinfcosyp rcosfsing | =r’sing > 0.
cos —rsin @ 0

If f is a positive measurable function, or an integrable function, defined on R3, we have

/ f(x,y,z)dxdydz:/f(rcos@singp,rsin@singp,rcosgo)rQSingodrdego.
R3 U

COROLLARY 16. Invariance by rotation in R3.
Applying the previous theorem to a function f invariant by rotation, i.e. there exists a

function g : R — R such that V(z,vy, 2) € R3, f(z,v, 2) = g(v/2% + y2 + 22), then Fubini
yields

“+o0o
/3 f(z,y, z)dzdy :/ 4rr2g(r)dr.
R 0

EXAMPLE 19.
Let o € R™* and f : R® — R* defined by

1
x2+y2+22)a/2'

The function f is positive, measurable. Is f integrable on R3?
Let B={(z,y,2) € R3}|2? + y*> + 22 < 1}. We have

1. f integrable on B if and only if a@ < 3; and

2. f integrable on B¢ if and only if o > 3.
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This can be shown by computing the integral of f on B and on B°.

33—«

1
— 2—a —
/Bf(a:,y,z)dxdde—éhr/ e %dr = T ifa>3

AT ifa<3
0

and
+ A7 if o> 3
1

_ * 2-a — a—3
/Bcf(x,y,z)dxdydz—élﬁ/ r dr_{—i—oo fa<3

5.3.5 Generalisation to R"

DEFINITION 97. Euclidean surface measure.
Let n € N*. We define S"! = {z € R"| ||z|| =1}. For all A € S"! we define the
portion y(A) by

YA)={rze eR*zr € Aand 0 <7 < 1}.

Then, we call Euclidean surface measure the Borelian measure defined on S™~! by

VA € B(S"™), 0n(A) = nu(v(4)).

EXAMPLE 20.

We recover the measure of the area of a surface (that has dimension n — 1 in a space
of dimension n). For example, 0;(S) = 2 (i.e. counting the bounds of the unit interval),
02(S1) = 27 (perimeter of the unit circle in a plane), 03(5?) = 47 (area of the unit sphere).

PROPOSITION 49. Polar coordinates in R”.
If f is a positive measurable, or integrable, function defined on R”, then

[ogdu= [ [ rowpt i dur)done).

COROLLARY 17. Invariance by rotation in R"™.
Applying the previous theorem to a function f invariant by rotation, i.e. there exists a
function ¢g : R — R such that Vz € R™, f(x) = g(||z||), then Fubini yields

27Tn/2

rs)

“+o0o
fdu = Ozn/ g(r)yr"'dr with o, =
R™ 0

5.4 Conclusions

In this chapter we focused on integration on product spaces, i.e. integration on spaces defined
through a Cartesian product. In order to do so, we defined the Cartesian product of two
measured spaces, formed by the Cartesian produt of the two spaces, the product tribe (in the
case of subsets of R, the product of the Borelian tribes is the Borelian tribe of the Cartesian
product space), and the product measure (in our case, the product of two Lebesgue measures).
This leads to the definition of iterated integrals and of double integrals. Iterated integrals are
the integrals performed on one space, then on the other one, and so on, whereas double integrals
(or multiple integrals) are integrals performed over the Cartesian product space, at once. In
general, these integrals are not the same. Based on this construction, we have seen three
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important results: Fubini-Tonelli, Fubini-Lebesgue, and the change of variable theorem. These
three theorems are not difficult to use, but one should be very careful with the assumptions. As
for the permutation theorems (limits-integrals, sums-integrals, etc), permuting the integration
signs gives wrong, or contradictory, results when Fubini’s assumptions are not satisfied.
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CHAPTER 6

Integration Calculus Techniques

After having constructed the Lebesgue measure and the Lebesgue integration theory, we will
now spend some time on actually computing integrals of real functions. As such, this chapter
simply consists in an overview of some integration techniques that can be useful to compute
integrals. Of course, these are not exclusive to Lebesgue integration and can also be applied to
Riemann integrals.

6.1 Usual Primitives

DEFINITION 98. Primitives.
Let I = [a; 0] C R and let f : I — R be an integrable function on I. The function
F: I — R, defined by

Vo e I, F(z) = / F()dt,

is called a primitive of f.

THEOREM 57. Existence of primitives.
Let f be a continuous function on an interval I C R. This function has primitives.

REMARK 53.

1. The primitive of a function f on an interval I are defined with respect to one constant.
2. With these notations, F': x / f(t)dt is the unique primitive of f such that F(a) = 0.
a

3. Here, primitives are defined in the Riemann sense; we will come back to it in the chapter
on derivation to look at them in the Lebesgue theory.

6.2 Integration Techniques and Change of Variables

This section provides a list of integration techniques, such as relevant integration by parts and
change of variables, that can be used to quickly compute integrals.

109



Samuel Boury Introduction to Math Analysis 11 Spring 2021

Function Primitive Interval
n+1
", neN r R
n+1
In—i—l
".nel,n<—1 R*t* or R™*
n+1
l,oz+l R+
*aeR\{-1 *
R\
— In |z| R** or R™*
x
In |z| zln|z| — =z R or R™*
e’ e’ R
cos T sin R
sinx —CoST R
chx shx R
shx chx R
tan —1In | cos x| | —7/2+km, /2 + kn[,k € Z
cot x In | sin z| km; (k+ D7,k € Z
tha In |chz| R
1
tan x | —7/24+km; /2 + kn|[,k € Z
cofm
— —cotx km; (k+ Dn[,k € Z
siny’ @
ch®x ]
- R+* R—*
sh’z tha of
1 —iiSITQ 1arct1ar:r R
x
,1 _ - —1 . .
T T ] —o0; —1[or | —1; 1] or ]1; +o0]
arcsin | —1; 1]

In|z + Va2 + h

R if h > 0, ] — co; —v/—h[U]\/ —h; +0o0o] otherwise

Table 6.1: Table of usual primitives.



Samuel Boury Introduction to Math Analysis 11 Spring 2021

6.2.1 Polynomial Functions

METHOD:
Use the linearity of the integral, and perform the integral on each of the x — 2" terms.

6.2.2 Polynomial Functions x Log, Exp, Sine and Cosine

METHOD:

1. If the function can be written x +— P(x)e“” with P a polynomial function, then do an
integration by parts by derivating P. We recover the same problem, but the polynomial
function has now been reduced of 1 degree. If P is initially of degree n, simply do n
integrations by parts. Indeed

/tP(x)e“’xd:E = 1 <P(t)€m - /t Pl(x)ewxdx) :

W

2. If the function can be written z — P(x) cos(wz) or x — P(z) sin(wx) with P a polynomial
function, the do exactly as for x — P(z)e“”.

3. If the function can be written = +— P(x)In(wz), then do one integration by parts by
integrating P to recover a simple polynomial integration.

EXERCISE 76. % Polynomial functions.
Compute the primitives of f : z + (22 — 3z + 2)cosz and g : © — (2% + 222 — 4) Inz.
6.2.3 Frational Functions

METHOD:

1. Use the decomposition in simple elements in C[X], using the singular roots of the frac-
tional function. Then, the problem is reduced to the integration of polynomial functions
and of rational functions of the form z +— 1/(z — a)™.

2. Or, use the decomposition in simple elements in R[X]. Then the problem is reduced to
the integration of polynomial functions, and to functions of the form x — 1/(z — «)™ and
r— (ax +0b)/(2® — Bz + )™

EXERCISE 77. % Fractional functions.

Compute the primitive of f:z — — T
x p—

6.2.4 Fractional Cosine and Sine Functions

METHOD:

1. Use the change of variable u = tan(x/2) to recover a fractional function in u. This works
all the time, but requires some care. We have, in particular

2du 1 —u? 2u

de = —— coOSL = —— and sing = ——.
1+u?’ 1+ u? 1+ u?

2. Or, sometimes, you can use Bioche’s rules and an appropriate change of variable.
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PROPOSITION 50. Bioche’s rules.
Since we want to compute [ f(x)dz, we note w(x) = f(x)dz. Then

1. If w(—x) = w(x), use u = cosz.
2. f w(r —x) =w(x), use u = sinz.

3. fw(r+z) =w(z), use u = tanz.

EXERCISE 78. % Fractional cosine and sine functions.

1 2 +sin?x
Compute the primitives of f : x+— — and g : z — ;
24 cosx CoS T

6.2.5 Fractional Functions in Exp, Hyperbolic Sine and Cosine

METHOD:

1. Use the change of variable u = e” to recover a fractional function in u. This works all the
time, but requires some care. We have, in particular du = udz.

2. Or, sometimes, you can use another version of Bioche’s rules and an appropriate change
of variable.

PROPOSITION 51. Bioche’s rules.
Since we want to compute [ f(z)dz, we note w(z) = f(z)dz in which we replace the

hyperbolic functions ch, sh, and th, by cos, sin, and tan, respectively. Then
1. If w(—z) = w(x), use u = chz.
2. f w(r — x) = w(x), use u = shzx.

3. If w(m + z) = w(x), use u = thz.

EXERCISE 79. % Fractional function in exponential, hyperbolic sine and cosine.

Compute the primitive of f:z — —.
chx

6.2.6 Fractional Function with a Square Root Argument

METHOD:
1. If the argument is Vax? + bz + ¢, then

(a) If @ = 0, it is a fractional function in vbx + ¢, then use the change of variable
u=vbxr+c.

(b) If a # 0, then factorise by ,/|a| and factorise the 2°¢ order polynomial. After that,

use a linear change of variable to obtain vu? + o? (then write u = asht), vVu? — o?
(then write u = acht), or v/—u? + o? (then write u = asint).

/ b / b
2. If the argument is ar then use the change of variable u = ar + .
cr +d cr +d

EXERCISE 80. % Fractional function with a square root argument.
Compute the primitive of [ : 2 — ————.
P P d vait+ax+1
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6.2.7 Multi-variable Sine and Cosine Functions

METHOD:
When the functions are separable, it is often (but not always) possible to use the complex
form of sine and cosine functions in order to do the calculus.

EXAMPLE 21.

e —Y d Cx e -y ixyd Cx 1 x
fy sty = ([T eenay) =9 (7= ) = i

6.3 Conclusion

This chapter provides a table of the usual primitives as well as a few calculus tips that are
useful to compute integrals. When confronted to an integration problem, part of the work is
to prove that integrals are well defined, or that permutation theorems apply, but part of the
work is also often to compute the integrals in order to get a final result. Most of the integrals
on simple functions can be dealt with using these techniques.
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CHAPTER [/

LP and LP Spaces

The previous chapters focused the construction of Lebesgue integration theory, with its measure
and its integral. While discussing this, we always considered the functions independently of
each other when mentioning their properties: measurability, integrability, etc. Our goal, now, is
to look at them at a larger scale: is there a “space” of Lebesgue integrable functions, and what
are its properties? We already had a glance at it, when we defined the £ space of integrable
functions; in this chapter, we will study it more carefully.

7.1 Functional Spaces

7.1.1 LP Space

DEFINITION 99. LP space.
Let p € [1; +o00[. We define

LP(X, M, ) = {f : X — K measurable

/X|f\pdu< —l—oo}.

DEFINITION 100. £P-norm.
Let p € [1;400[. For f € LP(X, M, 1), we define

il = ( [ 11pan)’

EXAMPLE 22.

1. Case p = 1: LY(X, M, u) is the set of Lebesgue integrable functions.

2. Case p = 2: L2(X, M, ) is the set of functions f such that f? is Lebesgue integrable.

EXERCISE 81. % Which space?
Let o € R. We define f, : x — 2% and ¢, : © — e**. In which space(s) £7(]0; 1], B(]0; 1]), u)
are f, and g,7 Same question with £P([1; 4o0[, B([1; +00[), 1) and with £P(R**, (R**), i)
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EXERCISE 82. % p-norm and exponent.
Let p € [1;4+00[ and a € RT™. Show that

LAl = 111G

DEFINITION 101. Essentially bounded.
Let f: X — K. f is said to be essentially bounded if there exists a € RT such that

|f| < a p-almost everywhere. In terms of “measuring a set”, this means

p({z e X[ |f(z)] > a}) = 0.

We note L£2(X, M, i) the set of essentially bounded functions on X.

DEFINITION 102. Essentially bounded.
Let f € £L2°(X, M, ). We note

| flloo = supess|f(x)| = inf {a € RY| |f| <a u— almost everywhere} :
zeX

EXERCISE 83. % Essentially bounded and sup.
Let f and g be two functions such that f = g p-almost everywhere. Prove that ||f||« is the

smallest of all numbers of the form sup {|g(x)|}.
zeX

DEFINITION 103. Conjugated exponents.
Let (p,q) € [1;+00]?. p and q are conjugated exponents if
1

1
S4+Z=1
P q

LEMMA 6. Conjugated exponents.
Let (p,q) €]1; +o0[? be two conjugated exponents, and (a,b) € (RT)2. Then

a? b
a'bg 7+77
p q

and the equality is reached if and only if a? = b7.

Proor.
We first note that, if either @ = 0 or b = 0 (or both), then the lemma is true. Thus, we

assume that (a,b) € (R™)? and we define
x = pln(a) and y = qIn(b),

hence
a = e*/P and b= ev/a,

Since the exponential function is strictly convex, we deduce that

1 1 N
abzexp(x—i—y) <7€z+76y:a7+77

p q) p q p q

and the equality is reached if and only if x =y, i.e. a? = b1.
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]

PROPOSITION 52. Holder inequality.

Let (p, q) € [1;+00]? two conjugated exponents. If f and g are two measurable functions
defined on X, then

Fglle < [1£1lp/lgllq-

PROOF.

Let f and g be two measurable functions. Then, fg is also measurable and the quantities
in the inequality are well defined.

We note that, if p = 1 and ¢ = 400 (and reciprocally), the result is trivial using domination
theorems on the Lebesgue integral. We therefore assume that (p, q) €]1; +oo[%.

We identify two trivial cases: if f = 0 almost everywhere (or if g = 0 almost everywhere),
then fg = 0 almost everywhere and both sides of the inequality are equal to zero, the proposition
is true; if || f||, = +oo (or if ||g||, = +00), then the right-hand side of the inequality is equal
to 400 and the proposition is true.

Now, we assume that (p,q) €]1;+oo[? and that ||f]|, < +o0o and ||g|], < +o00. We define
the following functions

F:x— |£(=)] and G:x— \g(x)|
£, gllq

Then, F € LP(X,M,u), G € LYX, M, ), and we have ||F||, = ||G||, = 1. The lemma on
conjugated exponents gives, for all z € X, the inequality

1 po L )
F(:c)G(x)S;F(:c) —|—qG( )4

By integrating over X, we find
1 1 1 1
| FGap < [P+ —lIGll =~ +— =1,
X p q p q

hence

gl < 1 f1lpllgllq- O

REMARK 54.

1. If (p,q) €]1; +o00[?, then the inequality writes

/X\fgldué (/X|f\pdu)’l’</x yqu(mf.

2. If p=1and ¢ = +o0, then the inequality writes

[ Vsgldn < ([ 1£1di) lgl

EXERCISE 84. %% A variation of Holder inequality.
Let (p,q,r) € [1;+o00[F such that

For f and g two integrable functions, and assuming that the norms are defined, show that
L fglle < {1 f1lpllglle-
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EXERCISE 85. %% A more general Holder inequality.
Let k € Nand (p1,...,pr) € [1;+00[F such that

b1
IR
i—1 Pi
We consider a family of integrable functions fi, ..., fx. Assuming that all the norms are defined,

show that

pi

k k
‘/)(ﬂfidu <IIII%

EXERCISE 86. %% Holder equality.
Taking the Holder inequality with positive functions f > 0 and g > 0, and

/. Fodi =111l llgll

Prove that f? = g9 p-almost everywhere, to within a multiplicative constant.

PropPoOSITION 53. Minkowski inequality.
Let p € [1;+00], and let f and g two measurable functions defined on X. Then

1+ gllp < [1£1lp + llgllp-

PrOOF.

First of all, we note that the result is trivial for p = 1 and p = +oo, since |f +g| < |f|+|g].
Thus, we assume that p €]1; +00[. Since we can replace f and g by |f| and |g|, we also assume
that f and ¢ are positive functions.

The function x + P is convex for x € [0; +00], therefore

b\’ a? W
R (242) <L 2
V(a,b) € ( ),<2+2> _2—1-2,

hence
Y(a,b) € (R*)?, (a+b)" < 2P (a” +17).

Applying this to the functions f and g, we have
Vo € X, (f(z) +g(x))” < 2771 (f*(2) + ¢"(2)),
and f+ g € LP(X, M, u). Now, we introduce the positive function h = f + g. This yields
hP = (f +g)h?~t = fRr~' + gh?~".

Let introduce ¢ the conjugated exponent of p, i.e. ¢ =p/(p — 1). Then, we can write
1
_ : )
||hp 1||q = (/thdlu) = ||h||§/q _ ||h||£ 1 1o,

And, using Holder inequality of h? = fhP~! 4+ gh?~!, we obtain

I < (AR g + ol g = R (LA + gllal])-

If ||h]], = O then f and g are 0 p-almost everywhere, so the Minkowski inequality is true. If
||2]], # 0, then we can divide by ||2[|2~! and we obtain the result.
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EXERCISE 87. %% p-norm and g-norm.
Let (p,q) € [1;+00]? with p < g. We assume that u(X) < +o00. Let f be a function defined
on X, and we assume that f € LP(X,B(X),pu) and f € L9 X, B(X), u). Show that

Q=

11l < (1(X))7 7 | £l

EXERCISE 88. %% p-norm, ¢g-norm, and oo-norm.
Let (p,q) € [1; +o0]? with p < ¢.

1. Prove that £P(X, B(X), ) N L>®(X,B(X), n) C L9X,B(X), u).
2. Let f € LP(X,B(X), 1) NL®(X,B(X), ). Show that

11l < AR 11857

PrRoOPOSITION 54. Vector space LP.
Let p € [1; +00]. The space LP(X, M, u) is a vector space.

PRrooF.

1. It is a sub-space of the vector space C(X).

2. 0 € LP(X, M, 1) (the constant function equal to 07 is integrable).

3. If fe LP(X, M, ) and A € K, then A\f € LP(X, M, p).

4. If f and g are two elements of £P(X, M, u), then using Minkowski we show that |f + g|P

is integrable, so f 4+ g € LP(X, M, p).
]

PROPOSITION 55. Semi-norm f +— || f||,-
Let p € [1;400]. f > ||f]|, is a semi-norm on LP(X, M, u).

PROOF.

1' \V/f€£p<X,M“LL>,||prZO
2. Vf € LP(X, M, 1), YA € K, [[Mf]l, = (AL 1],

3. V(f.9) € (LP(X, M) + gl < NI + gl

4. ||fll, =0« f =0 almost everywhere

This last property prevents f +— || f||, from being a norm: because of the negligeable sets (for
the Lebesgue measure), the function f will only be 0 almost everywhere and not necessarily
everywhere.

[]
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7.1.2 [L” Space

DErFINITION 104. Equality almost everywhere.
Let p € [1;400]. We define the equivalence relation of equality almost everywhere on
LP(X, M, i), noted ¢, by

fogs f=g palmost everywhere.

DEFINITION 105. Class of equality almost everywhere.
Let p € [1;400] and f € LP(X, M, ). The equivalent class of f associated to the
equivalence relation ¢ is noted f° and is defined by

fo={g€ LP(X, M, pu)|lg = f palmost everywhere} .

EXERCISE 89. % Equality almost everywhere.
Justify that the relation ¢ we defined is an equivalence relation, i.e. it is reflexive, symmetric,
and transitive.

DEFINITION 106. L space.
Let p € [1;+00]. We define LP(X, M, ) as the quotient set of LP(X, M, i) by o, i.e.

LP(X, M, ) = {f°|f € L2(X, M, )}

REMARK 55.

Elements of LP(X, M, u) are not functions, but classes of equivalence of a function. In
particular, we cannot evaluate an element of LP(X, M, u) in a given point of X, since two
functions from the same equivalence class can differ on negligeable sets. We will often, however,
identify the equivalence class with its representant.

PROPOSITION 56. Vector space L”.
For all p € [1;+o0], LP(X, M, p) with f — || f]|, is a normed vector space.

PROOF.

1. LP(X, M, ) is a vector space for the same reasons LP(X, M, u) is a vector space (sub-
space, 0, linearity of the integral, and Minkowski inequality).

2. f —||fl||, already has the properties of the semi-norm, but now we have the additional

property || f°||, = 0 < f° = 0 since we are working on equivalent classes. -

THEOREM 58. Dominated convergence in LP(X, M, p).

Let p € [1; 4+o00[ and (f,),,cy @ sequence of functions in LP(X, M, i), converging ji-almost
everywhere to f. We assume that there exists a function g € LP(X, M, u) such that
Vn € N, |f,| < g p-almost everywhere. Then, f € LP(X, M, u) and (f,), o converges to
f with the || - ||, norm

n—-+400o

tim [ 1.~ flPdu=0.
X
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PROOF.

First of all, we deduce from the hypothesis that |f| < ¢ p-almost everywhere. Hence,
feLlP(X, M, pn).

Then, we can apply the “regular” dominated convergence theorem to the sequence defined
by, for n € N, h,, = |f, — f|P. For all n € N, h,, is bounded by the integrable function [2g|?.
Since the family of functions (hy),,.y converges to 0 pu-almost everywhere, its integral converges
to 0, and the proof is complete. 0

THEOREM 59. Riesz-Fisher.
For all p € [1;+o0], LP(X, M, ) with f — ||f]|, is a complete normed vector space (i.e.
LP(X, M, ) is a Banach space).

REMARK 56.
This is a very important theorem in terms of functional spaces, and in the next section we
will see why, by comparing this result to the case of Riemann integrable functions.

PRrRoOOF.

We already know that for all p € [1;+o0], LP(X, M, u) with f — || f]|, is a normed vector
space. Thus, we have to prove that this is a complete space, i.e. that any Cauchy sequence
of LP(X, M, ) converges in that space. In other words, since we are working with classes of
equality, we have to show that if (f,,), oy is a Cauchy sequence of functions in LP(X, M, u),
then choosing representants of this sequence (in L£P(X, M, u)), there exists a function f €
LP(X, M, p) such that ngrfoonn — fll, = 0.

Case p € [1; +o0[:
We consider a Cauchy sequence (f,), oy of functions in LP(X, M, iu). By induction, we can
extract a sub-sequence (fy, ),y such that

Vk € Nv ||fnk+1 - fnka S 2_k'

For all N € N, we then define

N
Vo e X, gN(x) = Z |fnk+1($) - fnk(x)’
k=0

This function gy is in LP(X, M, u) and using Minkowski inequality we have

N N
YN €N, |lgnlly < D [ fans — fulls £ D275 < 2.
k=0

k=0

Hence, the sequence (gy)ycy 1S an increasing sequence of positive integrable functions, such
that

sup [ ghdu < 2P < +o0.
NeNJX

Therefore, using the monotone convergence theorem, we obtain that

sup gy (x) < 400,
NeN

p-almost everywhere on X. Again, we can split X in two spaces £ and X \ F of M, with
u(E) =0 and

Ve € X\ B3 |fun(#) = fuu ()] < +oo.

k=0
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Based on these results, we define the function g as

+

k=0 :
0 ifrekl

g:x—

We note that g € £P(X, M, p1), and that ||g||, < 2.
Now, for all k € N we rewrite f,, as

k—1

Ve € X, fr (@) = foo (@) + > (fn, 0 (@) = fu,(2)),

7=0
and we define the function f as

oo kggloofnk(x) ifre X\E
' 0 if € F '

Since (fn,)zey converges to f p-almost everywhere (by construction) and since we have that
VE € Ny |furl < |fuol +9 € LP(X, M, ), we deduce from the dominated convergence theorem
that f € LP(X, M, n). Moreover, we note that for p-almost every x € X
i [f, () — ()] =0,

and that |f,, — f| < |fao — fl +9 € LP(X, M, u). Hence, this shows using the dominated
convergence theorem that

Jim |, = fllp =0,

and since (fy), oy is @ Cauchy sequence, the limit is unique when it exists, so

lim [|f, = fll, = 0.

n—-+o0o

Thus, every Cauchy sequence of functions in £P(X, M, u) converges p-almost everywhere
to a function in £P(X, M, u). Since we are working with representants of classes of equality,
this means that every Cauchy sequence of functions in LP(X, M, ) converges to a function in
LP(X, M, ). The space LP(X, M, ) is complete.

Case p = +o00:
We consider a Cauchy sequence (f,),cy of functions in L®(X, M, ). For (n,m) € N* we
define

An ={z € X| [fu(@)| > [|fullsc}
Bpm =A{z € X[ [fu(x) = fr(x)] > [|fn = finlloc ],

Ez(UAJU( U &m)
neN (n,m)eN?

Since we are working in L*(X, M, u), we note that Vn € N u(A,) = 0, and V(n,m) €
N2 u(Bpnm) =0, so u(E) = 0. By construction, we also have that

Vee X\ E, lim |fy(2)— fn(@)] < lim ||fn— filleo = 0.
(n,m)—+o00 (

n,m)—-+oo
We define the function f as
lim f,(x) ifxe X\FE
0 ifrek
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Then, f is measurable and for all z € X we have |f(z)| < lirgiananoo, so f e LOX, M, )
and || f||eo < 400. Similarly, we have for all n € N,

Vo€ X\ B, |fu(z) = ()] < lminf [[fy — finl .

SO

L (Fn = fllee < lim Timinf | fo = fnlloo = 0.

We conclude that (f,),cy converges p-almost everywhere to f in £°(X, M, u). The same
conclusion as in the general case applies: every Cauchy sequence of functions in L (X, M, u)

converges to a function in L*(X, M, u). The space L>(X, M, 1) is complete. -

COROLLARY 18. Hilbert space L*(X, M, ).
L*(X, M, u) is a Hilbert space with the scalar product defined by

(flg) = |[_fgn

PROOF.
We already know that L*(X, M, u) is a vector space. We simply have to show that the
application defined by

(f19) = [ faan.
X
is a scalar product, i.e. a bi-linear form, symmetric, definite and positive (if X C R), or a
sesqui-linear form, hermitian, definite, and positive (if X C C). We proceed on C, since the
result on R will naturally follow.
1. The hermitian part is a consequence of the linearity of the integral

2 .
)

V(f.g) € (LA(X. M, 1) (flg) = (ol F)
2. Using the linearity of the Lebesgue integral, we also directly have the sesqui-linearity

V(f.9.h) € (L2 M, )" YA € C, (f + Mhlg) = (flg) + A (hlg)

V(f.9.h) € (LA(X. M, )" YA € C, (flg + Ah) = (flg) + X (f[h)

3. It is clearly positive, since
VF € LK, M) Af15) = [ 1fPdn.

4. Is is also definite, since if we have

(1) = [ 1#Pdu =,

then the function |f|, and by consequent f, is equal to the function z — 0 p-almost
everywhere, and therefore is equal to it in the sense of “class of equality”. Note that this
is true only in the L? space and not in £2.
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Moreover, we easily verify that the scalar product do not depend on the representant of the
class f¢ since two functions of the same class only differ on a p negligeable set, and the integral
over this set is 0. The Riesz-Fiser theorem also gives us that L?(X, M, u) is a complete space,

REMARK 57.
All the other LP spaces, for p # 2, are not Hilbert spaces.

COROLLARY 19. Cauchy-Schwarz-Buniakovski inequality.
If (f,9) € (L*(X, M, p))?, then

ool (f ) (o)

Proor.
This is simply an application of the Holder inequality for p = g = 1/2, with the scalar

product of f and g, (f|g). 0

7.1.3 Riemann Integrable vs. Lebesgue Integrable

DEFINITION 107. Riemann integrable space RP(X).
Let p € [1;+00[. We note RP(X) the space defined by

RP(X) = { f : X — K Riemann integrable

/X |f(2)Pdz < +o0. }

EXAMPLE 23.

1. For p =1, R'(X) is the set of the functions that are Riemann integrable on X.

2. For p =2, R*(X) is the set of the functions f such that f? is Riemann integrable on X.
REMARK 58.

1. In this definition, it really is the Riemann integral, and not the Lebesgue integral.

2. In general, for p € N, the set RP(X) is the set of functions whose p' power is Riemann
integrable. As mentioned, the two common examples are R'(X) and R*(X).

3. These sets are often noted L”(X) in the literature, when discussing the Riemann integra-
tion. Here, to use a different notation than the Lebesgue spaces LP defined previously,
we will note them RP.

PROPOSITION 57. Riemann vector space RP(X).
Let p € [1;+00[. The space RP(X) is a vector space.

PROOF.

1. It is a sub-space of the vector space C(X).

2. 0 € RP(X) (the constant function equal to 07 is Riemann integrable).
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3. If f € RP(X) and A € K, then A\f € RP(X).

4. If f and g are two elements of RP(X), then using Minkowski (the norm p works here too)

we show that | f + ¢|? is Riemann integrable, so f + g € RP(X). -

THEOREM 60. Non-completeness of R'(X).
The space R'(X) is not complete.

PROOF.
We consider R'(I) where I = [0; 1] is an interval, and the usual norm defined by

vf € R(I)|Ifh = [ |f@)da.

If it is complete, a vectorial space is closed. We will therefore show that this is not the
case, by constructing a sequence of functions for which each term belongs to R'(I), but that
converges to f ¢ R'(I).

For all n € N, we introduce f, as

0 if 2 € [0; 1/2]
foramd (r—1/2)x 27 if z € [1/2; 1/2 + 1/27+))
1 if z €]1/241/2m1; 1]

The sequence of functions (fy), oy converges to f defined by

0 if x € [0; 1/2]
frxw—g 1/2 ifrx=1/2
1 if €]l 1]

In fact, we note that we have

e N, [ [f(@) = fu@)lde <

2n+1 :

We now show that (f,),cy is a Cauchy sequence:
Let (p,q) € N? and ng € N such that ¢ > p > ng. Then we have

1 1 1 1
||fp - fq||1 S max (2}7’2q> — ﬁ S %.
Yet,
: 1
noliriloo% =0.
So,

VE > 07377’0 € Nav(paQ) € N27p > q Z No, pr - fq||1 < €.
Hence, (fn), ey is a Cauchy sequence.

We now study its convergence:
Let assume that (f,,),cy converges to g € R'(I). Then we automatically have

n—-+o00
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We can write, using the definition of the functions f,,, that

1/2
vneN, [ lgl@) = fula)ldz <1lg = fulls

then 12
meN, [ gl <[lg = fulla

So, looking at the limit n — 400, we obtain that

1/2
| lgt@)laz =0,

and since g is continuous on [0; 1/2] (because it is a function in R'(I)), then we conclude that
Vo € [0; 1/2], g(z) = 0.

Now, let a > 1/2. There exists ng € N such that Vn € N,n > ng, 1/2 + 1/2"1 < a. Then,
we know that for all n € N such that n > ng, we have Va € [a; 1], f.(z) = 1. Moreover, we
note that

1 1
vn 2 no, [ lg@) = fu(a)lde = [ Jg(e) ~ 1lde < llg ~ Full
Again, looking at the limit n — 400, we obtain that
1
Va > 1/2,/ lg(z) — 1]dz = 0,

so Va > 1/2,Vx > a,g(x) = 1. This means that Vo > 1/2, g(z) = 1.
Finally, we note that

Therefore, g is not continuous at 1/2 and is not in R'(I). This conclude the proof: R'(I) is

not complete.
m

THEOREM 61. Non-completeness of R*(X).
The space R?(X) is not complete.

EXERCISE 90. %% % Non-completeness of R?(X).
Drawing from the proof on the non-completeness of R'(X), show that R?(X) is not complete.

THEOREM 62. Non-completeness of RP(X) spaces.
Let p € [1;4o00[. In general, RP(X) is not complete.

REMARK 59.

This is a crucial difference between the Riemann and the Lebesgue integration. We have
already seen that the set of functions that are Lebesgue integrable is larger than the set of func-
tions that are Riemann integrable: Riemann integrable functions are also Lebesgue integrable,
but there are functions integrable in the Lebesgue theory and not in the Riemann theory. This
theorem is, in a way, a consequence of this difference between the sets of integrable functions.
Sequences of Riemann integrable functions may converge towards a well defined limit that is not
Riemann integable. Sequences of Lebesgue integrable functions, however, have their pointwise
limit (if it exists) still Lebesgue integrable.
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7.2 Inclusions of Functional Spaces

LEMMA 7. Inclusions of functional spaces.
There is no general rule for the inclusion of functional spaces RP, LP, and LP.

REMARK 60.

This is not a “theorem” or a “proposition”, so to speak, but simply something to keep
in mind. We will see, in this section, that the functional spaces are sometimes comparable,
but almost always with underlying assumptions. Inclusions of functional spaces of integrable
functions are false in general...

7.2.1 Riemann Spaces

PROPOSITION 58. Inclusion of RP(X) spaces.
Let I be a bounded interval of R. Let (p,q) € [1; +oo]?. If p < ¢, then we have the
following inclusion

RY(I) C RP(I).

EXAMPLE 24.
For example, if I is an interval of R, then R*(I) C R'(I): for any (continuous) function f
such that f2? is Riemann integrable on I, we also have that f is Riemann integrable on I.

REMARK 61.
One should be very careful with this proposition. In general, we only have an inclusion.
Sometimes, however, we have an equality.

e If I = [0; 1], then C(I) = R'(I) = R*(I) = R*(I). Why? Because on a compact,
a continuous function f is bounded so there exists a constant M € R such that Vz €
I, f(z) < M. Then, a constant function is always Riemann integrable, so f is in all the
Riemann integrable spaces.

o If 7 =]0; 1], then C(I) 2 R'(I) 2 R*(I) 2 R>*(I). Why? For example, if we consider
f iz~ 1/y/x, then f € R'(I) (integrable in 0); but f?: z + 1/x, and f? ¢ R*(I) (not
integrable in 0).

e If the interval is not bounded, we do not have these inclusions. For example, consider the
interval I = [1; +oo[ and f :  +~ 1/x. Then, f?: 2z — 1/2? and f* € R*(I) (integrable
in +00) but f ¢ R'(I) (not integrable in +00).

PROPOSITION 59. Inclusion of RP(X) in LP(, M, p).
Let I be an interval of R. Let p € [1; +00]. We have

RA(T) < LP(1, B(1), ).
PROOF.

This is simply a consequence of the fact that a Riemann integrable function f € RP(I) is

also Lebesgue integrable, and therefore f € LP(I,B(I), ).
[
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7.2.2 Lebesgue Spaces

PROPOSITION 60. Inclusion of £P(X, M, 1) spaces.
Let X be a non-negligeable set of finite measure, u(X) < +o0o. Let (p,q) € [1; +oo)?. If
p < q, then we have the following inclusion

LI(X, M, 1) C LP(X, M, p).

PROOF.
With the notation of the proposition, we assume that f € L£4(X, M, u) we apply Holder

inequality to the functions |f|? and 1, which yields

ot = [ Alfrdn

(/X ’f’pq/pdu>p/q (/ 1du>1_p/q

([ 171an)"" pxyrn

IN

IN

Therefore, we obtain
1 1

1l < [1fllqplz)r e,
and since pu(x) < +o0o we deduce that f € LP(X, M, u), so LY(X, M, u) C LP(X, M, pn). 0O

PROPOSITION 61. Limit of the p-norm.
Let r € [1; +oo[ and f € L7(X, M, ). Then

tim [ f[lp = [[f]loo-

p—r—+00

PROOF.
We first note that if || f||oc = 0 then the result is trivial, since the essential bound of f is

equal to 0. We therefore assume that || f|| > 0.
Let t € R such that 0 <t < || f||s. Thanks to the definition of the co-norm, we know that

the set
A={z e X]||f(z)| = t},

is not negligeable: pu(A) > 0. A is a subset of X so we can write

([ 1ran)’
(t7u(A))
tu( AP,

[1£1lp

v

vV 1V

If 0 < u(A) < oo, then Ein (AP =1, and if u(A) = 400, then EIJP (AP = o0, but
p oo p 0o
both cases lead to the same result

o .
Lim inf || f]l, = t.

The choice of ¢ being arbitrary but such that 0 < ¢ < || f||s, We deduce
Lim inf || f[l, = || f{]o-
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Let p > r (we assumed that f € L7(X, M, p)). Then, we can show that (cf. exercise 88)
11l < ILFIEPIF ISP

The r-norm of f is finite, which implies
lim sup [[f[|, < [[f]lo-
p——+o00

Hence, we have
I;IEJsrgop 11l < [l f]loe < l;r_r}ig)f [f 11,

and therefore

tim [ f{lp = [[f]loo-

p—+0o0 L

PROPOSITION 62. Reverse inclusion of £P(X, M, i) spaces.
Let assume that po(X) > 0, where p is defined by

ho(X) = inf ({u(B)|E € M, u(E) > 0}) .
Let (p,q) € [1; +00]? with p < ¢. Then we have the following inclusion

LP(X, M, p) C LYX, M, p).

REMARK 62.
These propositions show that, if (p, q) € [1; +00]? with p < ¢, depending on the assumptions
on the set X we can either have £7(X, M, pn) C LI(X, M, p) or LI(X, M, pn) C LP(X, M, p)...

PROOF.

With the notations of the proposition, let f € LP(X, M, u) with p < +oo. If there exists a
constant A > 0 and a set £ € M with u(E) > 0 such that |f(z)| > A p-almost everywhere on
E, then

[ fPdn = [ avap = APu(E) = A7po(X),
X E

Therefore, we have

1
1 P
191l (o5
and f € L>®(X, M, p) (essentially bounded) and

1
1l < 171D (m)

Now, let ¢ > p. We have

a—p

Jistau = [ g1 span < A1 AR < 111 (M(lX)> K

Hence

RN
||f||qs||f||p<M(X)> |

from which we deduce the inclusion
LP(X, M, ) C LYX, M, ). O

EXERCISE 91. % z¢ functions.
Let X C R. Based on the previous discussions, in which £P(X, M, u) spaces are the
functions x — x%, with o € R?
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7.2.3 Local Lebesgue Spaces

DEFINITION 108. Local £}, spaces.
Let p € [1;400], and G be an open set of R™. The local LP space on G is the

bounded in the case p = +00. We note this set

foc(G> M, ).

loc

the measurable functions defined p-almost everywhere on GG such that for every compact
K C G, the function (fxx)P is integrable (i.e. fxx has a finite p-norm, or is essentially

set of all

PROPOSITION 63. Inclusion of the local L} . spaces.
Let (p,q) € [1;+oo[?, with p < q. We have

LOO

loc

(G) € Lite(G) C Lie(G) € Lie(G).

loc

7.2.4 Convexity Relations

PROPOSITION 64. Convexity.
Let (p,q,7) € [1;+o0[, with p < r < q. Let f € £LP N L9. Then, f € L" and

S =

1
o

log (|[f]ln) + 2—= log (|| 1l -

11
P q

Q=

log (I £11-)

IN
D=

Q=

PRrooF.

With the notations of the proposition, given p < r < g we have ¢~' < r~! < p~! and there

exists a unique s such that

I s 1-=s3
ropq
with 0 < s < 1. We can compute this number and we find that
1_1 1_1
s=1—1 and 1—s=1—-.
P g P g

We note that )
p p

Y

so rs/p and r(1—s)/p are Holder conjugates. We can therefore use Holder inequality, assuming

that f is positive, and we find

WAl = Il
o=/

S r(l—s 1r
< (I sl F 0 ggras))
s r{L—s 1/T
< (A1)
< (A1

Taking the log of this expression, we obtain the result.
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7.3 Density

DEFINITION 109. Dense space.
Let X be a set, and A C X. A is said to be dense in X if any non-empty open subset of

X contains at least one element of A.

REMARK 63.
This definition is equivalent to other definitions, notably: A dense in X if and only if A = X.

EXAMPLE 25.
Q is dense in R.

PROPOSITION 65. Sequential characterization of the density.
Let X be a set, and A C X. A dense in X if any element x € X can be written as a

limit of a sequence (ay),,cy of elements in A.

EXERCISE 92. % Density of Q in R.
Prove that Q is dense in R.

LEMMA 8. Sequence of simple functions.
Let f be a positive measurable function defined on X. There exists a monotone increasing

sequence of positive simple functions (f,), oy converging pointwise to f. Moreover, if f
is bounded, the convergence is uniform.

PROOF.
Let n € N. We write the interval [0; 2] as the union of 22" sub-intervals of length 27",

defined by
Vk € [0; 22" — 1], I, =]k27"; (k+1)27").

and we define J,, = [2™; +o0[. Then, we introduce the sets
Ak,n - f_l(]k,n> and Bn - f_1<‘]n)

We can now write a sequence of simple functions (f,), oy satisfying the criteria of the lemma,

as
2n

1
VneN, f, = k27"xay,., +2"XB,-
k=1 =

PROPOSITION 66. Density of simple functions.
Let p € [1;4+00]. The set of simple functions that belong to LP(X, M, u) is dense in

LP(X, M, ).

REMARK 64.

Why is this result important? In previous proofs, we already used it without explicitly
formulating it. The density of simple functions in LP means that, with the right convergence
theorems, it may be only necessary to work with simple functions and then extend the results

thanks to their density.
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Proor.

We note that, since a function can be expressed in terms of its positive and negative part,
we can prove this proposition only for positive functions (and then extend it naturally to any
function). We will therefore prove that we can approximate any positive function f by simple
functions.

Case p € [1; +o0[:

Let f € LP(X, M, p). The lemma tells us that there exists an increasing sequence of simple
functions (fy), <y converging pointwise to f. These simple functions belong to LP(X, M, i) by
definition. We have, for all n € N, that

|f = fal? < 1f1P,

so, using the dominated convergence theorem, we have

tim [ 1f = faPdp =0,
X

n—-+o0o

and f is the limit in LP(X, M, u) of a sequence of simple functions.

Case p = +oo:

Let f € L>*(X, M, u), and let choose a representant of f that is bounded everywhere on
X. Then, using the previous lemma, there exists a sequence of simple functions that converges
uniformly to f, and belonging to L>(X, M, u). 0

REMARK 65.

This is not the only result on density with the Lebesgue spaces. For example, under certain
assumptions, the Lipschitzian functions are dense in the Lebesgue spaces. Here, we will see
another important density result.

DEFINITION 110. Continuous functions with compact support.

We note C.(X) the space of continuous functions with a compact support, i.e. the space
of functions f such that there exists a compact K C X such that f =0 on X \ K.

For n € N, we note C?(X) the space of continuous functions with a compact support
whose n'' derivative is continuous.

EXERCISE 93. % Vector space C.(X).
Prove that C.(X) is a vector space. Is it a normed vector space?

PROPOSITION 67. Density of continuous functions with compact support.
Let p € [1;400[. Then for all n € N, C?(X) is dense in LP(X, M, u).

REMARK 66.
There are different ways to prove this theorem. Here, I will follow an approach that uses
only the notions we have covered; but first, we need two lemmas.

LEMMA 9. Regularity of the Lebesgue measure.
Let A be a Borelian of R”™ such that p(A) < +oo. Then, for all € > 0, there exists an

open set U and a compact K such that

KCcAcCU and wU\ K) <e.
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Proor.
This is simply a consequence of theorem 18 on the exterior and interior approximations of
a measurable set, applied in R". B

EXERCISE 94. %% Regularity of the Lebesgue measure.
Prove the previous lemma, using the results from theorem 18.

LEMMA 10. Approximation by a continuous function with compact support.

Let U be an open set of X C R™ and K a compact such that K C U. Then, we can find
a function f € C.(X) such that for all z € K, f(z) =1 and for all z € X \ U, f(x) =0,
with 0 < f < 1.

PROOF.
Since K is compact and U open, we can find a bounded open set W such that

Kcw and WcU.
We can take, for example W = {x € R"|d(z, K) < e} for € > 0 small enough. Then, we have
Ve e R", d(z, K) + d(z,R"\ W) > 0.

This can be justified as follows: K and R™\ W are closed sets, so for x € R, either ¢ K or
x ¢ R™\ W, so at least one of the two distances is non-zero.
Thus, we can define f: X — R by

d(z, R™\ W)

Fo2 = G )+ dla, R\ W)

This function f is continuous, and satisfies that for all x € K, f(x) =1 and for all z € X \ U,
f(x) =0, with 0 < f < 1. Moreover, f is equal to zero if x ¢ W, which is a closed and bounded
set, hence a compact, contained in X. B

PROOF.

We will do the proof of the proposition only for C.(X), but it works similarly for the other
spaces.

We first note that, since the space of simple functions is dense in LP(X, M, ), then we
only need to show that the closure of C.(X) contains all the simple functions in LP(X, M, p).
Moreover, since C.(X) is a vector space, its closure C.(X) is also a vector space. An easy way
to proceed now is to show that C.(X) contains all the characteristic functions of LP(X, M, p),
i.e. all the functions of the form x4 with A C X and p(A) < oo (then, by linearity, we will
have the result).

Let A C X with u(A) < 400, and € > 0. We have to prove that there exists a function
f € Cc(X) such that ||f — xall, <e. We will use the two lemmas we have just discussed.

The first lemma tells us that we can find a compact K and an open set U such that
KCACUand u(U\ K) <e.

The second lemma tells us that there exists a function f € C.(X) such that f =1 on K
and f=0on X\ U, with 0 < f < 1.

By definition of f, we have that xx < f < xy. Moreover, by definition of the sets K and
U, we also know that yx < x4 < xu. Therefore, we have

|f = xal < xv — xx = Xv\k-
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Hence
I =xally = [ 1f = xabdn

/XXZ\KdH
< uwU\K)
<

€,

IN

and since ¢ is arbitrary, this proves the proposition.

EXERCISE 95. %% % Non-density in L*°.
Show that C.(X) is not dense in L*>(X, M, u) (you can show that the constant function
equal to 1 is not in the closure of C.(X) for the co-norm).

7.4 LP Spaces for p <1

DEFINITION 111. LP space.
Let p €]0; +00[. We define

EP(X,M,M):{f:X%Kmeasurable/ |f|pd,u<+oo}.
X

DEFINITION 112. £P-norm.
Let p €]0; +00[. For f € LP(X, M, 1), we define

1 = ( [ 11an)’

REMARK 67.
The definition of the L spaces follows naturally by working on equivalence classes.

ProPOSITION 68. Additive inequality.
Let p €]0; 1[. If f and g are two functions in £P(X, M, ), then f + g € LP(X, M, u)
and

L+ glly < 11715 + lgll}-

PROOF.
Let y € R™. We define the function

h:R™ — R
r = (v+y)P—d.
We have Vo € R™ 1/(z) = p((z + y)P~! — 2P7!) and, since p < 1, > 0 and y > 0, we have
Vo € R™ 1/(z) < 0. Thus, the function h is a decreasing function of z and is bounded by its
limit when x goes to zero, which is y?. Therefore, we have

V(z,y) € (RT)%, (z+y)P < 2P + P
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For all x € X, we can apply this result to f(z) and g(z), so we obtain
Ve e X, [f(x) + g(@)” < |f(@)]" + |g(2)]P.

Note that the absolute value takes care of the signs of f(x) and g(z).
Using the monotonicity of the Lebesgue integral, we can therefore write the inequality

[ +grdp< [ 1pru+ [ lglrap. .
X X X

PROPOSITION 69. p-metric.
Let p €]0; 1[. The £P-norm defines a metric on LP(X, M, p1), i.e. it defines a distance d:

if f and g are two functions in LP(X, M, i), then

d(f,g) = Ilf — gllp-

REMARK 68.
The LP-norm is not a norm on the LP(X, M, u) spaces, since it does not satisfy all the

properties of a norm. It can be used, however, to define a distance (and a metric).

EXERCISE 96. % p-distance.
Prove that d(f,g) = ||f — g|[} defines a distance on LP(X, M, u).

EXERCISE 97. % Triangle inequality.
Prove that the triangle inequality does not hold for ||f]|, if 0 < p < 1.

ProprosiTION 70. Simili-Hoélder inequality.
Let f and g be positive measurable functions defined on X, and p and ¢ such that

Then we have

[z ([ ) (o)’

PROOF.
We first note that the case f = 0 or g = 0 are trivial, as well as the case in which the product

fg is not bounded. We therefore assume that f and g are strictly positive and bounded.
Now, we note that, if

then ¢ is defined by ¢ = p/(p — 1).
We will apply Holder inequality for 1/p and its conjugated exponent, i.e. 1/(1 — p).

We write

/X frdp = /X (fg)Pg "dp

p I-p
( / f gdu) ( / g7 (1p)du> using Holder inequality
X X

(g () ™

Now, taking the power 1/p on each side, we obtain

[ ot ([ pan)* ([ an)"
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]

EXERCISE 98. %% Reverse Minkowski inequality.
Let p €]0; 1[, and f and g be two positive functions in £P(X, M, u). Prove that

17+ gllp = 1[f1lo + llgllp-

EXERCISE 99. %% Limit of the p-norm (v1).
Let f be a positive integrable function with p({f > 0}) < 1. Using Hoélder inequality, show
that

1im 1], = 0.

EXERCISE 100. %% % Limit of the p-norm (v2).
Let pg €]0;400], and f € LP(X, M, ). Prove that

tim |1 1[5 = tim, [ |fPdye = ({x € X|f(x) # 0})

p—0

7.5 Conclusions

We conclude now our study of the functional spaces of integrable functions. We have discussed
the definition of such spaces (Riemann integrable, Lebesgue integrable, and the quotient space)
and we have seen some of their properties. A fundamental theorem here is the Riesz-Fischer
theorem: the LP spaces are complete (which is not the case of the RP spaces). This result
in itself shows the strength of Lebesgue integration theory and the stability of the Lebesgue
integrable functions.

Of course, there are many other results on the Lebesgue spaces. For example, we have
derived several inequalities with the p-norms, which are the most common, but there are many
other inequalities more or less related to these ones. As mentioned, there are also other density
results than the main one on simple functions. Another key result is the duality of the Lebesgue
spaces and the relations between them
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CHAPTER 8

Product of Convolution

Based on the Lebesgue integration theory and on the definition of the Lebesgue spaces LP, we
can define a very interesting operation on functions: the convolution. Formally, it constitutes
a product on functional spaces, with an absorbant (z + 0) and a neutral element. Given its
behaviour, this operation is widely used to solve differential equations. This chapter aims at
introducing the convolution of two functions, as well as some of its basic properties.

8.1 Translations

DEFINITION 113. Translation.
Let f: R" — K, and y € R". We define the translation application 1, as

v e R", (7,f)(x) = f(z —y).

The function 7, f is called the translated of f by y.

ProposIiTION 71. Continuity of translations.
Let y € R™ and p € [1;+oo[. The translation 7, is continuous in LP(R™, B(R"), 1) and, if
f e Lr(R?, B(R"), ), then

?IJLI)% 7y f = fll» = 0.

REMARK 69.

This result is not true in L*°! For example, if we consider the Heaviside function H : R — R
defined by
1 if x>0,

H‘“””H{o if 2 <0,

then for all y # 0 we have ||7,H — H||oc = 1.

PROOF.

Let y € R". We first prove the continuity at 0 of the function y — 7,g for any function
g continuous with compact support. To do so, let g such a function and M = sup |g| (well
defined, since g is continuous with compact support), and R > 0 such that the support of g is
a subset of Fr = {z € R"| ||z|| < R}.
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Then, if y € R" is such that ||y|| < 1, we have 1,9 — g| < 2Mxg,,, € LP(R", B(R"), 11).
The dominated convergence theorem yields

;lgg,/ [7y9 — g"dp = gg&/ 9(z — y) — g(z)["dz = 0.
Hence,
11/13[1)“7'1;9 —gll, = 0.

Now, let f € LP(R", B(R"), ) and € > 0. Since the continuous functions with compact
support are dense in LP, there exists a function g continuous with compact suport such that
l|f—gll, < €/3. The previous demonstration shows that there exists 6 > 0 such that if ||y|| <9,
then ||7,9 — g||, < /3. Therefore,

f =7 flly < Nf = 9llp + g = 79l + llTyg — 7 1l
< 2l = gllp +1lg = 79l
< g
since ||7,9 — 7, f|l, = |lg— f||, by invariance of the Lebesgue measure by translation. We deduce

that, for all yy € R",

zl/ig(l) Tyoty S — Tyo fllp = gl;lg(l) 7S = fllp =0,

so the translation is continuous at all iy, € R™. 0

8.2 Product of Convolution

8.2.1 Definition and Properties

DEFINITION 114. Product of convolution.
Let f and g be two measurable functions defined on R", with values in K. The product
of convolution, noted *, is defined by

(f +9)(@) = [ f(@ = y)g()dy.

PROPOSITION 72. Symmetry of the product of convolution.
Let f and g be two measurable functions defined on R™, with values in K. The product
of convolution of f and ¢ is symmetric, i.e.

(f x9)(@) = (g % )(@).

PROOF.
This is simply a change of variables in the integral. 0

PROPOSITION 73. Associativity of the product of convolution.
Let f, g, and h be three measurable functions defined on R”, with values in K. The
product of convolution of f, g, and h is associative, i.e.

((f*g)xh)(x) = (f*(g*h))(x).
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EXERCISE 101. % Associativity.
Prove that the product of convolution is associative, i.e. that (fxg)*xh = fx (g*h).

EXERCISE 102. % Convolution of characteristic functions.
Let (a,b) € (R*)? with a > b. We define f : 2+ X[_4;q) and g : & — X[_pyj. Show that

2b if |x] <a—b,
frg:x—=< at+b—|z] fa—b<|z|<a+b,
0 if a+b<|z|.

DEFINITION 115. Product of convolution and function of 2 variables.

Let f and g be two measurable functions defined on R”, with values in K. We define the
function h : (z,y) — f(x)g(y). The product of convolution of f and g can be re-written
as

(f x9)@) = [ h( = y,y)dy.

EXERCISE 103. % Convolution of rational functions.
Let a € R™ and f: R — R defined by

Show that 5
™

EXERCISE 104. % Convolutions of complex functions.
Let f and g two functions from R to C defined by

1
frz _ and gz -
T+ T —1
Show that
271
v R =
P ER(f f)r) =~
and
Vz € R, (f xg)(z) =0,
and

Vo € R, (f?* ¢*)(x) =0,

EXERCISE 105. % Convolution of exponentials.
Let (a,b) € (RT)? with a # b. We define f : 2 + e71%%l and ¢ : 2 +— e7**l. Compute the
convolution of f and g.

EXERCISE 106. % Convolution of Gaussian functions.
Let (a,b) € (RT)2. We define f : 2 — e * and g : 2 — e ", Show that, if a+b > 0, then

Ve e R, (f*xg)(z) = - et
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8.2.2 Young’s Theorem

THEOREM 63. Specific case of Young’s theorem.
If fe YR B(R"),u) and g € LY(R™, B(R"), 11), then the product of convolution h of
f and ¢ defined by

h:xw—( /f x —y)g(y)dy,
is well defined for all z € R™ and we have h € El(R”,B(R”),M), with ||kl]1 < || f]l1l]g]]1-

PROOF.

We first assume that f and g are positive functions defined on R™. In that case, the function
h:(x,y) — f(x—y)g(y) is a positive measurable function defined on (R™)?. Therefore, we can
apply Fubini-Tonelli theorem and we obtain

/(/f:c— dy)dx—/(/fx— dx)dy

We can re-write the left-hand side as

([ £ = wawyay) d= [(7 = )z =11f * glly = 1Al

and the right-hand side as

[ ([ fe=wswaz) ay = ([ s@pe) ([ awa) = 171l

Hence, the theorem is true.

In the general case, we shall extend this proof to all integrable functions. The proof on
positive functions shows that |f| * |g| exists p-almost everywhere, so the function y — |f(x —
y)g(y)| is integrable for almost every = € R™. By definition of the Lebesgue integral, this means
that h: (x,y) — f(z —y)g(y) is integrable on (R™)%. Hence, the product of convolution exists
p-almost everywhere and since |f x g| < |f| * |g|, we obtain that

< .
1Al < 111l lgll -

THEOREM 64. General Young’s theorem.
Let (p,q,7) € [1;+00]® such that

1 1 1
—+-=1+-.
P g r

If fer(R",B(R"),u) and g € L19(R™, B(R"), 1), then the product of convolution h of
f and g defined by

h:xe( /fx— y)dy,

is well defined for all x € R™ and we have h € L"(R", B(R"), 1), with ||2||, < [|flpl]9]lq-
Besides

1. If r = 400, h is uniformly continuous; and

2. If r =400, and 1 < p < ¢ < 400, then lim h(zx)=0.

Tr—-+00
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PROOF.

If either f or g is equal to zero p-almost everywhere then the result is trivial. We therefore
assume that it is not the case, and that we can therefore re-normalize f and ¢ such that
l1fll, = llgll; = 1. As in he previous proof, we will show the result for positive functions, and
then the general result will naturally follow.

Assuming f and g positive, we apply Holder inequality and find that

(@) = [ (£ =g W) 77 (@ = 5)g" = ()ay

(/ f”(x—y)gq(y)dy>i </ FOOPID (g — ) (/g (1= (y )dy) ,

where p’ and ¢’ are the Holder conjugates of p and ¢, so that they satisfy

IN

and

Therefore, we deduce that

(Fro)@) < ([ re—newdy) (e -nd)? 6" wd)?

(VAN IN
7 N N
— —

- =

hS] he]

5 5

| |
s =
S <
_

S/ N—

o

Neg
N—— ~~—

=
=
=
=

SO

(f ) @) < [ @ =y)g" W)y,

that we can re-write
(f*g)" < fP=g"

We can now use the previous theorem with the 1-norms and we obtain

J(grde <l « gl
< I Illg?l
< I71ENgll
< 1,

which proves the first part of the theorem. This result can be easily extended to the general
case in which functions are not assumed to be positive.

Now, to prove the second part of the theorem, we assume that r = +oo. In this case, p
and ¢ are Holder conjugates. Since we have shown that translations are continuous, we know
that for all € > 0 there exists § > 0 such that, if |y| < J, then ||1,9 — g||, < €. Therefore, if
|z — 2’| <0, we have

|79 — Tx’qu = |[To-wrg — g||q <e.
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Using Holder inequality, we obtain

[(f % g)(z) — (f * g)(2)]

/ fW)llg(x —y) — g(z" —y)|dy

< /!f(—y)||g(fv+y) —g(@' +y)|dy
< | lpll72g — 7 gllg
< | fllpe-

This inequality ensures that f * ¢ is uniformly continuous. Now, we assume that both p and
q are finite. Since the continuous functions with compact support are dense in the Lebesgue
spaces, we pick two sequences of such functions, (fy),cy and (gn),cy, converging to f in LP
and to g in L7 respectively. We can show (but not here) that for all n € N, f, % g, is also
continuous with compact support. Then, we write that, for all n € N, we have

< Al fallpllgn = gllg + 11fn = Fllpllgllq,

from which we can easily see that

Em [|fn*gn— f* G|l =0.

n—-+o0o

The sequence (fy * gn),cy therefore converges uniformly to f * g. We deduce from this result
that f * g goes to zero as |z| goes to +oc. 0

EXERCISE 107. Y% Special case of Young’s theorem.
In Young’s theorem, if ¢ = 1 and r = p, we have

1 * glly < [1£1lplglh-

Prove this inequality through the use of Minkowski inequality.

8.3 Regularization

DEFINITION 116. e-rescaling.

Let ¢ : R* — R such that /gbdu = 1. Then, for all € > 0, we define the e-rescaling of ¢
as

6:2) = =0 (2).

EXERCISE 108. % From ¢ to ¢..
Show that

V5>0,/¢5d,u: 1.

PROPOSITION 74. Regularization by convolution.
Let ¢ : R® — R. Let p € [1;+o0[ and f € LP(R™, B(R™), 1). We have

lim 1 = 6. — ]|, = 0.
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REMARK 70.
This is called a “regularization by convolution” of the function ¢.

PROOF.
We already know that, for all £ > 0, the convolution f x ¢. € LP(R", B(R™), 1), and that
|| f * ¢cllp <||fllp- In addition, p-almost everywhere on R™, we have

(f0)(@) = fl@) = [ fla= o)y~ f@) [ o)y, since [ o.(y)dy =1

_ /(f(x —y) — f(2))6-(y)dy
1 Y
= (f(z —y) — f(x))9: (€> dy

= [(flw—e2) — f@)o(=)dz

Now, we write

Pro=11w) < ([15Ge —e2) = rPo:) ([o) " = ([ 1@ =22 - pwpoas)’

meaning that
1 %6 = I < [ o()limeat — fllzt=

Since for all ¢ > 0, ||7..f — f[[b converges pointwise to 0 and is dominated by an integrable
function. Using the dominated convergence theorem, the right-hand side goes to 0 when ¢ goes
to 0 and so the convergence of the left-hand side is proven. O

LeEMMA 11. Unit Gaussian integral.
There exists a C* application ¢ : R” — R* such that

[ odn=1,
and ¢(z) = 0 if and only if |z| > 1.

PROOF.
Let ¢ : R™ — R* the application defined by

V:x { (SXP <_W) if ||z|] <1,

otherwise,
then this function is integrable and is C*°. We can now define ¢ as

v(a)
[ vy -

¢:x—

EXERCISE 109. %% Continuity of ¢.
Let ¢ defined as in the lemma. We assume that f is locally integrable, i.e. on all compacts.
Show that g = ¢ x f is C*.

COROLLARY 20. Density of C.°.
The space of C* functions with compact support is dense in LP(R™, B(R™), u) for p €
[1; +o00].
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PROOF.

Let f € £P(R™, B(R"), 1), and 6 > 0. Then, there exists a continuous function with compact
support g such that ||g— f||, < §/2 (density result). Then, let ¢ as in the lemma, and let € > 0
such that ||g — g * ¢c||, < 6/2. Then, h = g % ¢. is C*° with compact support, and

f = hllp < [1f = gllp +[lg = hll, <6,

and since this is true for all § > 0, it proves the corollary.

8.4 A Brief Extension: Distributions

There are different approaches to the notion of distributions. 1 will simply briefly discuss two
of them:

e A “mathematical” one, motivated by the lack of some functions and by the fact that some
functions are not well-defined. An example of that is, actually, the product of convolution:
what could be the neutral element of this product?

e A “physical” one, or “applied maths” one, motivated by modeling issues: for a flow, or a
field, how can we model sharp discontinuities or point sources?

The rigorous way to answer these issues is to define generalised functions, also called distribu-
tions.

REMARK 71.

This section is a mere introduction to the notion of distributions. This is a whole analytical
domain that would require much more than a section within a chapter, so I encourage you to
look at it in other books if you are interested.

8.4.1 Definition

DEFINITION 117. Test space.
The test space, noted D(R™), is the vector space of C* functions defined on R™ and with
values in K, that have a bounded support.

DEFINITION 118. Test function.
A test function is any function ¢ defined on the test space D(R").

DEFINITION 119. Distribution.
A distribution on R™ is any continuous linear functional defined on D(R"). If T is a
distribution and ¢ is a test function, then we note (T, ¢) € K the value of T at .

REMARK 72.
A distribution is therefore an application whose argument is a function (hence a functional)

with values in K. The space of distributions defined on D(R™) forms a vector space which is
the topological dual of D(R").
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8.4.2 Elementary Distributions

DEFINITION 120. Dirac distribution.

We defined the Dirac distribution as the particular distribution § which, to ¢ € D(R™),
associates its value at 0, i.e.

DEFINITION 121. Shifted Dirac distribution.
Let a € R™. We defined the shifted Dirac distribution as the particular distribution &,
which, to ¢ € D(R"), associates its value at a, i.e.

(90, ) = ().

REMARK 73.

This is usually called the Dirac function or the delta function while it is formally a distri-
bution, not a function. One should prefer the name Dirac distribution.

DEFINITION 122. Dirac notation.

Let a € R™. The shifted Dirac distribution is generally identified to a function defined
on R” and is noted é(x — a).

REMARK 74.

There are many justifications to this, but we will not go into details here. An issue with the
distributions is that, in most cases, they are not analytical on R", which prevents from such
a writing. In the case of the Dirac distribution, however, it can be expressed as the limit of a
sequence of Gaussian functions, which justifies a formal writing as proposed in the definition.

DEFINITION 123. Heaviside function.
The Heaviside function H : R — R is defined by

0 if x <0,
H:z—< 1/2 if =0,
1 it x > 0.

DEFINITION 124. Heaviside distribution.

The Heaviside distibution H is the distribution associated to the Heaviside function, i.e.
it is defined by

Vip € DR, (H, ) = [ pla)ds.

8.4.3 Distributions and Convolutions

ProrosITION 75. Convolution and Heaviside distribution.

Let a € R. The Heaviside distribution shifted by a, applied on ¢ € D(R), can be written
as

(H +p)(a) = [ H(z - a)p(x)da.
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REMARK 75.
If a = 0, we recover the expression in the defintion of the non-shifted Heaviside distribution,
i.e.

400
Vo € DR, (H,p) = [ pla)dr.

ProprosiTION 76. Convolution with the Dirac distribution.
Let a € R™. The Dirac distribution shifted by a, applied on ¢ € D(R), can be written as
a convolution

6+ ¢)(e) = [ 8@ - a)p(e)dz = (o).

EXERCISE 110. % “Product” of convolution.
Prove that the product of convolution formally defines a product on the test space D(R"),
with an absorbant element x — 0 and a neutral element = — §(x), i.e.

Vo € D(R"),Vz € R", (0% ¢)(x) =0,

and

Vo € D(R"),Vx € R", (§ x ¢)(x) = p(x).

8.5 Conclusions

In this chapter, we discussed a particular operation on integrable functions: the product of
convolution. We have seen that, through Lebesgue theory and using the notion of distribu-
tions, we can formally define it as an associative and commutative product on the Lebesgue
functional space. There are various reasons why the product of convolution is such an inter-
esting mathematical tool. As mentioned here, it can be used to regularize functions, and to
bound integrals using the p-norm (Young’s theorems). Yet, one powerful use of the product
of convolution really is in the notion of distributions: most of the basic operations one can
think about on functions —such as translation, dilatation, picking a value at a given location,
taking into account only half of a domain, etc— can be expressed in terms of distributions,
and of a product of convolution. This has many implications while solving ordinary or partial
differential equations, notably using Green functions.
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CHAPTER 9

Differentiation and Primitives

We already know that the Riemann integral allows to define primitives F' of a function f.
Moreover, assuming f continuous on an interval [a; b], the primitive F' defined by

F:la;b] — R
v [y,

is differentiable on [a; b], and its derivative is, for all z € [a; b], F'(z) = f(x). This result,
although powerful, is the best one can get with Riemann integration theory. It relies on the
assumption that the function is continuous, and one can easily see why issues arise if f is not
continuous: the equality between F’ and f, assuming that F” is well defined, is not necessarily
true at the points of discontinuities. With the Lebesgue integration theory, through classes of
equivalence and the notion of p-almost everywhere, we are able to obtain a more general result
than with Riemann, in which the function f only has to be integrable.

9.1 Lebesgue’s Differentiation Theorem

THEOREM 65. Lebesgue’s theorem.
Let f € L .(R", M, uu). Then, p-almost everywhere in R",

. 1 B
ity B 1) ooy @)~ S @ =0,

and, p-almost everywhere in R”,

. 1 e
y%ﬂw@wnémﬂﬂm@—f<»

DEFINITION 125. Lebesgue set of a function.
Let f € LL (R", M, ) and x € R™. Then z is a point in the Lebesgue set of f if there
exists A € R such that

1

8 e ) Joor 109 A0 =0
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DEFINITION 126. Regularly convergent.
A sequence of measurable sets (E,), .y is reqularly convergent, or converges regularly, to
x if there exist a positive constant ¢ and a sequence of positive numbers (), .y such
that

Vn e N, E, C B(z,r,),

with

lim r, =0,
n—-+0o

and
Vn e N, u(B(z,m)) < cu(Ey).

THEOREM 66. Regular convergence.
Let f € Li,.(R", M, ) and « € R"™ in the Lebesgue set of f. Let (E,), .y be a sequence

loc
of sets that converges regularly to z. Then we have

. 1
f@) = Jm s [ f)dy

PROOF.
Let n € N. With the notations of the theorem, for all x in the domain of definition of f we
write

_ ' 1
N(En> En, N

1
iy o f = o [
1

.. (= sty

g o = @)

- 'u(ﬂ»

1
< E e ) F@)ldy
< w(Blx.m) /B(M”) |f(y) — f(z)|dy,

and if we know take the limit n goes to 400 we find that

tm | [ )y~ f(@) =0

n——+oo |Iu (En> E,

9.2 Primitives

DEFINITION 127. Primitive.
Let f € LL.(R, M, i) and a € R. We define F the primitive of f by

F:x+—>/:f(y)dy.

REMARK 76.

Contrary to the definition of the primitive of a function in the Riemann sense, in which the
function has to be continuous, with Lebesgue the function only has to be locally integrable.
Note that we are, again, working on class of equivalences, so the functions may differ on a
negligeable set.
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THEOREM 67. Differentiability.
Let f € LL (R, M, ), and F a primitive of f. Then F is differentiable p-almost every-

loc
where and

F=f

REMARK 77.
More precisely: the class of equivalence of F’ and the class of equivalence of f are the same.

PRrOOF.

Since f € Li (R, M,pu), we have that almost every x € R is in the Lebesgue set of f,
satifying the conclusion of the previous theorem on regular convergence. Hence, we only have
to show that for all « in the Lebesgue set of f, we have F'(z) = f(z).

Let (r,),en be a sequence of positive numbers converging to 0. For all n € N, we define
E, = [z; x 4+ r,]. The sequence (E,), .y is a sequence of sets that converges regularly to z, so
that we have

. 1
ngkuwm/;ﬂwwzfux

or, better said,
. 1 T+Tn
lim = [ fy)dy = f(2).

n—-+oo 1,

This can be rewritten, using the primitive of f, as

F(z+r,) — F(z)

The sequence (7,,),,oy being arbitrary, we conclude that
. F(z+h)—F(z)
1 = :
AT f@)

If we now consider the sequence (E)), .y where Vn € N, B/ = [z — ry; x|, then a similar
reasoning yields

lim F(z+h)— F(x) ~ fa).

h—0— h

Finally, we conclude that

= f(2),

thus p-almost everywhere on R, F'(x) = f(x) (i.e. they have the same class of equivalence).

lim
h—0

F(x+h)— F(x)
h

9.3 Conclusions

This (brief) chapter introduces one last fundamental result of Lebesgue integration theory: the
primitives of a function and their derivability. If we recall Riemann’s result, we have that,
if f is continuous on an interval [a; b], then we can define its primitive F' on [a; b] and F' is
differentiable with

Va € [a; b], F'(z) = f(x).

Now, Lebesgue’s result goes one step further by stating that, if f is integrable on a subset of
R, then we can define its primitive I’ and F' is differentiable. In particular, in the case in which
the set is an interval [a; ], then

p almost everywhere on [a; b], F'(z) = f(z).
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Formally, the functions F” and f are no longer equal (as it was the case in Riemann’s theory),
but their classes of equivalence, in Lebesgue spaces, are equal, i.e. the functions are equal
pu-almost everywhere.
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CHAPTER 10

Fourier Series and Fourier Transform

The Fourier analysis, i.e. Fourier series and transform, constitutes a very powerful tool to
study harmonic signals. Historically, they have been introduced by Joseph Fourier in his 1822
publication Théorie analytique de la chaleur: unable to solve the heat equation he just derived

88%; — DV?T = p(x,1),
he decided to decompose the temperature field 7" over trigonometric functions, whose conver-
gence can be easily proven. Such a decomposition for periodic signals has been later called
Fourier series (discrete) and extended to non-periodic functions as Fourier transform (contin-
uous).

In this chapter, we will present these mathematical tools and some of their properties. For
simplicity, we will only consider the case of functions defined on R, but all results can be readily
extended to R".

10.1 Fourier Series

10.1.1 Periodicity

DEFINITION 128. Periodic function.
Let f be a function defined on R, and T € R. The function f is said to be periodic of
period T, or T-periodic, if

Ve eR, f(z+T) = f(z).

ExaAMPLE 26. For n € N, we can define the T-periodic functions e,, : R — C

2i7mt)

en:t|—>exp( T

REMARK 78.
T is called the period of a function, and is often recasted to be equal to 27 or to 1.
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DEFINITION 129. Periodic domain.

Let T € R and f a T-periodic function. We note T = [0;7] the periodic domain of
definition of f. Moreover, we note Dy the T-periodic functions continuous by steps on
T, and Cy the T-periodic functions continuous on T.

LEMMA 12. Integration on T.
Let T € R and f € Dy. We have

T+a
Va € R,/ F(t)dt

Il
S—
)
~~
=
S~—
(o
~
Il
—
=
~Z
Do
=
N~—
o,
~

EXERCISE 111. % Integration on T.
Prove that, if T'€ R and f € Dy, we have

T+a T T/2
Va € R, / F(t)dt = / F(6)dt = / (t)dt
a 0 -T/2
THEOREM 68. Scalar product on Cr.
Let T" € R. The application
CT X CT — C
1 T
(f.9) = (f.9) =7 | Fgt,

defines a scalar product on Crp.

PRrROOF.
We already proved it when discussing the Hilbert space L2.

10.1.2 Fourier Coefficients and Fourier Sums

THEOREM 69. Orthonormality of the (e,), .y functions.
Let T' € R. The family of T-periodic functions (ey), oy, defined from R to C by

21t
e, t— exp ( ) ,

forms an orthonormal basis of Crp, i.e.

V(n,m) € N? (en, €m) = Opm.

PROOF.
We note that

T . o
v(n,m) € N2= (€n,em) = 11"/0 exp <_W> dt.

Therefore, if n = m we have
1 /T
nym/) = 1dt =1,
(€ny€m) T/o
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and if n # m we have

1 T
T —2in(n —m)T 7 T

(€nsem) =

because of the T-periodicity.

DEFINITION 130. Fourier coefficients.
Let T € R and f € Dy. Let n € Z. We call Fourier coefficient of order n of f the
quantity

en(f) = (en, ) = ; / " et qy,

DEFINITION 131. Fourier sum.
Let T € R and f € Dy. Let n € N. We call Fourier sum of order n the quantity

n

Su(£) = 2 a(fex.

k=—n

REMARK 79.

The Fourier sum will help us define a series but it is relevant to make this distinction: in
some cases, the Fourier sum does not converge when n — +o0.

PRrRoPOSITION 77. Fourier sum.
Let T'e R and f € Dy. Then,

vi € R, Yn € N* (S.(N)(H) = 2 +i[ak<f>cos(T)+bk<f>sm(T)],
with

ke N au() = 7 [ 10 s (T) aand  n(f)=2 [ fo)sm (T) o

PROPOSITION 78. Fourier coefficients (case T' = 27).
Let T'=2m and f € Dy. Then,

1

" or

2 .
VkeZoa(f) = o= [ fEe M,

and

Wk eN,ar(f) = = [ ft)cos(kt)dt  and  be(f) =~ [ f(t)sin (kt)dt.

™ JOo ™ Jo
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PROPOSITION 79. Parity.
Let T € R and f € Dy. Then,

o If Vx € R, f(z) = f(—x), then

VE e N, b (f) =0 and ap(f) = ;/OT/Q f(t) cos (27;kt> dt;

o IfVx € R, f(z) = —f(—x), then

VkeN,an(f)=0  and bAf)zéi[ﬁpf@)ﬁn<%?j>dt

10.1.3 Fourier Series

DEFINITION 132. Fourier series.
Let T € R and f € Dyp. The sequence (Sy(f)),cy of the Fourier sums is called the

Fourier series of f.

THEOREM 70. Convergence and Fourier series.

Let T € R and f € Cp, C! by steps. Then, the sequence of the Fourier sums (Sl en
of f converges uniformly to f in (Cr,|| - ||2). By extension, if it exists, the limit of this
sequence is called the Fourier series of f and we have

+o0o

VieR, f(t)= Y culf)en.

n=—oo

EXAMPLE 27.

1. One of the most simple examples we can give is the case where Vn € N,a, = 0, Vn €
N\ {1},b, = 0, and b; # 0. Then, the function defined by these Fourier coefficients is
simply f: ¢+ by sin(27t/T).

2. A signal with a slow varying enveloppe can be written as f : ¢ — cos(wt) cos(£2t), with w
and () two pulsations. Then, using trigonometry, it is easy to translate it into a sum of
cosines: f :t > [cos((w + Q)t) + cos(w — N)t)]/2, whose Fourier series is straightforward
to write.

3. The square signal, defined on [—m; 7] by

_ 0 ift e[—m 0
fjH{liHEDmL

can be computed easily. First, the function is anti-symmetric so Vn € N*, a,, = 0. Then,

1 1 =
%:f/ ﬂmhz—/lﬁzL
™ J—7 ™ Jo

and similarly

Vn € N*, b, = 1 /7T F(t)sin(nt)dt = 1 /07r sin(nt)dt = 1 — cos(nm) _1- (—1)"'

™ J—m ™ nm ™
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Therefore we write the Fourier series

2
=
=1
=

=
o0
‘w
o
<
s 0
o
0
-1

2
=
[

- 1
9
g
=]
n
—
L 0
~
5
=
-1

EXERCISE 112. % Triangle function.
Compute the Fourier series of the triangle function f, defined on [—7; 7| by

EXERCISE 113. % Square functions.

Compute the Fourier series of the function f, defined on [—m; 7] by f : t — t%
compute the Fourier series of the function g, defined on [0; 27| by g : ¢ — t2.

1 X 1—(=1)m
f:t»—>2+nz::17§n)sin(nt).
T 2\
=
A
g
z
B B
:
=
| | | | | | _1\ | |
-6 -4 -2 0 2 4 6 —6 —4 -2
t
\ 2r
=
[ :: 1,
A
g
z
12 0
;
~
| | | | | | _1\ | |
-6 -4 -2 0 2 4 6 —6 —4 -2
t

Figure 10.1: Square signal f and Fourier sums, converging to f.

f:tt—){

7/2+1t ift € [—m 0
n/2—t ift € [0; 7).
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COROLLARY 21. Parseval equality.
Let T € R and f € Cp, C! by steps. Then, the series

SlealHF and Y fealf),

n>0 n>0

are convergent, and

+o00 5
1fl2="2>_ lea(f)

n=—0oo

DEFINITION 133. Regularised function.
Let f a function defined on R, continuous by steps. The reqularised function associated
to f, noted f, is defined by

Fror g (Jm £+ i 1),

y—azt y—z~

THEOREM 71. Dirichlet theorem.
Let T € R and f € Cr, C! by steps. Then, the sequence of the Fourier sums (S, (f))

of f converges pointwise to f.

neN

10.2 Fourier Transform

10.2.1 Definition

DEFINITION 134. Fourier transform.
Let f be a function defined on R. The Fourier transform of f, noted F[f] or f, is the
function defined on R with values in C, by

Flfl=F ke / F(t)e~2m™qt,

DEFINITION 135. Conjugate Fourier transform.
Let f be a function defined on R. The conjugate Fourier transform of f, noted F[f], is
the function defined on R with values in C, by

FIf] : ks / ()2t

REMARK 80.
Unfortunately, there are different conventions to define the Fourier transform. This one has
the advantage to be symmetric and does not have normalisation prefactor, but you can also

find

FIf] kwm/f e e and  Flf] tH—/f Jeiktdk,

or

Flf] : k— /f(t)e—iktdt and Flf]:t— ;ﬁ/f(k)eiktdh
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THEOREM 72. Fourier transform and integrable functions. A
Let f € LY(R,B(R), ). Then, the Fourier transform of f, k — f(k), is defined for all
k e R.

EXAMPLE 28.
1. The Fourier transform of the Gaussian function
froze e~
is also a Gaussian function: Yk € R, F[f](k) = e ™"

2. Let a € R™. We define the Lorentzian function f by
2a

B i
frx a? + 4An222

The Fourier transform of f writes: Yk € R, F[f](k) = e~

PROPOSITION 80. Fourier transform in L'(R, B(R), u1).
Two integrable functions that are equal p-almost everywhere (i.e. they have the same
class of equivalence in L!'(R, B(R), 1)) have the same Fourier transform.

PROOF.

This is straightforward: two functions from the same class of equivalence are equal, except
on a negligeable set, but in the Lebesgue integration theory the integral on a negligeable set is
equal to zero. 0

PrRoPOSITION 81. Properties of the Fourier transform application.
The application F defined on L*(R, B(R), 1) that associates to a function its Fourier
transform, is linear and continuous.

LEMMA 13. Riemann-Lebesgue lemma. A
Let f € LY (R, B(R), u1). Its Fourier transform f is continuous and satisfies

A

lim f(k) = 0.

k—+oo

EXERCISE 114. %% % Riemann-Lebesgue lemma.
Prove Riemann-Lebesgue lemma.

10.2.2 Inversion

THEOREM 73. Inverse Fourier transform.
Let f € LY(R, B(R), ). We assume that its Fourier transform f is integrable. Then, we
have that

1 almost everywhere, F[f](x) = f(z).

This is true, in particular, for all x at which f is continuous.
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COROLLARY 22. Inverse Fourier transform of a continuous function.
Let f € LY(R, B(R), i) be a continuous function. We assume that its Fourier transform
f is integrable. Then, we have that

A,

Vz € R, F[f](x) = f(x).

REMARK 81. Since F and F are related, it is sometimes easier to compute the inverse
Fourier transform of known functions instead of computing the Fourier transform of complicated
functions.

10.2.3 Properties of the Fourier Transform

PROPOSITION 82. Symmetry and translation.
Let a €R, ko € R, and f € L'(R, B(R), 1). We define

frx— flx), w:ze f(-2), v:ie— f(x—a), and w:z > f(z)e*™0

Then we have

A

ke f(=k), a:ke f(=k), 0:kw e 2™ f k), and @ : k> F(k— ko).

ProrosiTIiON 83. Dilatation.

Let a € R* and f € L'(R, B(R), ). We define g the dilated function function obtained
by a change of scale as g : z — f(az). Then we have

1 .
la]” \a

PROPOSITION 84. Derivatives.
Let p € Nand f € LYR,B(R),u) a function such that g, : z — (—2iwz)Pf(z) is still
integrable. Then, f can be differentiated up to p times and

Vg € [0; pl, Gy : k > FO k).
Moreover, if f € CP such that all its derivatives h,, : z — f)(x) are integrable, then

Vg € [0; p], by : k = (2imk)?f ().

EXERCISE 115. % Symmetry, translation, dilatation and derivatives.
Prove the corresponding propositions.

REMARK 82.
In particular, assuming that the correct assumptions are satisfied, we deduce that

Fle e f'(2)]  k — 2ixkf(k),
Flo — —2inzf(x)]  k — (S{f(k:).

158



Samuel Boury Introduction to Math Analysis 11 Spring 2021

COROLLARY 23. C* transform. A
If fe LY (R,B(R), ), with a bounded support, then its Fourier transform f is C*°.

COROLLARY 24. Iterated derivatives.
Let p € N. We assume that f € L'(R, B(R), ) is a CP function, and that all of these
derivatives are integrable. Then, for any k£ € R, we have

x 1

(k)| < |27Tk|p/\f@>(t)\dt,
and A

7)< [lant |£(2)]at.
REMARK 83.

These inequalities give bounds on the decay of the Fourier transform f at +00. For example,
if f® is integrable, then f decays at least as fast as 1 /kP at £o0. Conversely, the same procedure
applies with the inverse Fourier transform. Therefore, the regularity of f (respectively f) is
linked to the decay of f (respectively f) at foo.

EXAMPLE 29.

Solving a linear ODE (or PDE) can be very straightforward using these properties. It is

especially true for periodic signals with the Fourier series. Let consider the following ordinary
differential equation

q2

da?

(x) + 2 f(x) = (),

then its Fourier transform is
(K + 1) f(k) = g(k),

and we deduce that

g(k) ]
k2+12|

In particular, to solve the homogeneous ODE, we see that the solution is either f = 0, or an
oscillatory signal with wave length £ = [.

EXERCISE 116. % A forced damped harmonic oscillator.
Using the Fourier transform, solve the following ODE

() + 290 f'() + wif (t) = acos(wt),

where 7, wp, a,w are positive real constants.

10.2.4 Usual Fourier Transforms
PROPOSITION 85. Fourier transform of a Dirac.

We have
Fle— 1] 1 k— (k) and Flx—d(x)] 1 k— 1.

REMARK 8&4.
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Many other results can be deduced from this one, notably

Flo s 6(x —x0)] 1 k e 2k
Flz — sin(2rkox)] : kb — 21Z 16(k — ko) — 6(k + ko)]

Flo s cos(2rkon)] : k1> ; 18(k — ko) + 6(k + ko)]

EXERCISE 117. % Fourier transform of trigonometric functions.
Prove the previous results.

PROPOSITION 86. Fourier transform of a finite window.
Let IT :  — X[—1/2,1/21(). We have

Ik sin(mk) = sinc(mk).
T

) 2

1 | Lr }
- 9
8 T
= §=

0 0

-1 \ ! -1 : : :
—4 -2 0 9 4 —-10 -5 0 5 10
x k

Figure 10.2: Window function (left) and its Fourier transform, a sine cardinal function (right).

PROOF.
We compute

~ +o0 )
(k) = / ()2 4y
+1/2
— / 6—2z7rk93dx
~1/2
2k ~1/2
in(mk
= sin(rk) = sinc(mk).
k 0

EXERCISE 118. v Fourier transform of a Gaussian.
Let o0 € R*™* and f a Gaussian function defined by f : 2 — e~°*". Show that

fike \/?G_W%Z/U.
g
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EXERCISE 119. % Fourier transform of a characteristic function.
Let (a,b) € R?* with b > a. We define f by

1
[z EX[a;b](x)'

Show that the Fourier transform of f is

- sin(m(b —a)k) _,
-k im(a+b)k
fik— 7 e

10.3 Schwartz Space

10.3.1 Definition and Relation to the Fourier Transform

DEFINITION 136. Schwartz space.
The Schwartz space S is the space of C* functions that are rapidly decaying in +o00, as
well as all of their derivatives.

PROPOSITION 87. Fourier transform on Schwartz space.
The Fourier transform is a continuous linear operator F :S — S.

REMARK 85.
This is a fundamental result of stability via Fourier transform: if f € S, then f € § and if
a sequence of functions (f,), oy goes to 0 then ( fn> N also goes to zero.

PROPOSITION 88. Inverse Fourier transform on Schwartz space.
The Fourier transform is an isomorphism of S, i.e. it is bijective, and we have that
F~! = F everywhere on S.

DEFINITION 137. Schwartz convergence.
A sequence of functions (fy),cy in the Schwartz space converges in S to 0 if, for any
(p,q) € N2, we have

lim sup ’xpfflq) (x)‘ =0.

n—-+00 z€R

10.3.2 Fourier Transform in L2

PROPOSITION 89. Density of the Schwartz space.
The Schwartz space S is a dense subspace of L*(R, B(R), p).

REMARK 8&6.

This shows, again, the powerful structure of the L? space: it is a normed vector space, it is
complete, it is a Hilbert space with an integral scalar product, the Schwartz space is dense in
it, it can be identified to its topological dual...
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THEOREM 74. Parseval-Plancherel.
The Fourier transform is an isometry of L*(R,B(R),u). For two functions f and ¢ in
L*(R, B(R), i), the Fourier transforms f and § are also in L?*(R, B(R), 1) and we have

/ F(2)g(z)dz = / Fk)g(k)dk.

In particular, if f = g, we have

Jir@Pdz= [|f®[ ak,  ie  Iifll=1flk

PROPOSITION 90. Inverse Fourier transform in L?.
For any f € L*(R, B(R), i), we have p-almost everywhere

FFI =F |[FIA] =1

i.e. p-almost everywhere F~! = F.

REMARK 87.

At this point, one may ask the following question: why did we need to do all this? These
results simply define a “nice” space for the Fourier transform, i.e. a space of functions with the
appropriate properties to apply the Fourier transform and its inverse transform. In particular,
physically, functions are almost always in L? and in S: physical signals are linked to energetic
quantities, that are finite quantities computed by integrating the squared quantity (squared
velocities, intensities, etc).

10.4 Fourier Transform and Convolutions

THEOREM 75. Fourier Transform and Convolutions (Faltung theoreom).
Let f and ¢ two functions such that their Fourier transform F[f] and Flg] exist, and
that the product of convolution f * ¢ is defined and integrable. Then we have

FIf =gl = FIf]- Flgl,

and

FIf -9l = Flf] = Flgl.

REMARK 88.

This result shows the strong link between the product of convolution, the translations, and
the Fourier transform. It is actually, again, strongly related to the theory of distributions and
the formalism of Green functions.

ExAMPLE 30.
If we consider Laplace equation

V2 f(x) = p(x),

with p an arbitrary function and V* = 92 + 97 4 97 in 3D: such an equation is not easy to
solve. We consider the following problem

V2G(x,x") = 6(x — X'),
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where G is called the Green function of the Laplace equation. Since the differential operator is
invariant by translation, we can write G : (x,x’) = G(x — x’), so we want to solve

Vi3G(x —x) = 6(x — x).

This yields, after a 3D Fourier transform and since 6 =1, to

A 1

We now return to the direct space with an inverse Fourier transform
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Therefore, the Green functions G of this problem are given by G : z — (47z)~! + ¢ where ¢ is
a function satisfying V2¢ = 0. Then, we note that

(0% p)(x) = p(x),
so the solutions of the original 3D Laplace equation are given by

x')

dx’.
x|

EXERCISE 120. %% 2D Green operator.

Compute the Green operator of the 2D Laplace equation, and write the general solution for
the 2D Laplace equation with a source term p(x).

10.5 Conclusions

This chapter concludes this class on math analysis by providing an overview of the harmonic
analysis introduced by Fourier. This is a broad and dense domain, which is why we skipped
many proofs, but also many intriguing propositions and theorems. I encourage you to look at
these in more detail if this part of analysis is of interest to you. Today, the Fourier analysis
is widely used to solve ODE and PDE problems, to provide convergence proofs on solutions
of differential equations (or estimates before a solution breaks down, or before singularities or
shock emerge), to analyse data (from physical sensors, or in computer science), and many other
applications. Here, we have mostly seen the mathematical aspect of the Fourier transform,
but there are many aspects that are very interesting in applied maths and in physics. For
example, most of the wave theories are based on Fourier formalism, and in optics diffraction
and interference figures are directly linked to Fourier transforms (it is event possible to perform
and visualise the optic Fourier transform).

It is important to keep in mind that other transforms exist and we can cite, among oth-
ers: the Laplace transform (formally, the Fourier and Laplace transform are linked, but have
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different meanings: the Fourier transform is designed to describe periodic processes, while the
Laplace transform is used to work with causal processes), the Hilbert transform (that also al-
lows to recover the direction in which a signal propagates), or the Hankel transform (based on
Bessel functions to describe radially-dependent functions in polar coordinates instead of using
Cartesian coordinates).
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