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Intégrale de Lebesgue.
Preuves détaillées en vue d’une formalisation en Coq

Résumé : Pour obtenir la plus grande confiance en la correction de programmes de simulation
numérique implémentant la méthode des éléments finis, il faut formaliser les notions et résultats
mathématiques qui permettent d’établir la justesse de la méthode. Les espaces de Sobolev sont
le cadre mathématique dans lequel la plupart des formulations faibles pour résoudre les équations
aux dérivées partielles sont posées, et ou les solutions sont recherchées. La construction de ces
espaces fonctionnels repose sur le calcul intégral et la théorie de la mesure. Ce chapitre de 'analyse
fonctionnelle est donc un fondement théorique nécessaire a la définition de la méthode des éléments
finis. L’objectif de ce document est de fournir a la communauté des chercheurs en preuve formelle
des preuves papiers trés détaillées des principaux résultats du calcul intégral et de la théorie de la
mesure.

Mots-clés : théorie de la mesure, intégrale de Lebesgue, preuve mathématique détaillée, preuve
formelle en analyse réelle
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Foreword

This document is intended to evolve over time. Last version is release 1.1 (i.e. version 2).
It is available at https://hal.inria.fr/hal-03105815/.

Version 2 (release 1.1, 2021/04/01) is a minor revision.
Main changes are:

addition of this foreword;

reordering and sectioning:

sections have become chapters and gathered into parts to ease the reading;

all “complements” are gathered into a single chapter;

Section 7.2 about algebraic structures is moved right after Section 7.1 about set theory;
Chapter 8 on subset systems is separated from Chapter 9 on measurability;

e some color modifications to increase legibility after grayscale printing;

new contents in the introduction (Chapter 1), and minor corrections in Chapters 2-5 (in-
cluding a bunch of hyperlinks in Chapters 4 and 5);

fix proofs of uniqueness in Lemma 668 (statement changed too) and Theorem 724;

fix statement and proof of Theorem 846 and Lemma 847, with new Definition 844;

fix statement of Theorem 817;

alternate proof of additivity for the integral of nonnegative simple functions in Lemma 774
based on the new disjoint representation of simple functions of Lemma 754;

this involves new Definition 207, new Lemmas 734, 735, 756, 757, 764, 766, 768, and 772, new
Remarks 208 750, 753, 755, 758, and 773, addition of uniqueness in Lemmas 752 and 765,
thus impacting proofs of Lemmas 742, 744, 771, 779, 784, and 814;

factor the proof on layers into new Lemmas 446, 480, and 711, thus impacting proofs of
Lemmas 617, 715, and 719;

new Lemma 644 and Remark 645 about reasoning with properties satisfied almost every-
where, now used in the proofs of Lemmas 651, 652, 653, 654, 659, and 664 (statement
changed too in the latter);

e new Lemmas 376, 377, 600, and 601 shortening proofs of Lemmas 827, and 828;
e additional Remarks 214, 430, 473, 507, 512, 689, 723, 730, 795, 816, 845, 850, 896, 898, and

modification of Remarks 407, 436, 504, and 674;

e Lemmas 552, and 553 are moved from Section 13.4 to Section 9.4;
e and possibly other slight modifications to improve the proof contents and their legibility.

Version 1 (release 1.0, 2021/01/14) is the first release.
It covers:

the main basic results in measure theory, including the construction of Lebesgue measure
in R via Carathéodory’s extension scheme;

integration of nonnegative measurable functions, including the Beppo Levi (monotone con-
vergence) theorem and Fatou’s lemma;

e the integral over a product space, including the Tonelli theorem;
e integration of measurable functions with possibly changing sign, including the seminormed

RR n°

vector space £, and Lebesgue’s dominated convergence theorem.
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Chapter 1

Introduction

1.1 Formal proof

A formal proof is conducted in a logical framework that provides dedicated computer programs
to mechanically check the validity of the proof, the so-called formal proof assistants. Such formal
proofs may concern known mathematical theorems, but also properties of some piece of other
computer programs, e.g. see [34], and [6, Glossary p. 343]. This field of computer science is
extremely popular as it allows to certify with no doubt the behavior of critical programs.

Interactive theorem provers are now known to be able to tackle real analysis. For instance, in
the field of Ordinary Differential Equations (ODEs) with Isabelle/HOL [37, 36, 38|, and Coq [43],
or in the field of Partial Differential Equations (PDEs), again with Isabelle/HOL [1], and Coq [5, 6].
In the latter example, the salient aspect is that the round-off error due to the use of IEEE-754
floating-point arithmetic can also be fully taken into account. But the price to pay is that every
details of the proofs have to be dealt with, and thus the availability of very detailed pen-and-paper
proofs is a major asset.

1.2 Objective

Our long term purpose is to formally prove programs implementing the Finite Element Method
(FEM). The FEM is widely used to solve a broad class of PDEs, mainly because it has a sound
mathematical foundation, e.g. see [50, 16, 45, 10, 24]. The Lax-Milgram theorem, one of the
key ingredients to establish the FEM, was already addressed in [17] for a detailed pen-and-paper
proof, and in [7] for a formal proof in Coq. The present document is a further contribution toward
our ultimate goal.

The Lax—Milgram theorem claims existence and uniqueness of the solution to the weak formu-
lation of a PDE problem, such as the Poisson problem, and its discrete approximation; it is stated
on a Hilbert space, i.e. a complete inner product space. The simplest Hilbert functional spaces
relevant for the resolution of PDEs are the spaces L? and H!. More generally, when stronger
results such as the Banach—Necas—Babuska theorem are involved, one may be interested in the
Sobolev spaces W™ P that are Banach spaces, i.e. complete normed vector spaces.

Let d € {1,2,3} be the spatial dimension. Let {2 be an open subset of R?. We consider real-
valued functions defined almost everywhere over 2. For 0 < p < oo, the Lebesgue space LP(Q) is
the space of measurable functions for which the p-th power of the absolute value has a finite integral
over ). For any natural number m, the Sobolev space W™ P(Q) is the vector subspace of L?(f2)
of functions for which all weak derivatives up to order m also belong to LP(2). Thus, Lebesgue
spaces correspond to the case m = 0, LP(2) = W%P(Q). And the Hilbert spaces correspond to

the case p = 2, H™(2) = wWm2(Q).

RR n° 9386
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1.3 Integration theories

There is a huge variety of concepts of integral and integrability in the literature, e.g. see [15, 12],
and one may wonder which one to use. Some are overridden by others, some are equivalent,
and some have been developed for specific situations, such as vector-valued functions or functions
defined on an infinite-dimensional domain. But a few of them have gained popularity, be it for
their appropriateness for teaching, or their general-purpose nature: namely Riemann, Lebesgue,
and Henstock—Kurzweil integrations.

Lebesgue integral (with Lebesgue measure) is the traditional framework in which the Sobolev
functional spaces are defined. Indeed, Riemann integral is disqualified because of its poor results
on limit and integral exchange making completeness unreachable, and so is Henstock—Kurzweil
integral, because of its not so obvious extension to the multidimensional case and construction of
a complete normed vector space of HK-integrable functions [29, 44].

1.4 Contents

The present version of this document covers all material up to the first properties of the seminormed
vector space L£! of integrable functions (before taking the quotient to obtain the normed vector
space L'). Among the rich literature on Lebesgue integral theory, it was mostly derived from the
textbooks [42, 28, 47].

It includes results on the general concepts of measurability, measure and negligibility, and inte-
gration of nonnegative measurable functions culminating with the Beppo Levi (monotone conver-
gence) theorem allowing to exchange limit and integral for nondecreasing sequences of measurable
functions, and Fatou’s lemma that only gives an upper bound when the sequence is not monotone.
The formalization in Coq of all these aspects is presented in [8].

In addition, this document also covers the building of the Lebesgue measure in R using
Carathéodory’s extension scheme, the integral over a product space including the Tonelli theorem
(for nonnegative measurable functions, whereas the Fubini theorem deals with integrable func-
tions), and the integral for measurable functions with possibly changing sign, including Lebesgue’s
dominated convergence theorem.

It is planned to add more results in a forthcoming version.

1.5 Teaching

This document is not primarily meant for teaching usage. The objective was to be as comprehen-
sive as possible in the proofs. This led to very detailed demonstrations, and to a compact style of
writing that is not common, and may seem daunting to the uninformed reader.

However, the authors tried to give some insights on the integration theory and on the proofs
and theorems in the next introductory sections. They also strove to give some indications in the
proofs when they felt it necessary. They believe that this document could be useful for interested
teachers, and dedicated students.

1.6 Disclaimer

Note that the manuscript itself is not formally proved (and will never be). Indeed, BTEX compilers
are not formal proof tools.

Moreover, formalization is not just straightforward translation of mathematical texts and for-
mulas. Some design choices have to be made and proof paths may differ, mainly to favor usability
of Coq theorems and ease formal developments. Thus, there exist various differences between the
mathematical setting presented here, and the formal setting developed in Coq [8]. For instance,
the Coq definition of measurability of subsets (i.e. of o-algebra) takes the generators as parameter,
and not only the basic axioms. The ubiquitous use of total functions (defined for all values of their

Inria
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arguments) may be surprising at first: e.g. the addition in R (“oo — o0” is defined and takes the
value 0), or the measure (one can take the measure of any subset, even nonmeasurable ones).
Of course, just as in mathematical statements, unwanted behaviors are somehow prevented, for
instance by adding an hypothesis stating the legality of the addition or the measurability of the
subset (see [8] for details).

Hence, despite the care taken in its writing, this document might still be prone to errors or
holes in the demonstrations. There could also exist simpler paths in the proofs. Please, feel free
to inform the authors of any such issue, and to share any comments or suggestions. ..

1.7 Organization

Part T of this document is organized as follows. The notations are first collected in Chapter 2.
Then, the literature on the subject is briefly reviewed in Chapter 3. Chapter 4 gathers some proof
techniques. The chosen proof paths of the main results are then sketched in Chapter 5.

Part II (Chapters 6 to 14) is the core of this document. In this part, the definitions are
presented, and the lemmas and theorems are stated with their detailed proofs. Its organization is
described at the end of the introductory Chapter 6.

Chapter 15 concludes and gives some perspectives.

Finally, an appendix gathers the list of statements in Chapter A, and explicit dependencies
(both ways) in Chapters B and C. The appendix is not intended for printing!

RR n° 9386
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Chapter 2

Notations

In this chapter (as in most of the document), we use the following conventions:
e capital letters X and Y denote “surrounding” sets, typically the domain and codomain of
functions, A and B are subsets of X, and I denotes a set of indices;

calligraphic letter R denotes a binary relation on X (e.g. equality or inequality);

the capital letter P denotes a predicate, i.e. a function taking Boolean values;

small letters x, ¥ and 7 denote elements of the set using the matching capital letter;

small letters a and b are (extended) real numbers (such that a < b), and n and p are

(extended) natural numbers (such that n < p);

small letter f denotes a function, e.g. from set X to set Y

e the capital Greek letter ¥ denotes a g-algebra on X, and the small Greek letter u denotes
a measure on the measurable space (X, X).

The following notations and conventions are used throughout this document.
e Logic:

Using a compound (tuple of elements of X, or subset of X) in an expression at a location
where only a single element makes sense is a shorthand for the same expression expanded
for all elements of the compound; for instance, “Vz,z’ € X” means “Vr € X,Vz' € X7,

“V(x;)ier € X" means “Vi € I, x; € X7, and “z, 2'Ra”” means zR2" and ='Rz";

roR121 ... RimTy, is a shorthand for xgR1x1 A x1Rox2 A v . A X1 RmTm;

— “iff” is a shorthand for “if and only if”.

e Set theory:

RR n° 9386

P(X) denotes the power set of X, i.e. the set of its subsets;

subsets are denoted using C, and proper subsets by C;

n-ary set operations, such as intersection and union, have precedence over binary set
operations (no need for big parentheses); for instance, |J;.; 4;NB means (J,c; A;)NB;
superscript ¢ denotes the absolute complement;

iel
\ denotes the set difference (or relative complement): A\ B e An B¢,

when B C A, A\ B is also called the local complement of B (in A);

W denotes the disjoint union: AW B means AU B with the assumption that AN B = &;
N is used to denote a set of traces of subsets, see Definition 216;

X is used to denote a set of Cartesian products of subsets, see Definition 217;
card(X) is the cardinal of X, i.e. the number of its elements, with the convention

card(X) 4 5 when X is infinite;

countable means either finite, or infinitely countable: X is countable iff there exists an
injection from X to N iff there exists I C N and a bijection between I and X;

14, or 1%, denotes the indicator function of the subset A of X. It is the function from X
to R, or R, that takes the value 1 for all elements of A, and the value 0 elsewhere;

the set of functions from X to Y is either denoted Y X, or through the type annotation
“X — Y. Both compact expressions “let f € YX” and “let f : X — Y” mean “let f be
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a function from X to Y

to avoid double parentheses/braces, the expressions involving inverse images of single-
tons are simplified: f~!(y) is a shorthand for f=*({y});

{P(f)} is a shorthand for {z € X|P(f(z))}, or f~*({y € Y |P(y)}); for instance,
{f < a} means either f~1[—00,a) or f~!(—00,a), see Lemma 570, and Lemma 578;
fT and f~ denote the nonnegative and nonpositive parts of a numerical function f, see
Definition 399.

e Totally ordered set:

when the nonempty set X is totally ordered, intervals follow the notations used for real
numbers; for instance, (z1, z2] represents the subset {x € X |21 < z < z2};

the square-and-round bracket notation is used for not specifying whether the bound is
included or not: (z1,x2)] means either (z1,x2) or (z1,xs];

the lower and greater bounds of X may be denoted —oo and 400 (as usual, the plus
sign may be omitted); they may belong to X or not; X denotes X U {—o0,00}.

rays, or half-lines, are denoted using the square-and-round notation: whether co belongs
to X or not, (z,00] represents {z’ € X |z < 2'}, i.e. either (x,00] or (x,00), see
Definition 241;

T3P denotes the set of open proper intervals of X, see Definition 241;

R% denotes the set of open rays of X, see Definition 241.

Z% denotes the set of open intervals of X, see Definition 241.

e Numbers:

|| denotes the floor function from R to N: |a] < a < |a] + 1;

[n..p) denotes the integer interval [n, p] N (with the natural variants using parentheses
and/or brackets when exclusion or inclusion of bounds is specified);

¢([a,b]) denotes the length of the interval [a, b], see Definition 691.

e General topology:

Tx (G) denotes the topology generated by G C P(X), see Definition 251;

e Measure theory:

IIx (G) denotes the m-system generated by G C P(X), see Definition 432;

Ax (G) denotes the set algebra generated by G C P(X), see Definition 442;

Cx (@) denotes the monotone class generated by G C P(X), see Definition 450;
Ax(G) denotes the A-system generated by G C P(X), see Definition 463;

Y x(G) denotes the o-algebra generated by G C P(X), see Definition 482;

B(X) denotes the Borel o-algebra generated by the open subsets, see Definition 517;

— ®i€[1”m] ¥; denotes the tensor product of the o-algebras (Zi)ie[l..m]; see Definition 541;

N denotes the set of negligible subsets, see Definition 631;

the annotation “pa.e.” specifies that the proposition is only considered almost every-
where, e.g. "Z°, Viae, (X — Y)Ha_e., or Ry a.c., see Definition 641;

dy denotes the counting measure associated with Y, §, denotes the Dirac measure at a,
see Lemma 671 and Definition 675;

L denotes the Lebesgue o-algebra on R and A denotes the (Borel-)Lebesgue measure
on R, see Definitions 697 and 705, and Theorem 724;

11 ® e denotes the tensor product of measures 1 and uo, see Definition 829, Defini-
tion 830, and Lemma 837;

A®2 denotes the Lebesgue measure on R?, see Lemma 839;

e Lebesgue integral:

TF denotes the set of measurable indicator functions, see Definition 732;

SF denotes the vector space of simple functions, see Definition 748;

SF+ denotes the set of nonnegative simple functions, see Definition 763;

M, denotes the set of nonnegative measurable functions X — R, , see Definition 593;
M denotes the set of measurable functions X — R, see Definition 575;

Mg denotes the vector space of measurable functions X — R, see Definition 567;

Inria
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— [ fdp denotes the (Lebesgue) integral of f for the measure p, whether the function
belongs to ZF, SF, M, or M, see Section 4.1, Definition 740, Lemmas 770 and 789,
and Definition 858;

— fA fdu denotes the integral of the restriction of f to A, see Lemmas 743, 783, 813,
and 864;

- fab f(z) du(z) denotes the integral of f over the interval (a,b), see Lemma 867;

— [ f(z)dz denotes the integral of f for the Lebesgue measure, see Definition 873;

— (£, Ny) denotes the seminormed vector space of integrable functions, see Lemma 874,
and Definition 884;

— T denotes the integral operator for integrable functions, see Lemma 892.
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Chapter 3

State of the art

After a brief survey of the wide variety of integrals, and of the means to build Lebesgue integral
and Lebesgue measure, we review some works of a few authors, partly from the mathematical
French school, that provide some details about results in measure theory, Lebesgue integration,
and basics of functional analysis.

As usual, proofs provided in the literature are not comprehensive, and we have to cover a series
of sources to collect all the details necessary for a formalization in a formal proof tool such as Coq.
Usually, Lecture Notes in undergraduate mathematics are very helpful and we selected [31, 32, 33]
among many other possible choices.

3.1 A zoology of integrals

The history of integral calculus dates back at least from the Greeks, with the method of exhaustion
for the evaluation of areas, or volumes. Since then, mathematicians have constantly endeavored to
develop new techniques. The objective is mainly to be able to integrate a wider class of functions.
But also to establish more powerful results, such as convergence results, or the Fundamental The-
orems of Calculus (expressing that derivation and integration are each other inverse operations).
And possibly to fit specific contexts, e.g. driven by applications in physics, or for teaching pur-
poses. For a wide panel, and pros and cons of different approaches, see for instance [18, 15, 12],
in which more than a hundred named integrals are listed. But, as pointed out in [48], building a
universal integral “will probably be unnecessarily complicated when restricted to a simple setting”.

Considering the case of a numerical function defined on some interval, let us review some of
the most popular ones.

3.1.1 Leibniz—Newton integral (late 17th century)

The Leibniz—Newton (LN-)integral is defined in a descriptive way as the difference of any primitive
evaluated at the bounds of the integration interval. All continuous functions are LN-integrable.

This integral possesses interesting properties such as formulas for integration by parts or by
substitution, and a uniform convergence theorem. But since the definition is not constructive,
there is no regular process to build the primitive of a function, even if it is continuous. Moreover,
other monotone or dominated convergence results must assume that the limit is LN-integrable.
And it raises the question of integrability of functions with no primitives.

3.1.2 Riemann integral (early 19th century)

The Riemann (R-)integral [46] consists in cutting the area “under” the graph of the function into
vertical rectangular strips by choosing a subdivision of the integration interval, and in increasing
the number of strips by making the step of the subdivisions go down to 0. Equivalently, it might
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be more convenient to consider the Darboux integral [21], which checks that both upper and lower
so-called Darboux sums have the same limit.

This simple approach has similar properties than the LN-integral, with for instance a uni-
form convergence result, and R-integrable functions are the piecewise continuous function which
set of discontinuity points has null measure. But again, monotone convergence and dominated
convergence theorems must assume R-integrability of the limit.

3.1.3 Lebesgue integral (early 20th century)

The key idea of the Lebesgue (L-) approach [40] is to consider subdivisions of the codomain of
the function, i.e. cutting the area under the graph into horizontal pieces, which are no longer
continuous strips when the function is not concave, and to define a measure for these pieces that
generalizes the length of intervals.

This has the great advantage of providing powerful monotone and dominated convergence
theorems, and to allow for an abstract setting in which one can handle functions defined on more
general spaces than the Euclidean spaces R"”. And this paves the road for probability theory. For
instance, the Wiener measure used for the study of stochastic processes such as Brownian motion is
defined on the infinite-dimensional Banach space of continuous functions from a compact interval
to R™. Moreover, the concept of property satisfied almost everywhere opens the way to the LP
Lebesgue spaces as (complete) normed vector spaces (Banach spaces).

The main difficulty is the necessity to develop the measure theory to be able to associate a
length to the “horizontal pieces”. In general, this is not possible for all subsets of the domain of
the function, and leads to the concepts of measurable subset and measurable function.

Going back to the geometrical interpretation of the area under the graph of the function, it
is interesting to note that the opposition Riemann (subdivision of the domain) versus Lebesgue
(subdivision of the codomain) reflects in the field of ordinary differential equations where the
classical numerical schemes based on a discretization of the time domain are now opposed to the
recent quantized state system solvers that are based on the quantization of the state variables,
see [14, 25, 26]. Moreover, we may also cite [30] in the field of signal processing where the Lebesgue
geometrical scheme is seen as a nonlinear sampling qualified of “noise-free quantization”, that could
have impact on electronic design.

3.1.4 Henstock—Kurzweil integral (mid-20th century)

The Henstock—Kurzweil (HK-)integral, or gauge integral [39, 35, 3] is a generalization of the R-
integral for which the subdivision of the integration interval is no longer uniform, but is driven by
the variations of the function to integrate through a so-called gauge function.

It is more powerful than the L-integral in the sense that a real-valued function is L-integrable
if and only if the function and its absolute value are HK-integrable. Unlike the L-integral, this
leads to formulations of the fundamental theorem of calculus without the need for the concept of
improper integral. The monotone and dominated convergence theorems are also valid. Moreover,
the HK-integral is usually considered more suited for teaching, for it is hardly more complex than
the R-integral.

However, unlike the L-integral, the HK-integral cannot be easily extended to the Euclidean
spaces R™, and the construction of a Banach space of HK-integrable function is far less obvious
than that of the L' Lebesgue space [29, 44].

3.1.5 Daniell integral (early 20th century)

The Daniell (D-) approach [20, 27] is a general scheme that extends an elementary integral defined
for elementary functions to a much wider class of functions by checking that upper and lower
elementary integrals of elementary functions share the same limit, in a way that is similar to the
Darboux approach. When applied to the integral of simple functions, this is somehow equivalent
to steps 3 and 4 of the Lebesgue scheme described later in Section 4.1. But it is enough to consider
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the R-integral for the compactly supported continuous functions (a.k.a. the Cauchy integral) to
get back the L-integral for the Lebesgue measure on the Euclidean spaces R™.

This Daniell approach to the L-integral has the great advantage not to need the concept of
measure, which can be reconstructed afterwards by taking the integral of indicator functions of
measurable subsets. Moreover, in the mid-20th century, this approach was shown in [4] to be
compatible with constructive analysis.

In the present document, we choose the Lebesgue approach.

3.2 Lebesgue integral and Lebesgue measure

The Lebesgue integral was originally built using measure theory following the so-called Lebesgue
scheme, described in Section 4.1. We have seen that it may also be built in a constructive way
by applying the Daniell extension scheme to some elementary integral defined for elementary
functions, such as the Riemann integral for compactly supported continuous functions. Another
alternative using the same basic ingredients consists in the completion of the normed vector space
of compactly supported continuous functions and the extension of the Riemann integral which is
uniformly continuous [9, 22].

The Lebesgue measure on R is a generalization of the length of bounded intervals to a much
wider class of subsets. This extension is actually unique and complete. It is defined on the Lebesgue
o-algebra which is generated by the Borel subsets and the negligible subsets. The restriction to
the sole Borel subsets (the o-algebra generated by the open subsets, or the closed subsets) is
sometimes called the Borel(—Lebesgue) measure. In the very same way, the Lebesgue measure on
the Euclidean spaces R™ is a generalization of the n-volume of rectangular boxes. It is the tensor
product of the Lebesgue measure on R.

There are three main techniques for the construction of the Lebesgue measure on R. The
most popular one for teaching is through Carathéodory’s extension theorem [13, 23]. The process
builds progressively the Lebesgue o-algebra and the Lebesgue measure with their properties (see
Section 4.2). A more abstract approach is based on the Riesz—Markov—Kakutani representation
theorem, which associates any positive linear form on the space of compactly supported continuous
functions with a unique measure, e.g. see [47]. The third way is not based on measure theory.
It follows the Daniell approach to integration, which is also based on the Riemann integration of
compactly supported continuous functions, and defines the Lebesgue measure of any measurable
subset as the integral of its indicator function.

The construction of non-Lebesgue-measurable subsets requires the use the axiom of choice, as
for instance the Vitali subset [49].

In the present document, we build Lebesgue integral using the Lebesgue scheme (see Sec-
tion 4.1), and Lebesgue measure through Carathéodory’s extension theorem (see Section 4.2).

3.3 Our main sources

The main ingredients of measure theory and Lebesgue integration are presented in an elementary
manner in the textbook [42], which is very well suited for our purpose. However, some results
such as the construction of the Lebesgue measure and the Tonelli theorem are admitted.

Details for the construction of the Lebesgue measure (through the Carathéodory approach),
and for the proofs of the Fubini-Tonelli theorems can be found in [28]. This other textbook is
quite comprehensive. Many results are presented as exercises with their solution.

We may also cite [47], [2], and [11]. The former for instance for a construction of the Lebesgue
measure through the Riesz—Markov—Kakutani representation theorem. And the latter two for
the LP Lebesgue spaces and the WP Sobolev spaces.
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Note that some original forms of statements have been developed for the present document,
and even though the results are in general well known, the formulations are new to our knowledge.
This includes:

the individual treatment of constitutive properties (closedness under set operations) of subset
systems in Section 8.1;

the formalization of most concepts based on properties almost satisfied in Section 11.2 with
abstract results such as Lemmas 659, 660, 661, 664, and 807 (the latter in Section 13.3);
the concept of almost sum in Section 12.1 with Lemmas 682 and 683, and Lemmas 882
and 883 in Section 14.3;

the concept of disjoint representation of simple functions in Section 13.2 with Lemmas 754,
756, and 757;

the fully detailed proof of the technical Lemma 776 in Section 13.2 to obtain additivity of
the integral of nonnegative simple functions in Lemma 778.
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Chapter 4

Proof techniques

In the framework of integration theory, some proof techniques are used repeatedly. This chapter
describes the most important ones: the “Lebesgue scheme”, the “Carathéodory extension scheme”,
and the “Dynkin 7—\ theorem / monotone class theorem scheme”.

4.1 Lebesgue scheme

Consider a set X equipped with a o-algebra ¥ of measurable subsets, and a measure p that
associates a “length” (in Ry) to any measurable subset. The set of extended real numbers R is
equipped with the Borel o-algebra B(R) that is generated by all open subsets. The purpose is to
build, or prove properties of, the integral of “measurable” functions from X to R, i.e. for which
the inverse image of measurable subsets (of R) are measurable subsets (of X).

The Lebesgue scheme consists in establishing facts about the integral by working successively
inside three embedded functional subsets: the set ZF of indicator functions of measurable subsets,
the vector space SF of simple functions (the linear span of ZF), and the set M of measurable
functions.

The four steps of the scheme are the following:

1. establish the fact in the case of indicator functions (in ZF) for which the integral is simply
the measure of the support;

2. then, generalize the fact to the case of nonnegative simple functions (in SF) by nonnegative
(finite) linear combination of indicator functions;

3. then again, generalize the fact to the case of nonnegative measurable functions (in M) by
taking the supremum for all lower nonnegative simple functions;

4. finally, generalize the fact to the case of all measurable functions (in M) by taking the
difference between the expressions involving nonnegative and nonpositive parts (integrable
functions are those for which this difference is well-defined).

Actually, a fifth step can be added to generalize the fact to the case of numeric functions taking
their values in R, C, or C" by considering separately all components.

In the present document, the steps of Lebesgue scheme are mainly used to build the Lebesgue
integral (steps 1 to 4, see Chapter 13 and Section 14.1), but also to establish some properties such
as the Beppo Levi (monotone convergence) theorem (step 3, see Section 5.5 and Theorem 796)
and the Tonelli theorem (steps 1 to 3, see Section 5.3 and Theorem 846).
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4.2 Carathéodory’s extension scheme

The Carathéodory extension scheme counsists in applying the eponymous theorem (see Section 5.6)
to extend a pre-measure (i.e. defined on a ring of subsets, and not on a o-algebra) into a complete
measure on a o-algebra containing the initial ring of subsets.

Let X be the ambient set, x4 be the pre-measure and R be the ring of subsets (of X). The two
steps of the scheme are the following:

1. extend the pre-measure to any subset of X by taking the infimum of the sum of pre-measures
of all coverings with elements of the ring R (and the value co when there is no such covering):

(An)nGN ERNAC U An}a

neN

p*(A) = inf {Z i(A)

neN

the theorem ensures that p* is an outer measure on X, and that it is an extension of the
pre-measure u;

2. define the set of Carathéodory-measurable subsets as

S {E C X |VAC X, p*(A) = (AN B) + i (A\ B)};

the theorem ensures that ¥ is a o-algebra on X containing the ring R, and that the restric-
tion p* | is a complete measure on (X, ).

The Carathéodory extension scheme is a popular tool to build measures. The prominent
example is the Lebesgue measure on R that extends the length of open intervals (see Section 12.2).
But for instance, the extension scheme may also be used to build the Lebesgue-Stieltjes measure
associated with its cumulative distribution function, and Loeb measures in a nonstandard analysis
framework, e.g. see [41, 19].

4.3 Dynkin 7—\ theorem / monotone class theorem schemes

A m-system, a set algebra, a monotone class, and a A-system are all different kinds of subset
systems (i.e. subsets of the power set), just like a o-algebra, but with less basic properties.

Roughly speaking, being a A-system (resp. a monotone class) is what is missing to a m-system
(resp. an algebra of subsets) to be a o-algebra. To prove that some property P holds on some o-
algebra ¥ generated by some subset system G, the idea is to proceed in two steps. First, show that
the property P holds on the simpler kind of subset system (w-system, or set algebra) generated
by G, and then establish that the subset of ¥ where P holds is of the less simple kind of subset
system (A-system, or monotone class). Indeed, the Dynkin 7—\ theorem states that the A-system
generated by a m-system is equal to the o-algebra generated by the same m-system, and similarly,
the monotone class theorem states that the monotone class generated by a set algebra is equal to
the o-algebra generated by the same set algebra (see Section 5.7). Thus, P is established on the
whole o-algebra.

The five steps of the scheme of the Dynkin 7—\ theorem, and of the monotone class theorem
are the following:

1. first define S < {A € | P(A)}; obviously, we have S C %;

2. then, show that G C S;
3. then, show that the m-system (resp. set algebra) U%(G) is a subset of S;

4. then, show that S is a A-system (resp. monotone class);
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5. and finally, obtain the other inclusion ¥ C S, because from monotonicity of subset system
generation, and from the Dynkin 7—A theorem (resp. monotone class theorem), i.e. the
equality in the middle, we have

% =¥x(G) C Bx(U(G)) =Ux (UZ(G)) CUx(S) =S

where U} = Ax (resp. Cx), i.e. the generated A-system (resp. monotone class), and U% = Ilx
(resp. Ax), i.e. the generated m-system (resp. set algebra).

In the present document, the fifth step is embodied by Lemma 510 for the Dynkin 7—\ theorem,
and by Lemma 515 for the monotone class theorem. The Dynkin 7—A theorem scheme is used
once when extending the equality of two measures on a generator m-system to the whole o-algebra
in Lemma 668, which is then used to establish uniqueness of the Lebesgue measure on R in
Theorem 724 (see also Section 5.6). The monotone class theorem scheme is used twice when
building the tensor product measure in the context of the product of finite measure spaces: to
establish first the measurability of the measure of sections in Lemma 827, and then the uniqueness
of the tensor product measure in Lemma 835 (both in the finite case).
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Chapter 5

Statements and sketches of the
proofs

This chapter gathers the sketches of the proofs of the main results that are detailed in Part II.
Namely: Lebesgue’s dominated convergence theorem and its extended version, the Tonelli theo-
rem, Fatou’s lemma, the Beppo Levi (monotone convergence) theorem, Carathéodory’s extension
theorem, the Dynkin 7—\ theorem, and the monotone class theorem.

5.1 Sketch of the proof of Lebesgue’s extended dominated
convergence theorem

Lebesgue’s extended dominated convergence theorem.

Let (X, X, 1) be a measure space. Let (fn)nen, f,9 € M. Assume that the sequence is p-almost

everywhere pointwise convergent towards f. Assume that g is p-integrable, and that for allm € N,
e

Ha.e.
we have |f,| < g. Then, for all n € N, f, is p-integrable, f is p-integrable, and we have in R

(5.1) /fdu:nlirrgo/fndu.

See Theorem 899. The proof of Lebesgue’s extended dominated convergence theorem goes as
follows (this proof uses the arithmetic of R, but with functions that are almost everywhere finite):

def. P . _ .
o D'="{f=liminf, o frn} N{f = limsup, . fu} N Npen{lfn] <g}Ng ' (Ry) C X is first
Ha.e. ie a.e.

shown to be measurable with u(D¢) = 0; thus f,1p "= f,, flp "= f, and glp "= ¢;
moreover, gl p belongs to £;

e then, since lim, , frlp = flp and |f,1p| < ¢glp, Lebesgue’s dominated convergence
theorem (see Section 5.2) provides f,1p, flp € £, and the equality

/fllp dp = lim /fnllp dp;
n—oo

e finally, the integrability of f,, and f, and identity (5.1) follow from the compatibility of the
integral in M with almost equality.

For instance, Lebesgue’s extended dominated convergence theorem may be used to prove the
Leibniz integral rule (differentiation under the integral sign), e.g. for the study of integrals function
of their upper bound.
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5.2 Sketch of the proof of Lebesgue’s dominated convergence
theorem

Lebesgue’s dominated convergence theorem.

Let (X,%, 1) be a measure space. Let (fn)nen € M. Assume that the sequence is pointwise
convergent towards f. Let g € L'. Assume that for alln € N, |f,| < g. Then, for all n € N,
fa € LY, f €LY the sequence is convergent towards f in L', and we have in R

(5.2) /nli_{r;ofnduz/fdu:nli_g;o/fndu.

See Theorem 897. The proof of Lebesgue’s dominated convergence theorem goes as follows
(this proof uses the arithmetic of R):

e monotonicity of integral in M provides f,, f € L;

e the sequence g, def. | fn. — f| is shown to be in £! N M with limit 0;
e the sequence 2g — g, is also shown to be in £!' N M., with limit inferior 2g;

e then, Fatou’s lemma (see Section 5.4) and linearity of the integral in £ provide the inequality

2/gdu< 2/gdu—limsup/gndu;
n—roo

thus, a nonnegativeness argument provides the nullity of the limit of the integral of g,’s, i.e.
the convergence of the f,’s towards f in £!;

e finally, identity (5.2) follows from nondecreasingness of the integral in £!, the squeeze theo-
rem, and linearity of the limit.

Lebesgue’s dominated convergence theorem is used in the present document to prove Lebesgue’s
extended dominated convergence theorem (see Section 5.1 and Theorem 899).

Lebesgue’s dominated convergence theorem admits several variants: with lighter assumptions,

or set in L? for p € [1,00). For instance, it may be used to establish the Fourier inversion formula,
or to study the Gibbs phenomenon.

5.3 Sketch of the proof of the Tonelli theorem

Tonelli theorem.

Let (X1,%1,p1) and (Xo, X9, u2) be o-finite measure spaces. Let f € My (X1 x Xo,31 ® ).
Leti € {1,2}. Letj A3 4. Let ¥ be the permutation ((z;,z;) — (z1,22)).

For all ; € X;, let f,, (xj = fo(z;,x;)). Let Iy, A (g [ foidpg).

Then, for all x; € X;, fo; € M4 (X;,35;5), If; € M4 (X;,%;), and we have in Ry

(5.3) /fd(ul ® p2) = /If,i dps;.

See Theorem 846. The proof of the Tonelli theorem goes as follows (this proof uses the
arithmetic of Ry and the concepts of set algebra and monotone class; it follows steps 1 to 3
of the Lebesgue scheme, see Section 4.1):

e the result is first established for indicator functions from properties of the measure (in

particular the building of the tensor product measure that uses continuity of measures from
below and from above);
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e then, the result is extended to nonnegative simple functions by taking (positive) linear
combination of indicator functions and applying (positive) linearity of the integral in M ;

e and finally, the result is extended to nonnegative measurable functions by taking the supre-
mum of adapted sequences and applying the Beppo Levi (monotone convergence) theorem
(see Section 5.5).

The Tonelli theorem is used in the present document to establish identities: for an integral
over a subset in Lemma 847, and for an integral of a tensor product function in Lemma 848.

5.4 Sketch of the proof of Fatou’s lemma

Fatou’s lemma. Let (X, %, ) be a measure space. Let (fn)nen € M.
Then, liminf,, ;. f, € M4, and we have in Ry
(5.4) /liminf fndp < lim inf/fn du.

n—roo n—roo

See Theorem 817. The proof of Fatou’s lemma goes as follows (this proof uses the arithmetic
of §+)I

e the sequence (inf,en fntp)nen is first shown to be pointwise nondecreasing in M ;

e then, the Beppo Levi (monotone convergence) theorem (see Section 5.5) provides the equality
[ it £ da =ty [ ing fo d
e and monotonicity of integral, and infimum and limit inferior definitions provide the inequality

li inf <liminf [ f, du.
b | et < gt f 1

Fatou’s lemma is used in the present document to prove properties of the integral in M,:
identity for pointwise convergent sequences in Lemma 818, and Lebesgue’s dominated convergence
theorem (see Section 5.2 and Theorem 897).

The Beppo Levi (monotone convergence) theorem and Fatou’s lemma can be established inde-
pendently of one another, or each one can be obtained as a consequence of the other. Of course,
those independent proofs do share a common ingredient to somehow obtain an upper bound for the
integral of the limit by the limit of the integrals. We chose to establish the Beppo Levi (monotone
convergence) theorem first.

5.5 Sketch of the proof of the Beppo Levi (monotone con-
vergence) theorem

Beppo Levi (monotone convergence) theorem.
Let (X,%, 1) be a measure space. Let (fn)nen € M. Assume that the sequence is pointwise
nondecreasing. Then, lim, _, f, € M4, and we have in Ry

n—oo

(5.5) / lim fndu:nli_,ngo/fndu.

See Theorem 796. The proof of the Beppo Levi (monotone convergence) theorem goes as
follows (this proof uses the arithmetic of Ry, it follows step 3 of the Lebesgue scheme by taking
the “supremum” of quantities involving simple functions, see Section 4.1):
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o let f def. lim,,_, frn; monotonicity and completeness arguments provide that f is also
SUDP,,_, o0 fn, that it belongs to M, and the “easy” inequality

lim fndus/fdu;
n—oo

o let ¢ € SF, such that ¢ < f; using the nondecreasing sequence of measurable subsets
({ay < fu})nen for a € (0,1), continuity from below of u, linearity, monotonicity and
continuity arguments, allows to show the inequality

/wdué lim /fndu;
n— o0

e then, taking the supremum over ¢’s provides the other inequality

/fdlt< lim /fndp*
n— oo

The Beppo Levi (monotone convergence) theorem is used in the present document to prove
properties of the integral in M (possibly through Lemma 800): homogeneity at co in Lemma 797,
additivity in Lemma 801, o-additivity in Lemma 803, identity for the integral over a subset in
Lemma 813, Fatou’s lemma (see Section 5.4 and Theorem 817), identity for the integral with the
counting measure in Lemma 819, and the Tonelli theorem (see Section 5.3 and Theorem 846).

5.6 Sketch of the proof of Carathéodory’s extension theorem

Carathéodory’s extension theorem.

Let X be a set. Let R be a ring of subsets on X (i.e. closed under complement and union).
Let o be a pre-measure defined on R (i.e. null on the empty set, and o-additive). Then, u can
be extended into a complete measure on a o-algebra containing R (i.e. for which all negligible
subsets are measurable, and of measure 0). Moreover, this extension is unique when  is o-finite.

See Theorem 724 (in the specific case of X 4L R and R is the ring generated by the intervals).

The proof of Carathéodory’s extension theorem goes as follows (this proof uses the arithmetic
of R} and the concepts of set algebra and monotone class; the existence part may also be known
as the Carathéodory extension scheme, see Section 4.2):

e the function p* defined on P(X) by (with the convention inf & = c0)

VACX, p*(A) inf {Z p(An)

neN

(Ap)nen ERAAC U An}

neN
is first shown to be an outer measure on X (i.e. null on the empty set, nonnegative, monotone,
and o-subadditive) whose restriction to R is the pre-measure y;

e then, the set of subsets

SYIEC X |VACX, p*(A) = W (ANE) + p*(A\ E)}
is shown to be a o-algebra on X containing the ring R, while the restriction p*|  is shown
to be a complete measure on (X,X) (closedness of ¥ under countable union comes from
additivity of u* on X);

e moreover, when p is o-finite (with X = |,y Xn and p(X,) < oo), two Carathéodory
extensions 1 and g are first restricted to X,,, then the set {u1(ANX,,) = p2(ANX,)} is
shown to be equal to ¥, and finally uniqueness follows from o-additivity of u; and ps.

In the present document, Carathéodory’s extension theorem is stated (and proved) in the
specific case of the building of the Lebesgue measure on R (see Section 12.2).
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5.7 Sketch of the proof of the Dynkin 7—)\ theorem / mono-
tone class theorem

Both theorems take advantage of the complementarity of being a A-system and being a m-system
(for the Dynkin 77—\ theorem), or being a monotone class and being a set algebra (for the monotone
class theorem). Using the notation of Section 4.3 where U3 represents the generated A-system A x
(resp. the generated monotone class Cx), and U% represents the generated m-system Ilx (resp.
the generated set algebra Ax ), both theorems share the following abstract form:

Dynkin 7—\ theorem / monotone class theorem.
Let X be a set. Let G C P(X). Assume that U%(G) = G. Then, UL (G) = Zx(G).

See Theorems 508 and 513. Their common proof goes as follows (these proofs use the concepts
of m-system and A-system for the Dynkin 7—\ theorem, and of set algebra and monotone class for
the monotone class theorem):

e first, prove that for all G/, U% (G’') = G' and U%(G') = G’ implies Lx (G') = G;

e then, note that Uk (UL (G)) = UL (G) (i.e. idempotent law for subset system generation);

then, prove that U% (U% (G)) = UL (G) (i.e. the property of G is transmitted to U (G));

then, apply the first result to G’ ot U (G) and obtain X x (U (Q)) = UX(G);

and finally, prove that Y x (U%(G)) = Ex(G).

In both cases, the most technical part is the third point.

The Dynkin 7—X theorem is used in the present document (through Lemma 510) to extend the
equality of two measures on a generator w-system to the whole o-algebra in Lemma 668, which is
used to establish uniqueness of the Lebesgue measure on R in Theorem 724 (see also Section 5.6).
The monotone class theorem is used in the present document (through Lemma 515) to prove
measurability of the measure of sections (in the case of finite measure spaces) in Lemma 827, and
uniqueness of the tensor product measure (also in the finite case) in Lemma 835. All these three
proofs follow the Dynkin 7—\ theorem / monotone class theorem scheme (see Section 4.3).
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Chapter 6

Introduction

Statements are displayed inside colored boxes. Their nature can be identified at a glance by using
the following color code:

‘ light gray is for remarks ‘, ’ light green for definitions ‘,

‘light blue for lemmas ‘, and ‘light red for theorems ‘

Definitions and results have a number and a name. Inside the bodies of proofs, pertinent statements
are referenced using both their number and name. When appropriate, some hints are given about
the application, either to specify arguments, or to provide justification or consequences; they are
underlined. Some useful definitions and results were already stated in [17], which was devoted
to the detailed proof of the Lax—Milgram theorem. Those are numbered up to 206, and the
statements in the present document are numbered starting from 207.

Furthermore, as in [17], the most basic results are supposed to be known and are not detailed
further; they are displayed in bold dark red. These include:

e Logic: tautologies from propositional calculus.

e Set theory:

— definition and properties of inclusion, intersection, (disjoint) union, complement, set
difference, Cartesian product, power set, cardinality, and indicator function (that takes
values 0 and 1), such as De Morgan’s laws, monotonicity of intersection, distributivity
of intersection over (disjoint) union and set difference, distributivity of the Cartesian
product over union, compatibility of intersection with Cartesian product, o-additivity
of the cardinality (with oo absorbing element for addition in N);

— definition and properties of equivalence and order binary relations;

— definition and properties of function, composition of functions, inverse image (compat-
ibility with set operations), injective and bijective functions, restriction and extension;

— countability of finite Cartesian products of countable sets (N?, Q, Q x Q).

e Algebraic structures: results from group theory.
e Topology: definition and properties of continuous functions.

e Real analysis:

— properties of the ordered and valued field R such as the Archimedean property, density
of rational numbers, completeness, sum of the first terms of a geometric series;

— definition and properties of basic numeric analytic functions such as square root, power
function, exponential function, natural logarithm function, and exponentiation;

— properties of the ordered set R;

— properties of limits in R/R (cluster point), compactness of closed and bounded intervals,
compatibility of limit with arithmetic operations, the squeeze theorem.
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This part is organized as follows. Chapter 7 contains some results from various fields of
mathematics (set theory, algebraic structures, order theory, general topology, real and extended
real numbers including second-countability), that are needed in the proofs of the integral theory.
We recall that the material stated in [17] may also be used.

Then, Chapter 8 is devoted to subsets systems, from m-system to o-algebra. Measurability
and measurable space are presented in Chapter 9, and the specific case of sets of real and ex-
tended numbers is treated in Chapter 10. Chapter 11 is dedicated to measure and measure space,
and Chapter 12 to the specific cases involving sets of numbers, including the construction of
the Lebesgue measure on R through Carathéodory’s extension theorem. Finally, the integral of
nonnegative functions is addressed in Chapter 13 with for instance the Beppo Levi (monotone
convergence) theorem, Fatou’s lemma, and the Tonelli theorem. Chapter 14 is dedicated to the
integral of functions with arbitrary sign, with the seminormed vector space £' and Lebesgue’s
dominated convergence theorem.
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Chapter 7

Complements
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7.1 Complements on set theory

Definition 207 (pseudopartition).
Let X be a set. Let I C N. Subsets (X;);cr of X are said to form a pseudopartition (of X ) iff

(7.1) Vijel i#j=X,nX;=2 and X=[HX,
el

| Remark 208. Note that, in contrast to proper partitions, parts of a pseudopartition may be empty.

Lemma 209 (compatibility of pseudopartition with intersection). Let X be a set.
Let I C N. Let A, (X;)iecr C X. Assume that (X;);er form a pseudopartition of X.
Then, (AN X;)ier form a pseudopartition of A, i.e. A =4;c,(ANX5).

Proof. Direct consequence of Definition 207 (pseudopartition), and distributivity of intersec-
tion over disjoint union. O
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Lemma 210 (technical inclusion for countable union).
Let X be a set. Let (Ap)nen C X. Let ¢ : N — N. Then, we have U, cn Apn) C Unen An-

Proof. Let x € J,,cn Ap(n)- then, from the definition of union, there exists n € N such that
o(n)- Thus, there exists m = ¢(n) € N such that € A,,. Hence, from the definition of
union, we have x € |J,,cy Am-

Therefore, we have (J,,cn Apn) € Upen An- O

Lemma 211 (order is meaningless in countable union). Let X be a set. Let (An)nen C X.
Let ¢ : N — N. Assume that o is bijective. Then, we have U, cn An = Unen Ap(n)-

Proof. Direct consequence of Lemma 210 (technical inclusion for countable union, with (A,)nen
and ¢, then (A,,))nen and o~ which satisfies p o p~! = Idy). O

Lemma 212 (definition of double countable union).
Let X be a set. For alln,m € N, let A, ,, C X. Let ¢, : N — N2. Assume that ¢ and ¢ are

bijective. Then, U, en Ap(p) = Upen Av(p)- This union is denoted |, ,,,en Anm

Proof. Direct consequence of Lemma 211 (order is meaningless in countable union, with (A,(p))pen
and o~ ! o). O

Lemma 213 (double countable union). Let X be a set. For alln,m € N, let Ay, C X.
Then, we have Un,meN Anm = Unen (UmeN Anym).

Proof. From countability of N2, let ¢ : N — N2 be a bijection. Then, from Lemma 212 (definition
of double countable union), we have |, ,,,en An,m = U, en Ap(p) (and this does not depend on the
choice for ¢).

Let x € UpeN Agp)- Then, from the definition of union, there exists pg € N such that

T € Agpy)- Let (ng,mo) def. ©(po). Thus, we have © € A, 1m,. Hence, from the definition of
union, we have x € {J,,cn Anom € Unen (UmeN An)m).

Conversely, let = € J,cn (UmeN Anym). Then, from the definition of union, there exists
no € N such that = € (J,,cn Ano,m, and there exists mg € N such that € Ay, m,-
Let pg def. ¢ t(ng,mg). Thus, we have = € Ap(py)- Hence, from the definition of union, we
have z € U, en Ap(p)-

Therefore, we have U, ,,en Anm = Unen (Unen Anm)- 0

Remark 214. The following lemma transforms a countable union of subsets into a countable
disjoint union. It is achieved by adding the set differences of the subsets layer by layer. When
the input sequence is nondecreasing, layers can be seen as onion peels.

Lemma 215 (partition of countable union). Let X be a set. Let (An)nen C X.
Let By = Ag, and for alln € N, let B, 11 i Ani1 \UiE[O..n] B;. Then, we have

(7.2) Ym,neN, m#n — B,NB,=4g,
(7.3) vneN, |J 4= B,

1€[0..n] 1€[0..n]
(7.4) U A; = H—J B;.

€N €N
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Proof. Let p € N. Then, from the definition of set difference, and De Morgan’s laws,

C

Bpri=Apn | |J Bi| =4pan [ B
i€[0..p] i€[0..p]

Let 7 € [0..p]. Then, from properties of set operations, B,y and B; are disjoint.

Let m,n € N. Assume that m # n, and let i ot min(m,n) and p def. max(m,n) — 1. Then,

we have p € N and 7 € [0..p], and thus B,, N B, = B,11 N B; = &.
For alln € N, let P(n) be the property: U,c(o. ) Ai = W;c(o. ) Bi- Induction: P(0). Trivial.

Induction: P(n) implies P(n+1). Let n € N. Assume that P(n) holds. Let B ot Uiepo.n Bi-

Then, from P(n), and properties of set operations (e.g., AUB = AW (B \ A)), we have

U 4=BuA,y1=Be(4,1\B)=B¥B,..= H B
i€[0..n+1] i€[0..n+1]

Hence, for all n € N, P(n) holds. Moreover, from monotonicity of partial union, and the
definition of the limit of monotone sequence of subsets, we have ),y Ai = W;cn Bi-

Therefore, all three properties hold. O
Definition 216 (trace of subsets of parties). Let X be a set. Let Y C X. Let ¢ be the
canonical injection from ¥ to X. Let G C P(X). The notation GNY denotes the set
(7.5) GAY ¥ i1 (G)={ANY|A€G}.

Definition 217 (product of subsets of parties).
Let m € [2..00). For all i € [1..m], let X; be a set, and G; C P(X;). Let X def- [Licp..m) Xi- The

notations G; X G5 and ﬁ }Gi respectively denote the sets

i€[l..m
(76) G1 X Gy d;f‘ {Al X Ay € P(Xl X X2) | AL e GiNAy € GQ}
T def. .
(77) Hie[l..m]Gi = ‘ H Ai € P(X) Vi € [lm], Az € G;
1€[1..m]
Lemma 218 (restriction is masking). Let X be aset. Let ACY C X. Let f:Y —R.

Let f: X — R. Assume that f|Y = f. Then, we have (f]lA)l = fl. and (f]lA) =0.
A

AcC

Proof. Direct consequence of the definition of the indicator function, and the definition of
restriction of function. O
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7.2 Complements on algebraic structures

7.2.1 Vector space

Definition 219 (relation compatible with vector operations). Let (E,+g, g) be a vector
space. An equivalence relation R on FE is said compatible with the vector operations iff

(7.8) Vu,u',v,0" € B, uRu AvRV = (u+gv)R (v +g2),
(7.9) VAeEK Vu,u' €E, uRu = Agu)R (N gu).
Lemma 220 (quotient vector operations). Let (E,+E, ) be a vector space.

Let R be an equivalence relation on E. Assume that R is compatible with the vector operations.
Then, the mappings [+]: E/R X E/R — E/R and [] : Kx E/R — E/R defined by
(7.10) Yu,v € B, [u] [+] o] L [u+5 ],

(7.11) VAEK YueE, A[][u L [\ gul

are well-defined. These mappings are called quotient vector operations induced on E/R.

Proof. Let u,v € E. Let A\ € K. Let v/,v/ € E such that u R v and v R v/, i.e. such that
[/] = [u] and [v'] = [v]. Then, from Definition 219 (relation compatible with vector operations), we
have (u+gv) R (v +gv')and (A\-gu) R (A-gu'), i.e. [/ +gv'] =[ut+gv] and [\-gu'] = [A-gul.
Therefore, the quotient vector operations [+] and [-] defined by Equations (7.10) and (7.11) do
not depend on the choice of the representative of classes, i.e. they are well-defined. O

Lemma 221 (quotient vector space, equivalence relation).

Let (E,+E, ) be a vector space. Let R be an equivalence relation on E. Assume that R is
compatible with the vector operations. Let [+] and [] be the quotient vector operations induced on
the quotient set E/R. Then, (E/R,[+],[]) is a vector space.

Proof. From group theory, (E/R,[+]) is an abelian group with identity element [0g] Distribu-
tivity of the quotient scalar multiplication over quotient vector addition and field addition, com-
patibility of the quotient scalar multiplication with field multiplication, and 1 is the identity
element for the quotient scalar multiplication are direct consequences of Definition 61 (vector
space), and Lemma 220 (quotient vector operations). Therefore, from Definition 61 (vector space),
(E/R,[+],[]) is a vector space. O

Lemma 222 (quotient vector space). Let E be a vector space. Let F be a vector subspace
of E. Let R be the relation defined on E by for allu,v € E, uRv<sv—u€F.
Then, R is an equivalence relation compatible with the vector operations of E.

The quotient set E /R equipped with the quotient vector operations is thus a vector space called
quotient vector space of E by F; it is denoted E/F. For all w € E, the class of u is denoted
u+ F. The quotient vector operations are still denoted + and - (the latter may be omitted).

Proof. Let u,u’,v,v" € E. Let A € K. Assume that « R v/ and v R v/, i.e. v/ —u,v' —v € F.
Then, from Definition 61 (vector space, vector addition is associative, and scalar multiplication
is distributive over field addition), and Lemma 81 (closed under vector operations is subspace),
we have (v +v') — (u+v) = (v —u) + (¥ —v) € F and (M) — (Au) = A/ —u) € F, ie.
(u+v) R (v + ") and (Au) R (Au'). Hence, from Definition 219 (relation compatible with vector
operations), the equivalence relation R is compatible with the vector operations. Therefore, from
Lemma 221 (quotient vector space, equivalence relation), the quotient set E/R equipped with the
induced quotient vector operations is a vector space. O
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Lemma 223 (linear map on quotient vector space). Let B, F be vector spaces.
Let G be a vector subspace of E. Let f be a linear map from E to F. Assume that G C ker(f).

Then, the function [f] aet- (u+ G f(u)) is a linear map from E/G to F.

Proof. Let u € E. Let v € u+ G. Then, from hypotheses, we have v’ —u € G C ker(f).
Thus, from Definition 64 (linear map), and Definition 101 (kernel), we have f(u') = f(u). Hence,
the function [f] does not depend on the choice of the representative of equivalence classes, it is
well-defined.

Let (v 4+ G),(v + G) € E/G. Let A € K. Then, from Lemma 222 (quotient vector space),
Lemma 220 (quotient vector operations), and Definition 64 (linear map), we have

[f1(a(u+ @) = [fl((aw) + G) = f(au) = af(u) = a[f](v + G),
fw+G)+w+G) = [fl((utv)+G) = flutv) = fu) + f(v) = [fl(u+G) + [fl(v+ G).

Therefore, from Definition 64 (linear map), [f] is a linear map from E/G to F. O

7.2.2 Algebra over a field

Remark 224. The following algebraic structure “algebra over a field” is not to be confused with
the concept of “set algebra” defined in Section 8.3.

Remark 225. Most results on algebras over a field are valid on algebras over a ring, for which the
property of vector space over the field is replaced by that of module over the ring.

Definition 226 (algebra over a field).

Let K be a field. A set E equipped with three algebra operations (a vector addition +, a scalar
multiplication -, and a vector multiplication x), is called algebra (over field K), or K-algebra, iff
(E,+,") is a K-vector space, and vector multiplication is bilinear (or left and right distributive
over vector addition, and compatible with scalars):

(7.12) Yu,v,w € B, (u+v) xw=(uxw)+ (vxw),
(7.13) Yu,v,w € B, ux (v+w)=(uxv)+ (uxw),
(7.14) VA peK, Yu,ve B, (A-u) X (u-v) =) (uxv).

|Rema7’k 227. The - and X infix signs in the scalar and vector multiplications may be omitted. |

|Lemma 228 (K is K-algebra). Let K be a field. It is an algebra over itself.|

Proof. Direct consequence of Definition 226 (algebra over a field), and field properties of K. O

Definition 229 (inherited algebra operations).

Let X be a nonempty set. Let K be a field. Let (F, +g, g, Xg) be an algebra over field K. The
algebra operations inherited on EX are the mappings +pzx and -gx of Definition 91 (inherited
vector operations), and the mapping x px : EX x EX — EX defined by

(7.15) Vf,ge EX Yz e X, (fxpx9)(x) e f(z) x5 g(z).

Remark 230. Usually, inherited algebra operations are denoted the same way as the algebra
operations of the target algebra.

Lemma 231 (algebra of functions to algebra).
Let K be a field. Let X be a nonempty set. Let (E,+g, g, xg) be a K-algebra. Let +gx, -gx
and x gx be the algebra operations inherited on EX. Then, (EX,4+gx, -gx, X gx) is a K-algebra.
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Proof. From Lemma 93 (space of functions to space), (EX,+gx, px) is a K-vector space. Then,
bilinearity of the inherited vector multiplication is a direct consequence of Definition 226 (algebra
over a field), and Definition 229 (inherited algebra operations). Therefore, from Definition 226
(algebra over a field), EX equipped with +px, -px and x gx is a K-algebra. O

Lemma 232 (KX is algebra).
Let K be a field. Let X be a nonempty set. Then, KX is a K-algebra.

Proof. Direct consequence of Lemma 228 (K is K-algebra), and Lemma 231 (algebra of functions
to algebra). O

Definition 233 (subalgebra). Let K be a field. Let (F,+,-, x) be a K-algebra.
A subset F' of E equipped with the restrictions +|,., -, and x|, of the algebra operations to F’
is called (K-)subalgebra of E iff (F,+|,.,-|,, X|,) is a K-algebra.

|Remark 234. Usually, restrictions +,., -, and x|, are still denoted +, - and x. |

Lemma 235 (vector subspace and closed under multiplication is subalgebra).
Let K be a field. Let (E,+,-, x) be a K-algebra. Let F C E. Then, F is a K-subalgebra of E iff
F is a K-vector subspace of E, and F' is closed under vector multiplication:

(7.16) Yu,v € F, uxwvéEF.

Proof. “Left” implies “right”. Assume first that F' is a K-subalgebra of E. Then, from Def-
inition 233 (subalgebra, F' is a K-algebra), Definition 226 (algebra over a field), (F,+|.,,) is a
K-vector space, and F' is closed under the restriction to F' of the three operations. Thus, from
Definition 77 (subspace), F' is a K-vector subspace of F, and F' is closed under vector multiplication.

“Right” implies “left”. Conversely, assume now that F' is a K-vector subspace of F, and that
it is closed under vector multiplication. Then, from Definition 77 (subspace), (F,+,,,) is a
K-vector space. Moreover, from Lemma 81 (closed under vector operations is subspace), F is also
closed under vector addition and scalar multiplication. Thus, since F' is a subset of F/, and F is a
K-algebra, Equations (7.12) to (7.14) are trivially satisfied over F' with the restrictions of the three
operations. Hence, from Definition 226 (algebra over a field), and Definition 233 (subalgebra), F is
a K-subalgebra of F.

Therefore, we have the equivalence. O

Lemma 236 (closed under algebra operations is subalgebra).
Let K be a field. Let E be a K-algebra. Let FF C E. Then, F is a K-subalgebra of E iff O € F,
and F' is closed under vector addition, scalar and vector multiplications:

(7.17) Yu,v € F, u+vebF,
(7.18) VAeK, YueF, \ueF,
(7.19) Yu,v € F, uxwveF.

Proof. Direct consequence of Lemma 235 (vector subspace and closed under multiplication is sub-
algebra), and Lemma 81 (closed under vector operations is subspace). O
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7.2.3 Seminormed vector space

Definition 237 (seminorm).
Let K be a valued field. Let E be a K-vector space. A function ||-|| : E — R is called seminorm
over F iff it is absolutely homogeneous of degree 1, and it satisfies the triangle inequality:

(7.20) VAeK, Yue B, || = A |lul,
(7.21) Vu,v € B, lu+ | < lull + (]|

If so, (E, ||-||) (or simply E) is called seminormed (K-)vector space.

Remark 238. Most results from [17] on normed vector spaces can be generalized to the case of
seminormed vector space, sometimes with slight modifications of the statement. In particular,
the associated distance becomes a pseudometric.

Lemma 239 (definite seminorm is norm). Let (E, ||-||) be a seminormed vector space.
Then, (E,||-||) is a normed vector space iff ||-|| is definite, i.e. for allu € E, ||Jul]| =0 < uw=0.

Proof. Direct consequence of Definition 237 (seminorm), Definition 106 (normed vector space),
and Definition 105 (norm,). O
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7.3 Complements on order theory

Remark 240. In the following definition, the strict inequality “<” naturally means “< and not
equal” (equality is related to the set object).

We recall the notations oo to represent the extreme bounds of a totally ordered set; they
may belong to the set, or not.

Definition 241 (interval). Let (X, <) be a totally ordered nonempty set. Let a,b € X.

The subset {x € X |a < x < b} is called the open proper interval from a to b (with excluded
bounds a and b); it is denoted (a,b). The set of open proper intervals for all a,b € X is
denoted Z3P.

The subsets {v € X |z < b} and {z € X |a < z} are called open left ray and open right ray
(with excluded bounds a and b) (or half-lines); they are denoted (a,00] and [—o0,b). The set of
open rays for all a,b € X is denoted R%.

The notation [—o0o,00] may be used to represent the whole set X.

In all cases, square brackets “[,]” are used to specify that bounds are included, and square-
and-round brackets “[, ]” are used to avoid specifying inclusion or exclusion of the bounds.

Let a,b € X U{+oo}. The subset [a, b] is either a proper interval, a ray, or the whole set; it is

called interval. The set of open intervals for all a,b € XU{£oo} is denoted Z% def- IPURS U{X}.

Remark 242. Note that if X contains at least two elements, 73", R% and {X} are pairwise
disjoint. In particular, (a,00) is an open ray when co ¢ X, and an open proper interval when
oo € X. More generally, open rays are never open proper intervals. For instance, when oo belongs
to the set, (a, 0] is actually (a, co] (an open subset of R), which is distinct from the open proper
interval (a, 00).

Lemma 243 (empty open interval).
Let (X, <) be a totally ordered nonempty set. Assume that X is dense-in-itself:

(7.22) Ve,ye X, z<y = FzeX, z<z<y.

Let a,b € X U{£oo}. Then, the open interval (a,b) is empty iff b < a.

Proof. Then, from Definition 241 (interval), Equation (7.22), transitivity of order (which
provides the other implication), and the definition of strict inequality, we have

(a,b)=0 <<= VreX, a(a<z<b)
— (FrzeX, a<z<b) = -(a<d) <<= b<a.

Remark 244. Of course, the previous statement is wrong in the presence of isolated points. For
instance, (0,1) is empty in the discrete sets N and Z.

Remark 245. In the following lemma, the left and right square-and-round brackets must remain
the same on the sides of each interval. For instance “[1” denotes either “[” or “(”, but it remains
identical in the three intervals of Equation (7.23).
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Lemma 246 (intervals are closed under finite intersection).

Let (X, <) be a totally ordered nonempty set. Then, the intersection of two proper intervals is a
proper interval, the intersection of two rays is either a ray (if they both point towards the same
direction), or a proper interval, and the intersection of a proper interval and a ray is a proper
interval. In particular, for all a,b,c,d € X U{+oo}, we have (see remark above)

(7.23) [1a,b]2 N [1c,d]2 = [1max(a, c), min(b, d)]s.

Hence, the closure of RS U{X} under finite intersection is I%, and 3" and I% are closed under
finite intersection.

Proof. Direct consequence of Definition 241 (interval), totally ordered set properties of X,
and induction on the number of operands of the finite intersection. U

Lemma 247 (empty intersection of open intervals).
Let (X, <) be a totally ordered nonempty set. Assume that X is dense-in-itself:

(7.24) Ve,ye X, z<y = FzeX, x<z<y.

Let a,b,c,d € X U{+oo}. Then, (a,b) N (c,d) is empty iff b< a,d<c,d<aorb<ec.

Proof. Direct consequence of Lemma 246 (intervals are closed under finite intersection), Lem-
ma 243 (empty open interval), and totally ordered set properties of X. O
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7.4 Complements on general topology

Remark 248. In [17], we have only covered topology for metric spaces in which subsets are open
when they contain a ball centered in each of their points. In the present document, we deal with
the general case of topological spaces for which the collection of open subsets is given, e.g. via a
topological basis.

Definition 249 (topological space). Let X be a set. A subset T of P(X) is called topology
of X iff @, X € T, and T is closed under (infinite) union and finite intersection.

If so, (X, T) (or simply X) is called topological space, elements of T are called open subsets
of X, and the complement of elements of T are called closed subsets of X.

Lemma 250 (intersection of topologies).
Let X and I be sets. Let (T;)icr be topologies on X. Then, [

;1 Ti s a topology on X.

Proof. Direct consequence of Definition 249 (topological space), and the definition and prop-
erties of intersection and union of subsets. O

Definition 251 (generated topology). Let X be a set. Let G C P(X).
The topology on X generated by G is the intersection of all topologies on X containing Gj it is
denoted Tx (G). The generator G is also called subbase of the topology.

Lemma 252 (generated topology is minimum).
Let X be a set. Let G C P(X). Then, Tx(G) is the smallest topology on X containing G.

Proof. Direct consequence of Definition 251 (generated topology), Lemma 250 (intersection of
topologies), and properties of the intersection. O

Lemma 253 (equivalent definition of generated topology).
Let X be a set. Let G C P(X). Let O C X. Then, O € Tx(G) iff O is the union of finite
intersections of elements of GU{X}.

Proof. Direct consequence of Definition 249 (topological space), associativity and commuta-
tivity of union, distributivity of intersection and union (both ways) (thus, the set of
unions of finite intersections of elements of G is a topology of X containing GG, and contained in
all topologies of X containing ), and Lemma 252 (generated topology is minimum). O

Definition 254 (topological basis).
Let (X, T) be a topological space. Let I be a set. A set {B; € T |i € I} is called topological basis
of (X, T) iff for all O € T, there exists J C I such that O = J;c; B;.

Lemma 255 (augmented topological basis). Let (X, T) be a topological space.
Let B be a topological basis of (X, T). Let O € T. Then, BU{O} is a topological basis of (X, T).

Proof. Direct consequence of Definition 254 (topological basis, with O open). O

Definition 256 (order topology).
Let (X, <) be a totally ordered set. The topology Tx(R% ) is called order topology on X.

Remark 257. See Definition 241 (interval) for the definition of RS . Note that the order topology
is the standard topology on the totally ordered sets of numbers N, Z, Q, and R.

Lemma 258 (topological basis of order topology).
Let (X, <) be a totally ordered set. Then, I is a topological basis for the order topology on X .
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Proof. Direct consequence of Definition 256 (order topology), Lemma 253 (equivalent definition of
generated topology), Lemma 246 (intervals are closed under finite intersection), and Definition 254
(topological basis). O

|Rema7’k 259. See Definition 241 (interval) for the definition of Z%. |

Lemma 260 (trace topology on subset).
Let (X, T) be a topological space, and B be a topological basis of (X, T). LetY C X.

Then, Ty G TAY isa topology of Y, and BNY is a topological basis of (Y, Ty).
Ty is called trace topology, and (Y, Ty) is said topological subspace of (X, T).

Proof. Direct consequence of Definition 249 (topological space), Definition 254 (topological basis),
Definition 216 (trace of subsets of parties), distributivity of intersection over union, and
commutativity of intersection. O

Lemma 261 (box topology on Cartesian product). Let I be a set. For allie I,

let (X;,T;) be a topological space and B; be a topological basis of (X;,T;). Let X def. [Lics X:-

Then, g ﬁieﬂ; is a topology of X, and ﬁieIBi is a topological basis of (X,T).
T is called the box topology of X (induced by the 7;’s).

Proof. Direct consequence of Definition 249 (topological space), Definition 254 (topological basis),
Definition 217 (product of subsets of parties), and distributivity of the Cartesian product
over union. O

7.4.1 Second axiom of countability

Definition 262 (second-countability). A topological space (X, T) is said second-countable,
or completely separable, iff it admits a countable topological basis,

|Remark 263. This corresponds to the existence of I C N in Definition 254 (topological basis). |

Lemma 264 (complete countable topological basis).
Let (X, T) be a second-countable topological space. Let B be a countable topological basis of (X, T).
Let O € T. Then, BU{O} is a countable topological basis of (X, T).

Proof. Direct consequence of Definition 262 (second-countability), and Lemma 255 (augmented
topological basis). O

Lemma 265 (compatibility of second-countability with Cartesian product).
Let I be a set. For alli € I, let (X;,T;) be a second-countable topological space, and let B; be

a countable topological basis of (X;,T;). Let X = [l;c; Xi- Assume that X is equipped with

the box topology T = ﬁiel'ﬁ. Then, ﬁieIBi is a countable topological basis of (X, T). Hence,
(X,T) is second-countable.

Proof. Direct consequence of Lemma 261 (box topology on Cartesian product), Definition 217
(product of subsets of parties), and compatibility of finite Cartesian product with count-
ability. O

Lemma 266 (complete countable topological basis of product space). Let I be a set.
For alli €I, let (X;,T;) be a second-countable topological space, let B; be a countable topological

basis of it, and let O; € T;. Let X b [Lic; Xi. Assume that X is equipped with the box
topology 77 & ﬁiel'ﬁ. Then, ﬁieI]Bi U{0;} is a countable topological basis of (X, T).

Proof. Direct consequence of Definition 217 (product of subsets of parties), Lemma 264 (complete
countable topological basis), and Lemma 261 (box topology on Cartesian product). O
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7.4.2 Complements on metric space

Definition 267 (pseudometric).
Let X be a nonempty set. A function d : X x X — R is called pseudometric over X iff it is
nonnegative, symmetric, it is zero on the diagonal, and it satisfies the triangle inequality:

(7.25) Ve,y € X, d(z,y) >0,

(7.26) Vae,y € X, d(y,x) =d(z,y),

(7.27) Ve e X, d(z,x) =0,

(7.28) Ve,y,z € X, d(x,z) <d(z,y) + d(y, 2).

If so, (X, d) (or simply X) is called pseudometric space.

Remark 268. A pseudometric becomes a metric when it is also definite. Hence, most results
from [17] on metric spaces are still valid on pseudometric spaces.

Lemma 269 (equivalent definition of convergent sequence).
Let (X, d) be a metric space. Let (zp)neN,l € X. Then, (Tn)nen 8 convergent with limit 1 iff

1
Proof. “Left” implies “right”.
Direct consequence of Definition 27 (convergent sequence, with df- —ll )

“Right” implies “left”. Assume that Equation (7.29) holds. Let € > 0. Then, from the
Archimedean property of R, and ordered field properties of R, let k£ € N such that k > %—1,
ie. k%H < e. Thus, from assumption, there exists N € N such that for all n € [N..c0), we have

d(xn,l) < %-5-1 < e. Hence, from Definition 27 (convergent sequence), the sequence (Z)nen 1S
convergent with limit [.

Therefore, we have the equivalence. O

Lemma 270 (convergent subsequence of Cauchy sequence).

Let (X,d) be a metric space. Let (zp)nen € X. Assume that (Tn)nen s a Cauchy sequence.
Let (nk)ren € N. Assume that (ng)gen is nondecreasing and that the subsequence (T, )keN S
convergent. Then, (xn)nen 18 convergent with the same limit.

Proof. From Lemma 29 (limit is unique), let € X be the limit of the subsequence. Let & > 0.
Then, from Definition 35 (Cauchy sequence), let N € N such that for all p,q > N, we have
d(xp,xq) < §5. Moreover, as (ng)ren is increasing, let K’ € N such that for all k£ > K’, we have
ng > N, and from Definition 27 (convergent sequence), let K" € N such that for all k > K",

we have d(z,,,z) < §. Let K def. max(K’, K"). Then, from Definition 17 (distance, triangle

inequality), we have for all n > N,
d(@n, ) < d(@Tn, Tny) + A(Tny, ) <

Therefore, from Definition 27 (convergent sequence), (n)nen is convergent with limit x. O

Definition 271 (cluster point). Let (X, d) be a metric space. Let (,)nen € X.
A cluster point of the sequence is the limit z of any convergent subsequence of (z,)neN:

(7.30) Ve >0, VN €N, In>N, d(z,,z)<e.
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7.5 Complements on real numbers

7.5.1 Real numbers

Lemma 272 (finite cover of compact interval).

Let a,b, (an)neN, (bn)nen € R. Assume that a < b and [a,b] C U, cn(@n,bn). Then, there exists
q € N and (ip)pepo..q € N pairwise distinct such that [a,b] C UpE[O‘.q](aip7bip) with a;, < a,
b<b;,, and for allp € [0..q — 1], a;,,, < b;,.

Proof. From the definition of compactness, and compactness of [a, b], there exists n € N
such that [a,b] C U, c0.n(@;, ;)

Let J C [0..n] and z € R. Assume that [z,b] C U,c;(a;,b;) and 2 <b.

(1). Next index: 34 oot ty(x) € J, a; <z < b;.

Direct consequence of the definition of union (with x € [z, b]).

(2). Next cover: [b;,b] C U;e s i3 (ass bj)-

Case b < b;. Trivial. Case b; < b. Then, from (1), we have b; € (z,b]. Let y € [b;,b] C [z, b].
Then, from the definition of union, there exists j € J such that a; < y < b;. Hence, from
transitivity of order in R, we have b; < b;, i.e. j # 4, and [b;,b] C UjeJ\{i}(aj, bj).

Let iy < —1, J_, & [0..n], and b;_, = b_1 . Let (ip)pejo..q be the sequence of integers

computed by the following algorithm:

def. 1
repeat
. def. .
ipt1 =i, (bi,);
def. .
Jpt1 = Ip \ {ipt1};
pE p+1;
until b < b; ;

return (io,...,%p);

For all p € {—1} UN, let I, def- {ig,...,ip} (with I_4 def. @), and P(p) be the property:

card(l) =p+1 A [0n]=LwJ, A (Ymel0.p, a, <bi, ,) A

[a,bip) C U (aj,bj) N [bip7b] C U (aj,bj).

jEI, JjEJp
Let us show that there exists ¢ € [0..n] such that P(q) A b < b;, holds.
(3). Inmitialization: P(—1) A b;_, < b. Trivial.

(4). Iterations: Vp € {—1} UN, P(p) A b;, < b implies P(p + 1).
Let p € {—1} UN. Assume that P(p) A b;, < b holds.

Let J %< Jp and x def- bi,. Then, we have [z,b] C [, ;(a;,b;) and 2 < b. Thus, from (1), there

exists ip41 = iy(x) € J = J, (i.e. ipy1 & I,), such that a;,,, <b;, <b Moreover, from (2),

ipt1-
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we have [b;,,,,b] C U, ,, (a;,b;). Then, we have
card(Ipy1) = card(Ip) + 1 =p+2,
0..n) = T W {ips1} W (Jp \ {ips1}) = Ipt1 W Jppa.

iy < bip7
[a,bi,,,) = [a,bi,) ¥ by, b)) © | (a5,05) U (@i bi0) = | (a5,0)),
Jelp J€lpia
bi,0l € U (a5,0)).
JE€EIp+1

Hence, P(p + 1) holds.

(5). Termination: 3q € [0..n], P(q) Ab < b;,. Assume that P(p) A b;, < b holds for all p
in [0..n]. Then, from (4), we have P(n + 1). Thus, from additivity of the cardinality, we have

n+ 1 = card([0..n]) = card(L,,4+1) + card(Jp41) = card(I,41) = n + 2.

Which is impossible. Hence, there exists ¢ € [0..n] such that P(q) A b < b;, holds.
Moreover, we have [a,b] C [a,bi,) C Uy, (a5, 0;)-

Therefore, there exists ¢ € N and (i,),cj0..q € N pairwise distinct such that [a, b] is included
in Upepo..q (@i, bi,) with ai, <a, b <b;,, and for all p € [0..¢ — 1], a;,,, <, O

Definition 273 (Hoélder conjugates in R).

Real numbers p, ¢ € (1,00) are said Holder conjugates in R iff % + % =1.

Lemma 274 (2 is self-Hélder conjugate in R).
The real number 2 is Holder conjugate in R with itself.

Proof. Direct consequence of Definition 273 (Hdlder conjugates in R), and since % + % =1. O

Lemma 275 (Young’s inequality for products in R). Let p,q € (1,00). Assume that p
and q are Holder conjugates. Let a,b € Ry. Then, we have ab < % + %.

Proof. Case ab = 0. Then, from nonnegativeness of exponentiation, closedness of mul-
tiplicative inverse in Rfl_, and of the multiplication and addition in Ry, The right-hand
side is nonnegative. hence, the inequality holds.

Case ab > 0. Then, from the zero-product property in R} (contrapositive), we have
a,b > 0. Thus, from algebraic properties of the natural logarithm function, Definition 273
(Hdlder conjugates in R), and concavity of the natural logarithm function (with %—l—% =1),
we have
1 1 a? bl
In(ab) =lna+Inb=-ln(e®)+-In®b?)) <ln{ —+—|.
p q p q
Hence, from monotonicity of the exponential function, and since the exponential and
logarithm functions in R are each other inverse, we have ab < %p + %.
Therefore, the inequality always holds. O

Lemma 276 (Young’s inequality for products in R, case p = 2).
2 2
Let a,b € Ry. Let € > 0. Then, we have ab < 5= + %.

Proof. Direct consequence of Lemma 274 (2 is self-Holder conjugate in R), Lemma 275 ( Young’s
inequality for products in R, with p = ¢ 4 9 and 2 \/eb € R}), and properties of square root

and multiplicative inverse in Rfi_, and of multiplication in R4. O

Remark 277. Note that a similar result also holds in the general case of Holder conjugate numbers

2
p,q € (1,00): for all a,b € Ry, for all € > 0, we have ab < o %.

ped
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7.5.2 Extended real numbers

Definition 278 (extended real numbers, R). The set of extended real numbers is

R R {—00, 0}, and the order in R is extended to R with the following rule:

(7.31) 1. YaeR, —oo<a<oo.

|Lemma 279 (order in R is total). (R, <) is a totally ordered set.

Proof. Direct consequence of the definition of total order, Definition 278 (extended real num-

bers, R), and totality of order in R. O

Remark 280. The goal of this section is to clarify some properties of basic operations such as
addition, multiplication, and exponentiation, when extended to R.

Remark 281. Note that, as with regular real numbers, all results on operations on extended real
numbers can be lifted into similar results on functions taking their values in R.

Definition 282 (addition in R). B
Addition and subtraction in R are extended to R with the following rules:

def.

VYa > —00, a+oco=00+a = o0,
Va < oo, a+(foo):foo+ad§f' —00,
(7.32) 00 + (—o0) and — 0o + 0o are undefined,

=P

— (£00) = Foo,
Va,b €R, a+ (—b) defined = a—b def- + (=b).

Lemma 283 (zero is identity element for addition in R).
Let a € R. Then, we havea+0=0+a = a.

Proof. Direct consequence of abelian group properties of (R, +), and Definition 282 (addition
in R, new rules 1, and 2 are compatible with the property). O

Lemma 284 (addition in R is associative when defined).
Let a,b,c € R. Then, a+ (b+ ¢) and (a + b) + ¢ are either equal or both undefined.

Proof. Direct consequence of associativity of addition in R, and Definition 282 (addition in R,
new rules 1, 2, and 3 are compatible with associativity). O

Lemma 285 (addition in R is commutative when defined).
Let a,b € R. Then, a+ b and b+ a are either equal or both undefined.

Proof. Direct consequence of commutativity of addition in R, and Definition 282 (addition

in R, new rules 1, 2, and 3 are compatible with commutativity). O
Lemma 286 (infinity-sum property in R). Let a,b € R. Then, we have
(7.33) a+b=00 <<= (a=00 A b>-00) V (a>-c0 A b=x)
(7.34) a+b=-0 <= (a=-00 A b<ox) V (a<oo A b=-x).

Moreover, if we assume that the sum a + b is well-defined, then we have

(7.35) a+b=1200 <= a=z£o00 V b==oo.
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Proof. Direct consequence of Definition 282 (addition in R, rules 1, 2 and 3). O

Lemma 287 (additive inverse in R is monotone).
Let a,b € R. Then, we have a < b iff —b < —a.

Proof. Direct consequence of Definition 278 (emtendgi real numbers, R), monotonicity of addi-
tive inverse in R, and Definition 282 (addition in R, rule 4). O

Definition 288 (multiplication in R). B
Multiplication and division by nonzero in R are extended to R with the following rules:

1. Ya>0, ax(£o0) = tooxa +o0,
2. Va<0, ax(too)==00xa i Foo,
(7.36) 3. 0x (+o0) and =+ co x 0 are undefined,
4. = is undefined, and — o 0,
— 1 1 1
5. Va,beR, andaxdefined — 2 ax .

Remark 289. The 5th rule in the previous definition implies that £, 22, and § (for all a € R)
are undefined. Note that rule 3 is modified in the context of measure theory in Definition 333.

Lemma 290 (multiplication in R is associative when defined).
Let a,b,c € R. Then, a x (b x ¢) and (a x b) x ¢ are either equal or both undefined.

Proof. Direct consequence of associativity of multiplication in R, and Definition 288 (multi-
plication in R, new rules 1, 2, and 3 are compatible with associativity). O

Lemma 291 (multiplication in R is commutative when defined).
Let a,b € R. Then, a x b and b X a are either equal or both undefined.

Proof. Direct consequence of commutativity of multiplication in R, and Definition 288 (mul-
tiplication in R, new rules 1, 2, and 3 are compatible with commutativity). O

Lemma 292 (multiplication in R is left distributive over addition when defined).
Let a,b,c € R. Then, a x (b+¢) and (a x b) + (a X ¢) are either equal or both undefined.

Proof. Direct consequence of left distributivity of multiplication over addition in R, Defi-
nition 282 (addition in R), and Definition 288 (multiplication in R) (new rules are compatible with
left distributivity of multiplication over addition). O

Lemma 293 (multiplication in R is right distributive over addition when defined).
Let a,b,c € R. Then, (a+b) X ¢ and (a x ¢) + (b X ¢) are either equal or both undefined.

Proof. Direct consequence of Lemma 291 (multiplication in R is commutative when defined, used

twice), and Lemma 292 (multiplication in R is left distributive over addition when defined). O
Lemma 294 (zero-product property in R). Let a,b € R. Then, we have
(7.37) ab=0 <= abisdefined AN (a=0 VvV b=0).

Proof. Direct consequence of the zero-product property in R, and Definition 288 (multiplica-
tion in R, rule 3). O

Inria



Detailed proofs for Lebesgue integration 49

Lemma 295 (infinity-product property in R). Let a,b € R. Then, we have
(7.38) ab=o00 <= (a=00 A b>0) V (a=-o0 A b<0) V

(>0 A b=o0) V (a<0 A b=-x),
(7.39) ab= -0 <<= (a=-00 A b>0) V (a=00 A b<0) V

(>0 A b=-00) V (a<0 A b=o).

Proof. “Left” implies “right”. Assume that ab = to0o. Then, from Definition 288 (multiplication
in R, rules 1 and 2), we have a = 00 or b = £0o. Assume that the other operand is zero. Then,
from Definition 288 (multiplication in R, rule 3), the product ab is undefined. Which is impossible.
Assume that ab = co. Then, from Definition 288 (multiplication in R, rules 1 and 2), we have
eithera=o0cand b>0,a=—-ocoand b< 0,b=00 and a > 0, or b= —o0 and a < 0.

Similarly, assume now that ab = —oo. Then, again from Definition 288 (multiplication in R,
rules 1 and 2), we have either a = —occ and b > 0,a =00 and b < 0, b= —oo and a > 0, or b = 00
and a < 0.

“Right” implies “left”. Direct consequence of Definition 288 (multiplication in R, rules 1 and 2).

Therefore, we have the equivalences. O
Lemma 296 (finite-product property in R). Let a,b € R. Then, we have
(7.40) ab is defined AN abeR <= a,beR.

Proof. Direct consequence of Definition 288 (multiplication in R, new rules are not finite-product
rules). O

Definition 297 (absolute value in R).
The absolute value in R is extended to R with the following rule:

(7.41) | £ 00| = co.

Lemma 298 (equivalent definition of absolute value in R).
Let a € R. Then, we have |a| = max(—a,a).

Proof. Direct consequence of the definition of absolute value in R, and Definition 297 (absolute
value in R). O

Lemma 299 (bounded absolute value in R).
Let a,b € R. Then, we have |a| < b iff =b < a < b.

Proof. Direct consequence of Lemma 298 (quivalent definition of absolute value in R, —a < b and
a < b), and Lemma 287 (additive inverse in R is monotone, —b < a). O

Lemma 300 (bounded absolute value in R (strict)).
Let a,b € R. Then, we have |a| < b iff =b < a < b.

Proof. Direct consequence of Lemma 298 (equivalent definition of absolute value in R, —a < band
a < b), and Lemma 287 (additive inverse in R is monotone, contrapositive both ways, —b < a). O

|Lemma 301 (finite absolute value in R).  Let a € R. Then, we have |a| finite iff a ﬁm’te.|

Proof. Direct consequence of Lemma 300 (bounded absolute value in R (strict), with b aef- o0). O
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|Lemma 302 (absolute value in R is nonnegative). The absolute value in R is nonnegative.

Proof. Direct consequence of Definition 297 (absolute value in R), nonnegativeness of the ab-
solute value in R. and nonnegativeness of oco. O

|Lemma 303 (absolute value in R is even). The absolute value in R is even.|

Proof. Direct consequence of evenness of the absolute value in R. and Definition 297 (absolute
value in R, new rule is compatible with evenness), O

|Lemma 304 (absolute value in R is definite). The absolute value in R is deﬁm'te.|

Proof. Direct consequence of definiteness of the absolute value in R, and Definition 297
(absolute value in R, new rule is not a zero-absolute-value rule). O

Lemma 305 (absolute value in R satisfies triangle inequality).
Let a,b € R. Assume that a + b is well-defined. Then, we have |a + b| < |a|] + |b].

Proof. Direct consequence of Definition 297 (absolute value in R), the triangle inequality for
the absolute value in R, Definition 282 (addition in R, oo is absorbing for addition in Ry ), and

Definition 278 (extended real numbers, R, oo is the maximal element). O

Definition 306 (exponential and logarithm in R).
The exponential function in R and the natural logarithm function in R are respectively extended
to R and R with the following rules:

(7.42) exp(—o0) =0, expoo=o00, In0=-o00, and Inoco=ococ.

Lemma 307 (exponential and logarithm in R are inverse). B
The exponential function in R and the natural logarithm function in Ry are each other inverse.

Proof. Direct consequence of properties of the exponential and natural logarithm func-
tions in R, and Definition 306 (exponential and logarithm in R, new rules are compatible with
the property). O

Definition 308 (exponentiation in R). Exponentiation in R (with either positive base and
any exponent, or zero base and positive exponent) is extended to R with the following rule:

(7.43) VYa €Ry, Vb €R, blnadefined — a° aef- exp(blna).

Lemma 309 (exponentiation in R).
Exponentiation in R is the function exp : Ry x R — Ry defined by

Ya €R%, Wb eR, a* Y exp(blna) € R%,

Va€[0,1), ¥ >0, a® =00 A a®=o0c® Y o,

Va € (1700]7 Vb<07 a™> :Ob déf.OO AN a_OO:oob déf' 07
0%, 00%, and 1%°° are undefined.

(7.44)

BN

Proof. Direct consequence of the definition of exponentiation in R, Definition 308 (exponen-
tiation in R), Definition 306 (exponential and logarithm in R), and Definition 288 (multiplication
in R). O
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Lemma 310 (topology of R).
The totally ordered set (R, <) is equipped with the order topology 'Tﬁ(’R%) generated by the open
rays, for which the open intervals I% constitute a topological basis.

Proof. Direct consequence of Definition 278 (extended real numbers, R), Definition 256 (order
topology), and Lemma 258 (topological basis of order topology). O

Remark 311. Note that R is actually metrizable since it is homeomorphic to a bounded seg-
ment, e.g. [—m/2,7/2] or [—1,1]. Indeed, metrics can be defined on R, for instance by using the
arctangent function, or the hyperbolic tangent function.

Lemma 312 (trace topology on R). B
Let T be the order topology on R. Then, the trace topology TR is equal to the order topology on R.

Proof. Direct consequence of Lemma 260 (trace topology on subset), Lemma 258 (topological basis
of order topology, since R € Z§ C Z2), and Definition 254 (topological basis). O

|Remark 313. As a consequence, open subsets of R are also open subsets of R.

Lemma 314 (convergence towards —oo).
Let (xn)nen € R. Then, we have lim,, o 2, = —00 iff

(7.45) VkeN, 3N €N, Vn € [N..x0), z, < —k.

If so, the sequence is said convergent towards —oo.

Proof. Direct consequence of Lemma 310 (topology ojiﬁ), the definition of the limit using
neighborhoods, the Archimedean property of R, and totally ordered set properties
of R. O

|Lemma 315 (continuity of addition in R). Addition in R is continuous when deﬁned.|

Proof. Direct consequence of continuity of addition in R. unboundedness of addition when
an operand tends towards 4oco, and Definition 282 (addition in R, rules 1 and 2). O

Lemma 316 (continuity of multiplication in R).
Multiplication in R is continuous when defined.

Proof. Direct consequence of continuity of multiplication in R. unboundedness of multipli-
cation when an operand tends towards *oo and the other is nonzero, and Definition 288
(multiplication in R, rules 1 and 2). O

|Lemma 317 (absolute value in R is continuous). The absolute value in R is contz’nuous.|

Proof. Direct consequence of continuity of the absolute value in R, and Definition 297 (ab-
solute value in R, absolute value is closed in {£o00}). O

7.5.2.1 Nonnegative extended real numbers

|Lemma 318 (addition in R, is closed). Addition in Ry is closed.

Proof. Direct consequence of closedness of addition in Ry, and Definition 282 (addition in R,
undefined forms of rule 3 cannot occur). O
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|Lemma 319 (addition in R, is associative). Addition in Ry is associative.

Proof. Direct consequence of Lemma 284 (addition in R is associative when defined), and Defini-
tion 282 (addition in R, undefined forms of rule 3 cannot occur). O

|Lemma 320 (addition in R, is commutative). Addition in Ry is commutative.

Proof. Direct consequence of Lemma 285 (addition in R is commutative when defined), and Defi-

nition 282 (addition in R, undefined forms of rule 3 cannot occur). O
Lemma 321 (infinity-sum property in R, ). Let a,b € Ry. Then, we have
(7.46) a+b=00 <= a=o00 V b=oc.

Proof. Direct consequence of Lemma 286 (infinity-sum property in R). O
Lemma 322 (series are convergent in R, ).

Let (an)nen € Ry. Then, we have Y neN fn € R,.

Proof. Direct consequence of completeness of R. O
Lemma 323 (technical upper bound in series in R, ). Let (ap)pen € R4

Let p : N — N. Assume that ¢ is injective. Then, we have Y oy () < Dopen O

Proof. Let

A= Za¢ zliglo Z ay;) and B:Zapdgf'nli_{r;o Z p.

JeN J€[0..4] peEN p€[0..n]

Then, from Lemma 322 (series are convergent in R;.), we have A, B € R;. Let i € N. Let

n < max{e(j) | j € [0.4]}.

Then, from the definition of the maximum, we have ¢([0..7]) C [0..n] C N. Thus, from totally
ordered set properties of R, we have

Z Ap(j) S Z ap <

J€[0..4] p€[0..n]

Hence, from monotonicity of the limit (when n — co), we have A < B
Therefore, we have 3, ap(j) < Do en @p- O

Lemma 324 (order is meaningless in series in Ry ).
Let (ap)pen € Ry. Let o : N — N. Assume that ¢ is bijective. Then, > N ap =D N Go())-

Proof. Direct consequence of Lemma 323 (technical upper bound in series in R, , first used with

the sequence (a,)nen and the function ¢, and then with the sequence (b;);en def- (ap(4))jen and

the function ¢! which satisfies p 0 =1 = Idy).

Lemma 325 (definition of double series in R, ).
Let (ap q)p.qen € Ry. Let o, : N — N2, Assume that ¢ and ¢ are bijections.
Then, we have Y- N Gp(j) = D jen Qp(j)- This sum is denoted 3, o Gpg-

Inria



Detailed proofs for Lebesgue integration 53

Proof. Direct consequence of Lemma 324 (order is meaningless in series in Ry, with (a 2(5))iEN
and o1 o). O

Lemma 326 (double series in R, ).
Let (ap.q)p.qen € Ry. Then, we have > p.geN g = D _peN (quN ap,q).

Proof. From countability of N2, let ¢ : N — N2 be a bijection. Then, from Lemma 325 (definition

of double series in Ry), let A dif >

for ). Let B def. > hen (quN ap’q>. Then, from Lemma 322 (series are convergent in Ry ), we

have A, B € R,.

Let i € N. Let n Y max{m(¢(j))|j € 0.} and m < max{ms(x(j))|j € [0..i]} where
the functions 71 and my are defined by Vp,q € N, m1(p,q) = p and ma(p,q) = ¢. Then, from
the definition of the maximum, we have ¢([0..i]) C [0..n] x [0..m] C N2. Thus, from totally
ordered set properties of §+, we have

Z Ap(j) S Z Z apq | < B.

j€[0..7] p€[0..n] \p€[0..m]

pgeN = deN () (the sum does not depend on the choice

Hence, from monotonicity of the limit (when ¢ — oco), we have A < B

Let n,m € N. Let ¢ aet- max{¢~1(p,q) | (p,q) € [0..n] x [0..m]}. Then, from the definition
of the maximum, we have [0..n] x [0..m] C ¢([0..i]) = N2. Thus, from totally ordered set
properties of R, we have

Z Z p,q Z Ap(j) S

p€l0..n] \¢€[0..m] 16[0 4]

Hence, from monotonicity of the limit (when m — oo, then n — o0), we have B < A.
Therefore, we have 37y =2 en (quN ap’q). O

Definition 327 (multiplication in R ).
Multiplication and division in R are restricted to Ry by replacing the fourth rule in (7.36) by

e 1 €
(7.47) 4. 4 oo, and — <o,
00

S| =

Remark 328. When restricting to nonnegative extended numbers, making multiplicative inverse

a bijection from Ry onto 1tself through Definition 327 implies that for all a > 0, § 4 . The

expressions 0 X oo, 22 and 2 remain undefined.

Lemma 329 (multiplication in Ry is closed when defined).
When they are defined, multiplication and division in Ry are closed.

Proof. Direct consequence of closedness of multiplication and division by nonzero in Ry,

Definition 288 (multiplication in R), and Definition 327 (multiplication in R.). O
Lemma 330 (zero-product property in R, ). Let a,b € Ry. Then, we have
(7.48) ab=0 <= abisdefined N (a=0 VvV b=0).

Proof. Direct consequence of Lemma 294 (zero-product property in R), and Definition 327 (multi-
plication in Ry, new rule is not a zero-product rule). O
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Lemma 331 (infinity-product property in R, ). Let a,b € Ry. Then, we have
(7.49) ab=00 <= (a=00 A b#0) V (a#0 A b=o0).

Proof. Direct consequence of Lemma 295 (infinity-product property in R), and Definition 327
(multiplication in Ry, new rule is not an infinity-product rule). O
Lemma 332 (finite-product property in R, ). Let a,b € Ry. Then, we have
(7.50) ab is defined AN abeR; <= a,beR,.

Proof. Direct consequence of Lemma 296 ( finite-product property in R), closedness of multipli-
cation in R4, and Definition 327 (multiplication in Ry, new rule is not a finite-product rule). [

7.5.2.2 1In the context of measure theory

Definition 333 (multiplication in R (measure theory)).
In the context of measure theory (and probability), the third rule in (7.36) is replaced by

(7.51) 3. 0x (£o00) = +oo x 0 < 0.

Remark 334. In the context of measure theory, making 0 an absorbing element for multiplication

in R through the previous definition implies that T = I 4 0. The expression g (for all

a € R) remains undefined. Note that multiplication in R is always well-defined in this context.

Lemma 335 (zero-product property inﬁﬁ (measure theory)).
In the context of measure theory, let a,b € R. Then, we have

(7.52) ab=0 <= a=0 VvV b=0.

Proof. Direct consequence of Lemma 294 (zero-product property in R), and Definition 333 (multi-
plication in R (measure theory), new rule 3’ is compatible with the property). O

Lemma 336 (infinity-product property in R (measure theory)).
In the context of measure theory, let a,b € R. Then, we have

(a=00 A b>0) V (a=-00 A b<0) V

(>0 A b=o0) V (a<0 A b=-x),
ab=—-00 <<= (a=-00 A b>0) V (a=c0c A b<0) V

(>0 A b=-00) V (a<0 A b=o0).

(7.53)

(7.54)

Proof. Direct consequence of Lemma 295 (infinity-product property in R), and Definition 333
(multiplication in R (measure theory), new rule is not an infinity-product rule). O

Lemma 337 (finite-product property in R (measure theory)).
In the context of measure theory, let a,b € R. Then, we have

(7.55) abeR < abeR VvV a=0 VvV b=0.

Proof. Direct consequence of Lemma 336 (infinity-product property in R (measure theory), contra-
positive), De Morgan’s laws, and distributivity of logical conjunction over logical dis-
junction. O
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Lemma 338 (multiplication in R, is closed (measure theory)). - B
In the context of measure theory, multiplication and division are total functions Ry x Ry — R4

def. def.
% =0, and for all a >0, § =

In particular, we have £ =
(o]

Proof. Direct consequence of Definition 288 (multiplication in R), Definition 327 (multiplication
in Ry), and Definition 333 (multiplication in R (measure theory)). O

Remark 339. Of course, in the context of measure theory, multiplication and division are no
longer continuous on the whole boundary of Ry x R.

Lemma 340 (multiplication in Ry is associative (measure theory)).
In the context of measure theory, multiplication in Ry is associative.

Proof. Direct consequence of Lemma 290 (multiplication in R is associative when defined), and
Definition 333 (multiplication in R (measure theory), no longer undefined forms). O

Lemma 341 (multiplication in Ry is commutative (measure theory)).
In the context of measure theory, multiplication in Ry is commutative.

Proof. Direct consequence of Lemma 291 (multiplication in R is commutative when defined), and
Definition 333 (multiplication in R (measure theory), no longer undefined forms). O

Lemma 342 (multiplication in Ry is distributive over addition (measure theory)).
In the context of measure theory, multiplication is (left and right) distributive over addition in R

Proof. Direct consequence of Lemma 292 (mﬂltiplication in R is left distributive over addition
when defined), Lemma 293 (multiplicgtion in R is right distributive over addition when defined),
and Definition 333 (multiplication in R (measure theory), no longer undefined forms). O

Lemma 343 (zero-product property inﬁﬁ+ (measure theory)).
In the context of measure theory, let a,b € Ry.. Then, we have

(7.56) ab=0 < a=0 V b=0.

Proof. Direct consequence of Lemma 330 (zero-product property in R, ), and Definition 333 (mul-
tiplication in R (measure theory), new rule 3’ is compatible with the property). O

Lemma 344 (infinity-product property in R, (measure theory)).
In the context of measure theory, let a,b € Ry. Then, we have

(7.57) ab=oc0 <<= (a=00 A b>0) V (b=oc0 A a>0).

Proof. Direct consequence of Lemma 331 (infinity-product property in Ry ), and Definition 333
(multiplication in R (measure theory), new rule is not an infinity-product rule). O

Lemma 345 (finite-product property in R, (measure theory)).
In the context of measure theory, let a,b € Ry.. Then, we have

(758) ab € R+ <~ a, be R+ V. a=0 V b=0.

Proof. Direct consequence of Lemma 337 (finite-product property in R (measure theory)), and
closedness of multiplication in R,. O
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Lemma 346 (erponentiation in R (measure theory)).
In the context of measure theory, the fourth rule in (7.44) is replaced by

(7.59) 4. 0°=oc® =1%° g,

Thus, we have

(7.60) VaeR;,a®=1 and VbeR, 1°=1.

Proof. Direct consequence of Definition 308 (ezponentiation in R), Definition 333 (multiplication
in R (measure theory)), and Lemma 309 (ezponentiation in R, new rule only affects rule 4). O

Definition 347 (Holder conjugates).
Extended numbers p, ¢ € [1,00] are said Hoélder conjugates iff % + % = 1.

Remark 348. The previous definition implies that extended numbers 1 and oo are Hélder conju-
gate, since from rule 4’ of Definition 327, we have + = 0.

Lemma 349 (Young’s inequality for products (measure theory)).
In the context of measure theory, let p,q € (1,00). Assume that p and q are Holder conjugates.

Let a,b € Ry. Then, we have ab < % + %.

Proof. From Lemma 338 (multiplication in Ry is closed (measure theory)), Lemma 309 (expo-
nentiation in R, with p, g # 0, £00), closedness of multiplicative inverse in R* ; Lemma 329

(multiplication in Ry is closed when defined), Definition 288 (multiplication in R, rule 5 with

b=p,q €R%), and Lemma 318 (addition in Ry is closed), ab, aP, b, a? b2

a? b
a nd & + % ar
p,q,adp+qae

well-defined, and belong to R

Case ab = oo. Then, from Lemma 344 (infinity-product property in R, (measure theory),

a =00 or b=o00), Lemma 309 (exponentiation in R, rule 2 with b = p,q > 0), Definition 288
(multiplication in R, rule 1 with a def- 11 0), and Definition 282 (addition in R, rule 1, the

nd g

other operand is not —c0), the right—harrld side equals oco. Thus, the (in)equality holds.

Case ab = 0. Then, the inequality holds since the right-hand side is nonnegative.

Case ab € Rfi_. Direct consequence of Lemma 343 (zero-product property in Ry (measure theory),
contrapositive), Lemma 331 (infinity-product property in Ry, contrapositive), and Lemma 275
(Young’s inequality for products in R).

Therefore, the inequality always holds. O

Lemma 350 (Young’s inequality for products, case p =2 (measure theory)).
In the context of measure theory, let a,b € Ry. Let e € R%. Then, we have ab < % + #

Proof. Direct consequence of Lemma 274 (2 is self-Holder conjugate in R), Lemma 349 ( Young’s in-
equality for products (measure theory), with p = ¢ 4l 9 and -4 ./eb € R,), properties of square

root and multiplicative inverse in R* , Lemma 338 (multiplication in Ry is closed (measure

theory)), Lemma 340 (multiplication in Ry is associative (measure theory)), and Lemma 341 (mul-
tiplication in Ry is commutative (measure theory)). O
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7.5.3 Second countability and real numbers

Definition 351 (connected component in R).
Let A C R. Let x € A. The connected component of A containing x is the union of all open
intervals I containing = and included in A; it is denoted I

Lemma 352 (connected component of open subset of R is open interval).
Let O CR be open. Let x € O. Then, IS is an open interval contained in O.

Proof. Note that from Definition 22 (open subset), there exists € > 0 such that (z —e,z+¢) C O.
Then, from Definition 351 (connected component in R), (v —e,x+¢) C IQ. Thus, IQ is nonempty,
contains x. Moreover, from Definition 249 (topological space, closedness under union), Ia? is open.

Let a,b,c € R such that a < ¢ < b and a,b € I¢. Then, from Definition 351 (connected
component in R), and the definition of union, there exists intervals I,(x) and I;(x) such that
z,a € I(z) C IS € O and x,b € I(z) C I9 € O. Case ¢ = x. Then, we have ¢ = z € I9.
Case ¢ < x. Then, we have a < ¢ < z. Thus, since a,z € I,(z), and I,(z) is an interval, we
have successively ¢ € (a,7) C I,(x) C IC. Case < c. Then, we have z < ¢ < b. Thus, since

z,b € Iy(x), and I(z) is an interval, we have successively ¢ € (z,b) C I(z) C I¢. Hence, we

always have ¢ € IQ. Thus, from Definition 241 (interval, with X o R), IQ is an interval.

Therefore, Ia? is an open interval contained in O. O

Lemma 353 (connected component of open subset of R is maximal).
Let O CR be open. Let x,y € O. Assume that y € IQ. Then, we have Iyo =

Proof. From Definition 351 (connected component in R, union), there exists an open interval I
such that y € [ and x € I C O. Thus, we also have = € Iyo. But, from Lemma 352 (connected
component of open subset of R is open interval), IS is an open interval such that y € I C O, and
I?S) is an open interval such that = € Iyo C O. Thus, from Definition 351 (connected component
in R), we have IQ C I;) and I?? C I9. Therefore, we have 19 = Iyo. O

Lemma 354 (connected components of open subset of R are equal or disjoint).

Let O C R be open. Let x,y € O. Then, we have either IS = Iyo, or I9 ﬁI?? = .

Proof. Assume that 19 N [yo # @. Then, there exists 2 € I N Iyo. Thus, from Lemma 353
(connected component of open subset of R is mazimal), we have IZO = Ia? and IZO = If. Therefore,
Ia? and IyO are equal or disjoint. O

Theorem 355 (countable connected components of open subsets of R).
Let O C R be open. Then, O is a countable union of disjoint open intervals.

Proof. Let € O. Then, from Definition 22 (open subset), there exists € > 0 such that the open
interval (x — e,z + ¢) is included in O. From density of rational numbers in R, there exists
g € QN(x —e,z+¢). Then, by construction, we have x € (x —e,z+¢) C Iqo. Thus, we have the
inclusion O C U cqno I19.

Conversely, let ¢ € QN O. Then, from Definition 351 (connected component in R), we have
Iqo C O. Thus, we also have the other inclusion quQmO Iqo C O. Hence, the equality.

Therefore, from countability of Q, Lemma 354 (connected components of open subset of R are
equal or disjoint), and after eliminating doubles in the union, O is a countable union of disjoint
open intervals. O

Lemma 356 (rational approximation of lower bound of open interval).

Let a,b € R. Assume that a < b. Then, there exists a sequence (an)nen € QN (a,b) that is
nonincreasing with limit a.
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Proof. Note that —oo < a < b < co. From density of rational numbers in R, let ag € (a,b)NQ.

Case a = —oo. Then, from density of rational numbers in R, for all n € N, let a,1
be in (—o0, —2|a,|) N Q. Hence, from ordered field properties of R, and the Archimedean
property of R, the sequence (a,),en belongs to (a,b), and is nonincreasing with limit ¢ = —oco.

Case a finite. Then, from density of rational numbers in R, for all n € N, let a,41 be
in (a,%422)NQ C (a,b) N Q. Let n € N. Then, from ordered field properties of R, we have

ant1 < ap and 0 < apq1 —a < 2%, Thus, a trivial finite induction on index 7 shows that

a; —a apg—a

Viel0.n+1], 0<apy1—a< TS T

Hence, from the squeeze theorem, the sequence (ay)neN iS nonincreasing with limit a. O

Lemma 357 (rational approximation of upper bound of open interval).

Let a,b € R. Assume that a < b. Then, there exists a sequence (by)nen € QN (a,b) that is
nonincreasing with limit b.

Proof. Direct consequence of Lemma 356 (rational approzimation of lower bound of open interval,

with a "2 —b and b & —a). O

Lemma 358 (open intervals with rational bounds cover open interval). Let a,b € R.
Assume that a < b. Then, there exists (an)neN, (bn)nen € Q such that (a,b) =, cn(@n; bn)-

Proof. Direct consequence of Lemma 356 (rational approzimation of lower bound of open interval,
there exists (an)nen € QN (a,b)), Lemma 357 (rational approximation of upper bound of open

interval, there exists (by)nen € QN (a,b)), Definition 27 (convergent sequence, with e et a,

then ¢ ‘L p—x for all 2 € (a,b) (hence, (a,b) C U, en(@n,br))), and Definition 249 (topological
space, closedness under union (|J, n(@n,bn) C (a,b))). O

Theorem 359 (R is second-countable). Let d be the Euclidean distance on R.
Then, {(a,b)|a,b € QAa < b} is a topological basis of (R,d). Hence, (R,d) is second-countable.

Proof. Direct consequence of Theorem 355 (countable connected components of open subsets of R),
Lemma 358 (open intervals with rational bounds cover open interval), Definition 254 (topological
basis), countability of Q X Q% , and Definition 262 (second-countability). O

Lemma 360 (R" is second-countable). Letn € [2..00). Let d be the Fuclidean distance
on R™. Then, {Hie[l“n} (ai,b;) | Vi€ [l.n],a;,b; € QAa; < bi} is a topological basis of (R™,d).

Hence, (R",d) is second-countable.

Proof. Direct consequence of Theorem 359 (R is second-countable), Lemma 265 (compatibility of
second-countability with Cartesian product), Lemma 261 (box topology on Cartesian product) and
Definition 262 (second-countability). O

Lemma 361 (open intervals with rational bounds cover open interval of R).
Let a,b € R. Assume that a < b. Then, there exists (ap)neN, (bn)nen € Q such that

(7.61) (@,0) = | J (@n,bn), [—00,b) = | J[~00,bn) and (a,00] = | J (an,00].

neN neN neN

Proof. Direct consequence of Lemma 358 (open intervals with rational bounds cover open interval),
Lemma 356 (rational approximation of lower bound of open interval), and Lemma 357 (rational
approximation of upper bound of open interval). O
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Lemma 362 (R is second-countable).

Let T % ’Tﬁ(??%) be the order topology on R. Then, the open intervals with rational bounds

constitute a topological basis of (R, T). Hence, (R, T) is second-countable.

Proof. Direct consequence of Lemma 310 (topology of R), Theorem 355 (countable connected com-
ponents of open subsets of R, similar proof for R), Lemma 361 (open intervals with rational bounds
cover open interval of R), Definition 254 (topological basis), countability of Q% compatibility
of union with countability, and Definition 262 (second-countability). O
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7.5.4 Infimum, supremum

Lemma 363 (extrema of constant function).  Let X be a nonempty set. Let f: X — R.
Let a € R. Assume that f is constant of value a. Then,

(7.62) sup(f(X)) = max(f(X)) = inf(f (X)) = min(f(X)) = a.

Proof. Direct consequence of the definition of constant function, Lemma 8 (equivalent defi-
nition of maximum), Definition 7 (mazimum), Lemma 15 (equivalent definition of minimum), and
Definition 14 (minimum). O

Lemma 364 (equivalent definition of finite infimum). Let X be a nonempty set.
Let f : X — R. Letl € R. Then, we have | = inf(f(X)) iff | is a lower bound of f(X), and there
exists (Tn)nen € X such that (f(xn))nen € R is nonincreasing with limit [.

Proof. “Left” implies “right”. Assume first that [ = inf(f(X)). Then, from Definition 9 (infi-
mum), [ is a (finite) lower bound for f(X). Thus, from Lemma 13 (finite infimum discrete), for

all n € N, there exists x], € X such that f(z]) <+ %_H Let 2 < xy. For all n € N, let

Tnt1 def. arg min(f(z,), f(2),,1)). Then, for all n € N, we have

Flani) < flan) < f(@l) <1+ n%l

Thus, from the definition of monotone sequence, the sequence (f(2,))nen is nonincreasing.

Moreover, let k € N. Let N def- k. Let n € N such that n > N. Then, from ordered field
properties of R, we have f(x,) < f(ay) = f(zg) <1+ k%rl Hence, from Lemma 269 (equivalent
definition of convergent sequence), the sequence (f(x,))nen is convergent with limit [.

“Right” implies “left”. Conversely, assume now that [ is a (finite) lower bound of f(X), and

that there exists (,)nen € X such that (f(2,))nen is nonincreasing with limit . Let n € N, and
def. 1

let e, = 3 > 0 Then, from Definition 27 (convergent sequence), let N € N such that for all
def

p =N, |f(zp) — 1] <en. Let z), = zn. Then, from ordered field properties of R, we have

flx)) <l4e, <+ %ﬂ Hence, from Lemma 13 (finite infimum discrete), we have | = inf(f(X)).

Therefore, we have the equivalence. U

Lemma 365 (equivalent definition of finite infimum in R). Let X be a nonempty set.
Let f : X - R. Letl € R. Then, we have l = inf(f(X)) iff | is a lower bound of f(X), and there
exists (n)nen € X such that (f(zn))nen € R is nonincreasing with limit [.

Proof. Case —oo € f(X). Then, from the definition of —oo, and Definition 9 (infimum, lower
bound), —co is the only lower bound of f(X). Thus, since ! € R, both propositions “I = inf(f(X))”
and “l is a lower bound of f(X)” are wrong. Hence, we have the equivalence.

Case f(X) C R. Direct consequence of Lemma 364 (equivalent definition of finite infimum).

Case —oo € f(X), and oo € f(X). Then, from Lemma 363 (extrema of constant function,
contrapositive with inf(f(X)) # o0), the function cannot be constant of value oco. Thus, since
—o0 & f(X), let Z € X such that f(Z) € R. Let 5 : X — X be the projection defined by

T otherwise.

() def. { x  when f(z) # oo,

Let f def. foms. Then, by construction, we have f(X)CcRand f<f.
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Let [ be a lower bound of f(X) Then, [ is also a lower bound of f(X). Conversely, let [ be a
lower bound of f(X). Let € X. Then, from the definitions of 7 and f, we have

1< fmp(a)) = f(a).

Thus, [ is also a lower bound of f(X). Hence, f(X) and f(X) have the same lower bounds.
Moreover, from Definition 9 (infimum, lower bound), inf(f(X)) is also a lower bound of f(X),

and inf(f(X)) is also a lower bound of f(X). Thus, from Definition 9 (infimum, greatest lower
bound), we have inf(f(X)) < inf(f(X)), and inf(f(X)) < inf(f(X)). Hence, from totally or-
dered set properties of R, we have inf(f(X)) = inf(f(X)).

Furthermore, let (Z,)nen be a sequence in X. Then, from the definition of 7y and f, the

sequence (&, def. 75 (#,))nen € X is such that both sequences (f(xn))nen and (f(#n))nen are
identical. Conversely, assume that (z,)nen € X is such that (f(x,))nen is in R. Then, from the
definition of 7y and £, both sequences (f(2,))nen and (f(,))nen are identical.

Therefore, from what precedes, we have the equivalences [ = inf(f(X)) iff [ = inf( (X)) iff
I is a lower bound of f(X), and there exists a sequence (&,)nen € X such that (f(Z,))nen is
nonincreasing with limit [ iff [ is a lower bound of f(X), and there exists a sequence (2, )nen € X
such that (f(z,))nen € R is nonincreasing with limit [ O

Lemma 3667( equivalent definition of infimum). Let X be a nonempty set.
Let f: X = R. Letl € R. Then, we have | = inf(f(X)) iff  is a lower bound of f(X), and there
exists (Tn)nen € X such that (f(xn))nen € R is nonincreasing with limit [.

Proof. Case inf(f(X)) = —oo.

“Left” implies “right”. Assume first that [ = inf(f(X)) = —oco. Then, from the definition
of —oo, I is a lower bound of f(X). Moreover, from Lemma 11 (finite infimum, contrapositive),
for all m € R, there exists z € X such that f(z) < m. For all n € N, let 2], € X such that

f(z),) < —n. Let xg aet- xp. For all n € N, let 2,41 U arg min(f (), f(«],,1)). Then, for
all n € N, we have f(zn41) < f(x,) < f(2!,) < —n. Thus, from the definition of monotone
sequence, the sequence (f(x,))nen is nonincreasing. Moreover, let k € N. Let N A k. LetneN

such that n > N. Then, from totally ordered set properties of R, we have

f(@n) < flzn) = flzr) < —k.

Hence, from Lemma 314 (convergence towards —oco), the sequence (f(,))nen is convergent in R
with limit —oo = [.

“Right” implies “left”. Conversely, assume now that [ is a lower bound of f(X). Then, from
Definition 9 (infimum, greatest lower bound), and the definition of —oo, we have

—oo < I < inf(f(X)) = —oc.

Hence, we have | = —oco = inf(f(X)).

Case inf(f(X)) = oo.

Then, from Definition 9 (infimum, lower bound), and the definition of oo, we have for all
x € X, 00 =1inf(f(X)) < f(z) < co. Which means that f is a constant function of value oo. Thus,
from the definition of oo, every extended number is a lower bound of f(X) = {oo}. Moreover,
for all sequence (x,)nen € X, the sequence (f(zy))nen is stationary of value co. Thus, from
the definition of monotone sequence, and Lemma 34 (stationary sequence is convergent),
(f(2n))nen € R is nonincreasing with limit co. For instance, the stationary sequence (Z),en for
some ¥ € X # & is such a sequence. Hence, we have the equivalence | = oco(= inf(f(X))) iff
there exists a sequence (x,,),en € X such that the sequence (f(z,,))nen € R is nonincreasing with
limit {.
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Case inf(f(X)) € R. B
Direct consequence of Lemma 365 (equivalent definition of finite infimum in R).

Therefore, we always have the equivalence. O

Lemma 367 (infimum is smaller than supremum).
Let X be a nonempty set. Let f : X — R. Then, we have inf(f(X)) < sup(f(X)).

Proof. Direct consequence of Definition 9 (infimum, lower bound), Definition 2 (supremum, upper
bound), and Lemma 279 (order in R is total, transitivity). O

Lemma 368 (infimum is monotone). Let X and Y be nonempty sets.
Assume that Y C X. Let f: X — R. Then, we have inf(f(X)) < inf(f(Y)).

Proof. Direct consequence of Definition 9 (infimum, lower bound with X, then greatest lower
bound with V'), and Lemma 279 (order in R is total, transitivity). O

Lemma 369 (supremum is mmlotone). Let X and Y be nonempty sets.
Assume that Y C X. Let f : X — R. Then, we have sup(f(Y)) < sup(f(X)).

Proof. Direct consequence of Lemma 10 (duality infimum-supremum), Lemma 368 (infimum is
monotone), and monotonicity of additive inverse. O

Lemma 370 (compatibility of infimum with absolute value).
Let X be a nonempty set. Let f : X — R. Then, we have |inf(f(X))| < sup(|f(X)]).

Proof. From Lemma 298 (equivalent definition of absolute value in R, f < |f|), Lemma 368 (infi-
mum is monotone), Lemma 367 (infimum is smaller than supremum), Lemma 303 (absolute value
in R is even), and Lemma 369 (supremum is monotone), we have

inf(f(X)) < inf [f(X)] <sup|f(X)| and  sup(—f(X)) <sup[f(X)].

Case inf(f(X)) > 0. Then, from Lemma 298 (equivalent definition of absolute value in R),
we have |inf(f(X))| = inf(f(X)) < sup|f(X)|. Case inf(f(X)) < 0. Then, from Lemma 10
(duality infimum-supremum), we have |inf(f(X)) = —inf(f(X)) = sup(—f(X)) < sup|f(X)|. O

Lemma 371 (compatibility of supremum with absolute value ).
Let X be a nonempty set. Let f : X — R. Then, we have |sup(f(X))| < sup(|f(X)]).

Proof. Direct consequence of Lemma 10 (duality infimum-supremum), Lemma 3707(compatibility
of infimum with absolute value, with (= f)nen), and Lemma 303 (absolute value in R is even). [

Lemma 372 (compatibility of translation with infimum). Let X be a nonempty set.
Let (fn)nen : X — R. Then, for all p € N, we have inf,en fr, < infpen frtp-

Proof. Direct consequence of Lemma 368 (infimum is monotone, with [p..oo) C N). O
Lemma 373 (compatibility of translation with supremum).  Let X be a nonempty set.

Let (fn)nen : X = R. Then, for all p € N, we have sup,,cN fatp < SUPpen fn-

Proof. Direct consequence of Lemma 369 (supremum is monotone, with [p..co) C N). O

Lemma 374 (infimum of sequence is monotone).
Let X be a nonempty set. Let (fn)neN, (Gn)nen : X — R. Assume that for alln € N, f, < g,
Then, we have inf,en frn < infen gn-
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€

Proof. Direct consequence of Definition 9 (infimum, with X d f'iN, lower bound for inf,,cN f,, and
greatest lower bound for inf,cN g, ), and Lemma 279 (order in R is total, transitivity). O

Lemma 375 (supremum of sequence is monotone).
Let X be a nonempty set. Let (fn)neN, (Gn)nen : X — R. Assume that for alln € N, f, < g,
Then, we have sup, cn frn < SUD,eN Gn-

Proof. Direct consequence of Lemma 10 (duality infimum-supremum), Lemma 374 (infimum of
sequence is monotone, with —g,, < —f,,), and monotonicity of additive inverse. O

Lemma 376 (infimum of bounded sequence is bounded).
Let X be a nonempty set. Let a,b € R. Let (fn)nen : X — R.
If for all n € N, f, < b, then we have inf, cn fr, < b.

If for alln € N, a < f,,, then we have a < inf,eN fin-

Proof. Direct consequence of Lemma 363 (extrema of constant function, with X def. N), and
Lemma 374 (infimum of sequence is monotone). O

Lemma 377 (supremum of bounded sequence is bounded).
Let X be a nonempty set. Let a,b € R. Let (fn)nen : X — R.

If for all n € N, f,, < b, then we have sup,cn frn < b.

If for alln € N, a < fn, then we have a < sup,cn fn-

Proof. Direct consequence of Lemma 363 (extrema of constant function, with X def. N), and

Lemma 375 (supremum of sequence is monotone). O
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7.5.5 Limit inferior, limit superior

Lemma 378 (limit inferior). Let X be a nonempty set. Let (fn)nen : X — R.
Then, for all x € X, (infpen fr4p(®))nen is nondecreasing, and we have

7.63 V. X li inf = inf R.

(7.63) zeX, lim <;r€1N fn+p(x)) sup (pHéN fn+p(x)) €

The limit inferior of the sequence is the function X — R defined by

(7.64) Vze X, liminff,(z) < lim (inf fnﬂ)(x)).

n—00 n—oo \ pEN

Proof. Direct consequence of Lemma 368 (infimum is monotone), and completeness of R (a
nondecreasing sequence is convergent and its limit is its least upper bound). O

Lemma 379 (limit inferior is co). Let X be a nonempty set. Let (fn)nen : X — R.
Let x € X. Assume that liminf,_, fn(x) = co. Then, we have lim, o fr(z) = 00

Proof. Let a € R. Then, from the definition of co, we have a < liminf, , fn(z). Thus,
from Lemma 378 (limit inferior), and the definition of the limit, there exists N € N such
that @ < inf,en fv4+p(z). Hence, from Definition 9 (infimum, lower bound), we have for all
p €N, a < inf,en fn+p(z) < fysp(z). Therefore, from the definition of the limit, we have
lim,, o0 fn(x) = 0. O

Lemma 380 (equivalent definition of the limit inferior).
Let X be a nonempty set. Let (fn)nen : X — R. Then, for all x € X, liminf,,_, o fn(x) is the
smallest cluster point of the sequence (fn(x))neN-

Proof. Let x € X. For all n € N, let F, () = infpen frotp(2).
Let f(x) 4L Jim inf, oo fn(z) = lim, o0 F, () €R.
Let us first show that f(x) is a cluster point of the sequence (fy,(x))nen-

)
Case f(x) is finite. Let ¢ > 0. Let M € N. Then, from Lemma 378 (limit inferior, (F; (z))nen
is nondecreasing), and Definition 27 (convergent sequence, with (F. (z))nen), there exists N € N
such that we have

Vk € [N.oo), flz)—c< Fy(z) < f(x).

Let K max(M, N). Then, from Lemma 11 (finite infimum, for F};), there exists k > K > M
such that
J(@) — & < F(@) < fule) < Fg(a) + < f(a) +=.

Hence, from Definition 271 (cluster point), f(x) is a cluster point of the sequence (f,,(2))nen-

Case f(x) = —oo. From Lemma 378 (limit inferior), and Definition 2 (supremum, upper
bound), we have for all n € N, F; (z) = —co. Let n € N. Let a € R. Then, F, (z) < a. Thus,
from Definition 9 (infimum, greatest lower bound, contrapositive), there exists P € N such that
fniep(x) < a. Hence, from the definition of cluster point in —oo, f(x) = —oo is a cluster
point of the sequence (fy,(z))nen- N

Case f(x) = oo. Then, from Lemma 379 (limit inferior is 00), we have lim,, o fn(2) = 0o, and
from the fact that the limit of a convergent sequence is its only cluster point, f(x) = oo
is a cluster point of the sequence (f,,(Z))nen-

Now, let f(x) be a cluster point of the sequence (fy,(x))nen. Let us show that f(z) < f(x).

Case f(x) = oco. Then, from the definition of co, we have f(z) < f(z).
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Case f(x) < oo. Let a € R such that f(z) < a. Let ¢ def- %(I) > 0. Let n € N. Then,
from Definition 271 (cluster point), there exists k > n such that fi(z) < f(z) + ¢ < a. Thus,
from Definition 9 (infimum, lower bound), F,, (z) < a. Hence, from monotonicity of the limit,
and Lemma 378 (limit inferior), we have f(x) = lim, o F), (z) < a. Since this is true for all
a > f(x), we also have f(z) < f(x). B

Therefore, for all z € X, f(x) is the smallest cluster point of the sequence (fy,(z))nen- O

Lemma 381 (limit inferior is invariant by translation).
Let X be a nonempty set. Let (fn)nen : X — R. Then, we have

(7.65) VkEeN, VrelX, lini)inf frn(z) = lirginf i ()

Proof. Direct consequence of Lemma 380 (equivalent definition of the limit inferior), Definition 271
(cluster point), and compatibility of translation with limit. O

Lemma 382 (limit inferior is monotone ). Let X be a nonempty set.
Let (fn)nen; (gn)nen : X = R. Assume that (fn)nen < (gn)nen from some rank:

(7.66) N €N, Vn € [N..o0), Ve € X, fn(x) < gn(x).

Then, we have

(7.67) Ve e X, liminf f,(z) < liminf g, (x).
n—oo

n—oo

Proof. Direct consequence of Lemma 381 (limit inferior is invariant by translation, with k ot N ),

Lemma 378 (limit inferior), Lemma 374 (infimum of sequence is monotone), and Lemma 375
(supremum of sequence is monotone). O

Lemma 383 (limit superior). Let X be a nonempty set. Let (fn)nen : X — R.
Then, for all x € X, (Sup,en fnip(T))nen s nonincreasing, and we have

(7.68) Ve e X, lim <sup fnﬂ,(x)) = inf (sup fn+p(m)> in R.

n—=00 \ peN neN peN

The limit superior of the sequence is the function X — R defined by

(7.69) Vz € X, limsup f,(x) 4 iy (sup fn+p(x)> .
N \peN

n—00 ne

Proof. Let € X. For all n € N, let F),(z) oot {fn+p(x)|p € N}. Then, we have

VneN, supF,(z) =sup fuip(®) A  Fo(x) C Fupi(z) CR.
peN

Thus, the sequence (sup F,(x))nen is nonincreasing in R. Therefore, from completeness of R,
the sequence is convergent and its limit is its greatest lower bound inf,,en(sup F,(z)). O

Lemma 384 (duality limit inferior-limit superior).
Let X be a nonempty set. Let (fn)nen : X — R. Then, we have

(7.70) Ve e X, limsup f,(x) = —liminf(—f,(x)).

n—oo n— oo

Proof. Direct consequence of Lemma 383 (limit superior), Lemma 378 (limit inferior), linearity

and uniqueness of the limit, and Lemma 10 (duality infimum-supremum, with X def. N). O
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Lemma 385 (equivalent definition of limit superior).
Let X be a nonempty set. Let (fn)nen : X — R. Then, for all x € X, limsup,,_, . fn(x) is the
largest cluster point of the sequence (fn())nen-

Proof. Let z € X. Let f(x) 4 Yim SUD,, o0 fn(x). Then, from Lemma 384 (duality limit inferior-

limit superior), and Lemma 380 (equivalent definition of the limit inferior), —f(x) is the smallest
cluster point of the sequence (—f,,())nen. Therefore, from linearity of the limit, and totally

ordered set properties of R, f(x) is the largest cluster point of the sequence (f,,(%))nen. O

Lemma 386 (limit inferior is smaller than limit superior).
Let X be a nonempty set. Let (fn)nen : X — R. Then, we have

(7.71) Vo e X, 1ilginf fn(x) < limsup f,,(x).

n—roo

Proof. Direct consequence of Lemma 380 (equivalent definition of the limat inferior), Lemma 385
(equivalent definition of limit superior), and Lemma 279 (order in R is total)transitivity. O

Lemma 387 (limit superior is monotone). Let X be a nonempty set.
Let (fn)neNs (gn)nen : X — R. Assume that (fn)nen < (gn)nen from some rank:

(7.72) AN €N, Vn € [N..oo), Vz € X, fn(x) < gn(2).
Then, we have

(7.73) Ve € X, limsup f,(x) < limsup g, (z).

n—roo n—roo

Proof. Direct consequence of monotonicity of additive inverse in R, Lemma 382 (limit inferior
is monotone, with —g,, < —f,), and Lemma 384 (duality limit inferior-limit superior). O

Lemma 388 (compatibility of limit inferior with absolute value).
Let X be a nonempty set. Let (fn)nen : X — Ry. Then, we have

(7.74) Vo € X,

lirginf fn(:z:)‘ < limsup | fr (2)]-

n—roo

Proof. From Lemma 370 (compatibility of infimum with absolute value, with X def. [n..00) X X),
for all x € X, for all n € N, we have

inf fn+P (Z‘)

< .
inf < SUP [ futp(@)]

P

Therefore, from Lemma 378 (limit inferior), compatibility of the limit with the absolute
value, monotonicity of the limit (when n — oco), and Lemma 383 (limit superior), we have

lim inf f,(z) ‘ =

n— oo

lim inf f,4,(x) znli_{I;o

n—oo peN 111{' fn+p(x)

pe

< i sup|fusp(2)] = limsup [ (2.
n—00 peN n—o0

O

Lemma 389 (compatibility of limit supertor with absolute value ).
Let X be a nonempty set. Let (fn)nen : X — Ry. Then, we have

(7.75) Vo e X, < limsup | fr (2)]-

n—oo

lim sup f,, ()

n—oo
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Proof. Direct consequence of Lemma 384 (duality limit inferior-limit superior), Lemma 388 (cgm—
patibility of limit inferior with absolute value, with —f,,), and Lemma 303 (absolute value in R is
even). O

Definition 390 (pointwise convergence). B
Let X be a nonempty set. A sequence ( fn)nen of functions X — R is said pointwise convergent
iff for all z € X, (fn(2))nen is convergent in R.

Lemma 391 (limit inferior and limit superior of pointwise convergent).
Let X be a nonempty set. Let (fn)nen : X — R. Assume that the sequence is pointwise conver-
gent. Then, we have

(7.76) vz € X, lirginf fn(x) =limsup f,(x) = li_}In ().

n— oo

Proof. Direct consequence of Definition 390 (pointwise convergence), Lemma 380 (equivalent def-
inition of the limit inferior), Lemma 385 (equivalent definition of limit superior), and the fact
that a convergent sequence has its limit as the unique cluster point. O

Lemma 392 (limit inferior bounded from below).
Let X be a nonempty set. Let (fn)nen : X — R. Let m € R. Assume that the sequence is bounded
by m from below from some rank:

(7.77) N €N, Vn € [N..©), Vx € X, m < fo(x).
Then, we have

(7.78) Ve e X, m <liminf f,(x).

n— oo

Proof. Direct consequence of Lemma 382 (limit inferior is monotone), Lemma 34 (stationary se-
quence is convergent), Definition 33 (stationary sequence, constant sequence is stationary (N = 0)),
and Lemma 391 (limit inferior and limit superior of pointwise convergent, with the constant
sequence of value m). 0

Lemma 393 (limit inferior bounded from above). B
Let X be a nonempty set. Let (fn)nen : X — R. Let M € R. Assume that the sequence is
bounded by M from above from some rank:

(7.79) dN €N, Vn € [N..c0), Ve € X, fo(z) < M.
Then, we have

(7.80) Vo e X, lirr_1>inf fulz) < M.

Proof. Direct consequence of Lemma 382 (limit inferior is monotone), Lemma 34 (stationary se-
quence is convergent), Definition 33 (stationary sequence, constant sequence is stationary (N = 0)),
and Lemma 391 (limit inferior and limit superior of pointwise convergent, with the constant
sequence of value M). O

Lemma 394 (limit superior bounded from below).
Let X be a nonempty set. Let (fn)nen : X — R. Let m € R. Assume that the sequence is bounded
by m from below from some rank:

(7.81) AN €N, Vn € [N..©), Vx € X, m < fo(x).
Then, we have

(7.82) Ve e X, m < limsup f,(z).

n— oo
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Proof. Direct consequence of Lemma 393 (limit inferior bounded from above, with f, def. fn and

M —m), and Lemma 384 (duality limit inferior-limit superior). O

Lemma 395 (limit superior bounded from above).

Let X be a nonempty set. Let (fn)nen : X — R. Let M € R. Assume that the sequence is
bounded by M from above from some rank:

(7.83) AN €N, Vn € [N..0), Vo € X, fu(z) < M.

Then, we have

(7.84) Ve e X, limsup f,(x) < M.

n—oo
Proof. Direct consequence of Lemma 392 (limit inferior bounded from below, with f,, def- _ fn and
m —M), and Lemma 384 (duality limit inferior-limit superior). O

Lemma 396 (limit inferior, limit supertor and pointwise convergence ).
Let X be a nonempty set. Let (fn)nen : X — R. Assume that

(7.85) Ve e X, limsup f,(z) < liminf f,(z).
n—oo

n— oo

Then, the sequence is pointwise convergent and

(7.86) Ve € X, liminf f,(z) = limsup f,(z) = lim f,(x).

n—oo

Proof. Let z € X. Then, from Lemma 386 (limit inferior is smaller than limit superior), we have
. . def. =
liminf, o fn(z) = limsup,,_, . fo(x) = f(z) €R.

9 (limit inferior is 0o), we have

Case f(z) = oo. Then, from Lemma 37

lim f,(x) = 00 = f(a).

n—oo
Case f(x) = —oo. Then, from Lemma 384 (duality limit inferior-limit superior), and Lemma 379
(limit inferior is 00), we have lim,, o fn(z) = —c0 = f(x).

Case f(x) € R. Let ¢ > 0. Then, we have

f(z) — e < liminf f,(z) = f(r) = limsup f,(z) < f(x) + €.

n—00 n—00

Thus, from Lemma 380 (equivalent definition of the limit inferior), there exists N~ € N such that

for all n > N—, we have f(z) — ¢ < fn(z), and from Lemma 385 (equivalent definition of limit

superior), there exists N* € N such that for all n > N*, we have f,(z) < f(z) + €.

Let N % max(N~, NT). Then, for all n > N, we have f(z) — e < fn(z) < f(z) + &. Therefore,

from Definition 27 (convergent sequence), the sequence (fy,(z))nen is convergent with limit f(x).
O
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7.5.6 Truncating a function

Definition 397 (finite part).
Let X be a set. Let f: X — R. The finite part of f is the function fl;-1(g.

Lemma 398 (finite part is finite).
Let X be a set. Let f: X — R. Then, the finite part of f is finite.

Proof. Direct consequence of Definition 397 (finite part), Definition 278 (extended real numbers,

R, R = {0} WR), properties of inverse image (X = f~}(R) = f~!(+oo)w f~1(R)), and
the definition of the indicator function. O

Definition 399 (nonnegative and nonpositive parts).
def.

Let X be a set. Let f: X — R. The functions f* — max(f,0) and f~ = max(—f,0) are
respectively called the nonnegative part of f and the nonpositive part of f.

Lemma 400 (equivalent definition of nonnegative and nonpositive parts ).
Let X be a set. Let f: X — R. Then, we have ft = f]lf,1(§+) and f~ = —f]lf,l(ﬁ_).

Proof. Direct consequence of Definition 399 (nonnegative and nonpositive parts), the definition
of the maximum, and the definition of the indicator function. O

Lemma 401 ( nonnegative and nonpositive parts are nonnegative ).
Let X be a set. Let f: X — R. Then, we have f*,f~ > 0.

Proof. Direct consequence of Definition 399 (nonnegative and nonpositive parts), and the defini-
tion of the maximum. O

Lemma 402 (nonnegative and nonpositive parts are orthogonal).
Let X be a set. Let f : X — R. Let x € X. Then, we have

(7.87) fH@)=0(and f~(x) =—f(z)) VvV [ (z) =0 (and f*(z) = f(z)).

Proof. Direct consequence of the definition of the maximum, the partition of extended
real numbers into negative, zero, and positive extended numbers. O

Lemma 403 ( decomposition into nonnegative and nonpositive parts ).
Let X be a set. Let f : X — R. Then, we have f = f* — f~ and |f| = fT+ f~.

Proof. Direct consequence of Lemma 402 (nonnegative and nonpositive parts are orthogonal, fr
and f~ cannot take value oo at the same point), Definition 282 (addition in R), and Definition 297
(absolute value in R). O

Lemma 404 (compatibility of nonpositive and nonnegative parts with addition).
Let X be a set. Let f,g: X — R such that their sum is well-defined. Then, we have

(7.88) f+9) +f +9=(F+g9 +fT+g".

Proof. Let x € X.

Case f(«) and g(«) finite. From Lemma 403 (decomposition into nonnegative and nonpositive
parts, with f + g, then f and g), we have

(f+9) (@) = (f+9) (@) =fl@) +g@) = (") - f @)+ (g7 (@) — g (2)).
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Then, from Definition 399 (nonnegative and nonpositive parts), (f + g)*(x), (f +g)~ (z), fT(z),
f~(x), g*(x) and g~ (z), are finite. Hence, from abelian group properties of R, we have

(f+9" @+ (@) +g (@)= (f+9) (@) +f (@) +g" ()

Case f(x) or g(z) is co. Then, from Definition 282 (addition in R, rule 3 cannot occur), and
Lemma 402 (nonnegative and nonpositive parts are orthogonal), we have

(f+9)" (@) =f(z) +g(z) =c0 and (ff(z)=00 VvV g"(z)=o00).

Thus, from Lemma 401 (nonnegative and nonpositive parts are nonnegative), Lemma 321 (inﬁniﬁy—
sum property in R ), Lemma 319 (addition in R is associative), and Lemma 320 (addition in R,
is commutative), we have

(f+9) @) +f (@) +g (z) =00 and (f+g) (x)+ f"(x)+ 9" (x) = cc.

Hence, Equation (7.88) is satisfied.

Case f(x) or g(x) is —oo. Same reasoning with the nonpositive parts.

Therefore, we always have the identity. O

Lemma 405 (compatibility of nonpositive and nonnegative parts with mask).
Let X be a set. Let AC X. Let f: X — R. Then, we have (fl14)* = f¥1,4

Proof. Direct consequence of Definition 399 (nonnegative and nonpositive parts), and nonnega-
tiveness of the indicator function. O

Lemma 406 (compatibility of nonpositive and nonnegative parts with restriction).
Let X be a set. Let AC X. Let f: X — R. Then, we have (f|A)jE = filA.

Proof. Direct consequence of Definition 399 (nonnegative and nonpositive parts), and compati-
bility of min/max with restriction of function. O
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Chapter 8

Subset systems
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Remark 407. Subset systems of a set X are subsets of its power set P(X).

Interesting subset systems are those closed under a family of set operations such as comple-
ment, union or intersection. The simplest one is 7-system that is nonempty and only closed under
intersection. The most elaborate one is g-algebra that is somehow closed under all set operations,
including countable union and intersection.

Measure theory and Lebesgue integration are usually based on o-algebra that is the most
general subset system concept with which we can build desirable properties such as o-additivity
for measures, and linearity and powerful convergence theorems for the integral. Thus, the last
two sections of this chapter are dedicated to ways to extend weaker subset systems, such as set
algebra or A\-system, into a o-algebra.

8.1 Basic properties

Lemma 408 (nonempty and with empty or full). Let X be a set. Let S C P(X).
If S contains either the empty set or the full set, then it is nonempty.

Assume that S is nonempty and closed under complement. Then, it contains the empty set if it
is closed under intersection, and it contains the full set if it is closed under union.

Proof. Direct consequence of the identities A\ A = @, and AU A¢ = X. O

Lemma 409 (with empty and full).
Let X be a set. Let S C P(X). Assume that S is closed under complement.
Then, it contains the empty set iff it contains the full set.

Proof. Direct consequence of the identities ¢ = X, and X° = @. O

Remark 410.
The local complement is the set difference when the first operand contains the second one.
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Lemma 411 (closedness under local complement and complement). Let X be a set.
Let S C P(X). Assume that S contains the full set and is closed under local complement.
Then, it is closed under complement.

Proof. Direct consequence of the identity A = X \ A. O

Lemma 412 (closedness under disjoint union and local complement).
Let X be a set. Let S C P(X). Assume that S is closed under complement.
Then, it is closed under disjoint union iff it is closed under local complement.

Proof. Direct consequence of the identity A\ B = (A°U B)¢, monotonicity of complement
(then AN B =g < B C A°), and the identity AU B = (A°\ B)°. O

Lemma 413 (closedness under set difference and local complement).

Let X be a set. Let S C P(X).

If S is closed under set difference, then it is closed under local complement.

If S is closed under intersection and local complement, then it is closed under set difference.

Proof. Direct consequence of the identity A\ B = A\ (AN B) with AN B C A. O

Lemma 414 (closedness under intersection and set difference).

Let X be a set. Let S C P(X).

If S is closed under complement and intersection, then it is closed under set difference.
If S is closed under set difference, then it is closed under intersection.

Proof. Direct consequence of the identity AN B = A\ (A \ B). O

Lemma 415 (closedness under union and intersection).
Let X be a set. Let S C P(X). Assume that S is closed under complement.
Then, it is closed under union iff it is closed under intersection.

Proof. Direct consequence of De Morgan’s laws. O

Lemma 416 (closedness under union and set difference).
Let X be a set. Let S C P(X). Assume that S is closed under complement.
Then, it is closed under union iff it is closed under set difference.

Proof. Direct consequence of Lemma 415 (closedness under union and intersection), and Lem-
ma 414 (closedness under intersection and set difference). O

Lemma 417 (closedness under finite operations). Let X be a set. Let S C P(X).
S is closed under finite intersection iff it is closed under intersection.

S is closed under finite union iff it is closed under union.

S is closed under finite disjoint union iff it is closed under disjoint union.

Proof. Direct consequence of induction on the number of operands. O

Lemma 418 (closedness under finite union and intersection).

Let X be a set. Let S C P(X). Assume that S is closed under complement.

Then, it is closed under finite union iff it is closed under finite intersection, and

it is closed under finite monotone union iff it is closed under finite monotone intersection.

Proof. Direct consequence of Lemma 417 (closedness under finite operations), Lemma 415 (closed-
ness under union and intersection), monotonicity of complement, and De Morgan’s laws.

O
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Remark 419.

Note that obviously, closedness under (finite or countable) union implies closedness under (finite
or countable) disjoint union. In the same way, closedness under finite or countable intersection
(resp. union) implies closedness under finite or countable monotone intersection (resp. union).

Remark 420. Note that closedness under a countable subset operation actually means that the
subset system is closed under this operation with at most a countable number of operands, i.e. it
is also valid for a finite number (e.g. two). Except for countable disjoint union (see next lemma).

Lemma 421 (closedness under countable and finite disjoint union).
Let X be a set. Let S C P(X). Assume that S contains the empty set and is closed under
countable disjoint union. Then, it is closed under finite disjoint union.

Proof. Direct consequence of extension of finite disjoint union into countable disjoint
union using the empty set. O

Lemma 422 (closedness under countable disjoint union and local complement).
Let X be a set. Let S C P(X). Assume that S contains the full set and is closed under complement
and countable disjoint union. Then, it is closed under local complement.

Proof. Direct consequence of Lemma 409 (with empty and full, @ € S), Lemma 421 (closedness
under countable and finite disjoint union, S closed under finite disjoint union), Lemma 417 (closed-
ness under finite operations, S closed under disjoint union), and Lemma 412 (closedness under
disjoint union and local complement). O

Lemma 423 (closedness under countable union and intersection).

Let X be a set. Let S C P(X). Assume that S is closed under complement.

Then, it is closed under countable union iff it is closed under countable intersection, and it is
closed under countable monotone union iff it is closed under countable monotone intersection.

Proof. Direct consequence of De Morgan’s laws, and monotonicity of complement. O

Lemma 424 (closedness under countable disjoint and monotone union).
Let X be a set. Let S C P(X). Assume that S is closed under local complement and countable
disjoint union. Then, it is closed under countable monotone union.

Proof. Let (Ap)nen € S. Assume that for alln € N, A, C A,41.
Let By def. Ag, and for all n € N, let By def. Api1 \ Upe[o..n} B,. Then, from Lemma 215
(partition of countable union), the sequence (B, )nen is pairwise disjoint, for all n € N, we have
A, = UiG[O..n] A; = wie[o__n] Bi, and |J,,cn An = W,en Bn. Moreover, By = Ag € S, and for all
n €N, we have B, y1 = Apq1 \ Ay, € S. Hence, |J,cn An € S.

Therefore, S is closed under countable monotone union. O

Lemma 425 (closedness under countable monotone and disjoint union).
Let X be a set. Let S C P(X). Assume that S is closed under complement, local complement
and countable monotone union. Then, it is closed under countable disjoint union.

Proof. Let (An)nen € S. Assume that for all p,¢g € N, p # ¢ implies A, N 4, = @.

For all n € N, let B, def. Lﬂpe[o..n] Ap. Then, from properties of union, the sequence (B, )nen is

nondecreasing, for all n € N, we have l),c (o ., Ap = U,e(0..n) Bp = Bn, and ,,en An = U, en Bn-
Moreover, By = Ag € S, and from De Morgan’s laws, and the definition of set difference,
for all n € N, we have B, N A, 41 = LﬂpE[O..n] A,NA, =@ (ie. B, C AS ), and

Bpj1=Anp1 ¥ t"J Ap = App1 W By = (A7 1 N B;) = (A741\ Bn)“.
p€(0..n]

Then, from a trivial induction, for all n € N, we have B,, € S. Hence, ¢}, .\ 4n € S.
Therefore, S is closed under countable disjoint union. O
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Lemma 426 (closedness under countable disjoint union and countable union).
Let X be a set. Let S C P(X). Assume that S is closed under complement, intersection and
countable disjoint union. Then, it is closed under countable union.

Proof. From Lemma 415 (closedness under union and intersection), and Lemma 417 (closedness
under finite operations), S is closed under finite union.

Let (An)nen € S. Let By " Ao, and for all n € N, let Byt S Ayt \ U, By Then,
from Lemma 215 (partition of countable union), the sequence (Bj)nen is pairwise disjoint, for
all n € N, we have U,¢(o ) 4p = W,eo.n) Bpr and U, ey An = W,,en Bn. Moreover, By € S,
and from Lemma 414 (closedness under intersection and set difference), for all n € N, we have
Byi1 = Ani1\U,eo..n Ap € S- Hence, U, oy An € S.

Therefore, S is closed under countable union. O

Lemma 427 (closedness under countable monotone union and countable union).
Let X be a set. Let S C P(X). Assume that S is closed under complement, union and countable
monotone union. Then, it is closed under countable union.

Proof. Direct consequence of Lemma 415 (closedness under union and intersection, S is closed
under intersection), Lemma 414 (closedness under intersection and set difference, S is closed

under set difference), Lemma 413 (closedness under set difference and local complement, S is
closed under local set difference), Lemma 425 (closedness under countable monotone and disjoint
union, S is closed under disjoint union), and Lemma 426 (closedness under countable disjoint
union and countable union). O
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8.2 Pi-system

Definition 428 (w-system). Let X be a set.
A subset IT of P(X) is called 7-system on X iff it is nonempty and closed under finite intersection:
(8.1) I+,
(8.2) VneN, V(Ap)pep.n €T, [] Ap €Il

p€[0..7]

Remark 429. Note that adding the empty set to a m-system keeps it a m-system. We may replace
in the previous definition the nonempty condition (8.1) by the “contain-the-empty-set” condition,
and still maintain the Dynkin 7—\ theorem (see Theorem 508).

Remark 430. The following set of four lemmas and a definition is written in an almost identical
manner for m-systems (statements 431-435), set algebras (441-445), monotone classes (449-453),
A-systems (462-466), and o-algebras (481-485). They all derive from the definition and properties
of intersection, and reflexivity of inclusion, thus allowing for generated systems that are minimum,
satisfy monotonicity and idempotence. The very short proofs are almost identical.

Note that, unlike subsequent subset systems, the m-systems require nonemptiness, that shows
up in all statements.

Lemma 431 (intersection of w-systems). Let X and I be sets. Let (I1;);er be m-systems
on X. Then, (,c;I; is closed under intersection, i.e. it is a w-system iff it is nonempty.

icl

Proof. Direct consequence of Definition 428 (7-system), and the definition of intersection. O

Definition 432 (generated m-system).
Let X be a set. Let G C P(X). Assume that G # @. The w-system generated by G is the
intersection of all m-systems on X containing Gj it is denoted IIx (G).

Lemma 433 (generated m-system is minimum). Let X be a set. Let G C P(X). Assume
that G # @. Then, Ix(G) is the smallest w-system on X containing G.

Proof. Direct consequence of Definition 432 (generated m-system), Lemma 431 (intersection of
m-systems), and properties of the intersection. O

Lemma 434 (w-system generation is monotone). Let X be a set. Let G1,G2 C P(X).
Assume that @ # Gy C Go. Then, we have l1x(G1) C I x(Gs).

Proof. Direct consequence of the definition of inclusion (G2 # @), and Lemma 433 (generated

w-system is minimum, with G def. (s, then G def. Gy). O

Lemma 435 (w-system generation is idempotent).
Let X be a set. Let S C P(X). Assume that S # &. Then, S is a w-system on X iff Ix(S) = S.

Proof. Direct consequence of reflexivity of inclusion, and Lemma 433 (generated w-system is
minimum, S and Il x (S) are both 7-systems containing S). O
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8.3 Set algebra

Remark 436. The following concept of “set algebra” is not to be confused with the algebraic
structure “algebra over a field” defined in Section 7.2.2.

Note that the same concept is sometimes called “field (of sets)”, which is of course not to be
confused with the algebraic structure either.

Definition 437 (set algebra). Let X be a set. A subset A of P(X) is called set algebra on X
iff it contains the empty set, it is closed under complement, and under finite union:

(8.3) e A,

(8.4) VAc A, A°c A,

(8.5) Vn € N, Y(4i)icjo.n) € A, U A€ A
1€[0..n]

Lemma 438 (equivalent definition of set algebra).
Let X be a set. Let A C P(X). Then, A is a set algebra on X iff (8.4) holds and

(8.6) geA Vv XeA VvV A#g,
(8.7) VA,Be A, AUBeA VvV VYABeA ANBec A.

Proof. Direct consequence of Definition 437 (set algebra), Lemma 408 (nonempty and with empty
or full), Lemma 409 (with empty and full), Lemma 417 (closedness under finite operations), and
Lemma 418 (closedness under finite union and intersection). O

Lemma 439 (other equivalent definition of set algebra). Let X be a set. Let A C P(X).
Then, A is a set algebra on X iff it contains the full set X, and it is closed under set difference:

(8.8) X e A
(8.9) VA,Be A, A\Be A

Proof. Direct consequence of Lemma 438 (equivalent definition of set algebra), Lemma 414 (closed-
ness under intersection and set difference, both ways), Lemma 413 (closedness under set difference
and local complement), and Lemma 411 (closedness under local complement and complement). [

Lemma 440 (set algebra is closed under local complement).
Let X be a set. Let A be a set algebra on X. Then, A is closed under local complement.

Proof. Direct consequence of Lemma 439 (other equivalent definition of set algebra), and Lem-
ma 413 (closedness under set difference and local complement). 0

Lemma 441 (intersection of set algebras).

Let X and I be sets. Let (A;);cr be set algebras on X. Then, (\,.;Ai is a set algebra on X.

icl

Proof. Direct consequence of Definition 437 (set algebra), and the definition of intersection. O

Definition 442 (generated set algebra). Let X be a set. Let G C P(X). The set algebra
generated by G is the intersection of all set algebras on X containing Gj; it is denoted Ax (G).

Lemma 443 (generated set algebra is minimum).
Let X be a set. Let G C P(X). Then, Ax(G) is the smallest set algebra on X containing G.

Proof. Direct consequence of Definition 442 (generated set algebra), Lemma 441 (intersection of
set algebras), and properties of the intersection. O
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Lemma 444 (set algebra generation is monotone).
Let X be a set. Let G1,Gy C P(X). Assume that Gy C Gy. Then, we have Ax(G1) C Ax(G2).

Proof. Lemma 443 (generated set algebra is minimum, with G cef- Gs, then G def- Gy). O

Lemma 445 (set algebra generation is idempotent).
Let X be a set. Let S C P(X). Then, S is a set algebra on X iff Ax(S)=S.

Proof. Direct consequence of reflexivity of inclusion, Lemma 443 (generated set algebra is
minimum, S and Ax(S) are both set algebras containing S). O

Lemma 446 (partition of countable union in set algebra).

Let X be a set. Let A be a set algebra on X. Let (Ap)nen C A. Let By i Ag, and for all

n €N, let B,11 aef- Ant1\ Usejo..n Bi- Then, we have

(8.10) vneN, B,ecA,

(8.11) Vm,neN, m#n — B,NB,=4,

(8.12) vneN, |J 4= | BieA
i€[0..n] i€[0..n]

Proof. For all n € N, let P(n) be the property: (Vi € N, i <n= B; € A) A UiE[O..n] B, e A
Induction: P(0). Trivial.
Induction: P(n) implies P(n + 1). Direct consequence of Lemma 439 (other equivalent
definition of set algebra, closedness under set difference), associativity of intersection, and
Lemma 438 (equivalent definition of set algebra, closedness under union).
Hence, P(n) holds for all n € N.

Therefore, from Lemma 215 (partition of countable union), all three properties hold. O

Lemma 447 (explicit set algebra). Let X be a set. Let G C P(X).
Assume that G contains the full set, is closed under intersection, and satisfies the property:

(8.13) VA€ G, 3B;,Bo€G, BiNBy=@ AN A°=BjW4B;.

Then, the set algebra generated by G is the set of finite disjoint unions of elements of G:

Ax(G)=S W Ap|neN A Vpeo.n], A, €G

p€[0..7]

(8.14) AN Vpge0.n], p#qg=A,NA, =2

Proof. Let A A (G). Let U be the set of finite disjoint unions of elements of G.

(0). U C A. From Lemma 443 (generated set algebra is minimum, G C A), and Definition 437
(set algebra, A is closed under finite union), we have U C A.

(1a). G C U. Direct consequence of the definition of U (with n aet- 0).

(1b). X € U. Direct consequence of (1a).

(1c). U is closed under complement. Let A € U.

From the definition of ¢/, let n € N and (4,),ecp0..n] € G such that for all p,q € [0..n], p # ¢
implies A,NA; = @, and A = L*'Jpe[o..n} Ap. Let p € [0..n]. Then, from (8.13), let BS, B; € G such
that B) N B} = @ and AS = B) ¥ B).
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Let 1< {0,110 (its cardinality is 2"*). For all € I, let C* < (), o BE®).

Let ¢ € I. Then, from Lemma 417 (closedness under finite operations, G is closed under finite
intersection), we have C¥ € G. Let ¢ € I. Assume that ¢ # 1, i.e. there exists ¢ € [0..n]

such that ¢(q) # 1¥(q). Then, from the definition of intersection, we have C¥ C B(}D(q) and
CcY C Bff(q). Hence, from monotonicity of intersection, we have

c*NeCY c B9 NBYYW = 2.

Moreover, from De Morgan’s laws, and distributivity of intersection over union, we have

A= () BwB)=[| ) B"|=c~
p€(0..n] wel \ pel0..n] pel

Thus, A€ € U. Hence, U is closed under complement.

(1d). U is closed under intersection. Let A% A! € 4.

Let a € {0,1}. From the definition of U, let n® € N, let (A ),ac0..ne] € G such that for all
p*,q% € [0.n%], p* # ¢“ implies AJ. N A% =, and A* = Lﬂpae[o.ina} Ap.

For all p° € [0..n°], for all p' € [0..n'], let Byo aef- Ago N A}Dl € G. Let n < nOnl 4 n0 4 nl.
Let ¢ : [0..n] — [0..n°] x [0..n'] be a bijection (their common cardinality is n+1 = (n°+1)(n*+1)).
Let p,q € [0..n]. Assume that p # q. Let p°,¢° € [0..n°] and p!, ¢! € [0..n!] such that

®°,p") =) and (¢°,q") = ©(q).

Then, from the definition of bijection and injection, we have p° # ¢ or p' # ¢!, ie.
Ago OASO = Qor A;l ﬁAél = @. Thus, from associativity and commutativity of intersection,
and since @ is absorbing for intersection, we have

B<p(p) N B‘P(Q) = (Ago N Allﬂ) N (Ago N A;1) = (Ago N A(q)o) N (Azlﬂ N A(111) = d.

Moreover, from left and right distributivity of intersection over union, and associativity
and commutativity of union, we have

AN Al = U Ago N U A,1,1 = U Bpop1 = L"_'J By p)-

p0€0..n0] pltef0..nt] (p°,p*)€[0..n0]x[0..n1] pe(0..n]

Thus, A° N A' € Y. Hence, U is closed under intersection.

(2). A C U. From (1b), (1c), (1d), Lemma 438 (equivalent definition of set algebra, U is set
algebra), (1a), and Lemma 443 (generated set algebra is minimum), we have A C U.

Therefore, from (0) and (2), we have A =U. O
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8.4 Monotone class

Definition 448 (monotone class). Let X be a set. A subset C of P(X) is called
monotone class on X iff it is closed under countable monotone union and intersection:
(8.15) V(An)nen €C, (W €N, A, CAn) = |J4nec,

neN
(8.16) V(An)nen €C, (W €N, A, D Any) = [) AneC.

neN
Lemma 449 (intersection of monotone classes). Let X and I be sets.
Let (Ci)ier be a family of monotone classes on X. Then, (\,c;C; is a monotone class on X.

Proof.
Direct consequence of Definition 448 (monotone class), and the definition of intersection. [

Definition 450 (generated monotone class).
Let X be a set. Let G C P(X). The monotone class generated by G is the intersection of all
monotone classes on X containing Gj it is denoted by Cx (G).

Lemma 451 (generated monotone class is minimum).
Let X be a set. Let G C P(X). Then, Cx(QG) is the smallest monotone class on X containing G.

Proof. Direct consequence of Definition 450 (generated monotone class), Lemma 449 (intersection
of monotone classes), and properties of the intersection. U

Lemma 452 (monotone class generation is monotone).
Let X be a set. Let G1,Go C P(X). Assume that G1 C Gso. Then, we have Cx(G1) C Cx(G2).

Proof. Lemma 451 (generated monotone class is minimum, with G ot Go, then G cet Gq). O

Lemma 453 (monotone class generation is idempotent).
Let X be a set. Let S C P(X). Then, S is a monotone class on X iff Cx(S) =S.

Proof. Direct consequence of reflexivity of inclusion, Lemma 451 (generated monotone class is
minimum, S and Cx (S) are both monotone classes containing S). O

Definition 454 (monotone class and symmetric set difference). Let X be a set.
Let C be a monotone class on X. For all A C X, let C), be the subset system defined by

(8.17) VY {BcX|A\BeCAB\AecC}.

Lemma 455 (C\ is symmetric). Let X be a set.
Let C be a monotone class on X. Then, for all A, B C X, we have B € C>§ iff Ae Cg.

Proof. Direct consequence of Definition 454 (monotone class and symmetric set difference). O

Lemma 456 (C\ is monotone class). Let X be a set.

Let C be a monotone class on X. Then, for all A C X, C>1 is a monotone class on X.
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Proof. Let A C X. Let (Bp)nen € C>x~ Let n € N. Then, from Definition 454 (monotone class
and symmetric set difference), we have A\ B, € C and B,, \ A € C.

Assume first that, for all n € N, B,, C B,y1. Let n € N. Then, from monotonicity of set
difference, we have A\ B,, D A\ Byp4+1 and B, \ A C B,41 \ A. Let B def. Unen Bn- Then,
from the definition of set difference, De Morgan’s laws, Definition 454 (monotone class and
symmetric set difference), and Definition 448 (monotone class), we have A\B =, .n(A\B,) € C
and B\ A = (J,,cn(Bn \ A) € C. Thus, from Definition 454 (monotone class and symmetric set

difference), we have B € C>1. Hence, CA is closed under nondecreasing union.

Assume now that, for all n € N, B, D B,41. Let n € N. Then, from monotonicity of set
difference, we have A\ B, C A\ Bp41 and B, \ A D B,41 \ A. Let B def- Mnen Bn- Then,
from the definition of set difference, De Morgan’s laws, Definition 454 (monotone class and
symmetric set difference), and Definition 448 (monotone class), we have A\B = J,,cn(A\By) € C
and B\ A = ,cn(Bn \ A) € C. Thus, from Definition 454 (monotone class and symmetric set
difference), we have B € C>x~ Hence, C>1 is closed under nonincreasing intersection.

Therefore, from Definition 448 (monotone class), C>1 is a monotone class on X. O

Lemma 457 (monotone class is closed under set difference).
Let X be a set. Let G C P(X). Assume that G is closed under set difference.
Then, Cx(Q) is closed under set difference.

Proof. For all A C X, we use the simplified notation Cl\4 def- (Cx (G))x\4

(1). VA € G, Cx(G) CC). Let A€ G.
Let B € G. Then, we have A\ B, B\ A € G. Thus, from Lemma 451 (generated monotone class
is minimum, G C Cx(G)), and Definition 454 (monotone class and symmetric set difference), we

have B € C>17 ie. G C C’A. Hence, from Lemma 456 (C\ is monotone class), and Lemma 451

(generated monotone class is minimum), we have Cx(G) C C1\4.

(2). VB € Cx(G), Cx(G) C C). Let B € Cx(G).
Let A € G. Then, from (1), we have B € 61\47 and from Lemma 455 (C\ is symmetric), we have
Ae Cj\37 ie. GC C)\B. Hence, from Lemma 456 (C\ is monotone class), and Lemma 451 (generated

monotone class is minimum), we have Cx (G) C Cg.

Let A, B € Cx(G). Then, from (2), we have B € C,\47 and from Definition 454 (monotone class
and symmetric set difference), we have A\ B € Cx(G).

Therefore, Cx (G) is closed under set difference. O

Lemma 458 (monotone class generated by set algebra). Let X be a set. Let G C P(X).
Assume that G is a set algebra on X. Then, Cx(G) is a set algebra on X.

Proof. Direct consequence of Lemma 439 (other equivalent definition of set algebra, G contains the
full set, and is closed under set difference), Lemma 451 (generated monotone class is minimum,

X € G CCx(@Q)), Lemma 457 (monotone class is closed under set difference, Cx(G) is closed

under set difference), and Lemma 439 (other equivalent definition of set algebra). O
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8.5 Lambda-system

Definition 459 (\-system).
Let X be a set. A subset A of P(X) is called \-system on X, or Dynkin-system on X iff it
contains the full set, it is closed under complement, and under countable disjoint union:

(8.18) X eA,
(8.19) VAe A, A°eA,
(8.20) V(An)nen €A, (Vp,g €N, p#q=A,NA,=0) = | A, €A

neN

Lemma 460 (equivalent definition of \-system).
Let X be a set. Let A C P(X). Then, A is a A\-system on X iff (8.18) holds, and it is closed
under local complement, and under countable monotone union:

(8.21) VA,BeA, BC A= A\BEeEA,

(8.22) V(An)nen €A, (W €N, Ay C A1) = |JAneA
neN

Proof. “Left” implies “right”.

Direct consequence of Definition 459 (\-system), Lemma 422 (closedness under countable disjoint
union and local complement, A is closed under local complement), and Lemma 424 (closedness
under countable disjoint and monotone union, A is closed under countable monotone union).

“Right” implies “left”. Direct consequence of Lemma 411 (closedness under local complement
and complement, A is closed under complement), and Lemma 425 (closedness under countable
monotone and disjoint union, A is closed under countable disjoint union). O

Lemma 461 (other properties of \-system).
Let X be a set. Let A be a A-system on X. Then, A is nonempty, contains the empty set, and is
closed under countable monotone intersection.

Proof. Direct consequence of Definition 459 (\-system, closedness under complement), Lemma 408
(nonempty and with empty or full), Lemma 409 (with empty and full), Lemma 460 (equivalent
definition of A-system), and Lemma 423 (closedness under countable union and intersection). O

Lemma 462 (intersection of A-systems).

Let X and I be sets. Let (A;)ier be A-systems on X. Then, if (\,o; Ni is a A\-system on X.

i€l

Proof. Direct consequence of Definition 459 (A-system), and the definition of intersection. O

Definition 463 (generated \-system). Let X be a set. Let G C P(X). The A-system
generated by G is the intersection of all A-systems on X containing G; it is denoted Ax (G).

Lemma 464 (generated \-system is minimum).
Let X be a set. Let G C P(X). Then, Ax(G) is the smallest A-system on X containing G.

Proof. Direct consequence of Definition 463 (generated A-system), Lemma 462 (intersection of
A-systems), and properties of the intersection. O

Lemma 465 (\-system generation is monotone).
Let X be a set. Let G1,G2 C P(X). Assume that G1 C Go. Then, we have Ax(G1) C Ax(G2).

Proof. Lemma 464 (generated \-system is minimum, with G def- Go, then G et Gy). O
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Lemma 466 (\-system generation is idempotent).
Let X be a set. Let S C P(X). Then, S is a A-system on X iff Ax(S)=S.

Proof. Direct consequence of reflexivity of inclusion, Lemma 464 (generated A-system is mini-
mum, S and Ax(S) are both A-systems containing S). O

Definition 467 (\-system and intersection). Let X be a set.
Let A be a A-system on X. For all A C X, let A"} be the subset system defined by

(8.23) AV Y (BeA|ANBeA}

Lemma 468 (A" is symmetric).
Let X be a set. Let A be a A-system on X. Then, for all A, B € A, we have B € A"} iff A € A.

Proof. Direct consequence of Definition 467 (A-system and intersection). O

Lemma 469 (A" is \-system).
Let X be a set. Let A be a X\-system on X. Then, for all A € A, A} is a A\-system on X.

Proof. Let A € A.

From Definition 459 (A-system, X € A), and the identity ANX = A € A, we have X € A}.

Let B,C € A}, i.e. B,C,ANB,ANC € A. Assume that C C B.

Then, from Lemma 460 (equivalent definition of A-system, closedness under local complement),
we have B\ C' € A. Moreover, from distributivity of intersection over set difference,
monotonicity of intersection, and Lemma 460 (equivalent definition of \-system, closedness
under local complement), we have (ANC) C (ANB)and AN(B\C)=(ANB)\(ANC) € A.
Hence, A"} is closed under local complement.

Let (Bp)nen € AY, ie. for alln € N, B,,, AN B,, € A. Assume that for all n € N, B,, C Bj+1.
Then, from Lemma 460 (equivalent definition of A-system, closedness under countable monotone
union), we have |J,,cy Bn € A. Moreover, from distributivity of intersection over union,
monotonicity of intersection, and Lemma 460 (equivalent definition of \-system, closedness
under countable monotone union), we have

(ANBy) C(ANBn1) and AN | B,=J(ANB.) €A
neN neN

Hence, A} is closed under countable monotone union.
Therefore, from Lemma 460 (equivalent definition of \-system), A} is a A-system on X. O

Lemma 470 (\-system with intersection). Let X be a set. Let G C P(X).
Assume that G is closed under intersection. Then, VA € Ax(G), (Ax(G))} = Ax(G).

Proof. For all A C X, we use the simplified notation A} el (Ax(@))4.
(0). From Definition 467 (A-system and intersection), we have VA € Ax(G), A} C Ax(G).

(1). VA€ G, Ax(G) C A. Let AeG.

Let B € G. Then, from Lemma 464 (generated A-system is minimum, G C Ax(G)), and Defini-
tion 467 (A\-system and intersection), we have B € A}, i.e. G C A}. Hence, from Lemma 469 (A"
is A-system, with A € G C Ax(G)), and Lemma 464 (generated \-system is minimum), we have
Ax(G) C A}

(2). VB € Ax(G), Ax(G) C AB Let B € Ax(G).

Let A € G. Then, from (1), we have B € Ax(G) C A’}. Thus, from Lemma 464 (generated
A-system is minimum, G C Ax(G)), and Lemma 468 (A" is symmetric, with A, B € Ax(G)), we
have A € A%}, i.e. G C A}. Hence, from Lemma 469 (A" is A-system), and Lemma 464 (generated
A-system is minimum), we have Ax(G) C A%.

Therefore, from (0) and (2), we have the equality. O
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Lemma 471 (A-system is closed under intersection). Let X be a set. Let G C P(X).
Assume that G is closed under intersection. Then, Ax(G) is closed under intersection.

Proof. Let A,B € Ax(G). Then, from Lemma 470 (\-system with intersection, B belongs to
Ax(G) = (Ax(G))Y), and Definition 467 (A\-system and intersection), we have AN B € Ax(G).

Therefore, Ax(G) is closed under intersection. O

Lemma 472 (\-system generated by w-system). Let X be a set. Let G C P(X).
Assume that G is a w-system on X. Then, Ax(G) is a w-system on X.

Proof. Direct consequence of Definition 428 (7-system, G # @ and G is closed under finite intersec-
tion), Lemma 417 (closedness under finite operations, G is closed under intersection), Lemma 464
(generated A\-system is minimum, @ # G C Ax(G)), Lemma 471 (A-system is closed under in-
tersection, Ax(G) is closed under intersection), Lemma 417 (closedness under finite operations,
Ax(G) is closed under finite intersection), and Definition 428 (7-system). O
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8.6 Sigma-algebra

|Remarl<: 473. Note that the following concept of “o-algebra” is sometimes called “o-field”.

Definition 474 (c-algebra). Let X be a set. A subset ¥ of P(X) is called o-algebra on X iff
it contains the empty set, it is closed under complement, and under countable union:

(8.24) gex,

(8.25) VAeX, A°el,

(8.26) VICN, V(A)ier €%, (JAiex.
el

Lemma 475 (equivalent definition of o-algebra).
Let X be a set. Let ¥ C P(X). Then, ¥ is a o-algebra on X iff (8.25) holds and

(8.27) ey VvV Xe¥X¥ V Y#g,

(8.28) VICN, Y(A)icr €5, (JAi€Z vV VICN, V(Ai)icr €%, [ 4 € 3.
el el

Proof. Direct consequence of Definition 474 (o-algebra), Lemma 408 (nonempty and with empty
or full), Lemma 409 (with empty and full), and Lemma 423 (closedness under countable union and
intersection). O

Remark 476. Note that from the previous lemma, we may define o-algebras as subset systems
that satisfies (8.25), and any term in each of the disjunctions (8.27) and (8.28).

Lemma 477 (0-algebra is set algebra).
Let X be a set. Let ¥ be a o-algebra on X. Then, ¥ is a set algebra on X.

Proof. Direct consequence of Definition 437 (set algebra), and Definition 474 (o-algebra). O

Lemma 478 (0-algebra is closed under set difference). Let X be a set.
Let X be a o-algebra on X. Then, ¥ is closed under set difference and local complement.

Proof. Direct consequence of Lemma 477 (o-algebra is set algebra), Lemma 439 (other equivalent
definition of set algebra), and Lemma 440 (set algebra is closed under local complement). O

Lemma 479 (other properties of o-algebra). Let X be a set. Let ¥ be a o-algebra on X.
Then, X s closed under countable monotone intersection and union, and countable disjoint union.

Proof. Direct consequence of Lemma 475 (equivalent definition of o-algebra). O

Lemma 480 (partition of countable union in c-algebra).

Let X be a set. Let X be a o-algebra on X. Let (Ap)nen C . Let By i Ag, and for allm € N,

let Bpy1 def. Anit \UiG[O..n] B;. Then, we have

(8.29) VneN, B,eX,
(8.30) Ym,neN, m#n — B,NB,=4g,
(8.31) vneN, |J 4= | Bies,
1€[0..n] 1€[0..n]
(8.32) UAi=lBiex
€N i€EN
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Proof. Direct consequence of Lemma 477 (o-algebra is set algebra), Lemma 446 (partition of
countable union in set algebra), Lemma 215 (partition of countable union), and Definition 474
(o-algebra, closedness under countable union with 7 = N). O

Lemma 481 (intersection of o-algebras).

Let X and I be sets. Let (3;);cr be o-algebras on X. Then, (\..; X; s a o-algebra on X.

iel

Proof. Direct consequence of Definition 474 (c-algebra), and the definition of intersection. [

Definition 482 (generated o-algebra). Let X be a set. Let G C P(X). The o-algebra
generated by G is the intersection of all o-algebras on X containing G; it is denoted X x (G).

Lemma 483 (generated o-algebra is minimum).
Let X be a set. Let G C P(X). Then, Xx(G) is the smallest o-algebra on X containing G.

Proof. Direct consequence of Definition 482 (generated o-algebra), Lemma 481 (intersection of
o-algebras), and properties of the intersection. U

Lemma 484 (c-algebra generation is monotone).
Let X be a set. Let G1,G2 C P(X). Assume that Gy C Go. Then, we have ¥ x(G1) C Xx(G2).

def.

Proof. Lemma 483 (generated o-algebra is minimum, with G def. G, then G =" Gy). O

Lemma 485 (0-algebra generation is idempotent).
Let X be a set. Let S C P(X). Then, S is a o-algebra on X iff Xx(S) =S.

Proof. Direct consequence of reflexivity of inclusion, Lemma 483 (generated o-algebra is min-
imum, S and ¥ x(S) are both og-algebras containing S). O

Lemma 486 (c-algebra is w-system).
Let X be a set. Let 3 be a o-algebra on X. Then, X is a w-system on X.

Proof. Direct consequence of Definition 428 (7-system), and Lemma 475 (equivalent definition of
o-algebra). O

Lemma 487 (c-algebra contains w-system).
Let X be a set. Let G C P(X). Assume that G # @. Then, we have Ilx(G) C x(G).

Proof. Direct consequence of Lemma 483 (generated o-algebra is minimum, X x (G) is a o-algebra,
and G C ¥x(G)), Lemma 486 (o-algebra is w-system), and Lemma 433 (generated m-system is
minimum). O

Lemma 488 (w-system contains c-algebra).
Let X be a set. Let G C P(X). Assume that G # &, and that I1x (G) is closed under complement
and countable disjoint union. Then, we have ¥ x(G) C IIx(G).

Proof. Direct consequence of Lemma 433 (generated m-system is minimum, Il x (G) is a m-system,
and G C IIx(G)), Definition 428 (w-system, I1x (G) is nonempty, and closed under intersection),

Lemma 408 (nonempty and with empty or full, @ € llx(G)), Lemma 426 (closedness under count-
able disjoint union and countable union, Illx(G) is closed under countable union), Definition 474
(0-algebra, Ix (G) is a o-algebra), and Lemma 483 (generated o-algebra is minimum). O

Lemma 489 (0-algebra generated by m-system).
Let X be a set. Let G C P(X). Assume that G # &. Then, we have ¥x (Ilx(G)) = Tx(G).
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Proof. Direct consequence of Lemma 487 (c-algebra contains w-system, lIx(G) C £x(G)), Lem-
ma 483 (generated o-algebra is minimum, Yx(G) is a o-algebra, and ¥ x(IIx(G)) C Tx(G)),
Lemma 433 (generated w-system is minimum, G C I1x (G)), and Lemma 484 (o-algebra generation
is monotone, X x(G) is included in ¥ x (IIx(G))). O

Lemma 490 (c-algebra contains set algebra).
Let X be a set. Let G C P(X). Then, we have Ax(G) C Lx(G).

Proof. Direct consequence of Lemma 483 (generated o-algebra is minimum, ¥ x(G) is a o-algebra,
and G C ¥x(G)), Lemma 477 (o-algebra is set algebra), and Lemma 443 (generated set algebra is
minimum). O

Lemma 491 (set algebra contains o-algebra). Let X be a set. Let G C P(X).
Assume that Ax (G) is closed under countable monotone union. Then, we have Xx(G) C Ax(G).

Proof. Direct consequence of Lemma 443 (generated set algebra is minimum, Ax(G) is a set
algebra, and G C Ax(G)), Definition 437 (set algebra, Ax (G) contains &, is closed under comple-
ment and union), Lemma 427 (closedness under countable monotone union and countable union,
Ax(G) is closed under countable union), Definition 474 (o-algebra, Ax(G) is a o-algebra), and
Lemma 483 (generated o-algebra is minimum,). O

Lemma 492 (c-algebra generated by set algebra).
Let X be a set. Let G C P(X). Then, we have Xx(Ax(G)) = Xx(G).

Proof. Direct consequence of Lemma 490 (o-algebra contains set algebra, Ax(G) C £ x(G)), Lem-
ma 483 (generated o-algebra is minimum, X x(G) is a o-algebra, and Y x(Ax(G)) C Tx(G)),
Lemma 443 (generated set algebra is minimum, G C Ax(G)), and Lemma 484 (o-algebra genera-
tion is monotone, X x (G) is included in ¥ x (Ax (G))). O

Lemma 493 (0-algebra is monotone class).
Let X be a set. Let ¥ be a o-algebra on X. Then, ¥ is a monotone class on X.

Proof. Direct consequence of Definition 448 (monotone class), and Lemma 479 (other properties
of o-algebra). O

Lemma 494 (c-algebra contains monotone class).
Let X be a set. Let G C P(X). Then, we have Cx(G) C X x(G).

Proof. Direct consequence of Lemma 483 (generated o-algebra is minimum, X x (G) is a o-algebra,
and G C ¥x(G)), Lemma 493 (o-algebra is monotone class), and Lemma 451 (generated monotone
class is minimum). O

Lemma 495 (monotone class contains o-algebra).
Let X be a set. Let G C P(X). Assume that Cx(G) contains the empty set, and is closed under
complement and union. Then, we have ¥x(G) C Cx(G).

Proof. Direct consequence of Lemma 451 (generated monotone class is minimum, Cx(G) is a
monotone class, and G C Cx(G)), Definition 448 (monotone class, Cx(G) is closed under count-
able monotone union), Lemma 427 (closedness under countable monotone union and countable
union, Cx(G) is closed under countable union), Definition 474 (o-algebra, Cx(G) is a o-algebra),
and Lemma 483 (generated o-algebra is minimum). O

Lemma 496 (0-algebra generated by momnotone class).
Let X be a set. Let G C P(X). Then, we have Xx(Cx(G)) = Tx(G).
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Proof. Direct consequence of Lemma 494 (o-algebra contains monotone class, Cx(G) C Lx(G)),
Lemma 483 (generated o-algebra is minimum, ¥x (G) is a o-algebra, and X x(Cx(G)) C Tx(G)),
Lemma 451 (generated monotone class is minimum, G C Cx(G)), and Lemma 484 (o-algebra
generation is monotone, Lx (G) C Tx(Cx(G))). O

Lemma 497 (0-algebra is \-system).
Let X be a set. Let ¥ be a o-algebra on X. Then, ¥ is a A-system on X.

Proof. Direct consequence of Definition 459 (A-system), Lemma 475 (equivalent definition of o-
algebra), and Lemma 479 (other properties of o-algebra). O

Lemma 498 (c-algebra contains \-system).
Let X be a set. Let G C P(X). Then, we have Ax(G) C Lx(G).

Proof. Direct consequence of Lemma 483 (generated o-algebra is minimum, Xx (G) is a o-algebra,
and G C ¥x(G)), Lemma 497 (o-algebra is \-system), and Lemma 464 (generated A-system is
minimum). O

Lemma 499 (\-system contains o-algebra). Let X be a set. Let G C P(X).
Assume that Ax (G) is closed under intersection. Then, we have ¥ x(G) C Ax(G).

Proof. Direct consequence of Lemma 464 (generated A-system is minimum, Ax (G) is a A-system,
and G C Ax(G)), Definition 459 (A-system, Ax(G) contains the full set, is closed under comple-
ment and countable disjoint union), Lemma 426 (closedness under countable disjoint union and
countable union, Ax(G) is closed under countable union), Lemma 475 (equivalent definition of
o-algebra, Ax(G) is a o-algebra), and Lemma 483 (generated o-algebra is minimum). O

Lemma 500 (c-algebra generated by \-system).
Let X be a set. Let G C P(X). Then, we have Xx (Ax(G)) = Xx(G).

Proof. Direct consequence of Lemma 498 (o-algebra contains A-system, Ax(G) C L x(G)), Lem-
ma 483 (generated o-algebra is minimum, X x(G) is a o-algebra, and Y x(Ax(G)) C ¥x(G)),
Lemma 464 (generated A-system is minimum, G C Ax(G)), and Lemma 484 (o -algebra generation
is monotone, Lx (G) is included in ¥x (Ax(G))). O

Lemma 501 (other o-algebra generator). Let X be a set. Let G1,G2 C P(X).
Assume that G1 C X x(G2) and G C X x(G1). Then, we have ¥x(G1) = Ex(G2).

Proof. From Lemma 484 (o-algebra generation is monotone), and Lemma 485 (o-algebra genera-
tion is idempotent), we have

Zx(Gl) C Xx (EX(GQ)) = EX(GQ) and EX(GQ) C Xx (Ex(Gl)) = Ex(Gl).
Therefore, we have Y x(G1) = Xx(G2). O

Lemma 502 (complete generated o-algebra). Let X be a set. Let G1,G2 C P(X).
Assume that Gy C X x(G1). Then, we have Lx(G1 UGs) = Xx(Gy).

Proof. From Lemma 483 (generated o-algebra is minimum), and Lemma 484 (o-algebra generation
is monotone), we have G1 C Lx(G1) C Lx(G1 UG2). From Lemma 483 (generated o-algebra is
minimum, G1 C ¥x(G1)), and monotonicity of union, we have G; U G2 C £ x(G1).
Therefore, from Lemma 501 (other o-algebra generator, with G; and G;UG5), we have
Ex(G1UG2)=Zx(G1). O

Lemma 503 (countable o-algebra generator).
Let X be a set. Let G C Gy C P(X). Assume that all elements of Go are countable unions of|
elements of G1. Then, we have X x(G1) = X x(Ga).
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Proof. Direct consequence of Lemma 483 (generated o-algebra is minimum, G; C Go C ¥x(G3)),
Definition 474 (o-algebra, closedness under countable union, thus Ga C ¥ x(G1)), and Lemma 501
(other o-algebra generator). O

Remark 504. Note that in the following proof, the point (1) does not depend on the hypotheses.
It could be an independent lemma that characterizes 31 X Ys.

Note also that ¥; X X5 may not be a g-algebra. See Section 9.4 for a definition of a o-algebra
on the product of measurable spaces.

Lemma 505 (set algebra generated by product of o-algebras). Let X; and X5 be sets.
For all i € {1,2}, let &; be a o-algebra on X;. Let X e X1 %X Xo, and 2 def. Y X Xs.

Then, Ax (X) is the set of finite disjoint unions of elements of ¥.

Proof. (1). X € X. Direct consequence of Definition 217 (product of subsets of parties), and
Lemma 475 (equivalent definition of o-algebra, ¥1 and X9 contain full set.).

(2). X is closed under intersection. Let A, B € ¥.

From Definition 217 (product of subsets of parties), let A1, By € ¥1 and Ay, Bs € 35 such that
A = Ay x Ay and B = By X By. Then, from compatibility of intersection with Cartesian
product, and Lemma 475 (equivalent definition of o-algebra, closedness under intersection for Xy
and 22), we have AN B = (Al N Bl) X (A2 N BQ) with Ay N By € X1 and Ay N By € Y. Thus,
AN B €Y. Hence, ¥ is closed under intersection.

3). VA€ X, 3B,C € X, BNC=20ANA°=BWC. Let AcX.
From Definition 217 (product of subsets of parties), let Ay € ¥ and As € g such that A =

Ay x Ay. Let B def- X1 x A§ and C def. A§ x As. Then, from Definition 217 (product of subsets of

parties), Lemma 475 (equivalent definition of o-algebra, ¥, contains full set, and closedness under
complement for ¥; and Y5), and set operations properties, we have B,C € ¥, BN C = &,
and A°=BuWC.

Therefore, from (1), (2), (3), and Lemma 447 (ezplicit set algebra, with G et Y), Ax () is the
set of finite disjoint unions of elements of X. O
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8.7 Dynkin 7—)\ theorem

Lemma 506 (w-system and \-system is c-algebra). Let X be a set. Let S C P(X).
Assume that S is a mw-system on X and a A-system on X. Then, S is a o-algebra on X.

Proof. Direct consequence of Lemma 466 (A-system generation is idempotent, Ax (S) = S), Defini-
tion 428 (7-system, Ax (S) is closed under intersection), Lemma 499 (A-system contains o-algebra,
Y x(S) is included in Ax(S)), Lemma 498 (o-algebra contains A-system, Ax(S) C £x(S)), and
Lemma 485 (o-algebra generation is idempotent, ¥x (S) = Ax(S) = S, thus S is a g-algebra). O

|Remark 507. See the sketch of next proof in Section 5.7. |

Theorem 508 (Dynkin 7—\ theorem).
Let X be a set. Let II be a mw-system on X. Then, we have Ax (I1) = X x (II).

Proof. Direct consequence of Lemma 472 (A-system generated by m-system, Ax(II) is w-system),
Lemma 464 (generated A-system is minimum, Ax(IT) is A-system), Lemma 506 (m-system and
A-system is o-algebra, Ax(II) is o-algebra), Lemma 485 (c-algebra generation is idempotent,
Yx(Ax(IT)) = Ax (1)), and Lemma 500 (o-algebra generated by A-system, ¥ x (Ax (IT)) = X x (II)).

O

Remark 509. Note that the Dynkin 7—A theorem may take the following form: if a A-system
contains a 7-system, then it also contains the o-algebra generated by the m-system.

Similarly, the next statement is an application lemma for the previous theorem. It is used to
prove Lemma 668 in Section 11.3, itself later used to prove uniqueness of the Lebesgue measure.

Lemma 510 (usage of Dynkin w—\ theorem). Let X be a set. Let ¥ be a o-algebra on X.

Let P be a predicate over P(X), and let S def. {A e X|P(A)}. Let G C P(X) be a nonempty

generator of . Assume that Ilx (G) C S, and that S is a A-system.
Then, we have S = %, i.e. P holds for all subsets in 3.

Proof. From the definition of S, we have S C X.

Let IT < IIx(G). Then, from Definition 482 (generated o-algebra, ¥ = ¥ x(G)), Lemma 433

(generated m-system is minimum, G C I, and IT is a w-system), Lemma 484 (o-algebra generation
is monotone, L x (G) is included in X x (IT)), Theorem 508 (Dynkin w-X theorem, ¥ x (IT) = Ax (II)),
Lemma 465 (A-system generation is monotone, Ax (IT) C Ax(S)), and Lemma 466 (\-system gen-
eration is idempotent, Ax(S) = S), we have ¥ C S.

Therefore, we have the equality, i.e. P holds for all subsets in X. O
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8.8 Monotone class theorem

Lemma 511 (algebra and monotone class is o-algebra). Let X be a set. Let S C P(X).
Assume that S is a set algebra on X and a monotone class on X. Then, S is a o-algebra on X.

Proof. Direct consequence of Lemma 453 (monotone class generation is idempotent, Cx(S) = S),
Definition 437 (set algebra, Cx(S) contains the empty set, and is closed under complement and
union), Lemma 495 (monotone class contains o-algebra, X x(S) C Cx(S)), Lemma 494 (o-algebra
contains monotone class, Cx(S) C £x(S)), and Lemma 485 (o-algebra generation is idempotent,
Yx(S) =Cx(S) = S, thus S is o-algebra.). O

|Remark 512. See the sketch of next proof in Section 5.7.

Theorem 513 (monotone class).
Let X be a set. Let A be a set algebra on X. Then, Cx(A) = Zx(A).

Proof. Direct consequence of Lemma 458 (monotone class generated by set algebra, Cx(A) is
set algebra), Lemma 451 (generated monotone class is minimum, Cx(A) is monotone class),
Lemma 511 (algebra and monotone class is o-algebra, Cx (A) is o-algebra), Lemma 485 (0-algebra
generation is idempotent, thus ¥ x(Cx(A)) = Cx(A)), and Lemma 496 (o-algebra generated by
monotone class, Lx (Cx(A)) = Xx(A)). O

Remark 514. Note that the monotone class theorem may take the following form: if a monotone
class contains a set algebra, then it also contains the o-algebra generated by the algebra.

Similarly, the next statement is an application lemma for the previous theorem. It is used to
prove Lemmas 827 and 837 in Section 13.4 in the context of product spaces.

Lemma 515 (usage of monotone class theorem). Let X be a set. Let ¥ be a

o-algebra on X. Let P be a predicate over P(X), and let S =t {AeX|P(A)}. Let G C P(X)

be a generator of . Assume that Ax(G) C S, and that S is a monotone class.
Then, we have S = %, i.e. P holds for all subsets in 3.

Proof. From the definition of S, we have § C X.

Let A% Ax(G). Then, from Definition 482 (generated o-algebra, ¥ = £ x(G)), Lemma 443

(generated set algebra is minimum, G C A, and A is set algebra), Lemma 484 (c-algebra gen-
eration is monotone, L x(G) C X x(A)), Theorem 513 (monotone class, Lx(A) = Cx(A)), Lem-
ma 452 (monotone class generation is monotone, Cx(A) C Cx(S)), and Lemma 453 (monotone
class generation is idempotent, Cx(S) = S), we have ¥ C S.

Therefore, we have the equality, i.e. P holds for all subsets in X. O
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Chapter 9

Measurability

Contents
9.1 Measurable space and Borel subsets . . . . ... ............ 91
9.2 Measurable function . . . . . . ... Lo L L Lo s e s 93
9.3 Measurable subspace . . . .. ... L0 0 o d e e e e e e e 95
9.4 Product of measurablespaces . . . . .. ... 0000000 98

9.1 Measurable space and Borel subsets

Definition 516 (measurable space). Let X be a set. Let X be a o-algebra on X.
Then, (X,Y) is called measurable space, and elements of ¥ are said (X-)measurable.

Definition 517 (Borel c-algebra).

Let (X,T) be a topological space. The Borel o-algebra of X is the o-algebra generated by the

open subsets; it is denoted B(X) oy (7).

B(X)-measurable subsets are called Borel subsets of X.

Lemma 518 (some Borel subsets).
Let (X, T) be a topological space. Then, open and closed subsets are Borel subsets of X.
Moreover, if the space X is separable, then countable subsets of X are Borel subsets of X.

Proof. From Definition 517 (Borel o-algebra), and Definition 474 (o-algebra), the Borel subsets
are the elements of the Borel o-algebra.

Let Y be an open subset of X. Then, from Definition 517 (Borel o-algebra), and Lemma 483
(generated o-algebra is minimum), we have Y € T C B(X).

Let Y be a closed subset of X. Then, from Definition 249 (topological space, closed subset),
Definition 517 (Borel o-algebra), and Lemma 483 (generated o-algebra is minimum), we have
Y e T C B(X). Hence, from Definition 474 (o-algebra, closedness under complement), and from
involutiveness of complement, we have Y = (V)¢ € B(X).

Let Y be a countable subset of X. Then, from the definition of countability, there exists
I €N, and (x;);cr € X suchthat Y = (J;c;{x:}. Leti € I. Then, from closedness of singletons
in a separable space, {x;} is closed, thus it belongs to B(X). Hence, from Definition 474 (o-
algebra, closedness under countable union), we have Y € B(X).

Therefore, open, closed, and countable subsets are Borel subsets of X. O

Lemma 519 (countable Borel o-algebra generator).
Let (X, T) be a topological space. Let G C T. Assume that all open subsets of X are countable
unions of elements of G. Then, we have B(X) = X x(G).
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Proof. Direct consequence of Definition 517 (Borel o-algebra, B(X) = £x(T)), and Lemma 503

(countable o-algebra generator, with G G and Gy & 7). O

Remark 520. The previous lemma means that if G contains a countable topological basis of (X, T)
(and possibly other open subsets) (see Definitions 254 and 262), then the Borel o-algebra of X
is generated by G.

Remark 521. Note that metric spaces are separable topological spaces, thus both previous lemmas
apply in metric spaces.
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9.2 Measurable function

Definition 522 (‘measurable function). Let (X,Y) and (X’,Y’) be measurable spaces.
A function f: X — X’ is said measurable (for ¥ and X') iff

(9.1) fiEYcs  de VA ey, fH(A)ex.

If ¥ and Y’ are the Borel o-algebras of X and X', then f is called Borel function.

Lemma 523 (inverse o-algebra).
Let X be a set. Let (X',Y') be a measurable space. Let f : X — X'. Then, ¥ = f~4(¥') is the
smallest o-algebra of f~1(X’) C X such that f is measurable for ¥ and X'.

It is called the inverse o-algebra of ¥/ by f.

Proof. Direct consequence of Definition 516 (measurable space), Definition 474 (o-algebra), ho-
mogeneity of inverse image, compatibility of inverse image with complement, union
and intersection, and Definition 522 (measurable function). O

Lemma 524 (image o-algebra). Let (X,X) be a measurable space. Let X' be a set.

Let f : X — X'. Then, ¥’ = %y = {A" C X"| f~Y1(A") € £} is the largest o-algebra of f(X)

such that f is measurable for ¥ and ¥'. It is called the image o-algebra of ¥ by f.

Proof. Direct consequence of Definition 516 (measurable space), Definition 474 (o-algebra), com-
patibility of inverse image with complement, union and intersection, homogeneity of
inverse image (f~'(9) = 9), and Definition 522 (measurable function). O

Lemma 525 (identity function is measurable).
Let (X,X) be a measurable space. Then, the identity function is measurable for ¥ (and X).

Proof. Direct consequence of the definition of the identity function, and Definition 522
(measurable function). O

Lemma 526 (constant function is measurable). Let (X,X) and (X', %) be measurable
spaces. Let f: X — X'. Assume that f is constant. Then, f is measurable for ¥ and X'.

Proof. Let ¢’ € X' be the constant value taken by the function f. Let A’ € ¥'.

Case ¢’ € A’. Then, we have f~1(A’) = X. Case ¢’ € A’. Then, we have f~!(A’) = @. Thus,
from Lemma 475 (equivalent definition of o-algebra), f~1(A’) always belongs to the o-algebra 3.
Therefore, f is measurable for ¥ and X'. O

Lemma 527 (inverse image of generating family).
Let (X,Y) and (X', X') be measurable spaces. Let f: X — X'. Then, we have

(9-2) VG CP(X'), Sx(fTH(G) =T (Ex(G).

Proof. “Left” included in “right”. Let G’ C P(X’). Then, from Lemma 483 (generated o-
algebra is minimum), we have G’ C Xx/(G’). Thus, from monotonicity of inverse image,
f~HG") is asubset of f~1(Xx/(G")). Hence, from Lemma 484 (o-algebra generation is monotone),
Lemma 523 (inverse o-algebra, f~*(Xx/(G")) is o-algebra), and Lemma 485 (o-algebra generation
is idempotent), we have Xx (f~1(G")) C Sx(f 1 (Ex/(G")) = f1(Zx/(G")).

“Right” included in “left”. Conversely, let A’ € G’ C P(X’). Then, from monotonicity of
inverse image, and Lemma 483 (generated o-algebra is minimum), we have

FHA) € FHG) C Bx(f7H(E).
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Thus, from Lemma 524 (image o-algebra), we have G’ C (Sx(f~1(G")))y, and from Lemma 483
(generated o-algebra is minimum), we have X x/(G') C (Xx(f~'(G")))s. Hence, from Lemma 524
(image o-algebra), and the definition of inverse image, we have

T (Ex(G) € Bx (fF7HE).
Therefore, we have Sx (f~H(G")) = f~H(Ex/(G)). O

Lemma 528 (equivalent definition of measurable function). Let (X,X) and (X', %) be
measurable spaces. Let f : X — X'. Then, f is measurable for ¥ and X' iff

(9.3) 3G cP(X), Ix/(G)=%Y = [fYG)cCx

Proof. “Left” implies “right”. Assume first that f is measurable for ¥ and /. Let G’ ey,
Then, from Lemma 485 (o-algebra generation is idempotent), we have ¥ x/(X") = ¥'. Hence, from
Definition 522 (measurable function), we have f~1(G’) = f~1(2') C X.

“Right” implies “left”. Conversely, assume now that there exists G’ C P(X’) such that
Yx/(G') = ¥ and f71(G’) C ¥. Then, from Lemma 527 (inverse image of generating fam-
ily), Lemma 484 (o-algebra generation is monotone), and Lemma 485 (o-algebra generation is

idempotent), we have f~1(X') = f~ 1 (Zx/(G") = Tx(f7HG")) C 2x(X) = %.

Therefore, we have the equivalence. O

Lemma 529 (continuous is measurable).
Let (X, T) and (X', T") be topological spaces. Assume that X and X' are equipped with their
Borel o-algebras. Let f : X — X'. Assume that [ is continuous. Then, f is a Borel function.

Proof. Let O’ € T'. Then, from the definition of continuity, f~1(O’) € 7. Thus, from
Lemma 483 (generated o-algebra is minimum), and Definition 517 (Borel o-algebra), we have
B(X") =Sx/(T") and f~1(T") € T C £x(T) = B(X). Therefore, from Lemma 528 (equivalent
definition of measurable function), and Definition 522 (measurable function), f is a Borel function
from X to X'. O

Lemma 530 (compatibility of measurability with composition).

Let (X,%), (X',Y), and (X", X") be measurable spaces. Let f : X — X' and g : X' — X".
Assume that f is measurable for ¥ and X/, and that g is measurable for X' and ¥". Then, go f
is measurable for ¥ and X' .

Proof. Direct consequence of the definition of composition, Definition 522 (measurable func-
tion, with f and g), and monotonicity of inverse image. O
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9.3 Measurable subspace

|Remark 531. We recall that N denotes a set of traces of subsets, see Definition 216.

Lemma 532 (trace o-algebra).
Let (X,%) be a measurable space. Let' Y C X. Let i be the canonical injection from Y to X.
Then, X NY is a o-algebra of Y, and i is measurable for X NY and 3.

YNY is called trace o-algebra of ¥ on Y. The measurable space (Y,XNY) is said measurable
subspace of (X, X).

Proof. From Definition 516 (measurable space, ¥ is a o-algebra), Definition 474 (o-algebra, @ € ),
and since @ is absorbing for intersection, we have 3 =2 NY e ¥ NY.

Let A € ¥NY. Then, from Definition 216 (¢race of subsets of parties), let B € % such that
A = BNY. Then, from the definition of set difference, De Morgan’s laws, distribu-
tivity of intersection over union, the definition of complement, and commutativity of
intersection, we have

Y\A=Y\(BNY)=YN(BNY)*=YN(BUY")=(YNB)U{YNY)=BNY.

Hence, from Definition 474 (o-algebra, closedness under complement), we have Y\ A € ¥NY.
Let I be a set. Let (A;)ic; € XNY. Then, from Definition 216 (trace of subsets of parties),
for all 7 € I, let B; € X such that A; = B; Y. Then, from distributivity of intersection over

union, we have
Ua=U®Biny)={JBinY.

i€l iel iel

Hence, from Definition 474 (o-algebra, closedness under union), we have (J;,.; A; € ¥NY.
Therefore, from Definition 474 (o-algebra), X NY is a o-algebra of Y. Moreover, from the

definition of the canonical injection, and Definition 522 (measurable function), i is measurable

for XNY and X. O

Lemma 533 (measurability of measurable subspace).
Let (X, %) be a measurable space. LetY C X. Then, we haveY € L iff ENY = {A e X|ACY}.

Proof. Let A € ¥ such that A C Y. Then, from Definition 216 (trace of subsets of parties),
A=ANY belongs to XNY. Thus, we always have {A € X |ACY} CXNY.

“Left” implies “right”. Assume first that Y € ¥. Let A € ¥, and let A’ “Any. Then, from
Lemma 475 (equivalent definition of o-algebra, closedness under countable intersection), we have
A" € ¥ and A’ C Y. Thus, from Definition 216 (trace of subsets of parties), X NY is included in
{Ae¥|ACY}. Hence, ENY ={Ae€X|ACY}

“Right” implies “left”. Conversely, assume now that XNY = {A € X|A C Y}. Then, from
Lemma 532 (trace o-algebra), and Lemma 475 (equivalent definition of o-algebra, contains full
set), we have Y € ¥NY C X.

Therefore, we have the equivalence. O

Lemma 534 (generating measurable subspace).
Let X be a set. LetY C X. Let G C P(X). Then, we have ¥y (GNY) =YXx(G)NY.

Proof. Let i be the canonical injection from Y to X. Then, from Definition 216 (trace of subsets
of parties), we have i~ 1(G) = GNY and i }(Ex(G)) = Tx(G)NY. Therefore, from Lemma 527
(inverse image of generating family), we have

Sy (GNY) =Sy (i7H(G) =i (8x(G)) = Bx (G) N Y.
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Lemma 535 (Borel sub-c-algebra). Let (X, T) be a topological space.
LetY C X. Then, we have B(Y)=B(X)NY, andY € B(X) iff BY)={AeB(X)|ACY}.

Proof. Direct consequence of Definition 517 (Borel o-algebra), the definition of trace topology
on Y, Lemma 534 (generating measurable subspace), and Lemma 533 (measurability of measurable
subspace). O

Lemma 536 (characterization of Borel subsets). Let (X, T) be a topology space.
Let (Yn)nen € B(X). Assume that X =, Yn. Let A C X. Then, we have

(9.4) AeB(X) < VneN, ANY, € BY,).

Proof. “Left” implies “right”. Assume first that A € B(X). Let n € N. Then, ANY, CY,,
and from Lemma 475 (equivalent definition of o-algebra, closedness under countable intersection),
we have ANY,, € B(X). Hence, from Lemma 535 (Borel sub-o-algebra), we have ANY,, € B(Y,,).

“Right” implies “left”. Conversely, assume now that for all n € N, ANY,, € B(Y,,). Let n € N.
Then, since Y,, € B(X), from Lemma 535 (Borel sub-o-algebra), we have ANY, € B(X). Hence,
from Lemma 209 (compatibility of pseudopartition with intersection), Definition 517 (Borel o-
algebra), and Definition 474 (o-algebra, closedness under countable union), we have

A= [H(AnY,) € B(X).

neN

Therefore, we have the equivalence. O

Lemma 537 (source restriction of measurable function). Let (X,X) and (X', %) be
measurable spaces. Let f: X — X'. Let Y C X. Let f|, be the restriction of f to the source Y.
Assume that f is measurable for ¥ and ¥'. Then, f), is measurable for XNY and ¥'.

Proof. Let i be the canonical injection from Y to X. Then, from Definition 216 (trace of subsets
of parties), and Lemma 532 (trace o-algebra), i~1(X) = X MY is a o-algebra of Y. Thus, from
Definition 522 (measurable function), i is measurable for ¥NY and X. Therefore, from Lemma 530
(compatibility of measurability with composition), f|, = f oi is measurable for ¥ AY and ¥'. O

Lemma 538 (destination restriction of measurable function). Let (X,X) and (X', %)

’

be measurable spaces. Let f : X — X'. Let Y/ C X'. Assume that f(X) CY'. Let f‘y be the

restriction of f to the destination Y'. Then, [ is measurable for ¥ and X' iff f'Y/ is measurable
for X and X' NY’.

Proof. Let A’ € ¥'. Then, from the definition of set difference, and monotonicity of inverse
image and complement, we have

FTHANY) = f7HANY") c 1Y) C (X)) = 2.

Then, from compatibility of inverse image with disjoint union, and the definition of
destination restriction, we have

FUA) = A Y e AN Y) = Ay = (7)),

’ 71 ’
Hence, f~1(X') = (f'Y ) (X' M Y"). Therefore, from Definition 522 (measurable function), fI"
is measurable for ¥ and X' NY". O
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Lemma 539 (measurability of function defined on a pseudopartition). Let (X,X) and
(X',%") be measurable spaces. Let I C N. For alli € I, let X; € ¥ and f; : X — X'. Assume
that for all i € I, f; is measurable for ¥ and ¥', and that X = \§,c; X;. Then, the function
defined by f; on X; for all i € I is measurable for & and 3'.

Proof. Let f be the function defined by for all i € I, for all x € X, f(x) def. fi(x). Let A" € X,

Let i € I. Then, from Definition 522 (measurable function, with f;), we have f;*(A’) € . Thus,
from Lemma 475 (equivalent definition of o-algebra, closedness under countable intersection and
union), we have f~1(A") = J;; (XN f; '(A")) € S. Hence, f~1(¥) C X.

Therefore, from Definition 522 (measurable function), f is measurable for ¥ and ¥'. O
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9.4 Product of measurable spaces

Remark 540. We recall that [n..p] denotes an interval of integers, and that ﬁ and X denote a
set of Cartesian products of subsets, see Definition 217.
The concepts presented in this section are used mainly in Section 13.4.

Definition 541 (tensor product of o-algebras).
def.

Let m € [2..00). For all ¢ € [1..m], let (X;,¥;) be a measurable space. Let X =" [[,c(y. ) X
and ¥ % ﬁie[l“m]xi. The (tensor) product of the o-algebras (3;);cp1..m) on X is the o-algebra

generated by ¥; it is denoted @y ) i S ()

Lemma 542 (product of measurable subsets is measurable).
Let m € [2..00). For all i € [1.m], let (X;,X;) be a measurable space, and A; € ;.

Let ¥ Ty D and B F @yepypn Bi- Then, [T m Ai €5 C 2.

i€[l..m 1.m

Proof. Direct consequence of Definition 217 (product of subsets of parties) ; Definition 541 (tensor
product of o-algebras), and Lemma 483 (generated o-algebra is minimum, ¥ C X x (X)). O

Lemma 543 (measurability of function to product space).
Let m € [2..00). Let (X,X) be a measurable space. For alli € [1..m], let (X[, X)) be a measurable
space, and f; : X — X[. Then, (fi)icn..m] i measurable for ¥ and ®i€[1_m] XL iff for all

i€ [1l.m], f; is measurable for ¥ and 3.

Proof. Let ¥’ =4 04 X!

i€[1l..m] i
“Left” implies “right”. Assume first that (f;);c[1..m) is measurable for ¥ and X'.

Let i € [1..m]. Let A; € 3. Let A’ = X{x...xAx...xX],. Then, from Lemma 475 (equivalent
definition of o-algebra, X! € 3}), Definition 541 (tensor product of o-algebras), and Lemma 542
(product of measurable subsets is measurable), we have A’ € ¥'. Thus, from Definition 522 (mea-
surable function, with f), we have fi_l(Ag) = f~1(A") € ¥. Hence, from Definition 522 (measurable
function), f; is measurable for ¥ and X.

“Right” implies “left”. Assume now that for all ¢ € [1..m], f; is measurable for ¥ and 7.

Let & % Hie[l“m]E; and f < (fi)ier..p)- Let A’ aef- [Lic.m 4i € S, From Definition 217
(product of subsets of parties), for all ¢ € [1..m], we have A, € ¥;. Let © € X. Then, f(z) € A
iff for all i € [1.m], fi(z) € AL Thus, we have f~1(A") = Niel..m] f71(AY). Hence, from
Definition 522 (measurable function, with f;), and Lemma 475 (equivalent definition of o-algebra,
742 ¢ ©. Thus, from

closedness under countable intersection), we have f _1(§/) =N ;

i€[l..m]

Lemma 528 (equivalent definition of measurable function, with G’ def. E/), f is measurable for ¥
and X',

Therefore, we have the equivalence. O

Lemma 544 (canonical projection is measurable).
Let m € [2..00). For alli € [1..m], let (X;,%;) be a measurable space, and let ; be the canonical
projection from X e Hie[l“m] X; onto X;. Let X e ®ie[1,.m] Y.

Then, X is the smallest o-algebra on X such that for alli € [1..m], m; is measurable for ¥ and %;.

Proof. Let ¥/ be a o-algebra on X. Then, from Lemma 543 (measurability of function to product

space, with X def. Y, X! def- X, Xt def- 3, and f et Idx = (m)sef1..m]), Definition 522 (measur-
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able function), and reflexivity of inclusion we have

Vi € [1..m], m; is measurable for ¥’ and ¥;

<= Idy is measurable for ¥’ and ¥
— Idy'(X)=x2cy.

O

Lemma 545 (permutation is measurable). Let m € [2..00). Let ¢ be a permutation

of [1..m]. For all i € [1.m], let (X;,%;) be a measurable space, and let m; be the canonical
projection from X def. Hie[l”m] X; onto X;. Let & o ®ie[1,,m] ¥, and B¥ = ®i€[1..m] Y-

Then, the permutation of coordinates (my))ic[1..m] 15 measurable for ¥ and Y.

Proof. Direct consequence of Lemma 543 (measurability of function to product space), and Lem-

ma 544 (canonical projection is measurable, with X/ def. Xy and f; def. Tp(i))- O

Lemma 546 (generating product measurable space). Let m € [2..00). For alli € [1..m],

let (X;,%;) be a measurable space, G; C P(X;), and assume that X; € G; and ¥; = Xx,(G;).

Let X & [licp.m Xi and £ = ®ic(1..m) Zi- Then, we have ¥ = Xx (ﬁie[l.,m]Gi)'

Proof. Let G def- ﬁie[l..m]Gi'

¥ C x(G). Let i € [1..m]. Let m; be the canonical projection from X onto X;. Then, from
Lemma 527 (inverse image of generating family), we have

(20 = 71 (Bx,(Gh)) = Sx (w1 (G).

2

Moreover, since X; € G;, and from Definition 217 (product of subsets of parties), we have

TG ={ X1 x ... x Ay x ... x X | Ay € Gy} C G

K2

Then, from Lemma 484 (c-algebra generation is monotone), we have m; '(2;) C Xx(G). Thus,

from Definition 522 (measurable function), m; is measurable for ¥x(G) and ¥;. Hence, from
Lemma 544 (canonical projection is measurable, smallest o-algebra), we have ¥ C X x(G).

Sx(G) C 3. Let 5 Ty S
Direct consequence of Lemma 483 Jgenemted o-algebra is minimum, G; C %;), Definition 217
(product of subsets of parties, G C 3), Lemma 484 (c-algebra generation is monotone, L x(G) is

included in ¥ x (X)), and Definition 541 (tensor product of o-algebras, ¥ = X x (X)),
Therefore, we have the equality. O

Remark 547. For the sake of simplicity, we only present the remainder of this section in the case
of the product of two measure spaces. When i € {1,2}, the complement {1,2} \ {¢} is {3 —i}.

Definition 548 (section in Cartesian product). Let X; and X5 be sets. Let A C X7 x Xo.
Let ¢ € {1,2}. Let j 3§ Let x; € X;. The i-th section of A in x; is the subset

(95) sz(xz,A) déf. {.’Ej & X]‘ | ((El,xg) € A}

Lemma 549 (section of product). Let X; and X5 be sets. Let Ay € X1 and As € X5.

Let i€ {1,2}. Let j 3. Let 2; € X;. Then, we have

Aj;  when x; € Ay,
[e] otherwise.

(9.6) si(xs, A1 X Ag) = {
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Proof. Direct consequence of Definition 548 (section in Cartesian product). O

Lemma 550 (compatibility of section with set operations). Let X1 and X5 be sets.

Let X % X1 XXy, Leti e {1,2}. Let x; € X;. Then, the sections are compatible with the empty

set, the complement, countable union and intersection, and are monotone:
(97) si(xi, @) = @,
(98) VA C Xa Si(xivAc) = Si(xi7A)C7

(99) VI C N, V(An)nej cX, s (l‘i, U An> = U Si(qun)y

nel nel

(910) VI CN, V(An)nel cX, s (xia ﬂ An) = n Si(xivAn)v

nel nel
(911) VA,B C X, ACB — Si($i,A) C si(:ci,B).
Proof. Direct consequences of Definition 548 (section in Cartesian product). O

Lemma 551 (measurability of section). Let (X1,%;) and (X3,35) be measurable spaces.

Let A€ ¥y ®3y. Leti € {1,2}. Let j 3 Leta; € X;. Then, we have s;(z;, A) € ;.

Proof. Let 2" £, X %) and £ ¢ %, @ 5. Let S; < {4 € X | si(2s, A) € 3}

From Definition 516 (measurable space), ¥; is a o-algebras.

Let A; € 31, and Ay € ¥g. Then, from Lemma 549 (section of product, s;(x;, A1 X Ay) belongs
to {&, A;}), Definition 474 (c-algebra, @, A; € ¥;), and the definition of S;, we have A; x A; € S;.
Hence, from Definition 217 (product of subsets of parties), we have 3 C S;.

From Lemma 550 (compatibility of section with set operations), and Definition 474 (o-algebra),
S; contains &, and is closed under complement and countable union. Thus, from Definition 474
(0-algebra), S; is a o-algebra on X. Hence, from Definition 541 (tensor product of o-algebras, ¥ is
a generated by ¥), Lemma 483 (generated o-algebra is minimum), we have ¥ C S;.

Therefore, for all A € ¥ we have s;(z;, 4) € ¥;. O

Lemma 552 (countable union of sections is measurable).

Let (X1,%1) and (X2,%2) be measurable spaces. Let I C N. Let (Ap)ner € X1 @ Xa. Let i be

in {1,2}. Let j R S x; € X;. Then, we have

(9.12) S5 (mh U An> = U si(zi, An) € 3.

nel nel

Proof. Direct consequence of Lemma 550 (compatibility of section with set operations, with count-
able union), Definition 516 (measurable space, ¥; is a o-algebra), Definition 474 (o-algebra,
closedness under countable union), and Lemma 551 (measurability of section). O

Lemma 553 (countable intersection of sections is measurable).

Let (X1,%1) and (X2,32) be measurable spaces. Let (Ap)nen € X1 ® Xo. Let @ be in {1,2}.

Let j def- 3 _ . Let z; € X;. Then, we have

(913) S; ((Ei, ﬂ An> = ﬂ si(xi,An) E Ej.

neN neN

Proof. Direct consequence of Lemma 550 (compatibility of section with set operations, with count-
able intersection), Lemma 475 (equivalent definition of o-algebra, closedness under countable
intersection), and Lemma 551 (measurability of section). O
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Lemma 554 (indicator of section). Let (X1,%1) and (Xa2,X2) be measurable spaces.
Let A C Xy x Xo5. Leti € {1,2}. Letj df-3_ 5, Then, we have

(9.14) Var, € X1, Vo € Xy, ]1,4(,@1,5()2) = ]lsi(zi,A)(xj)~

Proof. Direct consequence of Definition 548 (section in Cartesian product), and the definition
of the indicator function. O

Lemma 555 (measurability of function from product space).

Let (X1,%1), (X2,%2) and (X', %) be measurable spaces. Let i € {1,2}. Let j g g
Let f: X1 x Xo — X'. Assume that f is measurable for ¥1 ® Yo and X'.

Then, for all z; € X;, the function (xz; — f(x1,22)) is measurable for ¥; and X'.

Proof. Direct consequence of properties of inverse image ((f7 )~'(A’) = s;i(zs, f~'(A"))

where f7 oot (x; — f(z1,22)) and A’ € X¥’), Lemma 551 (measurability of section,
(fi)~Y(A") € %,), and Definition 522 (measurable function). O

Remark 556. Note that the reciprocal of the previous lemma is false.
Indeed, let us build a counter-example. Let X; = Xy = X’ G R, X =3, St Sr{{z}}acr),

and ' < B(R). Let D ot {(z,z)|z € R} C X3 x X5. Then, the tensor product o-algebra

5 def- Y1 ® Xy is also generated by all singletons of R?, and D is not measurable. Let f = 1p.

Then, f is not measurable for ¥ and X, but for all z € X, (y = f(z,y)) = (y = f(y,2)) = L{zy
is obviously measurable for ¥ and Y'.
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Chapter 10

Measurability and numbers

Contents
10.1 Borel subset of numbers . . . .. .. ... ... .. 0 0000 103
10.1.1 Borel subset of real numbers . . . . . . .. ... ... ... .. ... .. 103
10.1.2 Borel subset of extended real numbers . . . . . . ... ... ... .... 104
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10.2 Measurable numeric function . . . ... ... ... ... .. 107
10.2.1 Measurable numeric functiontoR . . . . . . . .. ... ... ... 107
10.2.2 Measurable numeric function toR . . . . . . . ... ... .. ... ... 108
10.2.3 Nonnegative measurable numeric function . . . . . . .. ... ... ... 113
10.2.4 Tensor product of measurable numeric functions . . . .. ... ... .. 114

Remark 557. We address in this chapter the specific case of the measurable spaces of num-
bers (R, B(R)) and (R, B(R)), and of measurable functions to them.

10.1 Borel subset of numbers

10.1.1 Borel subset of real numbers

Lemma 558 (Borel c-algebra of R).
B(R) is generated by any of the following sets of intervals:

(10'1) {(avb)}a<b7 {[a7b)}a<bv {[a7b]}a<b7 {(av b]}a<b7
(10'2) {<_oo’b)}b€R7 {(_ooab]}bGRa {<a'7oo)}a€Rv {[a7oo)}aeR~

Proof. From Theorem 355 (countable connected components of open subsets of R), and Lemma 519
(countable Borel o-algebra generator), we have B(R) = Xr({(a,b)}}a<s)-
Let a,b € R such that a < b. Then, we have the following countable unions:

[a7 b) = {a} U (CL, b)’ [CL, b] = {a} U <a7 b) U {b}’ (a’ b] = (a,b) U {b}7

(a,b) = U {a—kn%rl,b) = U [a+%+l,b—%+1} = U (a,b—n%rl}.

neN neN neN

Thus, from Definition 482 (generated o-algebra), Definition 474 (o -algebra, closedness under count-
able union), and Lemma 518 (some Borel subsets, singletons are Borel subsets), we have

{[avb)}a<bv {[avb]}a<ba {(avb]}a<b c B(R) = ER({(avb)}ad?)v
{(a;b)}ace © Er({la,0)}a<s), Zr({la,b]}a<s), Er({(a,b]}a<s).
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Hence, from Lemma 501 (other o-algebra generator), we have

B(R) = Er({(a,0)}a<s) = Xr({[a,0)}a<s) = Zr({[a, bl}a<s) = Tr({(a, ]} a<s)-

Let a,b € R such that @ < b. Then, we have the following (finite) unions and intersections:

(=00,b] = (—00,b) U{b}, [a,00) = {a}U (a,00),
[a,b) = (—00,a)° N (—00,b) = [a,00) N [b,0)°,
(a,b] = (—00,a]* N (=00, b] = (a,00) N (b, 00)°.

Thus, since (—o0,b) and (a,00) are open, and from Definition 482 (generated o-algebra), Lem-
ma 475 (equivalent definition of o-algebra, closedness under complement, countable union and
intersection), and Lemma 518 (some Borel subsets, singletons are Borel subsets), we have

{(=00,0)}ber; {[a,0)}acr C B(R) = Zr({[a,b)}a<s),
{(=00,b]}ber, {(a,0)}aer C B(R) = Zr({(a; b }a<s);
{la,0)}acs C Zr({(=00,b)}ber), Tr({[a;00)}acr),
{(a;b]}acy © Er({(=00, bl}oer), Tr({(a,00)}acr)-

—~

Hence, from Lemma 501 (other o-algebra generator), we have

B(R) = Xr({la, b) }a<s) = Br({(=00,0)}rer) = Tr({la, 00) }aer),
B(R) = Zr({(a, b }a<s) = Zr({(—00, b]}ser) = Tr({(a, ) tacr)-

Therefore, all eight sets of intervals generate the Borel o-algebra of R. O

Lemma 559 (countable generator of Borel o-algebra of R).
In Lemma 558 (Borel o-algebra of R), finite bounds of intervals, a and b, may be taken rational.

Proof. Same proof as for Lemma 558 (Borel o-algebra of R), but with using the countability of the
topological basis of R equipped with the Euclidean distance through Theorem 359 (R is second-
countable) instead of Theorem 355 (countable connected components of open subsets of R). O

10.1.2 Borel subset of extended real numbers

Lemma 560 (Borel o-algebra of R).

B(R) is generated by any of the following sets of intervals:

(10.3) {[=00,b)}ber,  {[=00, bl}bers {(a,l}acr, {la; 0]}acr-

Proof. From Theorem 355 (countable connected components of open subsets of R, similar proof in
R), and Lemma 519 (countable Borel o-algebra generator), we have

B(R) = Sg({(a,0) }acs U {[—00,b) }oer U {(a, 20| }acr)-

Let a,b € R such that a < b. Then, we have the following countable unions and (finite)
intersections:

[—00,b) = U (b—n%rl,oor, (a,00] = U [ 00 a—&—nﬂ)c,

neN neN

(a,b) = U [ 00 a+n—ﬂ)cﬂ[foo,b):(a,oo]ﬂ U (bfn%_l,oor.

neN neN
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Thus, from Definition 482 (generated o-algebra), and Lemma 475 (equivalent definition of o-
algebra, closedness under complement, countable union and intersection), we have

{[—00,0)}rer, {[a,0]}acr C B(R) = Tz ({(a,b)}a<s U{[-00,b)}ser U{(a, 0] }acr) ,
{(a,0)}a<p; {[=00,D)}ber, {(a;]}aer € Eg({[—00,b)}ver), Tr({(a, 0]} acr)-

Hence, from Lemma 501 (other o-algebra generator), we have

B(R) = Zx({(a,b) }a<s U {[~00, ) }ser U {(a,0]}aer) = Zg({[~00,b) }ver) = Zr({(a; 0] }aer)-
Let a,b € R such that a < b. Then, we have the following complements:

[—OO, b] = (ba OO]C7 [0’7 OO} = [—OO, a)C7
(a,00] = [—00,al®, [—o00,b) = [b, o0]°.
Thus, from Definition 482 (generated o-algebra), Lemma 475 (equivalent definition of o-algebra,

closedness under complement, countable union and intersection), and Lemma 501 (other o-algebra
generator), we have

{[-00,b]}ver C B(R) = Zg({(a, ] }aer);
{la,o0]}acr C B(R) = ¥g({[-00,b)}ber);
{(a,00]}acr C Eg({[—00,b]}ber),
{[=o0,0)}ber C Tg({[a; 0] }acr)-

Hence, from Lemma 501 (other o-algebra generator), we have

B(R) = ¥x({(a, 0] }aer) = Eg({[—00, b]}ter),
B(R) = Xz({[-00,b) }rer) = Tg({[a, 00| }acr)-

Therefore, all four sets of intervals generate the Borel o-algebra of R. O

|Lemma 561 (Borel subsets of R and R). Let ACR. Then, A€ B(R) iff ANR € B(R).|

Proof. Direct consequence of Definition 517 (Borel o-algebra, R (open subset) belongs to B(R)),

Definition 474 (o-algebra, {—o00,00} = R° € B(R)), Lemma 536 (characterization of Borel sub-

sets, with X def. R, n def. 2, Y] def. R, and Y5 = {—00,00}), Lemma 535 (Borel sub-o-algebra, with

XY Rand Y = {—00,0}, i.e. B({—00,00}) = P({=00,0}), and thus AN {—o00,00} always

belongs to B({—00, 00})). O

Remark 562. In other words, Borel subsets of R are Borel subsets of R, or the union of Borel
subsets of R with {—oco}, {00}, or {—o00, c0}.

10.1.3 Borel subset of nonnegative numbers

|Lemma 563 (Borel c-algebra of R, ). We have B(Ry) ={A € B(R)|A C R+}.|

Proof. In R, we have Ry = [0,00) = (—00,0)¢. Thus, from Definition 474 (o-algebra, closedness
under complement), and Lemma 558 (Borel o-algebra of R), Ry belongs to B(R). Therefore, from
Lemma 535 (Borel sub-o-algebra), we have B(Ry) = {4 € B(R)| A C Ry} O

Lemma 564 (Borel o-algebra of R, ).
B(Ry) is generated by any of the following sets of intervals:

(10‘4) {[Ovb)}b€R+v {[Ovb”’bGR-p? {(aaoo}}aER_p {[avoo]}aeR+~

Proof. Direct consequence of Lemma 560 (Borel o-algebra of R), and Lemma 534 (generating
measurable subspace). O
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10.1.4 Product of Borel subsets of numbers

Lemma 565 (Borel o-algebra of R™).

Let n € [2..00). For alli € [1..n], let B; def- B(R). Then, we have

(10.5) BR™) = BR)"® < Q) B;.

i€[l..n]

Proof. Let G def. {(a,b)|a,b € QA a < b}, G “cqu {R}, and G < ﬁie[l”n]G’. Then, from
Lemma 559 (countable generator of Borel o-algebra of R), Lemma 475 (equivalent definition of o-

algebra, contains full set), and Lemma 502 (complete generated o-algebra, with G/ ot {R} C B(R)),
we have

B(R) = Xr(G) = Xr(G").
Hence, from Lemma 546 (generating product measurable space), we have B(R)"® = Yga (G'). -
Let d be the Euclidean distance on R™. Then, from Lemma 360 (R™ is second-countable, G

countable topological basis of (R™,d)), and Lemma 266 (complete countable topological basis of

product space, with A; R open in R), G is a countable topological basis of (R™,d). Hence,

from Lemma 519 (countable Borel o-algebra generator, with X A R and ¢ & é/), we have
B(R") = Sga (G).
Therefore, we have the equality B(R™) = B(R)™®. O

Remark 566. Note that the previous lemma also holds for the product of subsets of R. In partic-
ular, this more general result could be used to prove that B(R}) = (B(Ry))™®.

Note also that identifying R? with C via the canonical isometry ((x,y) +— = + iy), allows to
identify open subsets of R? to those of C. Hence, a function from some measurable space (X, )
to (C,B(C)) is measurable iff its real and imaginary parts (Re f and Im f) are measurable for X
and B(R).
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10.2 Measurable numeric function

10.2.1 Measurable numeric function to R

Definition 567 (Mg, vector space of measurable numeric functions to R).

Let (X,X) be a measurable space. The set of functions X — R that are measurable for X
and B(R) is called the vector space of finite-valued measurable functions (over X ); it is denoted
Mg(X,3%) (or simply MR).

|Remark 568. The set Mg is shown below to be a vector space; hence its name.

Lemma 569 (measurability of indicator function).
Let (X,%) be a measurable space. Let A C X. Then, we have 14 € Mg iff A € X.

Proof. 14 takes the values 0 and 1. Let A’ € B(R).
Case 0,1 € A’. Then, 1;'(A’) = X. Case 0 € A’ and 1 g A’. Then, 1,*(4’) = A°.
Case 0 ¢ A’ and 1 € A’. Then, 1,'(A’) = A. Case 0,1 € A’. Then, 1,'(4") =@

Hence, from Definition 516 (measurable space, 3 is a o-algebra), and Lemma 475 (equivalent
definition of o-algebra), ]lgl(A’) belongs to the o-algebra X iff A € 3. Therefore, from Defini-
tion 474 (o-algebra), and Definition 567 (Mg, vector space of measurable numeric functions to R),

TIpe Mriff A€ . O
Lemma 570 (measurability of numeric function to R). Let (X,X) be a measurable space.
Let f: X — R. Then, f € Mg iff one of the following conditions is satisfied:

(10.6) VaeR, {f<a}® f(—o0,a)€

(10.7) VaeR, {f<a}E fl(- oo,a1

(10.8) VaeR, {f>a}< f(a,00) €

(10.9) Va€R, {f>a} e fa,00) €

Proof. “Left” implies “right”. Direct consequence of Definition 567 (Mg, vector space of mea-
surable numeric functions to R), Definition 522 (measurable function), Definition 517 (Borel o-
algebra), Lemma 518 (some Borel subsetls), open intervals of R are open subsets, and closed
intervals of R, are closed subsets.

“Right” implies “left”. Direct consequence of Lemma 558 (Borel o-algebra of R), Lemma 528
(equivalent definition of measurable function), and Definition 567 (Mg, vector space of measurable
numeric functions to R).

Therefore, we have the equivalence. O

Lemma 571 (inverse image is measurable in R).
Let (X,Y) be a measurable space. Let f € Mg. Then, we have

def.

(10.10) VaeR, {f=a}= fY(a) €

Proof. Direct consequence of Definition 567 (Mg, vector space of measurable numeric functions
to R), Definition 522 (measurable function), Lemma 518 (some Borel subsets, singletons are
measurable). O

Lemma 572 (Mg is algebra).
Let (X,X) be a measurable space. Then, Mg is a subalgebra of (RX,+,-, x).
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Proof. Let f,g € Mg. Then, from Definition 567 (Mg, vector space of measurable numeric
functions to R), Lemma 543 (measurability of function to product space), and Lemma 565 (Borel o-
algebra of R"™, with m = 2), the function (f, g) : X — R? is measurable for X and B(R?). Moreover,
from continuity of addition and multiplication from R? to R, Lemma 529 (continuous is
measurable), and Lemma 530 (compatibility of measurability with composition), f + g and fg are
measurable for ¥ and B(R).

Let f : X — R. Let a € R. Then, from Lemma 526 (constant function is measurable), and
Definition 567 (Mg, vector space of measurable numeric functions to R), we have a € Mg. Thus,
from the previous result, we have af € Mpg.

Therefore, from Lemma 228 (K is K-algebra, with K def. R), Lemma 231 (algebra of functions

to algebra, with K def. R), and Lemma 236 (closed under algebra operations is subalgebra), Mg is
a subalgebra of (RX,+,-, x). O

Remark 573. Note that we may also show that Mc, the space of measurable functions
to (C,B(C)), is a subalgebra of (C,+, -, x).

Lemma 574 (Mg is vector space).
Let (X,X) be a measurable space. Then, MR is a vector space with the zero function as zero.

Proof. Direct consequence of Lemma 572 (Mg is algebra), Definition 233 (subalgebra), Defini-
tion 226 (algebra over a field, Mg is a vector space), and Lemma 236 (closed under algebra oper-
ations is subalgebra, 0oy, = Ogx is the zero function). O

10.2.2 Measurable numeric function to R

Definition 575 (M, set of measurable numeric functions). B
Let (X, X) be a measurable space. The set of functions X — R that are measurable for ¥ and B(R)
is called the set of measurable functions (over X ); it is denoted M (X, ) (or simply M).

Remark 576.
We use the convention of keeping the name of functions X — R when they are “extended” as
functions X — R. This allows us to consider Mg as a subset of M in the next lemma.

Lemma 577 (M and finite is Mg). Let (X,X) be a measurable space.
Let RX be the set of functions from X to R. Then, we have Mg = M NRX.

Proof. Mg C M NRX. Let f € Mg. Let A € B(R). Then, from Definition 567 (Mg,
vector space of measurable numeric functions to R), Definition 278 (extended real numbers, R,
R =Ry {+o0}), compatibility of inverse image with union, Lemma 561 (Borel subsets of R
and R, ANR € B(R)), and Definition 522 (measurable function), we have f € RX, and

FHA) = FHANR UM AN{£x}) = fHANR) € X

Hence, from Definition 522 (measurable function), and Definition 575 (M, set of measurable nu-
meric functions), f € M NRX.

MNRX C Mg. Let f € MNRX. Let A € B(R). Then, from Definition 575 (M, set
of measurable numeric functions), Lemma 561 (Borel subsets of R and R, ANR = A € B(R)),
and Definition 522 (measurable function), we have A € B(R), and f~1(A) € ¥. Hence, from
Definition 522 (measurable function), and Definition 567 (MR, vector space of measurable numeric
functions to R), we have f € Mg.

Therefore, we have the equality. O
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Lemma 578 (measurability of numeric function). Let (X,X) be a measurable space.
Let f: X — R. Then, f € M iff one of the following conditions is satisfied:

10.11 def-

VaeR, {f<a} = f[-
VaeR, {f<a}® fl-c0,d€x,
VaeR, {f>a® f Y

-
VaeR, {f=>a} def. fa, o00] € .

10.12

(10.11)
(10.12)
(10.13)
(10.14)

10.14

Proof. “Left” implies “right”. Direct consequence of Definition 575 (M, set of measurable
numeric functions), Definition 522 (measurable function), Definition 517 (Borel o-algebra), Lem-
ma 518 (some Borel subsets), open intervals of R are open subsets, and closed intervals
of R, are closed subsets.

“Right” implies “left”. Direct consequence of Lemma 560 (Borel o-algebra of R), Lemma 528
(equivalent definition of measurable function), and Definition 575 (M, set of measurable numeric
functions).

Therefore, we have the equivalence. O

Lemma 579 (inverse image is measurable).
Let (X,X) be a measurable space. Let f € M. Then, we have

(10.15) VaeR, {f=a}= fl(a)c

Proof. Direct consequence of Definition 575 (M, set of measurable numeric functions), Defini-
tion 522 (measurable function), Lemma 518 (some Borel subsets, singletons are measurable). [

Lemma 580 (M is closed under finite part). Let (X,X) be a measurable space.
Let f e M. Let A = det. f~YR). Then, A € ¥ and (the finite part of f) fl4 € Mg(C M).

Proof. From Definition 278 (extended real numbers, R), we have R = {£o0}¢. Let

def.
B =

“H({zoe}) = fH(—o0) b f T (00).

Then, from compatibility of inverse image with disjoint union, Lemma 579 (inverse image
s measurable), Definition 516 (measurable space, ¥ is a o-algebra), and Definition 474 (o-algebra,
closedness under union), we have B € ¥. Hence, from compatibility of inverse image with
complement, Definition 207 (pseudopartition), and Definition 474 (o-algebra, closedness under
complement), we have A = B¢ € 3, and (A4, B) form a pseudopartition of X.

From Definition 397 (finite part), let f = def. f14 be the finite part of f. Therefore, from
Lemma 398 (finite part is finite), the definition of the indicator function, Lemma 526 (con-
stant function is measurable, 0 € M), Lemma 539 (measurability of function defined on a pseu-
dopartition, with (X' ¥') = ol (R, B( )), and the pseudopartition X = AW B), and Lemma 577
(M and finite is Mg), we have feMNRY = Mg. O

Lemma 581 (M is closed under addition when defined).
Let (X,X) be a measurable space. Let f,g € M. Assume that f and g never take opposite infinite
values at the same point. Then, f + g is well-defined, and belongs to M.

Proof. By hypothesis, the subsets {f = co} N {g = —oc0} and {f = —c0} N {g = oo} are empty.
Thus, from Definition 207 (pseudopartition), the whole space reduces to the pseudopartition

X=X WX WX
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(we recall that the notation W is for disjoint union) where

Xioo € I RINGTIR),

Xoo & {f = 00} U {g = o0},

def.
Xoo " {f = —00} U{g = —oc}.
Then, from Definition 575 (M, set of measurable numeric functions), Definition 522 (measur-

able function, for f and g), Definition 517 (Borel o-algebra, R open in R belongs to B(R)),
Lemma 475 (equivalent definition of o-algebra, closedness under countable union and intersection),

and Lemma 579 (inverse image is measurable, with a def. +00), X§ oos Xoo and X_ o belong to X.

Let f and § be the finite parts of f and g. Then, from Definition 397 (finite part), and
Definition 282 (addition in R), the sum f 4 g can be defined on the pseudopartition by

def. f+§ on Xi oo,
f+g = 00 on Xoo,
-0  on X_o.

Therefore, from Lemma 580 (M is closed under finite part, with f and g), Lemma 572 (Mg is
algebra, sum), Lemma 526 (constant function is measurable), and Lemma 539 (measurability of
function defined on a pseudopartition), we have f + g € M. O

Lemma 582 (M is closed under finite sum when defined).
Let (X,X) be a measurable space. Let I be a finite set. Let (fi)icr € M. Assume that the
fi’s mever take opposite infinite values at the same point, i.e. for all i,j € I, i # j implies

{fi =00} N{fj = —oc} =a. Then, ) .., fi is well-defined, and belongs to M.

Proof. Direct consequence of Lemma 581 (M is closed under addition when defined), and induction
on the cardinality of I. O

Lemma 583 (M is closed under multiplication).
Let (X,X) be a measurable space. Let f,g € M. Then, fg is well-defined, and belongs to M.

Proof. From Lemma 343 (zero-product property in R, (measure theory)), and Lemma 331 (infinity-
product property in R, ), the whole space can be pseudopartitioned into X = X§  WXoWX WX _
(the notation W is for disjoint union) where

X¢oo C M R)INGTHR),

Xo E ({|f| = 00} N {g =0} U({f =0} N{lgl = oc}),

Xoo C ({f =00} N {g>0)U{f=—00}N{g <0}

U{f>0}n{g=o0h) U{f <0} N{g=—o0}),

X_oo & ({f =00} N{g >0} U({f =00} n{g <0}
U({f>0n{g=—oo}) U({f <0} N {g=o0}).

Then, from Definition 575 (M, set of measurable numeric functions), Definition 522 (measurable

function, for f and g), Definition 517 (Borel o-algebra, R open in R belongs to B(R)), Lemma 579

(inverse image is measurable, with a def. +00,0) Lemma 578 (measurability of numeric function,

with a % 0), and Lemma 475 (equivalent definition of o-algebra)closedness under countable union
and intersection, we have X§ _, Xo, Xoo, X_ o € X.
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Let f and § be the finite parts of f and g. Then, from Definition 397 (finite part), Definition 288
(multiplication in R), and Definition 333 (multiplication in R (measure theory)), the product fg
can be defined on the pseudopartition by

fg on X§ .,
0 on X,
00 on X,
—o0 on X_ .

def.
fg=

Therefore, from Lemma 580 (M is closed under finite part, with f and g), Lemma 572 (Mg is
algebra, product), Lemma 526 (constant function is measurable), and Lemma 539 (measurability
of function defined on a pseudopartition), we have fg € M. O

Lemma 584 (M is closed under finite product).
Let (X,X) be a measurable space. Let I be a finite set. Let (fi)icr € M. Then, [[;c; fi € M.

Proof. Direct consequence of Lemma 583 (M is closed under multiplication), and induction on
the cardinality of I. O

Lemma 585 (M is closed under scalar multiplication).
Let (X,X) be a measurable space. Let a € R. Let f € M. Then, we have af € M.

Proof. Direct consequence of Lemma 583 (M is closed under multiplication), and Lemma 526
(constant function is measurable). O

Lemma 586 (M is closed under infimum).
Let (X,X) be a measurable space. Let I C N. Let (f;)ic; € M. Then, we have inf;c; f; € M.

Proof. Let a € R. Then, from Definition 9 (infimum), Lemma 578 (measurability of numeric
function, with f;), and Lemma 475 (equivalent definition of o-algebra, closedness under countable
intersection), we have

{irelgfz 2(1} :ﬂ{fz >a} €X.

iel
Therefore, from Lemma 578 (measurability of numeric function, with inf;c; f;), inf;er fi be-
longs to M. O

Lemma 587 (M is closed under supremum).
Let (X,%) be a measurable space. Let I C N. Let (f;)icr € M. Then, we have sup,c; fi € M.

Proof. Let a € R. Then, from Definition 2 (supremum), Lemma 578 (measurability of numeric
function, with all the f;’s), and Lemma 475 (equivalent definition of o-algebra, closedness under
countable intersection),

{supfi ga} = ﬂ{figa}eﬁ.

el icl

Therefore, from Lemma 578 (measurability of numeric function, with sup;c; fi), sup;c; fi be-
longs to M. O

Lemma 588 (M is closed under limit inferior).
Let (X,X) be a measurable space. Let (fn)nen € M. Then, we have liminf, ., f, € M.

Proof. Direct consequence of Lemma 586 (M is closed under infimum, F et infyen fatp € M),

Lemma 587 (M is closed under supremum, f def. sup,en Fy € M), and Lemma 378 (limit inferior,
liminf, o fr = f). O
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Lemma 589 (M is closed under limit superior).
Let (X,X) be a measurable space. Let (f)nen € M. Then, we have limsup,,_, . fn € M.

Proof. Direct consequence of Lemma 587 (M is closed under supremum, F. def- SUP,en frtp

belongs to M), Lemma 586 (M is closed under infimum, f “ inf, oy FF € M), and Lemma 383
(limit superior, limsup,_, o fn = f). O

Lemma 590 (M is closed under limit when pointwise convergent).
Let (X,%) be a measurable space. Let (fn)nen € M. Assume that (fn(z))nen is pointwise
convergent in R. Then, we have lim,,_, f,, € M.

Proof. Direct consequence of Lemma 396 (limit inferior, limit superior and pointwise convergence),
Lemma 588 (M is closed under limit inferior), or Lemma 589 (M is closed under limit superior).
O

Lemma 591 (measurability and masking).
Let (X,X) be a measurable space. Let f: X — R. Then, f € M iff for all A€ X, fly € M.

Proof. “Left” implies “right”. Direct consequence of Lemma 569 (measurability of indicator
function), Lemma 577 (M and finite is Mgr, Mg C M), and Lemma 583 (M is closed under

multiplication).

“Right” implies “left”. Direct consequence of Definition 516 (measurable space, ¥ is a o-algebra),
Definition 474 (o-algebra, X € X)), the definition of the indicator function (I1x = 1), and
Definition 288 (multiplication in R, 1 is unity).

Therefore, we have the equivalence. O

Lemma 592 (measurability of restriction). B
Let (X,X) be a measurable space. Let A € 3. Let Y C X such that ACY. Let f:Y — R.

Let f : X — R. Assume that f|y = f. Then, we have f|, € M(A, £ N A) iff fla e M(X,3).

Proof. Let B’ € B(R). Case 0 € B’. Then, from the definition of the indicator function,
we have (f14)"Y(B') = f~(B’) N A. Case 0 € B’. Then, from compatibility of inverse
image with disjoint union, the definition of the indicator function, and associativity of
disjoint union, we have

(fL)7H(B") = (fL1a)" (B'\{0}) ¥ (f1.4)7}(0)

= (P B\{oHNA) W ((f10)NA) ¥ A9
(fHB)NA) w A

Moreover, from the definition of restriction of function, we have fqul(B’) = f~4Y(B)nA.
Hence, we have (f14)~!(B') = f,'(B") w C with C € {2, A°}.

Let B C A. Assume first that B € 3. Then, from Definition 516 (measurable space, ¥ is a
o-algebra), and Definition 474 (o-algebra, closedness under complement and countable union), we
have B W A¢ € 3. Conversely, assume now that B W A¢ € 3. Then, from Lemma 475 (equivalent
definition of o-algebra, closedness under countable intersection), we have (BW A°)N A = B € ¥.
Hence, we have the equivalence B € X iff BW A€ € 3.

Therefore, from Definition 522 (measurable function), and Definition 575 (M, set of measurable
numeric functions), we have the equivalence f|, € M(A, XN A) iff fl4 € M(X, ). O
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10.2.3 Nonnegative measurable numeric function

Definition 593 (M., subset of nonnegative measurable numeric functions).
Let (X,3X) be a measurable space. The subset of nonnegative measurable functions (over X ) is

denoted M (X, %) (or simply M ); it is defined by M, (X, X) def- {fe M| f(X)CRL}.

Lemma 594 (measurability of nonnegative and nonpositive parts).
Let (X,Y) be a measurable space. Let f: X — R. Then, we have f € M iff fT,f~ € M,.

Proof. “Left” implies “right”. Direct consequence of Definition 399 (nonnegative and nonpos-
itive parts), Lemma 585 (M is closed under scalar multiplication, —f € M), Lemma 526 (con-
stant function is measurable, 0 € M), Lemma 587 (M is closed under supremum, maximum is
supremum), Lemma 401 (nonnegative and nonpositive parts are nonnegative), and Definition 593
(M, subset of nonnegative measurable numeric functions).

“Right” implies “left”. Direct consequence of Definition 593 (M, subset of nonnegative
measurable numeric functions, My C M), Lemma 585 (M is closed under scalar multiplica-

tion, —f~ € M), Lemma 403 (decomposition into nonnegative and nonpositive parts, f© — f~ is
well-defined), and Lemma 581 (M is closed under addition when defined).

Therefore, we have the equivalence. O

Lemma 595 (M, is closed under finite part). Let (X, X)) be a measurable space.

Let f € M4. Let A f7Y(R). Then, A € % and (the finite part of f) fla € Mg N M.

Proof. Direct consequence of Definition 593 (M, subset of nonnegative measurable numeric func-
tions), Lemma 580 (M is closed under finite part), nonnegativeness of the indicator function,
and closedness of multiplication in R;. O

Lemma 596 (M is closed under absolute value).
Let (X,X) be a measurable space. Let f € M. Then, we have |f| € M4 C M.
Moreover, if f € Mg, then we have |f| € Mg N M.

Proof. Direct consequence of Lemma 317 (absolute value in R is continuous), Lemma 529 (contin-
uous is measurable), Lemma 530 (compatibility of measurability with composition), Definition 575
(M, set of measurable numeric functions, |f| € M), Lemma 302 (absolute value in R is non-
negative), Definition 593 (M, subset of nonnegative measurable numeric functions, |f| € M),
closedness of absolute value in R, and Definition 567 (Mg, vector space of measurable numeric

functions to R, | f| € MR). O
Lemma 597 (M is closed under addition). Let (X,X) be a measurable space.

Let f,g € My. Then, f+ g is well-defined, and belongs to M.

Proof. Direct consequence of Definition 593 (M, subset of nonnegative measurable numeric func-
tions), Lemma 581 (M is closed under addition when defined, f and g cannot take opposite infinite
values), and Lemma 318 (addition in R4 is closed). O

Lemma 598 (M is closed under multiplication).
Let (X,X) be a measurable space. Let f,g € My. Then, we have fg € M.

Proof. Direct consequence of Definition 593 (M., subset of nonnegative measurable numeric func-
tions), Lemma 583 (M s closed under multiplication), and Lemma 338 (multiplication in Ry is
closed (measure theory)). O

Lemma 599 (M, is closed under nonnegative scalar multiplication).
Let (X,X) be a measurable space. Let a € Ry. Let f € My. Then, we have af € M.
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Proof. Direct consequence of Definition 593 (M., subset of nonnegative measurable numeric func-
tions), Lemma 585 (M is closed under scalar multiplication), and Lemma 338 (multiplication in Ry
is closed (measure theory)). O

Lemma 600 (M is closed under infimum).
Let (X, X)) be a measurable space. Let I C N. Let (f;)icr € M. Then, we have inf;c f; € M.

Proof. Direct consequence of Lemma 586 (M is closed under infimum), and Lemma 376 (infimum

of bounded sequence is bounded, with a def. 0). O

Lemma 601 (M, is closed under supremum).
Let (X,X) be a measurable space. Let I C N. Let (f;)icr € M. Then, we have sup;c; fi € M.

Proof. Direct consequence of Lemma 587 (M is closed under supremum), and Lemma 377 (supre-

mum of bounded sequence is bounded, with a def. 0). O

Lemma 602 (M, is closed under limit when pointwise convergent).
Let (X, %) be a measurable space. Let (fn)nen € M. Assume that (fn)nen is pointwise conver-
gent in R.. Then, we have lim, o fr, € M.

Proof. Direct consequence of Definition 593 (M, subset of nonnegative measurable numeric func-
tions), Lemma 590 (M is closed under limit when pointwise convergent), and completeness
of §+. O

Lemma 603 (M is closed under countable sum). Let (X,X) be a measurable space.
Let I C N. Let (fi)ier € My. Then, Y ,c; fi is well-defined, and belongs to M .

Proof. Direct consequence of Lemma 322 (series are convergent in R.), Lemma 597 (M is closed

under addition), induction on n € N (with g, aet- Yicinfo.n) fi € My, with the convention that
a sum indexed by & is 0), and Lemma 602 (M is closed under limit when pointwise convergent,

with f, <" g,). O

10.2.4 Tensor product of measurable numeric functions

Definition 604 (tensor product of numeric functions).
Let m € [2..00). For all i € [1..m], let X; be a set, and f; : X; — R. Let X def- [Licp..m) Xi- The
tensor product of (fi)ien..m] is the function ®i€[1_.m] fi : X = R defined by

(10.16) Vo L (@)icp.m) € X, R fi| @ T filx)

1€[1..m] i€[1..m]

Lemma 605 (measurability of tensor product of numeric functions).
Let m € [2..00). For alli € [1..m], let (X;,%;) be a measurable space, and f; € M(X;,%;).

Then, we have @,y .m) fi € M (Hie[lum] Xi, Qicp1..m) Zi)'

Proof. Let X def- [Licp.m Xi and def. Qici1.m) Zi- Let i € [1.m]. Let m; be the canonical

projection from X onto X;. Then, from Definition 575 (M, set of measurable numeric functions),
Lemma 544 (canonical projection is measurable), and Lemma 530 (compatibility of measurability
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with composition), f; o w; belongs to M(X,X). Therefore, from Definition 604 (tensor product of
numeric functions), and Lemma 584 (M is closed under finite product, with T 1 m ), we have

® fi= H (fiom) € M(X,X).

i€[l..m] i€[l..m]
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Chapter 11

Measure space

Contents
11.1 Measure . . . v v v v v v vttt i e e e e e e e e e e e e e e e e e e e e 117
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11.4 SOME MEASUIES . « « v v v v v o v v v o o o o o b o o o o o o o o o a s oo 131

11.1 Measure

|Remark 606. We recall that & denotes disjoint union.

Definition 607 (additivity over measurable space). Let (X, Y) be a measurable space.
A function p : ¥ — R is said additive iff for all n € N, for all (4;);cjo..n) € %,

(11.1) (Vpg€ 0], pEa=AN4=2) = p| [ 4= D w4
1€[0..n] 1€[0..n]

Definition 608 (0-additivity over measurable space). Let (X,X) be a measurable space.
A function p: ¥ — R is said o-additive iff for all I C N, for all (4;);er € X,

(11.2) Vp,gel,p#q=A4,NA;=92) = ,u(t}-JAi>:Z,u(Ai).

iel el

Remark 609. Note that from Definitions 516 and 474 (closedness under countable union), both
previous definitions are well-defined.

Lemma 610 (c-additivity implies additivity). Let (X,X) be a measurable space.
Let p: ¥ — R. Assume that p is o-additive. Then, p is additive.

Proof. Direct consequence of Definition 608 (o-additivity over measurable space, with T 10,1 ),
and Definition 607 (additivity over measurable space). O

Definition 611 (measure). B
Let (X,Y) be a measurable space. A function p : ¥ — R is called measure on (X,X) iff it is
nonnegative, (&) = 0, and it is o-additive. If so, (X, X, 1) is called measure space.
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Remark 612. The previous definition is actually that of nonnegative measure, but as we do not
consider “signed” measures in this document, we omit the qualifier “nonnegative”.

Lemma 613 (measure over countable pseudopartition).
Let (X,%, ) be a measure space. Let I C N. Let A,(B;)icr € X. Assume that X = |§,.; B;.
Then, for alli € I, ANB; = BN A€ X, and we have

(11.3) w(A) =Y WANB) =Y uBinA).

el i€l

Proof. Direct consequence of Lemma 209 (compatibility of pseudopartition with intersection),
Lemma 475 (equivalent definition of o-algebra, closedness under countable intersection with card (1)
equals 2), Definition 611 (measure, o-additive), Definition 608 (o-additivity over measurable space),
and commutativity of intersection. O

Lemma 614 (measure is monotone).
Let (X,X, 1) be a measure space. Then, u is nondecreasing over 3:

(11.4) VA BEY, ACB = u(A)<ubB).

Moreover, if u(A) is finite, then we have u(B\ A) = u(B) — u(A).

Proof. Let A, B € ¥. Assume that A C B. Then, from the definition of set difference, and
Lemma 478 (o-algebra is closed under set difference), we have AN(B\ A) =@, B= AW (B\ A)
and B\ A € X. Therefore, from Definition 611 (measure, nonnegativeness), and Definition 608
(o-additivity over measurable space) we have u(B) = u(A) + p(B\ A) > p(A).

Assume now that u(A) < oco. Then, from Definition 282 (addition in R, rule 5 applies), we
have (B \ A) = pu(B) — p(A). O

Lemma 615 (measure satisfies the finite Boole inequality).
Let (X,X%, 1) be a measure space. Then, u satisfies the finite Boole inequality:

(11.5) VneN, V(Aicp.n €3, n| |J 4] < ) w4
1€[0..n] i€[0..n]

Proof. For n € N, let P(n) be the property V(A;)ic[o..n) € X, it <Uie[0..n] A¢> < Diefo.n) #(A)-
Induction: P(0). Trivial.

Induction: P(n) implies P(n + 1). Let n € N. Assume that P(n) holds.
For all i € [0..(n + 1)], let A; € ¥. From Definition 611 (measure), Definition 516 (measurable
space, ¥ is a o-algebra), and Definition 474 (o-algebra, closedness under countable union), let

def.
B = Uie[()..n
and Lemma 478 (o-algebra is closed under set difference), we have

]Ai € ¥.. Then, from the definition of set difference, associativity of union,

BN (An41\B) =2, U Ai=BW (4,1 \B), and A, \BeX.
i€[0..(n+1)]
Thus, from Definition 611 (measure, o-additive), Definition 608 (o-additivity over measurable

space, with card(I) = 2), P(n), Lemma 614 (measure is monotone, with A,11 \ B C A,11), and
monotonicity of addition, we have

p U A =n(BY A \B) = u(B) + u(Ani \B) < Y p(4).
i€[0..(n+1)] i€[0..(n+1)]

Hence, P(n + 1) holds.
Therefore, by induction, we have P(n) for all n € N. O
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Definition 616 (continuity from below). B
Let (X,X) be a measurable space. A function p: ¥ — R is said continuous from below iff

(11.6) V(An)nen €5, (neEN, Ay C A1) = 4 <U An> = lim p(A,).

n—oo
neN

Lemma 617 (measure is continuous from below).
Let (X,X, 1) be a measure space. Then, p is continuous from below. Moreover, we have

(11.7) V(Ap)nen €8, (Vn€eN, A, CApy1) = (U An> = sup p(A4p).
neN BEN

Proof. Let (An)nen € X. Assume that the sequence (A, )nen is nondecreasing,.

Let Bo "2 Ay € ¥. foralln € N, let B,,1 < Anit\Uico.n

tition of countable union in o-algebra), and partial union law for nondecreasing sequence,
the sequence (B, )nen is pairwise disjoint, and we have

| Bi. Then, from Lemma 480 (par-

VneN, B,ex A | Bi= |J A=4,¢€%,
1€[0..n] 1€[0..n]

UAnZErJBnez.

neN neN

Hence, from Definition 611 (measure, o-additivity), Definition 608 (o-additivity over measurable
space), and the definition of the sum of a sequence of positive numbers, we have

M(UAn>:M<L'HBn> ZM(BTL>

= lim Y u(B)=limp| 4 Ba|= lim p(A).
1€[0..n] 1€[0..n]

Therefore, from Definition 616 (continuity from below), w is continuous from below.
Moreover, Equation (11.7) is a direct consequence of Lemma 614 (measure is monotone), and
properties of nondecreasing sequences in R,. O

Definition 618 (continuity from above). B
Let (X,Y) be a measurable space. A function p: ¥ — R is said continuous from above iff

(11.8) V(Ap)nen €8, (VneN, A, D A1 A TnoeN, pu(4y,) <o)

(11.9) = [ (ﬂ An> = nlLIr;Ou(An) < 0.

neN

Lemma 619 (measure is continuous from above).
Let (X,X, 1) be a measure space. Then, p is continuous from above. Moreover, we have

(11.10) V(A )nen €5, (YneN, A, D A,r1 A Tng €N, p(Ay,,) < )

(11.11) = u (m An> = égﬁlu(An) < oo.

neN
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Proof. Let (An)nen € X. Assume that the sequence (A, )nen is nonincreasing. Then, from
properties of the intersection and of the limit, we have

m A, = ﬂ A, and lim p(A4,) :nILYI;ON(Anﬁn)'

n— o0
neN n=ng

For all n € N, let B, def. Ay \ Ang4n (thus By = @). Then, from the definition and prop-

erties of set difference, Lemma 478 (0-algebra is closed under set difference), and Lemma 475
(equivalent definition of o-algebra, closedness under countable intersection), (By)nen iS a non-
decreasing sequence of measurable subsets such that J,cy Bn = Ang \ (y5p, An € E. Thus,
from Lemma 617 (measure is continuous from below), Definition 616 (continuity from below), and
Lemma 614 (measure is monotone, with p(A,,) < co), we have

plAng) =gt | ] An =M<U Bn) = Jim ju(Ba) = i (4(Ang) = p(Ang )

n=ngo

Hence, from linearity of the limit, additive group properties of R, and Lemma 614 (measure
is monotone), we have

H (ﬂ An) =M n An | = nh—)ngo f(Ang+n) = nh_)néo 1(An) < p1(Ang) < o0
neN n=ng

Therefore, from Definition 618 (continuity from above), u is continuous from above.
Moreover, Equation (11.10) is a direct consequence of Lemma 614 (measure is monotone), and
properties of nonincreasing sequences in R;. O

Lemma 620 (measure satisfies the Boole inequality).
Let (X,X, 1) be a measure space. Then, u satisfies the Boole inequality:

(11.12) V(Ap)nen €X, 1 (U An) < Z w(Ag).

neN neN

Proof. Let (An)nen € X. For all n € N, from Definition 611 (measure), Definition 516 (measur-
able space, ¥ is a o-algebra), and Definition 474 (o-algebra, closedness under countable union),

let B, def. Uie[oi.n] A; € ¥. Then, from properties of union, and Definition 474 (o-algebra,
closedness under countable union), the sequence (By,)nen is nondecreasing and

UB.=JA4Anex

neN neN

Thus, from Lemma 617 (measure is continuous from below), we have

m (U An) =4 (U Bn) = sup pu(B,).

neN neN neN

Let n € N. Then, from Lemma 615 (measure satisfies the finite Boole inequality), and Defini-
tion 611 (measure, nonnegativeness), we have

1€[0..n] 1€[0..n] neN
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Therefore, from Definition 2 (supremum, least upper bound), we have

1 <U An> <D ulAn).

neN neN

O

Lemma 621 (equivalent definition of measure).

Let (X,Y) be a measurable space. Let pu : X — R. Assume that p is nonnegative, and that
w(@) =0. Then, p is a measure on (X, %) iff it is additive and continuous from below.

Proof. “Left” implies “right”. Direct consequence of Definition 611 (measure), Lemma 610
(o-additivity implies additivity), and Lemma 617 (measure is continuous from below).

“Right” implies “left”. Assume that p is additive and continuous from below.

Let I C N. Let (A;)ier € X. Assume that for all p,g e I, p# ¢= A,NA, =@. For all n € N,

def.
let B, = Lﬂie[,ie

Y is a o-algebra), and Definition 474 (o-algebra, closedness under countable union), (B )nen is
a nondecreasing sequence of measurable subsets such that | J, .y Brn = H;c; A € X. Thus, from
Definition 616 (continuity from below), and Definition 607 (additivity over measurable space),

I (Lﬂ Ai) =pu (U Bn) = lim p(B,)

icl neN

[0..1] A;. Then, from Definition 611 (measure), Definition 516 (measurable space,

= lim p W A = lim > uA) =) (A,
ieIN[0..n] i€IN[0..n) icl

Hence, from Definition 608 (o-additivity over measurable space), and Definition 611 (measure),
1 is a measure on (X, 3).

Therefore, we have the equivalence. O
Definition 622 (finite measure). Let (X, Y, 1) be a measure space.
The measure p is said finite iff (X)) < oco. If so, the measure space (X, X, i) is also said finite.

Lemma 623 (finite measure is bounded).
Let (X,%, 1) be a finite measure space. Then, u is bounded.

Proof. Direct consequence of Lemma 475 (equivalent definition of o-algebra, contains full set), and
Lemma 614 (measure is monotone, p(A) < u(X) < 00). O

Definition 624 (o-finite measure).
Let (X, X, 1) be a measure space. The measure p is said o-finite iff

(11.13) 3 An)nen €Z, (VnEN, p(As) <co) A X =] 4.
neN

If so, the measure space (X, ¥, p) is also said o-finite.

Lemma 625 (equivalent definition of o-finite measure).
Let (X,X, 1) be a measure space. Then, the measure u is o-finite iff

(11.14)  3IBu)nen €Y, (VneN, B,CBny1 A uBp) <o) A X= U B,.
neN
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Proof. “Left” implies “right”. From Definition 624 (o-finite measure), there exists (A )nen € X
such that, for all n € N, u(A,) < oo, and X = J,.nyAn. For all n € N, from Definition 611
(measure), Definition 516 (measurable space, ¥ is a o-algebra), and Definition 474 (o-algebra,

closedness under countable union), let B,, def. Upe[o..n] A, e

Let n € N. Then, from associativity of union, we have B, 11 = B,, U A,,+1. Thus, we have
By C Buit1, and Upepo.n) Bp = Bn = Upep..n) An- Hence, from Lemma 615 (measure satisfies
the finite Boole inequality), closedness of addition in R4, and the definition of countable

union, we have, for all n € N, u(Bn) < 3¢9, M(Ap) < 00, and X =, ey Ba-
“Right” implies “left”. Trivial.

Therefore, we have the equivalence. O

Definition 626 (diffuse measure).
Let (X, X, 1) be a measure space. Assume that 3 contains all singletons of X. The measure p is
said diffuse iff for all x € X, p({z}) = 0. If so, the measure space (X, X, u) is also said diffuse.

Lemma 627 (finite measure is o-finite).
Let (X,X, 1) be a finite measure space. Then, u is o-finite.

Proof. Direct consequence of Definition 624 (o-finite measure, with A,, = X)), and Definition 622
(finite measure). O

Lemma 628 (trace measure).
Let (X, X, ) be a measure space. Let Y € X. Then, |, . is a measure on (Y, XNY).

The measure py i s~y 18 called trace measure on Y. The measure space (Y, X NY, py)
is called trace measure space on Y.

Proof. Direct consequence of Lemma 532 (trace o-algebra), Lemma 533 (measurability of measur-
able subspace, XNY C X)), and Definition 611 (measure). O

Lemma 629 (restricted measure).
Let (X,X, 1) be a measure space. Let Y € ¥.. Then, the function py, defined on ¥ by

(11.15) VAES, ph(A) L uAany)

is a measure on (X,X).

Proof. Direct consequence of Lemma 475 (equivalent definition of o-algebra, closedness under
countable intersection (with card(I) = 2)), properties of intersection, and Definition 611 (mea-
sure). O

Remark 630. Note that measures puy and pf from the two previous lemmas are distinct since
they are not defined on the same o-algebra. But they coincide on the trace o-algebra XN Y.
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11.2 Negligible subset

Definition 631 (negligible subset). Let (X, X, 1) be a measure space.
A subset A of X is said (u-)negligible iff there exists B € ¥ such that A C B and u(B) = 0.
The set of p-negligible subsets is denoted N(X, 3, ) (or simply N).

Definition 632 (complete measure).  Let (X, 3, u) be a measure space. The measure p is
said complete iff N(X, 3, u) C . If so, the measure space (X, 3, i) is also said complete.

Definition 633 (considerable subset).
Let (X,X, 1) be a measure space. A subset A of X is said (u-)considerable iff A & N(X,%, p).

Lemma 634 (equivalent definition of considerable subset). Let (X,X, n) be a measure
space. Let A C X. Then, A is u-considerable iff for all B € ¥, A C B implies u(B) > 0.

Proof. Direct consequence of Definition 633 (considerable subset), Definition 631 (negligible subset),
Definition 611 (measure, nonnegativeness), and the tautology —(P A Q) < (P = —Q). O

|Remark 635. In the previous lemma, “considerable” naturally means “non-negligible”. |

Lemma 636 (negligibility of measurable subset).
Let (X, X, 1) be a measure space. Let A € . Then, we have A € N iff u(A) = 0.

Proof. Direct consequence of Definition 631 (negligible subset, with B = A). O

|Lemma 637 (empty set is negligible). Let (X,X%, 1) be a measure space. Then, & € N.|

Proof. Direct consequence of Lemma 636 (negligibility of measurable subset), Definition 611 (mea-
sure), Definition 516 (measurable space, ¥ is a o-algebra), Definition 474 (o-algebra, @ € ¥), and
Definition 611 (measure, (@) = 0). O

Lemma 638 (compatibility of null measure with countable union).
Let (X,3, ) be a measure space. Let I C N. For alli € I, let A; € 3 such that u(A;) = 0.
Then, we have p (U;e; Ai) = 0.

Proof. Direct consequence of Definition 611 (measure), Definition 516 (measurable space, ¥ is a
o-algebra), Definition 474 (o-algebra, closedness under countable union), Definition 611 (measure,
nonnegativeness), Lemma 615 (measure satisfies the finite Boole inequality), Lemma 620 (measure
satisfies the Boole inequality), additive group properties of R, and Lemma 34 (stationary
sequence is convergent, countable sum of zero terms is zero). O

Lemma 639 (N is closed under countable union).

Let (X,%, 1) be a measure space. Let I C N. Let (A;)ier € N. Then, we have | J,.; A; € N.

i€l

Proof. Direct consequence of Definition 631 (negligible subset), monotonicity of union, and
Lemma 638 (compatibility of null measure with countable union). O

Lemma 640 (subset of negligible is negligible).
Let (X, X, 1) be a measure space. Let A € N. Then, we have P(A) C N.

Proof. Direct consequence of Definition 631 (negligible subset), the definition of the power set,
and transitivity of the inclusion. O
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Definition 641 (property almost satisfied).

Let (X,X,u) be a measure space. A predicate P defined on X is said satisfied (u-)almost

everywhere iff {-P} aet- {r € X|-P(z)} € N; this is denoted either “P pa.e.”, “Vz € X,

P(z)pae”, “Vyaex € X, P(x)’, or “for p-almost all z € X, P(x)” (or simply without the
mention of the measure p).

Remark 642. When a single binary relation (using infix notation) is involved in P, the annotation

. . pa.e. q 5 a.e.
“pa.e.” may be put above the infix operator, as in “" =7 (or simply as in “ ="7).

Lemma 643 (everywhere implies almost everywhere).
Let (X,X, 1) be a measure space. Let P be a predicate on X. Then, we have

(11.16) (Vze X, P(x)) = Ppae.

Proof. Direct consequence of Definition 641 (property almost satisfied), and Lemma 637 (empty
set is negligible). O

Lemma 644 (everywhere implies almost everywhere for almost the same).
Let (X, %, p) be a measure space. LetY be a set. Let P be a predicate on'Y, lifted into a predicate

on YX. Let f and g be functions from X to Y. Assume that f "% g. Then, we have

(11.17) (Vz e X, P(f(z))) = P(g)pae.

Proof. Direct consequence of monotonicity of complement ({P(g)}° C {f = g}°), Defini-
tion 641 (property almost satisfied, {f = g}° € N), and Lemma 640 (subset of negligible is negligi-

ble, {P(g)}¢ € N). O

Remark 645. The previous lemma allows the use in most statements of functions defined almost
everywhere rather than regular total functions.

Lemma 646 (extended almost modus ponens).
Let (X,%, 1) be a measure space. Let P and Q be predicates on X. Then, we have

(11.18) (P 22 Q) A Ppae =— Quae.

Proof. Assume that P = @ and P hold almost everywhere.
From Definition 641 (property almost satisfied), and modus ponens, we have

(P=Q},{PeN and B {P=QIn{P}c{Q}

Hence, from monotonicity of complement, De Morgan’s laws, and Lemma 639 (N is closed
under countable union, with card(I) = 2), we have

{Q}c B® and B°={P= Q}°U{P}*eN.

Therefore, from Lemma 640 (subset of negligible is negligible), and Definition 641 (property almost
satisfied), we have for p-almost all x € X, Q(z). O

Lemma 647 (almost modus ponens).
Let (X,X, 1) be a measure space. Let P and Q be predicates on X. Then, we have

(11.19) (Vzxe X, P(x) = Q(z)) A Ppae = Qpuae.

Proof. Direct consequence of Lemma 643 (everywhere implies almost everywhere, with predicate
P = Q), and Lemma 646 (extended almost modus ponens). O
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Remark 648. The two previous lemmas allow to still use modus ponens in reasoning when pred-
icates are only valid almost everywhere.

Definition 649 (almost definition).
Let (X, X, ) be a measure space. Let Y be a set. A function f : X — Y is said defined (u-)almost
everywhere in X iff the property “f(z) is defined” is satisfied p-almost everywhere.

The set of functions X — 'Y defined (u-)almost everywhere is denoted (YX)W“&7 or through

the type annotation (X — Y) (or simply without the mention of the measure p).

pa.e.

Definition 650 (almost binary relation). Let (X, X, 1) be a measure space.
Let Y be a set. Let R be a binary relation over Y, lifted into a binary relation over YX. The
functions f,g: (X = Y),,, . aresaid in relation (u-)almost everywhere through R iff the property
“f(z) R g(x)” is satisfied p-almost everywhere; this is denoted f Ry a.c. g (or simply f Raec. g)-

Lemma 651 (compatibility of almost binary relation with reflerivity).
Let (X, %, 1) be a measure space. Let Y be a set. Let R be a binary relation over Y, lifted into
a binary relation over YX. Assume that R is reflexive. Then, Ry ae. 5 also reflexive.

Proof. Direct consequence of Definition 650 (almost binary relation), Definition 649 (almost def-
inition), Definition 641 (property almost satisfied), the definition of reflexivity, Lemma 643
(everywhere implies almost everywhere), and Lemma 644 (everywhere implies almost everywhere
for almost the same). O

Lemma 652 (compatibility of almost binary relation with symmetry).
Let (X, X, 1) be a measure space. Let Y be a set. Let R be a binary relation over Y, lifted into
a binary relation over YX. Assume that R is symmetric. Then, R, ae. is also symmetric.

Proof. Direct consequence of Definition 650 (almost binary relation), Definition 649 (almost def-
inition), Definition 641 (property almost satisfied), the definition of symmetry, Lemma 647
(almost modus ponens), and Lemma 644 (everywhere implies almost everywhere for almost the
same). O

Lemma 653 (compatibility of almost binary relation with antisymmetry).

Let (X,%, 1) be a measure space. Let Y be a set. Let R be a binary relation over Y, lifted
into a binary relation over YX. Assume that R is antisymmetric. Then, Ruae. 15 “almost”
antisymmetric (where equality is replaced by almost equality).

Proof. Let f,g: (X = Y),, .. Assume that f Ry ae gand g Ryae. f. Let us show that f HES .

From Definition 650 (almost binary relation), Definition 649 (almost definition), Definition 641
(property almost satisfied), and Lemma 644 (everywhere implies almost everywhere for almost the
same), we have {f R g}¢ {9 R f}¢ € N. Moreover, from the definition of antisymmetry,
we have B < {fRg}n{g R f} C {f = g}. Hence, from monotonicity of complement,
De Morgan’s laws, and Lemma 639 (N is closed under countable union, with card(I) = 2), we
have {f =g} C B ={fRg}*U{gR f}*€N.

Therefore, from Lemma 640 (subset of negligible is negligible), and Definition 641 (property
almost satisfied), we have f HES . O

Lemma 654 (compatibility of almost binary relation with transitivity).
Let (X, X, 1) be a measure space. Let Y be a set. Let R be a binary relation over Y, lifted into
a binary relation over YX. Assume that R is transitive. Then, Ryuae. 18 also transitive.

Proof. Let f,g,h : (X =Y)
f R;La.c. h.

Assume that f Ry ac g and g Ryae h. Let us show that

pa.e.”
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From Definition 650 (almost binary relation), Definition 649 (almost definition), Definition 641
(property almost satisfied), and Lemma 644 (everywhere implies almost everywhere for almost the
same), we have {f R ¢g}° {g R h}¢ € N. Moreover, from the definition of transitivity, we
have B < {f Rgtn{g R h} C {f R h}. Hence, from monotonicity of complement,
De Morgan’s laws, and Lemma 639 (N is closed under countable union, with card(I) = 2), we
have {f Rh}¢cC B ={fRg}*U{gR h}c e N.

Therefore, from Lemma 640 (subset of negligible is negligible), Definition 641 (property almost
satisfied), and Definition 650 (almost binary relation), we have f Ry ac. h. O

Remark 655. From the similarity of their formal expressions, antisymmetry and transitivity can
be abstracted under the form

Vf,g.h: X =Y, fRg AN gRF(fh) = [R F(gh)

where the binary relation R’ is the equality for antisymmetry and R for transitivity, and where the
function F : YX x YX — Y X is the first projection for antisymmetry and the second projection
for transitivity. Moreover, the proofs of the two previous lemmas only differ from the expression of
their instances of R’ and F. Thus, both statements and proofs of these lemmas can be abstracted
under more general forms.

Lemma 656 (almost equivalence is equivalence relation). Let (X,%, 1) be a measure
space. LetY be a set. Let R be a binary relation over Y, lifted into a binary relation over YX.
Assume that R is an equivalence relation. Then, Ry a.e. 5 also an equivalence relation.

Proof. Direct consequence of the definition of equivalence relation, Lemma 651 (compatibility
of almost binary relation with reflexivity), Lemma 652 (compatibility of almost binary relation with
symmetry), and Lemma 654 (compatibility of almost binary relation with transitivity). O

Lemma 657 (almost equality is equivalence relation).

a.e

Let (X, 3, 1) be a measure space. Let Y be a set. Then, HE% s an equivalence relation over Y.

Proof. Direct consequence of Lemma 656 (almost equivalence is equivalence relation, with equality

over Y). O

Lemma 658 (almost order is order relation).

Let (X, X, u) be a measure space. Let Y be a set. Let R be a binary relation over'Y, lifted into a
binary relation over YX. Assume that R is an order relation. Then, Ruae. ts an “almost” order
relation (where equality is replaced by almost equality in antisymmetry).

Proof. Direct consequence of the definition of order relation, Lemma 651 (compatibility of
almost binary relation with reflexivity), Lemma 653 (compatibility of almost binary relation with
antisymmetry), and Lemma 654 (compatibility of almost binary relation with transitivity). O

Lemma 659 (compatibility of almost binary relation with operator).

Let (X,%, 1) be a measure space. Let Y be a nonempty set. Let yo € Y. Let R and R’ be
binary relations over Y, lifted into binary relations over YX. Assume that yo R yo. Let I be a
nonempty subset of N. Let & : Y1 — Y, lifted into an operator (YX)! — YX. Assume that for
all (fi)ier, (gi)icr : X =Y, we have

(11.20) (Viel, fiRg) = O(fi)ier R' O(9:)ier-
Then, for all (fi)ier,(gi)ier : (X =Y), .., we have

(1121) (V’L S I, fi Rua.e. gz) — O(fi)ief ,R’;La.e. <>(gi)iej'
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Proof. For alli e I, let f;,g;: (X — Y)“a.e_,
For all i € I, let B; "< {f; R g;}. For alli € I, let f;, 3 : X — Y defined by

and assume that f; R ac. ¢i holds.

def.
filz) =" filz) } when z € ﬂ B;, and fi(z) = () aef- Yo otherwise.
. ( ) iel

Let ¢ € I. Then, from Definition 650 (almost binary relation), Definition 649 (almost definition),
Definition 641 (property almost satisfied), and Lemma 644 (everywhere implies almost everywhere
for almost the same), we have Bf € N. Let € X. Then, by construction, and from reflexivity
of R, we have f;(x) R gi(x). Thus, from assumption, O(fi)icr(z) R’ O(Gi)ier(x) also holds.
Moreover, by construction, we have

Vo e (Bi, O(fiier(x) = O(fi)ier(x) and  0(Fi)ier(z) = O(gi)ier (@)-
i€l

Thus, we have (,c; Bi C {O(fi)ier R' O(gi)ier}. Hence, from monotonicity of complement,
De Morgan’s laws, and Lemma 639 (N is closed under countable union), we have

{O(fi)ier R' O(gi)ier}© C U{fl R gi}¢ € N.
iel

Therefore, from Definition 641 (property almost satisfied), Definition 650 (almost binary rela-
tion), and Definition 649 (almost definition), we have O(f;)icr R/ O(gi)icr- O

na.e.

Lemma 660 (compatibility of almost equality with operator).
Let (X, 3, 1) be a measure space. Let Y be a set. Let I C N. Let ¢ : YI — Y lifted into an

operator (YX) — YX. Let (f)icr, (g:)icr : (X = Y) Assume that for alli € I, f; "= g;.

a.e.

Then, we have O(f;)ier =— O(gi)ier-

pa.e.”

Proof. Direct consequence of Lemma 659 (compatibility of almost binary relation with operator,

with R = R/ & equality), reflexivity of equality, and the definition of function ((for all
i € I, fi = gi) implies O(fi)icr = 0(gi)icr)- [

Lemma 661 (compatibility of almost inequality with operator).

Let (X, %, i) be a measure space. LetY be an ordered set. Let R’ be a binary relation on'Y, lifted
into a binary relation on YX. Let I C N. Let O : YI — Y, lifted into an operator (Y X)! — YX.
Assume that for all (f;)ier, (gi)ier : X = Y, we have

(11.22) Viel, f;<g) = O(fi)ict R' O(gi)ier-

Then, for all (fi)ier,(gi)ier : (X =Y), .., we have

(11.23) (Viel, f; #ze' gi) =  O(fi)ier RLM‘ O(gi)ier-

Proof. Direct consequence of Lemma 659 (compatibility of almost binary relation with operator,

with R dif{), and reflexivity of inequality. O

Remark 662. The previous generic results apply to unary operators ¢ such as the scalar multipli-
cation, or the absolute value (for which card(I) = 1), as well as to binary (or n-ary) operators ¢
such as the addition, the multiplication, the maximum, or the minimum (for which card(I) > 2
is finite). But it also applies to operators ¢ taking a countable number of arguments such as the
infimum, the supremum, or the limit of a pointwise convergent sequence.
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Remark 663. Note that the previous lemma may be useful with R’ distinct from <. For instance,
when the operator ¢ is the scalar multiplication by a negative number, we need R’ =>.

Lemma 664 (definiteness implies almost definiteness).
Let (X,%, 1) be a measure space. Let' Y be a set. Assume that 0 €Y. Let §:Y =Y, lifted into
an operator YX — Y X . Assume that { is definite:

(11.24) YyeY, Oy)=0 = y=0.
Then, ¢ is also “almost definite”:

(L) vfe (YY) o(f) 0 = frEe,

pae.’

Proof. Direct consequence of Lemma 647 (almost modus ponens), and Lemma 644 (everywhere
implies almost everywhere for almost the same). O

|Remark 665. Note that Lemma 660 provides the implication in the other direction.
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11.3 Uniqueness condition

Remark 666. The next lemma is useful to establish in Section 12.2 uniqueness of the Lebesgue
measure that generalizes the length of bounded intervals (see Theorem 724).

|Remark 667. The next proof follows the Dynkin 7—\ theorem scheme (see Section 4.3). |

Lemma 668 (uniqueness of measures extended from a w-system).

Let (X, %) be a measurable space. Let py and pe be measures on (X,%). Let G C P(X). Assume
that G is a w-system, a generator of ¥, contains a countable pseudopartition (X, )nen of X with
finite measure py1, and that both measures coincide on G. Then, we have 1 = po.

Proof. Let A € G. Assume that pi(A) < oo (e.g. A aet- Xo).

Let B € X. Then, from Lemma 483 (generated o-algebra is minimum, A € G C ¥), and Lem-

ma 475 (equivalent definition of o-algebra, closedness under countable intersection with card([)
d

equals 2), we have BN A € X. Let S4 of. {BeX|m(BNA)=u(BnA)}.

(1). G#2 A IIx(G) C Sa.

Let B € G. Then, from Definition 428 (w-system, closedness under intersection), BN A € G,
i.e. B € Sa. Thus, we have G C Sa. Hence, from Definition 428 (7-system, nonemptiness), and
Lemma 435 (w-system generation is idempotent), we have G # @ and IIx (G) = G C Sa.

(2). Sa is A-system.

From the identity X N A = A, and Lemma 475 (equivalent definition of o-algebra, contains
the full set), we have X € S4.

Let By,Bsy € S4. Assume that By C Bs. Then, from distributivity of intersection over
local complement, and Lemma 614 (measure is monotone, with py and ps), we have

ua(B1MA) = (B1NA) < p(A) < oo, and
pi((B2\ Bi) N A) = pa (B2 NA\ BiNA) = (B2 N A) — pa(Bi N A)
= MQ(BQ ﬂA) 7}1,2(31 ﬂA) = ,UJQ(BQ ﬁA\Bl ﬂA) = MQ((BQ \Bl) ﬂA)

Then, By \ B; € S4. Thus, S4 is closed under local complement.

Let (Bp)nen € Sa. Assume that for all n € N, B,, C By,41. Then, from distributivity of
intersection over union, Lemma 617 (measure is continuous from below, with p; and ps, and
nondecreasing (B, N A),en), and Definition 616 (continuity from below), we have

141 (U BnﬂA> = (U(B,JWA)) :nlgrlgoul(BnﬂA)

neN neN
:nlirgoug(BnﬂA) = g (U(BnﬂA)> = U2 <U BnﬂA> .

neN neN

Then, UneN B, € S4. Thus, S, is closed under countable monotone union.
Hence, from Lemma 460 (equivalent definition of A-system), Sa is a A-system on X.

(3). 84 = X. Direct consequence of (1), (2), and Lemma 510 (usage of Dynkin -\ theorem,
with P being the function B — pi (BN A) = us(BN A)).
Hence, for all B € &, for all A € G such that p;(A) < oo, we have p1 (BN A) = pa(BNA).

(4). p1 = p2. Let Be X,

For all n € N, let B, - Bn X,. Then, from Definition 207 (pseudopartition), Lemma 483

(generated o-algebra is minimum, X,, € G C X), Lemma 475 (equivalent definition of o-algebra,
closedness under countable intersection with card(l) equals 2), compatibility of intersection
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with pairwise disjunction, left distributivity of intersection over union, and identity
law for intersection, (B,),en € X is pairwise disjoint, and we have ), . Bn = B.

Let n € N. Then, from (3) (with B € ¥, and A 4 X, € G such that (X)) < 00), we
have p1(By) = p2(B,). Hence, from Definition 611 (measure, u1 and pg are o-additive), and
Definition 608 (o-additivity over measurable space), we have

pi(B) = p1(Bn) = Y pa(By) = pa(B).

neN neN

Therefore, we have the equality p1 = po. O
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11.4 Some measures

Lemma 669 (trivial measure).
Let (X, X)) be a measurable space. Then, the zero function on X is a measure on (X,X).
It is called the trivial measure on (X, ), and (X,%,0) is called the trivial measure space.

Proof. Direct consequence of Definition 611 (measure), and ordered group properties of R. [

Lemma 670 (equivalent definition of trivial measure).
Let (X,X, 1) be a measure space. Then, p is the trivial measure iff u(X) = 0.

Proof. Direct consequence of Lemma 669 (trivial measure), Definition 611 (measure, p is non-
negative), and Lemma 614 (measure is monotone, p is nonpositive). O

Lemma 671 (counting measure).
Let (X,X) be a measurable space. Let Y C X. Let dy be the function defined by

(11.26) VAEY, by(A)Y card(ANY)

with the convention that the cardinality of an infinite set is co. Then, dy is a measure on (X, X).
It is called the counting measure (associated with Y').

Proof. From the definition of the cardinality, and the definition of oo, the function dy is
nonnegative. Moreover, from Definition 611 (measure), Definition 516 (measurable space, X is a
o-algebra), Definition 474 (o-algebra, & € ¥), and the definition of &, we have

Oy (@) = card(@) = 0.

Let I C N. Let (A;)ier € X. Assume that the A;’s are pairwise disjoint. Then, from
distributivity of intersection over disjoint union, and o-additivity of the cardinality
(with the convention that oo is absorbing element for addition in N), we have

Sy (Lﬂ Ai> = card <Lﬂ A;n Y) = card (@(A,» N Y)) = card(4;NY) = 5y (A).
el el i€l el el

Therefore, from Definition 608 (o-additivity over measurable space), and Definition 611 (mea-
sure), dy is a measure on (X, Y). O

Lemma 672 (finiteness of counting measure).
Let (X, X)) be a measurable space. Let Y C X. Then, 0y is finite iff the set Y is finite.

Proof. Direct consequence of Lemma 475 (equivalent definition of o-algebra, contains full set),
Lemma 671 (counting measure, oy (X) = card(Y)), and Definition 622 (finite measure). O

Lemma 673 (o-finite counting measure).
Let (X,Y) be a measurable space. Let Y C X. Assume that ¥ contains all singletons of X.
Then, 6y is o-finite implies Y is countable, and X is countable implies dy is o-finite.

Proof. From Definition 611 (measure), Definition 516 (measurable space), and Definition 474 (o-
algebra, closedness under countable union), the o-algebra ¥ contains all countable subsets of X.
Hence, if X is countable, we have ¥ = P(X).

First implication. Assume that dy is o-finite.
Then, from Lemma 625 (equivalent definition of o-finite measure), let (By)nen € X such that
for all n € N, B,, C Bpy1, 0y (Bpn) = card(B, NY) < oo, and X = (J,cn Bn- For all n € N,
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let A, def. B,NY. Let n € N. Then, from De Morgan’s laws, and Lemma 671 (counting

measure), we have Y = J, .y An, and card(4,) = dy(B,) < oo. Hence, from countability of
countable union of finite subsets, Y is countable.

Second implication. Assume that X is countable. Then, we have ¥ = P(X).

From the definition of countability, let ¢ be a bijection from I C N onto X. For all n € N, let

A, < ¢([0..n)NI) € . Let n € N. Then, from Lemma 671 (counting measure), monotonicity

of the cardinality, preservation of the cardinality by bijection, compatibility of direct
image with union, and De Morgan’s laws, we have

Oy (Ay) = card(A, NY) < card(4,,) = card([0.n]NI) < n+ 1 < oo,
U Ap=¢ (U([On]ﬂ[)) =9 (U [0..n]ﬂ]> =) =X.
neN neN neN

Hence, from Definition 624 (o-finite measure), the counting measure dy is o-finite.

Therefore, we have both implications. O

Remark 674. Note that the set Y is not required to be measurable. Note also that the previous
lemmas are valid for any o-algebra 3, including the discrete o-algebra P(X).

Counting measures are usually considered in the case where Y = X is countable, and X is the
discrete o-algebra P(X). A typical example is the o-finite measure space (N, P(N), dn).-

Definition 675 (Dirac measure).
Let (X,X) be a measurable space. Let a € X. The counting measure associated with {a} is

called Dirac measure (at a); it is also denoted J, def- 0fa}-

Lemma 676 (equivalent definition of Dirac measure).
Let (X,X) be a measurable space. Let a € X, and let A € 3. Then, we have §,(A) =L 4(a).

Proof. Direct consequence of Definition 675 (Dirac measure), and Lemma 671 (counting measure,
card(AN{a}) =1 when a € A and 0 otherwise). O

Lemma 677 (Dirac measure is finite).
Let (X,X) be a measurable space. Let a € X. Then, 0, is finite and J,(X) = 1.

Proof. Direct consequence of Definition 675 (Dirac measure), Lemma 672 (finiteness of counting
measure, d, is finite), and Lemma 671 (counting measure, card(X N{a}) =1). O
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Chapter 12

Measure and numbers

Contents
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12.1 Negligibility and numbers

Definition 678 (summability domain). Let (X,X, 1) be a measure space.
Let f,g: X — R. The summability domain of f and g is denoted DT (f, g); it is defined by

(12.1) D*(f,9) = [({f = 00} N {g = —00}) U ({f = =00} N {g = co})]".

Lemma 679 (summability on summability domain).
Let (X, 3, 1) be a measure space. Let f,g € M. Then, f(x)+g(x) is well-defined iff v € DT (f, g).

Proof. Direct consequence of Definition 282 (addition in R), and Definition 678 (summability
domain). O

Lemma 680 (measurability of summability domain).
Let (X, %, 1) be a measure space. Let f,g € M. Then, DY (f,g) € X.

Proof. Direct consequence of Lemma 579 (inverse image is measurable), and Lemma 475 (equiv-
alent definition of o-algebra)closedness under countable intersection, union and complement. [

Lemma 681 (negligibility of summability domain). Let (X, %, 1) be a measure space.
Let f,g € M. Then, f + g is well-defined almost everywhere iff [D(f,g)]° € N.

Proof. Direct consequence of Lemma 679 (summability on summability domain), and Defini-
tion 641 (property almost satisfied), O

Lemma 682 (almost sum). Let (X,%, 1) be a measure space.
Let f,ge M. Let A e DY (f,g). Let f = fly andg ek gl 4. Assume that f+g is well-defined

almost everywhere. Then, we have f"£% f, §"Z% g, D"’(f7 g) =X, and f.9,.f+5eM.
The sum f+ g 1s called the almost sum of f and g; it is denoted f Hie' g.

Proof. From Lemma 681 (negligibility of summability domain), and Definition 641 (property almost
satisfied, with {f;é f1=A{g # g} = A°), we have f e fand § "£% ¢g. From Lemma 680
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(measurability of summability domain), Lemma 569 (measurability of indicator function), and
Lemma 583 (M is closed under multiplication), we have f,g € M. Hence, from Definition 282
(addition in R), and Lemma 581 (M is closed under addition when defined), f + g is well-defined,
and we have f + g € M. O

Lemma 683 (compatibility of almost sum with almost equality).
Let (X,%, 1) be a measure space. Let f,g € M. Assume that f + g is well-defined almost

everywhere. Let f'.g' € M. Assume that f "= f, PHES g, and DY(f',g) = X.
Then, f' +¢' € M, and we have f' + g’ "&£ f g g.

Proof. From Lemma 637 (empty set is negligible), Lemma 681 (neglz'gibility of summability do-
main), and Lemma 581 (M is closed under addition when deﬁned) '+ ¢’ is well-defined, and we

have f' +¢ € M. let AL DH(f,9), F <L f14 and § ¢ gl4. Therefore, from Lemma 657
(almost equality is equivalence relation, transitivity), Lemma 660 (compatibility of almost equal-

ity with operator, with the binary operator addition) and Lemma 682 (almost sum), we have
SRS g M g and g M gt p T O

P

|Remark 684. Note that from Lemma 682, such functions f’ and g’ actually exist in M. |

Lemma 685 (almost sum is sum). Let (X,%, 1) be a measure space.
Let f,g € M. Assume that DV(f,g) = X. Then, f + g € M, and we have f Mie. g=f+g.

Proof. Direct consequence of Definition 678 (summability domain, f+ g is well-defined every-

where), and Lemma 682 (almost sum, with f = f and § = g). O

Lemma 686 (absolute value is almost definite). Let (X,X, 1) be a measure space.
Then, the absolute value, lifted into an operator RX — RX | is almost definite:

pa-e.

(12.2) vf e (RY) IfI"E0 = f

pa.e.’

Proof. Direct consequence of Lemma 664 (definiteness implies almost definiteness, with the unary
operator absolute value), Lemma 660 (compatibility of almost equality with operator, with the
unary operator absolute value), and Lemma 304 (absolute value in R is definite). O

Lemma 687 (masking almost nowhere). Let (X X, u) be a measure space. Let f € M.
Let A € ¥. Assume that u(A°) = 0. Then, we have f "= f1 4.

Proof. Direct consequence of Definition 611 (measure), Definition 516 (measurable space, ¥ is
a o-algebra), Definition 474 (o-algebra, closedness under complement), the definition of the
indicator function (A C {f = f1a}), monotonicity of complement ({f = fla}¢ is
included in A€), Definition 631 (negligible subset). and Definition 641 (property almost satisfied).

O

Lemma 688 (finite nonnegative part). Let (X,%, 1) be a measure space. Let f € M.

Let Ac . Let Ay = aef- AN f~YRy). Let fa def. fla,. Then, Ay €3 and fae MrNM,.
Moreover, assume that f is p-almost everywhere finite and nonnegative, and that u(A€) = 0.

Then, we have p(A$) =0, i.e. f T

Proof. Let B def. f7Y(Ry) and C =" f~Y(R). Then, from compatibility of inverse image with

intersection, the definition of Af, and properties of the indicator function, we have

def.

YRy =BNC, Aj=ANBNC, and 14, =1,1plc.
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Hence, from Lemma 400 (equivalent definition of nonnegative and nonpositive parts), and Defini-
tion 397 (finite part), f4 is the finite part of (f14)". Therefore, from Lemma 591 (measurability
and masking, f14 € M), Lemma 594 (measurability of nonnegative and nonpositive parts, with
f14), and Lemma 595 (M is closed under finite part, with (f14)%), we have fa € Mg N M,.

Assume now that f is p-almost everywhere finite and nonnegative, and that p(A4¢) = 0.
Then, from Definition 611 (measure), Definition 516 (measurable space, ¥ is a o-algebra), Defini-
tion 474 (o-algebra, closedness under complement), Definition 641 (property almost satisfied), and
Lemma 636 (negligibility of measurable subset), we have

Be,C°eX and w(B°) =pu(C% =0.

Hence, from Definition 474 (o-algebra, closedness under complement), De Morgan’s laws, and
Lemma 615 (measure satisfies the finite Boole inequality), we have

e and pu(A) < p(A) + u(B) + p(C7) = 0.

Therefore, from Definition 611 (measure, nonnegativeness), and Lemma 687 (masking almost
nowhere), we have u(A$) =0 and f HES 4 O
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12.2 The Lebesgue measure

|Remark 689. This section follows Carathéodory’s extension scheme (see Section 4.2). |

|Remark 690. We recall the notation [-, -] for not specifying open or closed bounds for intervals. |

Definition 691 (length of interval).
Let a,b € R. Assume that a < b. The length of interval from a to b is ¢([a, b)) ey q

|Lemma 692 (length is nonnegative). Let a,b € R, Assume that a <b. Then, {((a,b)) > 0.|

Proof. Direct consequence of Definition 691 (length of interval). O
|Lemma 693 (length is homogeneous). We have ((&) = ().|
Proof. Let a € R. Then, for instance, we have @ = (a, a). Therefore, from Definition 691 (length
of interval), we have (@) = 0. O
Lemma 694 (length of partition). Let a,b,c € R. Assume that a < b. Then, we have
(12.3) £((a,b) N (¢,00)) + £((a,b) N (c,00)¢) = €((a,b)).

Proof. Let I def- (a,b), and F def. (¢c,00). We have E¢ = (—o0, ¢].

Case ¢ < a. Then, we have INE = [ and I N E¢ = @. Hence, from Lemma 693 (length is
homogeneous), we have £(I N E) + ¢(I N E°) = {(1).

Case a < ¢ < b. Then, we have I N E = (a,c) and I N E° = [¢,b). Hence, from Definition 691
(length of interval), and additive abelian group properties of R, we have

LINE)+LINE)={((a,c))+L(c,b) =(c—a)+(b—c)=b—a={1I).

Case b < c¢. Then, we have INE = @ and I N E° = I. Hence, from Lemma 693 (length is
homogeneous), we have £(I N E) + ¢(I N E°) = £(I).
Therefore, we always have ((I N E) + {(I N E°) = ¢(I). O

Definition 695 (set of countable cover with bounded open intervals).
Let A C R. The set of countable covers of A with bounded open intervals is

(124) Cu % {((ambn))nem

(Vn €N, an,b, €ERAap, <by) A AC U(an,bn)}.
neN

Lemma 696 (set of countable cover with bounded open intervals is nonempty).
Let A C R. Then, we have Cy #+ &.

Proof. For all m € N, let I, def. (—n,n). Then, from the Archimedean property of R, we have
R C U,en In- Therefore, from Definition 695 (set of countable cover with bounded open intervals),
and properties of inclusion, we have (I,)nen € Ca. O

Definition 697 (\*, Lebesgue measure candidate). B
The Lebesgue measure candidate is the function A\* : P(R) — R, defined by

(12.5) VACR, M(4) < inf { > u,)

neN

(In)nen € CA} o
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Remark 698. Note that A\* in the previous definition is not o-additive on P(R), e.g. see [28, Ex.
2.28 pp. 86-87]. Thus, it is not a measure on P(R). In fact, there is no measure on P(R) that
generalizes the length of interval, e.g. see [28, Ex. 2.29 pp. 87-88].

|Lemma 699 (\* is nonnegative). Let A C R. Then, we have \*(A) > ().|
Proof. Direct consequence of Lemma 692 (length is nonnegative), and monotonicity of infimum.

O
|Lemma 700 (\* is homogeneous). We have \* (@) = ().|

Proof. From Lemma 699 (A\* is nonnegative), we have A(@) > 0.

For all n € N, let I,, <" (0,0) = @. Let n € N. Then, from Definition 691 (length of interval),

and field properties of R, we have {(I,,) = 0—0 = 0. Thus, we have )\ ¢(I,) = 0. Moreover,
we have & C |J,,cn In- Thus, we have (I;,)nen € Cy. Hence, from Definition 697 (A\*, Lebesgue
measure candidate), and Definition 9 (infimum, lower bound), we have \*(&) < 0.

Therefore A\*(@) = 0. O

|Lemma 701 (\* is monotone). Let A,B C R. Assume that A C B. Then, \*(A) < )\*(B).|

Proof. Let (I)nen € Cp. Then, from Definition 695 (set of countable cover with bounded open
intervals), and transitivity of inclusion, we have A C B C |J,,¢y In- Thus, from Definition 695
(set of countable cover with bounded open intervals), we have (I,)nen € Ca. Hence, from Defi-
nition 697 (\*, Lebesque measure candidate), and Definition 9 (infimum, lower bound, for A), we
have A*(A) <>, cnU(In)-

Therefore, from Definition 9 (infimum, greatest lower bound, for B), and Definition 697 (\*,
Lebesgue measure candidate), we have A*(A) < A*(B). O

|Lemma 702 (\* is o-subadditive). Let (Ay)nen CR. Then, X (U,en An) < X en A (4y). |

Proof. Let A% Unen 4n-
Case 3ng € N such that A*(A,,) = oco. Then, from totally ordered set properties of R,
we have A* (U,,en An) <00 =2, oy A (4y).

Case Vn € N, A*(A,,) < oco. Let € > 0. Let n € N. Then, from Definition 697 (\*, Lebesgue
measure candidate), and Lemma 11 (finite infimum), there exists (I, m)men € Ca, such that
> men iInm) < A*(An) + 557- Let @ : N — N? be a bijection. Then, from Definition 695 (set of
countable cover with bounded open intervals), Lemma 213 (double countable union), Lemma 212
(definition of double countable union), and countability of N2, we have

a=Uarc U (Y nn)= U o= Ui

neN neN \meN n,meN pEN

Then, from Definition 695 (set of countable cover with bounded open intervals), (I,(n))nen belongs
to Cy, and thus, from Definition 697 (A\*, Lebesgue measure candidate), Definition 9 (infimum,
lower bound), Lemma 325 (definition of double series in Ry ), Lemma 326 (double series in Ry),
and additive properties of Ry, we have

N(A) <Y o) = D Unm) = (Z é(fn,m) <YM (4) e

pEN n,meN neN \meN neN
Hence, from monotonicity of the limit (when e — 07), we have A*(A4) < 3, oy A (4y).
Therefore, we always have \*(A4) < >, oy A (An)- O
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Lemma 703 (\* generalizes length of interval).
Let a,b € R. Assume that a < b. Then, we have A*([a,b]) = b — a.

Proof. Let a,b € R. Assume that a < b.

(1). Closed interval. Let ¢ > 0. Then, we have [a,b] C (a — 5,0+ 5). Thus, from Defini-
tion 695 (set of countable cover with bounded open intervals), Definition 697 (A*, Lebesgue measure
candidate), Definition 9 (infimum, lower bound), Lemma 700 (\* is homogeneous), Definition 691
(length of interval), and ordered field properties of R, the sequence ((a — 5,0+ 5),9,...)
belongs to Cp, ), and A*([a,b]) < £(a — 5,0+ 5) = b — a + €. Hence, from monotonicity of the
limit (when € — 07), we have \*([a,b]) < b — a.

Let ((@n;bn))nen € Clap (With Vn € N, a, < by,). Then, from Definition 695 (set of countable
cover with bounded open intervals), and Lemma 272 (finite cover of compact interval), there exists
g € Nand (ip)pep0.q € N pairwise distinct such that [a, 0] C U, 4(ai, bi,) With a;y <a, b <b;,,
and for all p € [0..¢ — 1], a;,,, < b;,. Then, from ordered field properties of R, Definition 691
(length of interval), and totally ordered set properties of R, we have

b—a< biq — Qj, < biq + Z (—aipH + bip) — Qi = Z (bip — aip)

p€[0..q—1] p€[0..q]
= > (ai,,bi,) <Y U(an,bn)).
p€(0..q] neN

Hence, from Definition 697 (A*, Lebesgue measure candidate), and Definition 9 (infimum, greatest
lower bound), we have b — a < A*([a, b]).
Therefore, we have A\*([a,b]) = b — a.

(2). Open interval. Let ¢ > 0. Assume that € < b — a. Then, we have

[aJrg,bf g] C (a,b) C [a,b].

Hence, from (1), and Lemma 701 (A\* is monotone), we have b —a — e < A*((a,b)) < b — a.
Therefore, from monotonicity of the limit (when € — 07), we have \*((a,b)) = b — a.

(3). Left-open right-closed interval. Let € > 0. Assume that ¢ < b — a. Then, we have
[a+¢,b] C (a,b] C [a,b].

Hence, from (1), and Lemma 701 (A\* is monotone), we have b —a — e < A*((a,b]) < b — a.
Therefore, from monotonicity of the limit (when € — 07), we have \*((a,b]) = b — a.

(4). Left-closed right-open interval. Let ¢ > 0. Assume that ¢ < b — a. Then, we have

(a,b—¢€] C [a,b) C [a,b].

Hence, from (1), and Lemma 701 (A\* is monotone), we have b —a — e < A*([a,b)) < b — a.
Therefore, from monotonicity of the limit (when € — 01), we have \*([a,b)) = b — a. O
Remark 704.

Note that similar proofs using monotonicity provide for all a € R, \*((—o0, a]) = A*([a, 00)) = .

Definition 705 (£, Lebesgue c-algebra). The set L of subsets of R defined by

(12.6) L% (ECR|IVACR, X*(A) = X*(ANE) + \X*(AN E°)}

is called the Lebesgue o-algebra.

|Remark 706. The set L is shown below to be a g-algebra; hence its name.
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Lemma 707 (equivalent definition of L). We have

(12.7) L={ECR|VACR, M(ANE)+ (AN E°) < \*(4)}.

Proof. Direct consequence of Lemma 209 (compatibility of pseudopartition with intersection, with
card(]) equals 2), Lemma 702 (A\* is o-subadditive), Lemma 279 (order in R is total, antisymmetry),
and Definition 705 (£, Lebesgue o-algebra). O

|Lemma 708 (L is closed under complement). L is closed under complement.|

Proof. Let E € L. Let A CR. Then, from the double complement law, Lemma 320 (addition
in Ry is commutative), and Definition 705 (£, Lebesgue o-algebra), we have

N (AN E) + N (AN (E°) = X (AN E) + N (AN E) = N(AN E) + A (AN E°) = \*(A).

Therefore, E€ € L. O

|Lemma 709 (L is closed under finite union). L is closed under finite um'on.|

Proof. For all n € [2..00), let P(n) be the property: V(E;)ic[1..n] € £, Uie[l“n] E; e L.

Induction: P(2). Let Ey,Fy € £. Let E S Ey U E,.
Let A C R. Then, from properties of intersection, union and complement, we have

ANE = AN (B, W (ESNEy)) = (AN Ey) U (AN (ES N By)).

Thus, from Lemma 702 (\* is o-subadditive), associativity of intersection, and Definition 705
(L, Lebesgue o-algebra, Eo, then E; belong to L), we have

NANE)+ X (ANE) =X ((ANE) U (AN (E{N Ey))) + N (AN (EY N ES))
N(ANED) + X (AN EY) N Es) + A*((AN EY) N EY)
M(ANEy) + X (AN EY)

A(

*(A).

/Al

Hence, from Lemma 707 (equivalent definition of L), we have E € L.

Induction; P(n) implies P(n + 1). Let n € [2..00). Assume that P(n) holds.
Let (Ei)iep.mt1) € L. Let E def. Uie[l“n] E;. Then, from P(n), we have E € L, and from
associativity of union, and P(2), we have Uie[l..n+1] E,=FUE,1 €L.

Therefore, P(n) holds for all n € [2..00). O

|Lemma 710 (L is closed under finite intersection). L is closed under finite intersection.|

Proof. Direct consequence of De Morgan’s laws, Lemma 708 (£ is closed under complement),
and Lemma 709 (L is closed under finite union). O

|Lemma 711 (L is set algebra). L is a set algebra on R.|

Proof. Let A C R. Then, from properties of intersection, and Lemma 700 (A\* is homogeneous),
we have A*(ANR) + A*(ANR®) =M (A4) + \* (@) = X*(A4). Hence, R € L.

Therefore, from Lemma 708 (£ is closed under complement), Lemma 710 (L is closed under
finite intersection), Lemma 414 (closedness under intersection and set difference, L is closed under
set difference), Lemma 439 (other equivalent definition of set algebra), L is a set algebra on R. [
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Lemma 712 (A\* is additive on L). Let n € [2..00). Let (E;)iep1..n) € £-
Assume that the E;’s are pairwise disjoint. Then, \* is additive on L:

(12.8) VACR, M[An ) E|= ) XAnE).

i€[l..n] i€[l..n]

Proof. For all n € [2..00), let P(n) be the property: for all (E;);cp1.., € £,

(Vijeln], i#j=ENE =2) = XN[An [ E|= > MANE).
i€[l..n] 1€[1..n]

Induction: P(2). Let Eq, Fy € L. Assume that E; N E2 = &. Let A C R. Then, from proper-
ties of intersection, union, and complement, Lemma 209 (compatibility of pseudopartition
with intersection, with card(I) = 2), and Definition 705 (£, Lebesgue o-algebra, F1 € L), we have

N(AN(B1WEY))=XN((ANE) W (AN Ey))
=A([(ANENW(ANE)|NE) + X ([(ANE) W (AN Ey)] N EY)
=N(ANEy) + N (AN Ey).

Induction: P(n) implies P(n + 1). Let n € [2..00). Assume that P(n) holds.

Let (Ei)i[1..n+1] € £. Assume that for all 4, j € [1.n+1], i # j implies E;NE; = @. Let E be the
disjoint union E—Jie[l“n] E;. Then, from properties of intersection, union, and complement,
P(2), and P(n), we have EN E,41 = @, and

NMAN(EWE, 1)) = M (ANE) + M (ANEp) = > M(ANE;) + X (AN Enpy).

i€[1..n]

Therefore, P(n) holds for all n € [2..00). O

|Remark 713. The additive property of \* per se actually corresponds to the case A = R. |

|Lemma 714 (\* is o-additive on L). \* is o-additive on (R, L).|

Proof. Let (Ep)nen € L. Assume that for all 4,5 € N, ¢ # j implies E; N E; = @.

Let E ¢ Unen En- Let n € N. Then, from Lemma 712 (\* is additive on L, with A def- R), and

Lemma 701 (A* is monotone), we have

oE) =M U BE| <x(E).

1€[0..n] 1€[0..n]

Thus, from monotonicity of the limit, we have

> N (En) < N (E).

neN

Hence, from Lemma 702 (\* is o-subadditive), we have

N(E) =Y N (E,).

neN

Therefore, from Definition 608 (o-additivity over measurable space), \* is o-additive over (R, L).
O
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Lemma 715 (partition of countable union in L).
Let (Ey)nen € L. Let Fy — Ey, and for alln € N, let Fi, 41 = Eni1 \UiE[O..n] F;. Then,

(12.9) YneN, F,ecL,
(12.10) Ym,neN, m#n — F,NFk, =3,
(12.11) vneN, |J E= | F.

1€[0..n] 1€[0..n]

Proof. Direct consequence of Lemma 711 (L is set algebra), and Lemma 446 (partition of countable
union in set algebra). O

|Lemma 716 (L is closed under countable union). L is closed under countable um’on.|

def.

Proof. Let I CN. Let (E;)ier € £. Let E="U,c; Es.

Case card(I) < oco. Then, from Lemma 709 (L is closed under finite union), we have E € L.
Case card(I) = oco. Let p: N — I be a bijection. Then, from associativity of union, we have
E = Upen Eo)- Let Fy & E,g), and for all n € N, let Foy1 Sy \ Usepom Fi-
Let n € N. Then, from Lemma 715 (partition of countable union in L, \8,. 1 F5 is equal to
0] E,@)), properties of union, and monotonicity of complement, we have

E°CF® where F< |4 F.
1€[0..n]

Let A C R. Then, from Lemma 701 (A\* is monotone, with AN E° C AN F°), Lemma 715 (par-
tition of countable union in L, the Fy’s are disjoint in £), Lemma 712 (A\* is additive on L),
Lemma 709 (L is closed under finite union, F € L), and Definition 705 (£, Lebesgue o-algebra,
with F'), we have

STNMANF)+XM(ANEY) < Y MANE) + M (ANF°)
1€[0..n] 1€[0..n]
=M (ANF) + M (AN F) = X*(A).

Thus, from Lemma 702 (\* is o-subadditive), distributivity of intersection over union, and
monotonicity of the limit, we have

A (Aﬂ U Fn> FAN(ANEY) < D N(ANF,) + X (AN E°) < A (A).

neN neN

Hence, since the limit is a function, we have J,, . Fn = Upen Eom) = E, and

A(ANE) + A (AN E) < M (A).

Therefore, from Lemma 707 (equivalent definition of L), we have E € L. O
Lemma 717 (rays are Lebesgue-measurable). Let a € R. Then, we have
(1212) (aa OO)? (7003 a]v (700, a)> [CL, OO), €L

Proof. (1). (a,o0) € L.
Let A CR. Let o < A (AN (a,00)) + A (AN (—00,a]). Let us show that aw < A*(A).
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Case A*(A) = oo. Trivial. Case A*(A) finite. Let € > 0. From Definition 697 (A\*, Lebesgue
measure candidate), and Lemma 11 (finite infimum), let (I,)nen € Ca such that

A(A) <D UI) < N (A) +e.
neN

For all n € N, let I, 1. (a,00) and I", 1. (—o00,a]. Let n € N. From Lemma 246

(intervals are closed under finite intersection), I, and I", are intervals (possibly empty). Then,
from Lemma 703 (A\* generalizes length of interval), and since I}, and I”,, are contiguous, we
have \*(I)) + A\*(I",,) = ¢(I}) + ¢(I",,) = £(I,,). Hence, from Lemma 701 (A\* is monotone), and
Lemma 702 (A\* is o-subadditive), we have

a <A (U 1;) +\* <U 1”n> <Y V@) + N T") =D 1) < M (A) +e.

neN neN neN neN

Therefore, from monotonicity of the limit (when € — 07), we have a < A\*(A), and from
Lemma 707 (equivalent definition of L), we have (a,00) € L.

(2). (—o0,a] € L.
Direct consequence of Lemma 708 (L is closed under complement), and (1).

(3). (—o0,a) € L.
Direct consequence of Lemma 716 (L is closed under countable union), and (2) with

(wo0,0) = | <_°°’a_ n—ll—l}

neN

(4). [a,0) € L.
Direct consequence of Lemma 708 (L is closed under complement), and (3). O

Lemma 718 (intervals are Lebesgue-measurable).
Let a,b € R. Assume that a < b. Then, we have

(12.13) (a,b), [a,b], [a,b), (a,b] € L.

Proof. Direct consequence of Lemma 710 (L is closed under finite intersection), and Lemma 717
(rays are Lebesgue-measurable) with

(a,b) = (—o00,b) N (a,00), [a,b] = (—00,b] Na,o0),
[a,b) = (—o00,b) N[a,00), (a,b] = (—o0,b] N (a,o0).

O
|Lemma 719 (L is o-algebra). (R, L) is a measurable space.|
Proof. Direct consequence of Lemma 711 (L is set algebra), Definition 437 (set algebra), Lem-
ma 716 (L is closed under countable union), and Definition 474 (o-algebra). O
|Lemma 720 (\* is measure on L). (R,L,\[) is a measure space.|

Proof. Direct consequence of Lemma 719 (£ is o-algebra), Lemma 699 (A* is nonnegative), Lem-
ma 700 (A* is homogeneous), Lemma 714 (A* is o-additive on L), and Definition 611 (measure). O

|Lemma 721 (B(R) is sub-o-algebra of L). We have B(R) C £.|

Inria



Detailed proofs for Lebesgue integration 143

Proof. Direct consequence of Lemma 484 (o-algebra generation is monotone), Lemma 558 (Borel
o-algebra of R), and Lemma 718 (intervals are Lebesgue-measurable). O

|Lemma 722 (\* is measure on B(R)). (R,B(R), \jg(r)) is @ measure space.|

Proof. Direct consequence of Lemma 720 (A\* is measure on L), and Lemma 721 (B(R) is sub-o-
algebra of L). O

|Rema7’k 723. See the sketch of next proof in Section 5.6. |

Theorem 724 (Carathéodory, Lebesgue measure on R).

There exists a unique measure on (R, B(R)) that generalizes the length of bounded open intervals.

This measure is denoted A < AlgRy; it is called the (Borel-)Lebesgue measure on Borel

subsets (of R).

Proof. Existence. Direct consequence of Lemma 722 (A\* is measure on B(R)), and Lemma 703
(\* generalizes length of interval, for open intervals).

Uniqueness.

Let G & {[a,b)}a<p- Then, we have G C P(R) and G # &. Hence, from Lemma 246 (intervals

are closed under finite intersection), and Definition 428 (7-system), G is a m-system.
From Lemma 558 (Borel o-algebra of R, {(a,b)}a<p and {[a,b)}o<p generate B(R)), Lemma 483
(generated o-algebra is minimum, generators belong to B(R)), we have

(Va,beR, a<b = (a,b),[a,b) € B(R)) and Xr(G)=B(R).
For all n € N, let I, aef. [n,n + 1). Then, (I,)nen is obviously pairwise disjoint, and from the
Archimedean property of R, we have R = |§,, .y In. Let n € N. Then, I,, € G, and from
Lemma 703 (A\* generalizes length of interval), we have \*(I,) = 1 < oo.

Let 1 be a measure on B(R) such that, for all a,b € R, a < b implies p((a,b)) =b— a.

def.

Let a,b € R. Assume that a < b. For all p € N, let A, °< (a - ﬁ,b). Then, from the non-

1
p+1
inclusion, additive group properties of R, linearity of the limit, and Lemma 619 (measure
is continuous from above, with 1 and (Ap)pen), the sequence (Ap)p,en is nonincreasing, for all

pEN, wehaveul(Ap)zb—a+p—il<oo, and

increasing property of (p — ) in R4 and its limit 0 when p — oo, the definition of

,b)) = A = inf A) = 1i b— —— | =b—a.
o) = () 40| = jngn (4 Jm (b-at ) b

Hence, from Lemma 703 (\* generalizes length of interval), p and )‘l*B(R) coincide on G.

Therefore, from Lemma 668 (uniqueness of measures extended from a w-system, with X def. R,

S BR), i E N, iy = p, and X, S 1)), we have, for all A € B(R), p(A) = Mg, (4). O

|Remark 725. Note that N(R, £, \*) = N(R, B(R),\) C L, e.g. see [28, Ex. 2.33 pp. 92-94]. |

Lemma 726 (Lebesgue measure generalizes length of interval).
Let a,b € R. Assume that a < b. Then, we have A([a,b)) =b— a.

Proof. Direct consequence of Theorem 724 (Carathéodory, Lebesgue measure on R), and Lem-
ma 703 (\* generalizes length of interval). O
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|Remark 727. Note that similarly to A\*, we can prove for all a € R, A((—o0, a]) = A([a,00)) = oo.|

|Lemma 728 (Lebesgue measure is o-finite). The measure space (R, B(R), \) is o-ﬁmte.|

Proof. Direct consequence of Theorem 724 (Carathéodory, Lebesgue measure on R), Lemma 703
(\* generalizes length of interval, with b= —a € N), the Archimedean property of R, and

Definition 624 (o-finite measure, with A, def- (—n,n)). O

|Lemma 729 (Lebesgue measure is diffuse). The measure space (R, B(R), \) is diﬁuse.|

Proof. Direct consequence of Theorem 724 (Carathéodory, Lebesgue measure on R), Lemma 703
(A* generalizes length of interval, with b = a), and Definition 626 (diffuse measure, {a} = [a,a]).
O
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Chapter 13

Integration of nonnegative functions

Contents
13.1 Integration of indicator functions . . . . . . . .. ... ... ...... 145
13.2 Integration of nonnegative simple functions . ... .. .. ... ... 149
13.2.1 Simple function . . . . . .. ..o 149
13.2.2 Nonnegative simple function . . . . . . . ... ... ... ... ..... 153
13.2.3 Integration of nonnegative simple function . . . . . . . . ... ... ... 156
13.3 Integration of nonnegative measurable functions . ... ... .. .. 163
13.4 Measure and integration over product space . . . ... ... ..... 175
13.4.1 Measure over product Space . . . . . . . . . .. i e e e 175
13.4.2 Lebesgue measure over product space . . . . . .. .. ... ... ... 181
13.4.3 Integration over product space of nonnegative function . . . . . . . . .. 182
Remark 730.

The first three sections of this chapter follow steps 1 to 3 of the Lebesgue scheme (see Section 4.1).

13.1 Integration of indicator functions

Remark 731. In this section, functions take their values in {0,1}, and the expressions involving
integrals are taken in R;.

Definition 732 (ZF, set of measurable indicator functions).

Let (X, ) be a measurable space. The set of measurable indicator functions is denoted ZF (X, %)

(or simply ZF); it is defined by ZF(X,%) L {14 |A € B}

Lemma 733 (indicator and support are each other inverse).
Let (X,X) be a measurable space. Let A € X, let f € ZF. Then, we have

(13.1) 1a€ZF, {f#0}e3, {la#0}=A4 and Ly =f.

Proof. Direct consequence of Definition 732 (ZF, set of measurable indicator functions), the def-
inition of the indicator function, and the definition of inverse image. O

Lemma 734 (ZF is measurable).
Let (X,X) be a measurable space. Then, we have IF C Mg N My C M.
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Proof. Direct consequence of Definition 732 (ZF, set of measurable indicator functions), Lem-
ma 569 (measurability of indicator function), Lemma 577 (M and finite is Mg, Mg C M), non-
negativeness of indicator function, and Definition 593 (M., subset of nonnegative measurable
numeric functions). O

Lemma 735 (ZF is o-additive). Let (X,X) be a measurable space. Let I CN. Let (A;);er €3.
Assume that the A;’s are pairwise disjoint. Then, we have ) ;. 1a, = Ly, ,a €IF.

Proof. Direct consequence of Definition 732 (ZF, set of measurable indicator functions), the for-
mula for the indicator of disjoint union (sum), Definition 516 (measurable space, ¥ is a
o-algebra), and Definition 474 (o-algebra, closedness under countable union). O

Lemma 736 (ZF is closed under multiplication).
Let (X,X) be a measurable space. Let A,B € ¥.. Then, we have 141 = 1anp € ZF.

Proof. Direct consequence of Definition 732 (ZF, set of measurable indicator functions), the for-
mula for the indicator of intersection (product), and Lemma 475 (equivalent definition of
o-algebra, closedness under intersection). O

Remark 737.
We recall the notation 1}, to denote the indicator function of U defined on V' (when U C V).

Lemma 738 (ZF is closed under extension by zero). B
Let (X,X) be a measurable space. Let A € . Let Y C X such that ACY. Let f : Y — R
and f : X — R. Assume that fiy = f and fi, € ITF(A, XN A). Then, we have f14 € TF(X,X).

Proof. Direct consequence of Definition 732 (ZF, set of measurable indicator functions, f, = 14

with B € ¥ such that B C A), and Lemma 218 (restriction is masking, f 14 = 1%). O
Lemma 739 (ZF is closed under restriction). Let (X,X) be a measurable space.

Let f € TF(X,%). Let A€ X. Then, we have f|, € TF(A, XN A).

Proof. Direct consequence of Definition 732 (ZF, set of measurable indicator functions, f =13

with B € ¥), the rule for the restriction of an indicator function (f, = ]lgﬁA)7 and
Lemma 533 (measurability of measurable subspace, BN A € XN A). O
Definition 740 (integral in Z.F). Let (X,X, 1) be a measure space. Let f € TF.

The integral of f (for the measure ) is denoted [ f dy; it is defined by

(13.2) [ran" uiis 20p €Re.

Lemma 741 (equivalent definition of integral in TF ).
Let (X,X, p) be a measure space. Let A € X. Then, we have [ 14 dp = p(A).

Proof. Direct consequence of Lemma 733 (indicator and support are each other inverse, 14 € ZF
and {14 # 0} = A € %), and Definition 740 (integral in T.F). O

Lemma 742 (integral in IF is additive). Let (X, X, 1) be a measure space. Let n € N.
Let (Ay)icpo.n] € E. Assume that the A;’s are pairwise disjoint. Then, we have

(13.3) / Z ]lAi d/_L = /]lwie[o..n] A; d/,é = Z /]lAi d,u.

1€[0..n] 1€[0..n]
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Proof. Direct consequence of Lemma 735 (ZF is o-additive), Lemma 741 (equivalent definition
of integral in TF), Lemma 621 (equivalent definition of measure, additivity), and Definition 607
(additivity over measurable space). O

Lemma 743 (integral in ZF over subset). Let (X,X, 1) be a measure space.
Let A€ X. LetY C X such that ACY. Let f:Y —R. Let f : X = R. Assume that f|y = i
Then, we have fi, € TF(A, LN A) iff f14 € IF(X,5).

If so, there exists B € ¥ such that B C A, f|, = ﬂg, f]lA = 1%, and we have

(13.4) /f|A dua = /f]lA dp.

This integral is denoted [ 4 [ dp; it is called integral of f over A.

Proof. Equivalence. Direct consequence of Lemma 738 (ZF is closed under extension by zero),
and Lemma 739 (ZF is closed under restriction).

Identity. Direct consequence of Lemma 218 (restriction is masking), Lemma 733 (indicator and
support are each other inverse, f|, = ]lg and f 14 = 1% with B € ¥ such that B C A), Lemma 741

(equivalent definition of integral in TF, with u def- ta, then A def- B), and Lemma 628 ({race
measure). O

Lemma 744 (integral in IF over subset is additive). Let (X, X, u) be a measure space.
Letn € N. Let A, (Ai)icpo.n] € . Assume that (A;)icjo..n) 15 a pseudopartition of A. LetY C X

such that ACY. Let f:Y —R. Let f : X — R. Assume that fiy = f-
Then, f14 € IF iff for alli € [0..n], f14, € ZF. If so, we have

(13.5) /Afd,u: > /A‘fdu.
/A

1€[0..n
Proof. “Left” implies “right”. Direct consequence of Lemma 733 (indicator and support are
each other inverse, f 14 = 1g with B € ¥ such that B C A), and Lemma 736 (Z.F is closed under
multiplication, f1a, = 1gna,).

“Right” implies “left”. Direct consequence of Lemma 733 (indicator and support are each other
inverse, f14, =1p, with B; € ¥ such that B; C 4;), monotonicity of intersection, Defini-

tion 611 (measure), Definition 516 (measurable space, ¥ is a o-algebra), Definition 474 (o -algebra,

B W;cr0 1 Bi € ), Lemma 735 (ZF is o-additive, with I 0. ), and left distributivity

of multiplication over addition in R (f14 = 1p).

Therefore, we have the equivalence.

Identity. Direct consequence of Lemma 743 (integral in TF over subset, with A and the A;’s),

Lemma 735 (ZF is o-additive, with I 0.0 ), left distributivity of multiplication over
addition in R, and Lemma 742 (integral in ZF is additive). O

Remark 745.
In the next lemma, when Y is uncountable, the sum (of nonnegative values) is understood as the
supremum for all finite subsets (which is also correct of course in the countable case),

(13.6) S fw)E sup > f(2)

ZCY
yey card(Z)<oozEZ
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Lemma 746 (integral in ZF for counting measure).
Let (X,X) be a measurable space. Let Y C X. Let f € ZF. Then, we have

(13.7) /fdéy =Y f).

yey

Proof. Direct consequence of Lemma 733 (indicator and support are each other inverse), Lem-
ma 741 (equivalent definition of integral in TF, with A = {f # 0} € ¥), Lemma 671 (counting
measure), the definition of the cardinality, and the definition of the indicator function.

O
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13.2 Integration of nonnegative simple functions

13.2.1 Simple function

|Remark 747. In this section, the functions take their values in R. |

Definition 748 (SF, vector space of simple functions).
Let (X, X) be a measurable space. The vector subspace of finite linear combinations of indicator
functions of measurable subsets is called vector space of simple functions; it is denoted SF(X,X)

(or simply SF); it is defined by SF(X, E) of “span(ZF (X, X)).

Lemma 749 (SF simple representation).
Let (X,X) be a measurable space. Let f: X — R. Then, we have f € SF iff there exists n € N,
(ai)iepo..n] € R and (Ai)icpo..n) € L such that f = Eze[o ] a; 1a,.

If so, for all x € X \ U,¢(o..) Ai, we have f(z) =

Proof. Equivalence. Direct consequence of Definition 748 (SF, vector space of simple functions),
Definition 732 (ZF, set of measurable indicator functions), and Lemma 733 (indicator and support
are each other inverse).

Property.
Direct consequence of the definition of the indicator function, and field properties of R
(0 is absorbing element for multiplication and identity element for addition). O

Remark 750. Note that in a simple representation, the values a;’s may not be unique and may not
be values of the function, and the supports A;’s may be empty, may not be related to preimages
of a;’s, may overlap and thus may not form a partition of X.

|Remark 751. We recall that f~1(y) denotes the subset f~1({y}).

Lemma 752 (SF canonical representation).

Let (X,X) be a measurable space. Let f: X — R.

Then, we have f € SF iff f(X) is finite, and for all y € f(X), f~1(y) belongs to ¥.
If so, we have the following canonical representation:

(13.8) F= yliag,

yef(X)

i.e. there exists unique n € N, (a;)ic[o..n] € R, and (A;)icjo.n) € X, such that

(139) Vi € [On — 1], a; < 41,
(13.10) Vie[0.n], A;=fYa)#2,
(13.11) Vp,ge[0.n], p#q = ApNA;=2,
(13.12) x= | 4,

1€[0..n]
(13.13) F(X) = {a; |i € [0.m]},
(13.14) f= > aila,.

1€[0..n]

Proof. “Left” implies “right”. Assume first that f € SF. Then, from Lemma 749 (SF
simple representation), there exists n € N, (ai)icjo.n) € R, and (A;)icpo.n) € %, such that
f= ZzE[O ) G 14,. Thus, from the definition of the indicator function, f can only take the

values 37, c(o ) @id; where (3;)icfo..n) € {0,1}. Hence, the cardinality of f(X) is at most ontl,
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Let (6:)ieo.n) € {01} Let y = Y, @id; € f(X). Let I, C [0.n] such that i € I, iff

d; = 1. Then, we have! y = Dic 1, @i Unfortunately, several partial sums of a;’s may lead to

the same value y. Thus, from Lemma 475 (equivalent definition of o-algebra, closedness under
countable intersection and union), we have

fHy) = U ﬂAi €X.
I,CP([0..n]) \i€ly
Zq‘,ely ai=y

From properties of inverse image, the collection (f_l(y))yef(x) makes a finite partition of
the whole set X. Let x € X. Then, there exists a unique y € R such that € f~*(y). Thus,
from field properties of R, we have f(r) =y =y x 1 = y1s-1(,(z). Hence, Equation (13.8)
holds. And Equation (13.14) is equivalent, up to a nondecreasing reordering of the y € f(X).

“Right” implies “left”. Let n def. card(f(X)) —1 € N. Let (ai)ic[o..n) € R be the n + 1 distinct

values taken by the function f, i.e. such that f(X) = {a;|i € [0..n]}. For all ¢ € [0..n], let
def. ._
Ai = f 1(0@) €.

Then, from the definition and properties of image and inverse image, and the definition
of partition, the n subsets (4;);c[o..,) constitutes a partition of X. Thus, from the definition
of the indicator function, we have f = ZiE[O..n] a; 14,. Hence, from Lemma 749 (SF simple
representation), we have f € SF.

Uniqueness. Direct consequence of (13.9)—(13.14) since card(f(X)) = n+ 1 (i.e. n is unique),
f(X)={ai|i €[0..n]} (i.e. the a;’s are unique), and A; = f~1(a;) (i.e. the A;’s are unique).

Therefore, we have the equivalence, and the representation is unique. O

Remark 753. To sum up, in a canonical representation, the values a;’s are unique and are the
values of the function, and the supports A;’s are the nonempty preimages of the a;’s and form
a partition of X. Hence, the canonical representation of the zero function is 0 1x. Note that
Equations (13.8) and (13.14) are identical, up to an nondecreasing reordering of the y € f(X).

Some authors exclude y = 0 from the sum over f(X). In this case the partition property
expressed in (13.10)—(13.13) weakens into the pairwise disjunction property (13.11) and inclu-
sions instead of equalities. Then, the zero function must be treated differently as its canonical
representation becomes 1 4.

Lemma 754 (SF disjoint representation).
Let (X,X) be a measurable space. Let f : X — R.
Then, f € SF iff there exists n € N, (ai)icjo.n] € R, and (A;)icpo.n] € X, such that

(13.15) Vie[0.n], A; CfNas),
(13.16) Vp,ge[0.n], p#q = A,NA;=0,
(13.17) x= 1 4,
1€[0..n]
(13.18) f= > aila,.
1€[0..n]

If so, it is called a disjoint representation (of f).

Proof. Direct consequence of Lemma 752 (SF canonical representation, “left” implies “right”), and
Lemma 749 (SF simple representation, “right” implies “left”). O

IFor instance, the case Iy = @ may correspond to y = 0 when 0 & {a; |4 € [0..n]}.
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Remark 755. In a disjoint representation, the values a;’s may not be unique (a; = a; with ¢ # j
is possible) and may not be the values of the function (A; = @ is possible). More precisely, the
supports A;’s may be empty but are subsets of the associated preimage of a; (thus the values that
are not taken by the function are associated with an empty support). They form a pseudopartition
of X (see Definition 207).

Note that the nonempty A;’s form a subpartition of (f~!(y))yes(x) (see next lemma).

Lemma 756 (SF disjoint representation is subpartition of canonical representation).
Let (X,X) be a measurable space. Let f € SF. Let n,m € N, (ai)ic[0..m]> (0)jef0..m] € R, and
(As)icpo..m]> (Bj)jecjo.m) € B. Assume that f = ZiG[O..n] a; 14, is a disjoint representation, and
that f = ZjE[O..m] bj 1, is the canonical representation.

For all j € [0..m), let I} < {i € [0..n] | & # A; C B;}. Let I' =" {i € [0..n] | 4; # o).

Then, we have

(13.19) Vjel[o.m], (Vielj, ai=b) A B;=|H A,
i€l]
(13.20) (Vp,ge(0.m], p#q = Lnl,=2) A H =TI
jF€[0..m]

Proof. Let i € [0..n] and j € [0..m]. Assume that A; # @.

(0a) A; C Bj = a; = bj. Let x € A;NB;. Then, from Lemma 754 (SF disjoint representation,
f(z) = a;), and Lemma 752 (SF canonical representation, f(x) = b;), we have a; = b;.

(0b) a; = bj = A; C Bj. Assume that a; = b;. Then, from Lemma 754 (SF disjoint represen-
tation), and Lemma 752 (SF canonical representation), we have A; C f~'(a;) = f~1(b;) = B;.

(1). Let j € [0..m].

From Lemma 754 (SF disjoint representation), the A;’s are pairwise disjoint. Let A def- e Ai-
Let € B;. Then, from Lemma 752 (SF canonical representation, f(x) = b;), and Lemma 754
(SF disjoint representation, X =4, o 1 Ai and A; C f~(a;)), there exists i € [0..n] such that
r € A, ie. A; # @ and a; = f(x) = b;. Thus, from (0b), we have i € I}, and B; C A}. Hence,
since the other inclusion is obvious, we have equality, and from (0a), property (13.19) holds.

(2a). Let p,q € [0..m]. Assume that p # q.
Let ¢ € I, N I;. Then, from Lemma 752 (SF canonical representation, pairwise disjunction), we
have @ # A; C B, N B, = &, which is impossible. Hence, we have I, N I} = @.

(2b). Let i € I', ie. A; # 2.

Then, from Lemma 754 (SF disjoint representation, a; € f(X)), and Lemma 752 (SF canonical
representation, f(X) = {b;|j € [0..m]}), there exists j € [0..m] such that a; = b;. Thus, from (0b),
we have i € I}, and I’ C Wjc(o..,n) ;. Hence, since the other inclusion is obvious, we have equality,
and from (2a), property (13.20) holds.

Therefore, both properties hold. O
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Lemma 757 (SF is algebra over R).
Let (X,Y) be a measurable space. Then, SF is a subalgebra of RX.
Let f,g € SF, n,m € N, (ai)ic[o..n]» (b )ico..m] € R, and (Ai)icpo..n), (Bj)je0..m] € L such
that f = Zie[o..n] a;ly, and g = Z;e[o m] bj1p,.
Let N < nm+n+m. Let ¢ : 0. N] [0..n] x [0..m] be a bijection.
For all (i,j) € [0..n] x [0..m], let ¢} g, + b5, € def- a;bj, and C; ; a4, N B;.
Then, on the one hand, if both representatwns are disjoint, we have

(13.21) Fre= Y, ctulow
kel0..N]

and it is also a disjoint representation. On the other hand, we always have

(13.22) fo= Z Cotk) LCpuy>

ke[0..N]

and it is also a disjoint representation when those of f and g are.

Proof. Since N 4+ 1= (n+ 1)(m + 1), such a bijection ¢ exists.

(1). From Definition 748 (SF, vector space of simple functions), the definition of the linear
span, and Definition 77 (subspace), SF is a vector subspace of RX. From field properties
of R, Lemma 736 (ZF is closed under multiplication), and Lemma 475 (equivalent definition
of o-algebra, closedness under intersection), we have Equation (13.22) where for all i € [0..n],
j €10..m], A; N B; € ¥. Hence, from Lemma 749 (SF simple representation), we have fg € SF.
Therefore, from Lemma 235 (vector subspace and closed under multiplication is subalgebra), SF is
a subalgebra of R¥.

Assume now that both representations of f and g are disjoint.

(2a). Then, from Lemma 754 (SF disjoint representation), compatibility of intersection with
pairwise disjunction, idempotent law for intersection, and left and right distributivity
of intersection over union, the A; N B;’s are pairwise disjoint, and

X= A4n ¥ B = Cow.
1€[0..n] F€[0..m] ke[0..N]

Hence, the C,1)’s form a pseudopartition of X (there may be empty parts in it, see Remark 755).

(2b). Let ¢ € [0..n]. Then, from field properties of R, the definition of the indicator
function (1x = 1), Lemma 754 (SF disjoint representation, X = 4. 0 ]Bz')v Lemma 735

(IF is o-additive, with T2 [0..m]), left distributivity of multiplication over addition
in R, and Lemma 736 (ZF is closed under multiplication), we have

La, =14, 1y, . B =14 Z 1p, | = Z (La,15,) = Z La,nB;-
j€l0-m] j€lo-m] j€l0-m]

Thus, from left distributivity of multiplication over addition in R, the definition of
intersection (A; N B; C A;), (2a), and Lemma 754 (SF disjoint representation), we have

f= Z a; Z Tains; | = Z aila,nB;,

1€[0..n] j€[0..m] (4,5)€[0..n] X [0..m)]
and the representation is disjoint. Similarly, we obtain the disjoint representation
g= Z b] ]]-AiﬁB]‘ .
(4,4)€[0..n] x[0..m]
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Hence, from additive group properties of R, right distributivity of multiplication over
addition in R, and Lemma 475 (equivalent definition of o-algebra, closedness under intersection),
we have Equation (13.21) where again, for all & € [0..N], Cy,) € X.

(3a). Let a,b € R. Let ¢ be a binary operator from R? to R (using infix notation). Then, from the
definition of inverse image, we have (f0g)(f1(a) N g=1(b)) C {aOb}. Hence, from identity

A C yp~Y(B) < ¢¥(A) C B (with ¥ <" £0g), we have f~(a) N g~1(b) C (fOg)~1(alb).

(3b). Let k € [0..N]. Let (i,5) "2 (k) € [0..n] x [0..m]. Then, from Lemma 754 (SF disjoint
representation, A; C f~*(a;) and B; C g~1(b;)), monotonicity of intersection (A; N B; is a
subset of f~*(a;)Ng~*(b;)), and (3a) with the binary operators addition and multiplication, we
have Cy ) C (f—i—g)_l(c:(k)) and Cyx) C (fg)_l(cf;(k)). Therefore, from Lemma 754 (SF disjoint

representation), and (2a), both Equations (13.21) and (13.22) are disjoint representations. O

Remark 758. Note that in the previous lemma, formula (13.21) is wrong when there is nonempty
overlapping in the representations of the functions. Indeed, the values in overlapped parts are
counted too many times.

Note also that even though the representations of f and g are canonical, the representations
of f+g and fg in Equations (13.21) and (13.22) are only disjoint. Indeed, the a; +b;’s and a;b;’s
may not be pairwise distinct, and thus the A; N B;’s may no longer be their inverse images.

Lemma 759 (SF is measurable).
Let (X,X) be a measurable space. Then, we have TF C SF C Mr C M.

Proof. Direct consequence of Definition 748 (SF, vector space of simple functions), Lemma 569
(measurability of indicator function), Lemma 572 (Mg is algebra), and Lemma 577 (M and finite
18 MR, Mg C M) O

Lemma 760 (SF is closed under extension by zero). B
Let (X,X) be a measurable space. Let A € ¥. LetY C X such that ACY. Let f:Y — R

and f: X — R. Assume that f|Y = fand f|, € SF(A,XNA). Then, we have flaeSF(X,Y).

Proof. Direct consequence of Definition 748 (SF, vector space of simple functions, fi, is a linear
combination of f;’s in ZF (A, XN A)), and Lemma 738 (ZF is closed under extension by zero, with

f; function from X to R such that (f,),. = f,). O

Lemma 761 (SF is closed under restriction). Let (X,X) be a measurable space.
Let f € SF(X,X). Let A€ X. Then, we have f|, € SF(A, XN A).

Proof. Direct consequence of Definition 748 (SF, vector space of simple functions), and Lem-
ma 739 (ZF is closed under restriction,). O

13.2.2 Nonnegative simple function

Remark 762. From now on, the functions take their values in Ry, and the expressions involving
integrals are taken in R, .

Definition 763 (SF., subset of nonnegative simple functions).

Let (X,X) be a measurable space. The subset of nonnegative simple functions is denoted

SFL(X,%) (or simply SF.); it is defined by SF, L {f € SF| f(X) C R.}.
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Lemma 764 (SF, disjoint representation).
Let (X,Y) be a measurable space. Let f : X — R.
Then, f € SF, iff there exists n € N, (a;)icj0..n] € Ry, and (As)icpo..n) € L such that
(13.23) Vi€ [0.n], A; C fH(a),
(13.24) Vp,ge[0.n], p#q = ApNA;=2,
(13.25) X= | 4,
1€[0..n]
(13.26) f= > aily,
1€[0..n]

Proof. “Left” implies “right”. Direct consequence of Definition 763 (SF ., subset of nonnegative
simple functions), and Lemma 754 (SF disjoint representation, with f(4;) = {a;} C Ry).

“Right” implies “left”.
Direct consequence of Lemma 754 (SF disjoint representation, f € SF), closedness of addition
in Ry (f > 0), and Definition 763 (SF L, subset of nonnegative simple functions).

Therefore, we have the equivalence. O

Lemma 765 (SF, canonical representation).
Let (X,X) be a measurable space. Let f: X — R.
Then, f € SF iff there exists unique n € N, (ai)ic[0..n] € Ry, and (A;)ico.n] € X such that

(1327) Vi € [On = ].], a; < j41,
(13.28) Vi€ [0.n), A;=f"(a;)# 2,
(13.29) Vp,g€[0.n], p#q = A,NA,=0,
(13.30) x= [ 4,
1€[0..n]
(13.31) f= > aily,
i€[0..n]

which can also be written (with f=(y) € ¥ for all y € f(X))

(13.32) F= Y ylgag.

yef(X)

Proof. “Left” implies “right”. Direct consequence of Definition 763 (SF 1, subset of nonnegative
simple functions), and Lemma 752 (SF canonical representation, with a; € f(X) C Ry).

“Right” implies “left”.
Direct consequence of Lemma 752 (SF canonical representation, f € SF), closedness of addi-
tion in Ry (f > 0), and Definition 763 (SF 4, subset of nonnegative simple functions).

Therefore, we have the equivalence. O
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Lemma 766 (SF disjoint representation is subpartition of canonical representation).
Let (X, %) be a measurable space. Let f € SF,. Let n,m € N, (a:)ic[0..m]» (05)jef0..m] € Ry, and
(A)ieo..m)> (Bj)jeo.m] € 8. Assume that f = 216[0 @il isa disjoint representation, and
that f = Zje 0..m] b; 1p, is the canonical representation.

For all j € [0..m], let I} € {i € [0..n] | & # A; C B;}. Let I' =" {i € [0..n] | 4; # o).

Then, we have

(13.33) Vi € [0..m], = A A (VeI a=b)),
ZEI’
(13.34) (Yp,ge(0.ml, p#q = LnI,=2) A |H =T
Jj€[0..m]

Proof. Direct consequence of Lemma 756 (SF disjoint representation is subpartition of canon-
ical representation), Lemma 764 (SFy disjoint representation, a; > 0), and Lemma 765 (SF 4
canonical representation, b; = 0). O

Lemma 767 (SF, simple representation).
Let (X,X) be a measurable space. Let f : X — R. Then, we have f € SF iff there exists n € N,
(ai)iefo..n] € Ry, and (Ai)icpo..m) 0 X such that, f = 216[0 ) @i L,

If so, for all x € X \ U,¢(o..) Ai, we have f(z) =

Proof. “Left” implies “right”.

Direct consequence of Lemma 765 (SF . canonical representation).

“Right” implies “left”.

Direct consequence of Lemma 749 (SF simple representation, f € SF), closedness of addition
in Ry (f > 0), and Definition 763 (SF ., subset of nonnegative simple functions).

Therefore, we have the equivalence.

Property. Direct consequence of Lemma 749 (SF simple representation). O

Lemma 768 (SF, is closed under positive algebra operations). Let (X, %, 1) be a
measure space. Let f,g € SF,. Let a € Ry. Then, we have f + g,af, fg € SF.

Let f,g € SFy, n,m €N, (a:)icp0..n]» (05)jep0..m] € Ry, and (As)ic(o..n), (Bj)jef0..m] € L such
that f =3 ici0.n@ila, and g =3 :co m b ls;-
Let N Y nm+n+m. Let ¢ be a bijection from [0..N] to [0..n] x [0..m)].
For all (i,7) € [0..n] x [0..m], let ¢ oy = a; +bj, ¢ ”dif a;b;, andC’”dif A, N B;j.
Then, on the one hand, if both representations are disjoint, we have

(13.35) frg= > cFiiy 1p0
k€[0..N]

and it is also a disjoint representation. On the other hand, we always have

(13.36) fa= Y cwlogw

ke[0..N]

and it is also a disjoint representation when those of f and g are.

Proof. Closedness. Direct consequence of Definition 763 (SF ., subset of nonnegative simple
functions), Lemma 757 (SF is algebra over R), Definition 226 (algebra over a field), and closed-
ness of addition and multiplication in Ry.

Identities. Direct consequences of Lemma 757 (SF is algebra over R), closedness of addition
and multiplication in Ry, Lemma 764 (SF disjoint representation), and associativity and
commutativity of intersection. O
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Lemma 769 (SF. is measurable).
Let (X,X) be a measurable space. Then, we have ZF C SF+ C MgN M C M.

Proof. Direct consequence of Definition 763 (SF ., subset of nonnegative simple functions), Def-
inition 732 (ZF, set of measurable indicator functions), nonnegativeness of the indicator
function, Lemma 759 (SF is measurable), Definition 593 (M., subset of nonnegative measurable
numeric functions). O

13.2.3 Integration of nonnegative simple function

Lemma 770 (integral in SF ). Let (X,%, ) be a measure space. Let f € SF .
Then, we have f = Zyef(x) yls1(y), and the sum Zyef(X) yu(f~1(y)) is well-defined in R, .
The integral of f (for the measure p) is still denoted [ fdy; it is defined by

(13.37) [ ¥ yu(rw) €.

yef(X)

Proof. Direct consequence of Lemma 765 (SF 4 canonical representation), Definition 611 (meagu‘e,
nonnegativeness), Lemma 338 (multiplication in Ry is closed (measure theory), a; € Ry C Ry),
and Lemma 318 (addition in Ry is closed). O

Lemma 771 (integral in SF, generalizes integral in TF).
Let (X,3, 1) be a measure space. Let f € IF. Then, the values of [ fdu provided by Defini-
tion 740 (integral in ZF ), and Lemma 770 (integral in SF ) coincide.

In other terms, for all A € ¥, we have 14 € SF4 and [14dp = p(A).

Proof. Direct consequence of Definition 732 (ZF, set of measurable indicator functions, A € X),
Lemma 767 (SF 1 simple representation, with n = 0, ag = 1, and Ay = A), Lemma 741 (equivalent
definition of integral in TF), and Lemma 770 (integral in SF ., with f(X) = {0,1}, f~1(0) = A,

and f~1(1) = A). O

Lemma 772 (equivalent definition of the integral in SF, (disjoint)).
Let (X, %, ) be a measure space. Let f € SF. Letn € N, (a;)ico.n] € Ry, and (As)icpo.n] € Z.
Assume that f = ZiG[O..n] a; 14, is a disjoint representation. Then, we have

(13.39) [tan=3 ainta.

Proof. From Lemma 765 (SF canonical representation), let m € N, (bj);cj0.m] € Ry, and
(Bj)jef0..m) € X such that f =3, ,,b; 1p, is the canonical representation.

For all j € [0..m], let I} <" {i € [0..n] | @ # A; C B;}. Let I' < {i € [0.n] | A; # @}

Then, from Lemma 770 (integral in SF ), Lemma 766 (SF 1 disjoint representation is subpartition
of canonical representation, both properties), Definition 611 (measure, o-additivity and u(2) = 0),

Definition 608 (o-additivity over measurable space, with I af- g 1), and left distributivity of
multiplication over addition in R, we have

/fdﬂz YoobiuBy)= > bin| A

j€l0..m] F€[0..m] i€l
= Z Z a; p(A;) = Zaiu(Ai) = Z a; p(A;).
JE[0..m] i€} icel’ 1€[0..n]
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Remark 773. The next Lemmas 774 and 778 state the same result (additivity of the integral in
SF ), but their proofs are different: the first one relies on the disjoint representation of simple
functions, whereas the second one sticks to the canonical representation and uses a somewhat
tedious change of variables.

Lemma 774 (integral in SF. is additive).
Let (X,X%, 1) be a measure space. Let f,g € SFy. Then, f+ g € SF+, and we have

(13.39) JG+aydu= [ ran+ [gan

Proof. From Lemma 768 (SF is closed under positive algebra operations), we have f+g € SF .
From Lemma 764 (SF disjoint representation), let n,m € N, (a;)icpo..n]» (05)je[0..m] € R and
(A)ieo..n]> (Bj)jeio.m) € ¥ such that f = ZiG[O..n] a; 1,4, and g = ZjG[O..m] b;j 1, are disjoint

representations. In particular, we have X = LﬂiE[O‘.n] A; = Lﬂje[o.‘m] B;.

Let N Y nm +n +m. Since N +1 = (n+ 1)(m + 1), there exists a bijection ¢ from [0..N]

to [0.n] x [0..m]. For all (i,5) € [0..n] x [0..m], let ¢;; g+ b; and Cj; 4N B;.

Then, from Lemma 768 (SFy is closed under positive algebra operations, addition), the repre-
sentation f + g = Zke[ouN] Co(k) Lo, is also disjoint. Hence, from Lemma 772 (equivalent
definition of the integral in SF 4 (disjoint)), associativity and commutativity of addition
in R (32, = >, ), Lemma 613 (measure over countable pseudopartition, first with A; and the
pseudopartition (B;);efo.m], then with B; and the pseudopartition (A;);cio.n1), and left dis-
tributivity of multiplication over addition in R, we have

/(f tg)du= > o) Cory) = > ¢ij (Ci),

ke[0..N] (4,5)€[0..n]x[0..m]
/fdu: > aip(A) = > a; 1(Ci ),
1€[0..n] (4,5)€[0..n] x[0..m]
/gdu = > buB)= > bj 11(Ci 5)-
F€[0..m] (¢,7)€[0..n] x[0..m]

Therefore, from left distributivity of multiplication over addition in R, we have the equality.
O

Lemma 775 (decomposition of measure in SF ).
Let (X,X, 1) be a measure space. Let f,g € SFy. Lety € f(X). Then, we have

(13.40) p(f W)= > w(fwng ().

z€g9(X)

Proof. Direct consequence of Lemma 769 (SF is measurable), Lemma 518 (some Borel subsets,
singletons are measurable), Lemma 571 (inverse image is measurable in R, f~1(y),g71(z) € %),

Lemma 752 (SF canonical representation, (9~*(2)),eq(x) form a partition of X), and Lemma 613

(measure over countable pseudopartition, with A def. ), B; def. g~ (2) and card(I) equals

card(g(X))). O

Lemma 776 (change of variable in sum in SF).
Let (X,%, 1) be a measure space. Let f,g € SFy. Lety € f(X). Then, we have

(13.41) o wHAu(fwng @)= > tu(fTw)Nn(F+9 1)

z€g9(X) te(f+9)(X)
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Proof. For all z,t € R, let A(2) def. F~Yy) Nng=i(z) and B(t) def. Y y) N (f+g)~(t). Then,

from Lemma 768 (SF, is closed under positive algebra operations), and Lemma 769 (SF, is
measurable), we have f,g,f+g € SFy C M4y C M.

Let z,t € R. Then, from Definition 575 (M, set of measurable numeric functions), Lemma 571
(inverse image is measurable in R, f~1(y), g7'(2), (f +¢)~'(t) € ¥), and Lemma 475 (equivalent

definition of o-algebra, closedness under countable intersection), we have A(z), B(t) € 3.
def. def.

Let A°="{z € g(X) | u(A(2)) > 0} and B "="{t € (f + 9)(X) | u(B(t)) > 0}.
(1). V2 € g(X), A(2) = B(y + 2)-

Direct consequence of the definition of A(z) and B(y + z), the definition of the addition
of functions to R, and additive abelian group properties of R (with y # 00).

(2)- Vt € (f +9)(X), B(t) = A(—y + 1).
Direct consequence of the definition of B(t) and A(—y +t), the definition of the addition
of functions to R, and additive abelian group properties of R (with y # o0).

3). 7y =(2—>y+2): A— Bis a bijection.

From additive abelian group properties of R (with y # o), the translation 7, is a
bijection from R onto itself.

Let z € A. Then, from the definition of A, we have z € g(X) and u(A(z)) > 0. Thus, from
Definition 611 (measure, u(&) =0 (contrapositive)), we have A(z) # @. Let € A(z). Then,
from the definition of A(z), we have f(z) = y and g(z) = z. Thus, from the definition of the
addition of functions to R, we have (f +g¢)(z) = y+ 2, i.e. y+2z € (f+9g)(X). Moreover, from (1),
we have pu(B(y + z)) = p(A(z)) > 0. Thus, from the definition of B, we have 7,(z) =y + z € B.
Hence, we have 7,(A) C B.

Conversely, let t € B. Then, from the definition of B, we have t € (f + ¢)(X) and p(B(t)) > 0.
Thus, from Definition 611 (measure, (&) = 0 (contrapositive)), we have B(t) # &. Let « € B(t).
Then, from the definition of B(t), we have f(z) = y and (f+g)(x) = t. Thus, from the definition of
the addition of functions to R, and additive abelian group properties of R (with y # c0), we
have g(z) = —y+t, i.e. —y+t € g(X). Moreover, from (2), we have u(A(—y+t)) = u(B(t)) > 0.
Thus, from the definition of A, we have T?Jl(t) = —y+t € A. Then, from properties of inverse
functions, we have t = 7, (7, ' (t)) € 7,(A). Hence, we have B C 7,(A).

Finally, 7, is a bijection from A onto 7,(A) = B.

Therefore, from the definitions of A and 7, (1), (3), and the definition of B, we have

D WH2)uAR) = > (y+2) u(Az) = Y 7y (2) n(B(ry(2)))
z€g9(X) zeA z€A
= > tuB®) =D tuBE) =D tu(B).
tery (A) teB te(f+9)(X)

O

Remark 777. Note that the previous lemma is still valid when f and g are functions with possibly
changing sign, and y € R. Moreover, the equalities A(z) = B(y+ z) and B(t) = A(—y +1t) in the
proof are still valid for any z,¢ € R, in which case these subsets may be empty.

Lemma 778 (integral in SF. is additive (alternate proof)).
Let (X,X%, 1) be a measure space. Let f,g € SF. Then, f+ g € SF4, and we have

(13.42) [+ gydu= [ ran+ [gan

Proof. From Lemma 768 (SF is closed under positive algebra operations), and Lemma 769
(SF4 is measurable), we have f, g, f + g€ SFL C My C M.
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Let y,z,t € R. Then, from Definition 575 (M, set of measurable numeric functions), Lem-
ma 571 (inverse image is measurable in R, f=(y),g71(2),(f + g9)~*(t) € ¥), and Lemma 475
(equivalent definition of o-algebra, closedness under countable intersection), we have

o) ng '@ w)n(f+9)7 (1) €S

From Lemma 770 (integral in SF ), Lemma 775 (decomposition of measure in SF ), and Lem-
ma 342 (multiplication in Ry is distributive over addition (measure theory)), we have

/fdu= > yu( = > > gy wng ().

yef(X) yef(X) z€9(X)

In the very same way, we have

/gdﬂz Sozu(g @)= >, > zu(g N W)

z€9(X) z€g9(X) yef(X)

Therefore, from Lemma 319 (addition in R, is associative), Lemma 320 (addition in Ry is com-
mutative), commutativity of intersection, Lemma 342 (multiplication in Ry is distributive
over addition (measure theory)), Lemma 776 (change of variable in sum in SF,), Lemma 775
(decomposition of measure in SF, with (f + g), f and t), and Lemma 770 (integral in SF ), we

have
/fdu+/gdu= > wHu(wng H(2)
yef(X) z€9(X)
= > Y tu(f'wnf+e7t0)
yES(X) te(f+9)(X)
=Y Y (e 0 W)
te(f+9)(X) yef(X)
= > tu((f+9'W)
te(f+9)(X)
= /(f+g) dp
O
Lemma 779 (integral in SF 1is positive linear). Let (X,%, 1) be a measure space.

Let f, g e SF,. Leta e Ry. Then, f+ g,af € SF, and we have

(13.43) /(f+g)du:/fdu+/gdu and /afd,u:a/fdu.

Proof. Addition. Direct consequence of Lemma 774 (integral in SF 4 is additive), or Lemma 778
(integral in SF 4 is additive (alternate proof)).

Nonnegative scalar multiplication.
From Lemma 768 (SF . is closed under positive algebra operations), we have af € SF .

Case a = 0. Then, from field properties of R (0f = 0), and the definition of the indicator
function (1 = 0), we have 0f = 15. Hence, from Lemma 771 (integral in SF generalizes
integral in ZJF), Definition 611 (measure, homogeneity), and Lemma 343 (zero-product property
in Ry (measure theory)), we have

/Ofdu:/]lgd,u:u(g):O:Ox/fdp.
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Case a > 0. Let y € f(X). Let 2 = ay € (af)(X). Then, from Definition 288 (multiplication
in R, for all a €R%, 2 =1), we have (af)"!(2) = f~!(y) Hence, from Lemma 770 (integral
in SF4), we have

Jotau=" ¥ zutap) @)= ¥ ayntsw)=a [ fan

z€(af)(X) yef(X)

O

Lemma 780 (equivalent definition of the integral in SF, (simple)).
Let (X, %, u) be a measure space. Let f € SF 1. Letn € N, (ai)icjo.n] € Ry, and (Ai)icjo.n] € .
Assume that f = ZiG[O..n] a; 14, s a simple representation. Then, we have

(13.44) [tan=3 ainta.

Proof. Direct consequence of Lemma 767 (SF simple representation, thus such representation
exists), Lemma 779 (integral in SFy is positive linear), and Lemma 771 (integral in SF+ gener-
alizes integral in TF). O

Lemma 781 (integral in SF. is monotone).
Let (X,%, 1) be a measure space. Let f,g € SFy. Then, we have

(13.45) f<g = [rau< [gan

Proof. Assume that f < g. Then, from Definition 763 (SF ., subset of nonnegative simple func-
tions), Lemma 757 (SF is algebra over R), Definition 226 (algebra over a field, SF is a vector
space), and Definition 61 (vector space, (SF,+) is an abelian group), we have g = f+ (g — f) with
fyg—f € SF4. Therefore, from Lemma 779 (integral in SF is positive linear), and Lemma 770
(integral in SF 4, nonnegativeness with g — f € SF.), we have

/gdu /fdu+/g fd /fdu

Lemma 782 (integral in SF is continuous).
Let (X,X, 1) be a measure space. Let f € SF. Then, we have

(13.46) /fdu: sup /gad,u.
YESTF 4
p<f

Proof. From Definition 2 (supremum, upper bound), and since f € SF, we have

/fdu sup /wdu-
PESF 4

o< f

Conversely, let ¢ € SF such that ¢ < f. Then, from Lemma 781 (integral in SF 4 is monotone),
and Definition 2 (supremum, least upper bound) we have

sup /cpdu</fdu.
PESF 4

p<f

Therefore, we have the equality. O
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Lemma 783 (integral in SF over subset). Let (X,%, 1) be a measure space.
Let A€ X. LetY C X such that ACY. Let f:Y —R. Let f : X — R. Assume that f}, = f.
Then, we have f|, € SF{(A, XN A) iff flace SF(X,X). If so, we have

(13.47) /f|A duA:/f]lAdu.

This integral is still denoted fA fdu; it is still called integral of f over A.

Proof. Equivalence. Direct consequence of Lemma 760 (SF is closed under extension by zero),
and Lemma 761 (SF is closed under restriction).

Identity. Direct consequence of Definition 748 (SF, wvector space of simple functions, f|, is
a linear combination of f;’s in ZF(A, XN A)) Lemma 779 (integral in SF is positive linear),
Lemma 771 (integral in SFy generalizes integral in TF), and Lemma 743 (integral in TF over
subset, with f; : X — R such that (fi)! = fi)- O

Lemma 784 (integral in SF over subset is additive). Let (X,X, 1) be a measure space.
Letn € N. Let A, (A;)icpo.n] € X. Assume that (A;)icjo..n) 15 a pseudopartition of A. LetY C X

such that ACY. Let f:Y —R. Let f : X — R. Assume that f|Y = Jf
Then, f14 € SF iff for alli € [0..n), f14, € SF4. If so, we have

(13.48) /Afd,u: > /Aifdu.

1€[0..n]
Proof. (1). Let W € X. Assume that W C Y. Then, from Definition 748 (SF, vector space
of simple functions), and Definition 763 (SF ., subset of nonnegative simple functions), we have
[ 1w € SF iff there exist p € N, (a;);¢[0..p) € Ry, and (f;)jep0..p) € ZF such that

(2). Let ¢ € ZF. Let ¢ € [0..n]. Then, from Definition 732 (ZF, set of measurable indi-
cator functions, g = 1g with B € 3), and Lemma 736 (ZF is closed under multiplication), we
have g1 4, = 1pna, € ZF.

“Left” implies “right”. Assume that f1,4 € SF+.
Then, from (1) (with W def- A), let p €N, (a;)jc0.p) € Ry, and (fj)jeqo..p) € ZF such that

Let i € [0..n]. Let j € [0..p]. Let g} def- fj14,. Then, from (2) (with g def. fj), we have g§ €IF.
Moreover, since A; C A (i.e. A; = AN A;), from field properties of R, and Lemma 736 (ZF is
closed under multiplication) we have

fla, =flana, = <f]1A) La,= Y aifila, = > ajgh
J€0..p] J€[0..p]

Hence, from (1) (with W def- A;), we have f1,4, € SF,.

“Right” implies “left”. Assume that for all i € [0..n], f1.4, € SF4.

Then, from (1) (with W def- A;), for all i € [0..n], let p* € N, (a;l)jie[oupi] € R4, and (f;i)jie[oupi]
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in ZF such that f1a, =Y e @l fi Let p = =1+ 3, (1+p7),

def. i
(a5)jep.p = ((a§i)jie[0..pi]),

def. ;
i€[0..n) €Ry and (fj)je[om] = ((f; ﬂAi)jiG[O..pi]) e1F.

1€[0..n]

Then, from Lemma 735 (ZF is o-additive, with T = e 10.n ), and field properties of R, and (2)
(with g def- f;l), we have

fla= >0 fla= 3 > aulfila)= > afy
1€[0..n] 1€[0..n] 74 €[0..p?] jF€[0..p]
Hence, from (1) (with W aet- A), we have f1, € SF,.
Therefore, we have the equivalence.

Identity. Direct consequence of Lemma 783 (integral in SF over subset, with A and the A;’s),
and Lemma 735 (ZF is o-additive, with [ = 10, ). O

Lemma 785 (integral in ST for counting measure).
Let (X,X) be a measurable space. LetY C X. Let f € SFy. Then, we have

(13.49) [ rase =3 1w

yey

Proof. Direct consequence of Lemma 767 (SF. simple representation), Lemma 771 (integral
in SF generalizes integral in ZF), Lemma 746 (integral in ZF for counting measure), and as-
sociativity and commutativity of (possibly uncountable) addition in Ry. O

Lemma 786 (integral in SF for counting measure on N).
Let f € SFL(N,P(N)). Then, we have

(13.50) / fdon="Y" f(n)

neN

Proof. Direct consequence of Lemma 785 (integral in SF for counting measure, with Y = X N
and X <" P(N)). 0

Lemma 787 (integral in SF for Dirac measure).
Let (X,X) be a measurable space. Let {a} € ¥.. Let f € SFy. Then, we have

(13.51) /fdéa = f(a)

Proof. Direct consequence of Definition 675 (Dirac measure), and Lemma 785 (integral in SF 4

for counting measure, with Y "= def. {a}). O
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13.3 Integration of nonnegative measurable functions

Remark 788. In this section, functions take their values in Ry, and the expressions involving
integrals are also taken in R, .

Lemma 789 (integral in M, ). Let (X,%, 1) be a measure space. Let f € M.
Then, { [ odu|p € SF4+ AN < f} admits a supremum.
The integral of f (for the measure p) is still denoted [ fdy; it is defined by

(13.52) /fdud%f' sup /gad,u €R,.
YESF 1
e<f

A function f: X — Ry is said p-integrable (in M) iff f € My and [ fdp < oco.

Proof. Direct consequence of Lemma 770 (integral in SF ), and Definition 2 (supremum, with
the Lebesgue integral in SF over {p € SFi | < [}, O

Lemma 790 (integral in M generalizes integral in SF ).
Let (X,%,p) be a measure space. Let f € SFy. Then, the values of [ fdu provided by
Lemma 770 (integral in SF ), and Lemma 789 (integral in M ) coincide.

Proof. Direct consequence of Lemma 770 (integral in SF), Lemma 782 (integral in SF. is
continuous), and Lemma 789 (integral in M.). O

Lemma 791 (integral in M of indicator function).
Let (X,%, 1) be a measure space. Let A € X. Then, we have 14 € My and [1adp = p(A).

Proof. Direct consequence of Lemma 769 (SF. is measurable), Lemma 790 (integral in M,
generalizes integral in SF), and Lemma 771 (integral in SF 1 generalizes integral in TF). O

Lemma 792 (integral in M is positive homogeneous).
Let (X,%, 1) be a measure space. Let f € My. Let a € Ry. Then, af € M4, and we have

(13.53) /afdu: a/fdu.

Proof. From Lemma 599 (M is closed under nonnegative scalar multiplication), af € M.

Case a = 0. Then, from Definition 763 (SFy, subset of nonnegative simple functions), Defi-
nition 748 (SF, wvector space of simple functions), and Definition 61 (vector space, 0 € SF), we
have

Of:OES]:+CM+.

Hence, from Lemma 789 (integral in M), Lemma 780 (equivalent definition of the integral in SF
(simple)), Lemma 770 (integral in SFy), and Lemma 343 (zero-product property in Ry (measure

theory)), we have
/Ofd,u:/Odu:():Ox/fd,u.

Case a > 0. Then, from Lemma 340 (multiplication in R, is associative (measure theory)), and
Definition 288 (multiplication in R, for all a € R, ¢ = 1), we have (x) Vb € Ry, 1(ab) =b.

Let ¢ € SFy such that ¢ < f. Then, from Lemma 768 (SFy is closed under positive
algebra operations), we have ap € SF. Moreover, from compatibility of multiplication by

a positive number with order in R, property (%), Lemma 779 (integral in SF is positive
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linear, positive homogeneity), Lemma 789 (integral in M), and Definition 2 (supremum, upper

bound), we have ap < af and
1 1
/wdu=7/awdu<f/afdu-
a a

Thus, from Lemma 789 (integral in M), Definition 2 (supremum, least upper bound), and prop-

erty (%), we have
1
a/fd,u:a sup /gpdugaf/afd,u:/afd,u.
pESF 4 a

p<f

Moreover, the same result also holds for function af € M and number % > 0, and with prop-
erty (x), we have [afdu < a [ +(af)dp=a [ fdu. Hence, we have the equality.
Therefore, we always have the equality. O

Lemma 793 (integral in M of zero is zero).
Let (X,%, 1) be a measure space. Then, 0 € M, and we have [0dp = 0.

def.

Proof. Direct consequence of Lemma 792 (integral in M is positive homogeneous, with a = 0),
Definition 288 (multiplication in R), and Lemma 343 (zero-product property in Ry (measure the-
ory)). O

Lemma 794 (integral in M, is monotone).
Let (X,X, 1) be a measure space. Let f,g € M. Then, we have

(13.54) f<g = [raus [gan

Proof. Assume that f < g. Then, {p € SFi | < f} C {p € SF;|p < g}. Therefore, from
Lemma 789 (integral in M), and monotonicity of supremum, we have

[rans< [gin

Remark 795. The next proof follows step 3 of the Lebesgue scheme (see Section 4.1).
See also the sketch of the proof in Section 5.5.

Theorem 796 (Beppo Levi, monotone convergence).
Let (X,X, 1) be a measure space. Let (fn)nen € My. Assume that the sequence is pointwise
nondecreasing. Then, lim,_,, f, € M4, and we have

(13.55) / lim f,dp= lim /fndu.
n—oo

n—oo

Proof. From convergence of monotone sequences in R, and completeness of R, the existence
of the pointwise limit f is guaranteed in R, and we have f = lim, o0 fn = SUp,cn fo-

From Lemma 602 (M is closed under limit when pointwise convergent), we have f € M.
Then, from Lemma 789 (integral in M), the integral of f is well-defined. Moreover, from
Lemma 794 (integral in M is monotone), and completeness of the extended real numbers,
the sequence ([ fr, dp)nen is nondecreasing, hence convergent in R towards

lim [ f,du = sup / fndp.

n—oo neN
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Thus, from Definition 2 (supremum, upper bound), and Lemma 794 (integral in M is monotone),

for all n € N, we have
[ tudus [sup fudu= [ fap.

Hence, from Definition 2 (supremum, least upper bound), we have

tim [ fadp = sup/fn du< [ £

Let a € (0,1). Let ¢ € SFy. Assume that ¢ < f. Let n € N. Let A, aef- {ap < fn} C X.

Then, from Definition 748 (SF, vector space of simple functions, —ap € SF), Lemma 759 (SF is
measurable, —ap € M), and Lemma 581 (M is closed under addition when defined, —ayp takes
finite values), we have f, —ap € M. Thus, from Lemma 578 (measurability of numeric function,
with f,, — ayp), and Lemma 791 (integral in M, of indicator function), we have A, € X, and
14, € M.. Moreover, from monotonicity of addition in R., and transitivity of order,
the sequence (A, )neN is nondecreasing.
Let x € X. Case ¢(x) = 0. Then, for alln € N, z € A,,. Case ¢(x) > 0. Then, since
0 < a <1, we have ap(z) < p(z) < f(z). Thus, from monotonicity of the limit, there exists
N € N such that for all n > N, ap(x) < fn(x), i.e. x € Ay. Hence, we have X = UnEN

Let B € ¥. Then, from Lemma 475 (equivalent definition of o-algebra, closedness under
countable intersection (with card(I) = 2)), monotonicity of intersection, and distributivity

of intersection over union, the sequence (B N A,),en belongs to X, is nondecreasing, and
Unen(BNA,) = B. Thus, from Lemma 617 (measure is continuous from below), and Definition 616
(continuity from below), we have u(B) = u (UnEN(B N An)) = lim, 00 (BN Ay).

Then, from Lemma 780 (equivalent definition of the integral in SF (simple)), there exists
k€N, (ai)icpo..k) € Ry, and (B;)icfo..1] € X such that

Z a;lp, and /godu = Z a;p(B;).
1€[0..k] 1€[0..k]
Thus, from Lemma 779 (integral in SF is positive linear), we have
Vn € N, /cp]lAnd,u:/ Z a;lp,na, du= Z a;p(B; N Ay).
1€[0..k] 1€[0..k]

Hence, from the previous result on the measure p, linearity of the limit, and Lemma 779
(integral in SF 4 is positive linear, with a > 0), we have

/(pdﬂ— Z a; hm M(B NA,) = hm /(leA du—f hm /ago]lAnd,u
1€[0..k]

Let n € N. Then, from the definition of the A,,’s, and the definition of the indicator function,
we have apla, < fola, < fn. Thus, from compatibility of the multiplication by a
positive number with order, Lemma 794 (integral in M is monotone), and monotonicity
and linearity of the limit, we have

1
/sadu< 1 i /fndu-
a n—oo

Then, from left continuity of the division at a = 1, and monotonicity of the limit,
VoeSFa o< [pdu< lm [ fodn
n—oo

RR n° 9386



166 F. Clément, & V. Martin

Hence, from Lemma 789 (integral in M), and Definition 2 (supremum, least upper bound),

/fdu= sup /wdu< lim /fndu-
wESF ¢ n— o0

p<f

Therefore, we have [ fdp = lim, . [ fn dp. O

Lemma 797 (integral in My is homogeneous at ).
Let (X,X, 1) be a measure space. Let f € My. Then, oof € M, and we have

(13.56) /oof dp = oo/fd,u.

Proof. From Definition 593 (M, subset of nonnegative measurable numeric functions, f > 0),
ordered set properties of Ry, Lemma 792 (integral in M is positive homogeneous), and
Lemma 599 (M is closed under nonnegative scalar multiplication), (nf)nen is a nondecreasing
sequence in M such that lim, . nf = cof € M. Therefore, from Theorem 796 (Beppo Lewvi,
monotone convergence), Lemma 792 (integral in M is positive homogeneous), and positive
homogeneity of the limit in R, we have

[oeran= [ (mn) san= [ (jim nr) an
znli_{%o (/nfdu) :nli_{rgo (n/fdu) = (nli_)rrgon)/fdu:oo/fdu.

O

Definition 798 (adapted sequence).
Let (X, 3, u) be a measure space. Let f € My. Let (¢,)nen € SF4. The sequence (pn)nen is
called adapted sequence for f iff it is nondecreasing and f = lim,,en ¥n = SUpP,,en Pn-

Lemma 799 (adapted sequence in M ).
Let (X,X, 1) be a measure space. Let f € My. For allm € N, let ¢, : X — Ry defined by

2" f(x
(13.57) Vee X, on(z) def. { |—277$)J when f(x) < n,

n otherwise.

Then, (pn)nen is an adapted sequence for f.

Proof. Let n € N. Let z € X. Assume that f(z) < n. Let i def. |2” f(x)] € N. Then, from the
definition of the floor function, we have 0 < i < 2"f(x) < i+ 1 < n2™. Thus, for all i € N

such that 0 < i < n2", for all € X such that 55 < f(z) < 4L, we have ¢, () = 5=. Hence,

)
©On = Z 27]1{2%<f<%}+n]1{f>n}.
0<i<n2n

Moreover, from Lemma 578 (measurability of numeric function), and Lemma 475 (equivalent
definition of o-algebra, closedness under countable intersection (with card(l) = 2)), we have

{igf<i+1}:{igf}m{f<i;l}62 and {f>n}eX.

2n 2n 2m

Hence, from Definition 748 (SF, wvector space of simple functions), and Definition 763 (SF,
subset of nonnegative simple functions), we have @, € SF .
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Let n € N. Let z € X. Case n + 1 < f(x). Then, we have

on(z) =n<n+1=qp,(z).

. def.

Case f(r) <n+ 1. Let i |27 f(z)]. Then, we have

1 . 1 141
Ont1(z) = ST with 0 < S < flz) < ISR

Case # > n. Then, f(z) > n and we have

i
Pn(z) =n < onil = Pnt1().
Case zn% < n and ¢ even. Let j def- % € N. Then, from ordered field properties of R, we
have

J i 1 j+1

2L . .

2n f(ﬂ?) < 2n 2n+1 < 2n

Thus, from the definition of the floor function, we have j = [2" f(x)] and
J )

Pn(z) = on T ontl Pnt1(7).

Case ﬁ < n and ¢ odd. Let j def- % € N. Then, from ordered field properties of R, we
have

J j 1 J+1
Ly < :
on on + 2n+1 f($> < on

Thus, from the definition of the floor function, we have j = |2" f(z)]| and

ioi—1 i
Pn(z) = on = ontl S gnil Pnt1().

Thus, we always have ¢, (z) < pn11(z). Hence, the sequence (p,,)nen is nondecreasing.

Let € X. We have f(z) € R.. Case f(z) = oco. Then, for all n € N, we have ¢, (z) = n.
Hence, lim, o ¢n(z) = f(z). Case f(xz) € Ry. Then, from the Archimedean property
of R, there exists N € N such that f(z) < N. Let n € N such that N < n. Then, from the
definition of the floor function, we have

2%pn(x) = [2"f(2)] <2"f(2) < [2"f(2)] +1=2"pn(z) + 1.

Thus, from ordered field properties of R (with 2™ > 0), we have f(z) — 5= < ¢n(z) < f(2).
Hence, from the squeeze theorem, we have lim, o @, (x) = f(z).
Therefore, from Definition 798 (adapted sequence), (vn)nen is an adapted sequence for f. [

Lemma 800 (usage of adapted sequences). Let (X,X%, 1) be a measure space.
Let f € M. Let (pn)nen € SF4 be an adapted sequence of f. Then, we have
(13.58) /fd,u:/ lim ¢, dy = lim /gon dp.

n—oo n—oo

Proof. Direct consequence of Definition 798 (adapted sequence), Lemma 799 (adapted sequence
in M), Theorem 796 (Beppo Levi, monotone convergence). and Lemma 790 (integral in M
generalizes integral in SF). O

Lemma 801 (integral in M is additive).
Let (X,X, 1) be a measure space. Let f,g € My. Then, f + g € M4, and we have

(13.59) /(f+g) du=/fdu+/gdu~
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Proof. From Lemma 597 (M is closed under addition), we have f + g € M.

From Lemma 799 (adapted sequence in M), let (¢n)neN, (Yn)nen € SF4+ be adapted se-
quences for f and g. Then, from Lemma 779 (integral in SFy is positive linear, additivity),
monotonicity of addition, and additivity of the limit, (¢, + ¥, )nen € SF4 is an adapted
sequence for f + g. Let n € N. Then, from Lemma 779 (integral in SF4 is positive linear,
additivity), we have

/(wn+wn)du=/wndu+/wndu.

Therefore, from linearity of the limit when n goes to infinity, and Lemma 800 (usage of

adapted sequences), we have
/(f+g)du=/fdu+/gdu-

O

Lemma 802 (integral in M is positive linear). Let (X,X%, 1) be a measure space.
Let f,ge My. Leta € Ry. Then, f+g,af € My, and we have

(13.60) /(f+g)du:/fdu+/gdu and /afd,u:a/fdu.

Proof. Direct consequence of Lemma 801 (integral in M is additive), Lemma 792 (integral in M
is positive homogeneous), and Lemma 797 (integral in M is homogeneous at o0). O

Lemma 803 (integral in M is o-additive).
Let (X, %, 1) be a measure space. Let (fn)nen € My. Then, Y .\ fn € My, and we have

(13.61) / (Z fn> dp ="y (/ fn d,u) .

neN neN

Proof. Direct consequence of Lemma 603 (M is closed under countable sum), and Theorem 796
(Beppo Levi, monotone convergence, with nondecreasing sequence (3. 1y .1 fi)neN)- O

Lemma 804 (integral in M, of decomposition into monpositive and nonnegative
parts). Let (X,X) be a measurable space. Let f € M. Then, we have

(13.62) [istau= [ s+ ans [ £ an

Proof. Direct consequence of Lemma 596 (M is closed under absolute value, | f| belongs to M),
Lemma 594 (measurability of nonnegative and nmonpositive parts, f+,f~ € M.), Lemma 403
(decomposition into monnegative and nonpositive parts, |f|=fT+f), and Lemma 801 (integral
in My is additive). O

Lemma 805 (compatibility of integral in M, with nonpositive and nonnegative parts).
Let (X, X)) be a measurable space. Let f,g € M such that f + g € M. Then, we have

163  [Grotdus [£aus [odn= [rodut [t [odn

Proof. Direct consequence of Lemma 404 (compatibility of nonpositive and nonnegative parts with
addition), and Lemma 801 (integral in M is additive). O
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Lemma 806 (integral in M, is almost definite).
Let (X,X, 1) be a measure space. Let f in M. Then, we have

(13.64) /fd,uzO — frE".

Proof. Let A def. {f >0} = f71(0,00]. Then, from Lemma 578 (measurability of numeric

function, A € X)), Lemma 791 (integral in M, of indicator function, 14 € M,), Lemma 599
(M is closed under nonnegative scalar multiplication, cof, 0014 € M), Lemma 797 (integral
in M is homogeneous at oo), Lemma 344 (infinity-product property in Ry (measure theory),
oof = o001y), and Lemma 791 (integral in M, of indicator function) we have

OO/fdu=/OOfdu=/oollAdu=00/]lAdu=Oou(A)~

Therefore, from Lemma 343 (zero-product property in Ry (measure theory), multiplication by oo
is definite in Ry), Definition 593 (M., subset of nonnegative measurable numeric functions,

f =0} = A), Lemma 636 (negligibility of measurable subset), and Definition 641 (property almost
satisfied), we have

/fd,u:O = oo/fduzO <~ oopu(d)=0
= wA)=0 = u{f=0})=0 <= ["="0

O

Lemma 807 (compatibility of integral in M with almost binary relation).
Let (X, X, 1) be a measure space. Let R be a binary relation on M. Let R’ be a binary relation

on Ry. Assume that we have the properties 0 R 0 and

(13.65) Vf,ge M., fRg = /fduR’/gdu.

Then, we have the property

(13.66) Vige My, fRuseg = /fduR’/gdu-

Proof. Let f,g € M. Assume that f R, .. g holds.

From Definition 650 (almost binary relation), Definition 641 (property almost satisfied), Defi-
nition 631 (negligible subset), and monotonicity of complement, let A € ¥ such that u(4) =0
and A° C {f R g}, i.e. such that f|,. R g|,. holds. Thus, from the definition of the indicator
function, and since 0 R 0, we have f14c R g14c. Then, from Definition 611 (measure), Defi-
nition 516 (measurable space, X is a o-algebra), Definition 474 (o-algebra, A° € ¥), Lemma 791
(integral in My of indicator function, 14,14 € M, ), and Lemma 598 (M is closed under
multiplication), we have fla, flac,gla,glac € M. Thus, from assumption, the property
J flgedp R [ g1 acdp holds.

Let h € {f,g}. Then, from the definition of the indicator function ({14 = 0}¢ is A),
Lemma 636 (negligibility of measurable subset, {14 = 0}° € N), Definition 641 (property almost

a.e.

satisfied, 1,1 0), Lemma 660 (compatibility of almost equality with operator, with the unary
operator left multiplication by h), and Lemma 343 (zero-product property in Ry (measure theory)),

pa.e.

h0O = 0. Thus, from Lemma 643 (everywhere implies almost everywhere), and
pa.e.

we have h14

Lemma 657 (almost equality is equivalence relation, transitivity), we have h1 A 0. Hence,
from properties of the indicator function, Lemma 342 (multiplication in Ry is distributive
over addition (measure theory)), Lemma 801 (integral in M4 is additive), Lemma 806 (integral
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in M is almost definite), and Lemma 283 (zero is identity element for addition in R), we have
for all h € {f, g},

/hdu:/h(]lA—l—]lAc)du:/h]lAd,u—i—/h]lAcdu:/h]lAcdu.

Therefore, [ fdu R’ [ gdp also holds. O

Lemma 808 (compatibility of integral in M with almost equality).
Let (X,X, 1) be a measure space. Let f,g € My. Then, we have

(13.67) ey = /fd,u:/gdu.

Proof. Direct consequence of Lemma 807 (compatibility of integral in My with almost binary

relation, with R = R/ def. equality), and Lemma 789 (integral in M, integral is a function). [

Lemma 809 (integral in M, is almost monotone).
Let (X,X%, 1) be a measure space. Let f,g € M. Then, we have

(13.68) 1'<y = / fdu < / gdp.

Proof. Direct consequence of Lemma 807 (compatibility of integral in My with almost binary
relation, with R = R’ ‘< inequality), and Lemma 794 (integral in ML is monotone). O

Lemma 810 (Bienaymé—Chebyshev inequality).
Let (X,X, 1) be a measure space. Let f € M. Let a € ﬁ:. Then, we have

(13.69) k({1f1 > ah < [ 17]dn.

Proof. Let A = = {If| = a}. Then, from Lemma 596 (M is closed under absolute value, | f| belongs

to My C M), and Lemma 578 (measurability of numeric function), we have A € 3. Moreover,
from the definition of the indicator function, and Lemma 302 (absolute value in R is non-
negative), we have |f| > aly. Therefore, from Lemma 569 (measurability of indicator function),
Lemma 599 (M is closed under nonnegative scalar multiplication), Lemma 792 (integral in My
is positive homogeneous), Lemma 797 (integral in M is homogeneous at 0o), Lemma 794 (integral
in My is monotone), and Lemma 791 (integral in M of indicator function), we have a14 € M

and
/|f|du>/a]lAdu:a/]lAd,u:au(A).

O

Lemma 811 (integrable in M, is almost finite). Let (X, X%, 1) be a measure space.
Let f: X — Ry be p-integrable in M. Then, we have u(f~*(c0)) =0, i.e. f " .

Proof. Direct consequence of Lemma 789 (integral in M, f € M), Definition 593 (M., sub-
set of monnegative measurable numeric functions), Lemma 810 (Bienaymé—Chebyshev inequal-

ity, with a def. ), Lemma 302 (absolute value in R is nonnegative, |f| = f), Definition 278 (ex-

tended real numbers, R, A < {If| = oo} = f~1(00)), Lemma 789 (integral in M., [ |f|du < 00),

compatibility of multlphcatlon with order in R (u(A) < 0), Definition 611 (measure,
nonnegativeness, i.e. u(A) = 0), Lemma 636 (negligibility of measurable subset, A € N), and Def-

inition 641 (property almost satisfied, A° = {f < oo}), O
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Lemma 812 (bounded by integrable in M. is integrable).
Let (X, %, 1) be a measure space. Let f : X — Ry. Then, f is p-integrable in M. iff there exists
g: X — Ry such that g is p-integrable in M4 and f < g.

Proof. “Left” implies “right”. Direct consequence of Lemma 279 (order in R is total, reflexivity,

with ¢ def. 1)

“Right” implies “left”. Direct consequence of Lemma 789 (integral in M, p-integrability),
Lemma 794 (integral in My is monotone), and Lemma 279 (order in R is total, transitivity).

Therefore, we have the equivalence. U

Lemma 813 (integral in M over subset). Let (X,%, 1) be a measure space.
Let A€ Y. LetY C X such that ACY. Let f: Y —R. Let f: X — R. Assume that iy = f-
Then, we have f|, € M, (A,XN A) iff fla € My (X, ). If so, we have

(13.70) [ dadia= [ Fraan

This integral is still denoted fA fdu; it is still called integral of f over A.

Proof. Equivalence. Direct consequence of Lemma 592 (measurability of restriction), Defini-
tion 593 (M, subset of nonnegative measurable numeric functions), and nonnegativeness of
the indicator function.

Identity. Direct consequence of Lemma 799 (adapted sequence in M, let (¢n)nen € SFL(X,5)

be an adapted sequence for f]lA), Lemma 761 (SF is closed under restriction, (¢,),, belongs to
SF4(A, XN A)), compatibility of restriction of function with monotonicit); and limit,
Definition 798 (adapted sequence, ((¢n),, )nen is an adapted sequences for f|, ), Lemma 800 (usage
of adapted sequences), and Lemma 783 (integral in SF over subset). O

Lemma 814 (integral in M over subset is o-additive). Let (X, X, 1) be a measure space.
Let I C N. Let A, (A;)icr € . Assume that (A;)ier is a pseudopartition of A. Let Y C X such
that ACY. Let f:Y —R. Let f : X — R. Assume that f|, = f.

Then, f14 :ZieIf]lAi, and fl4 e My iff for alli €I, f]lAi € M. If so, we have

(13.71) /Afdu = Z/Ai fdp.

i€l

Proof. (1). fla = Y ier f1a,. Direct consequence of Lemma 735 (ZF is o-additive, with
7% N), and left distributivity of multiplication over countable addition in R,.

“Left” implies “right”. Direct consequence of Lemma 736 (ZF is closed under multiplication,
14, =104, =1414,), associativity of multiplication in R, Lemma 569 (measurability of
indicator function), Lemma 577 (M and finite is Mgr, Mg C M), nonnegativeness of the
indicator function, Definition 593 (M, subset of nonnegative measurable numeric functions),
and Lemma 598 (M is closed under multiplication).

“Right” implies “left”. Direct consequence of (1), and Lemma 603 (M is closed under countable
sum).

Therefore, we have the equivalence.

Identity. Direct consequence of Lemma 813 (integral in My over subset, with A, then A;), (1),
and Lemma 803 (integral in M is o-additive). O
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Lemma 815 (integral in M, over singleton). Let (X,3, ju) be a measure space. Let a € X.
Assume that {a} €X. Let f : X — Ry. Then, we have f1, = f(a)1{q € My, and

(13.72) /{ Fdu= F@ul{o))

Proof. From the definition of the indicator function, Lemma 569 (measurability of indica-

tor function), and Lemma 599 (M is closed under nonnegative scalar multiplication), we have

[y = fla)1{qy € My. Then, from Lemma 813 (integral in M over subset, with A et {a},

y ¥ x ), Lemma 802 (integral in M is positive linear, homogeneity in R, ), and Lemma 791
(integral in M of indicator function), we have

[ pan= / f 1y du = £(a) / 1y dpt = f(a)u({a}).

|Remark 816. See the sketch of next proof in Section 5.4. |

Theorem 817 (Fatou’s lemma).
Let (X, 3, ) be a measure space. Let (fn)nen € M. Then, liminf, o f, € My, and we have

n—oo

(13.73) /liminf frndp < lim inf/fn du.
n—oo

Proof. From Lemma 392 (limit inferior bounded from below, with m def. 0), and Lemma 588 (M
is closed under limit inferior), we have liminf,,_, f, € M.
Let n € N. Let g, cet infpen fnt+p- Then, from monotonicity of infimum, Lemma 376

(infimum of bounded sequence is bounded, with a def- 0), and Lemma 586 (M is closed under

infimum), (gn)nen i a nondecreasing sequence in M. Thus, from Definition 390 (pointwise

convergence), properties of nondecreasing sequences in the ordered set R, Lemma 602
(M is closed under limit when pointwise convergent), (gn)nen IS pointwise convergent in Ry

towards the measurable function g def. lim,eN gn. Moreover, from the nondecreasing property
of the sequence in the ordered set R, and Lemma 378 (limit inferior), we have

g = sup g, = liminf f,.
neN n—0o0

Hence, from Theorem 796 (Beppo Levi, monotone convergence, with (gn)nen), ¢ is measurable
and nonnegative, and we have

/liminffnd,u: /gdu: lim /gndu.
n—oo n—oo
Let n,p € N. Let x € X. Then, from Definition 9 (infimum, lower bound), we have

gn (@) < frip(@)-

Then, from Lemma 794 (integral in M is monotone), we have

/gndﬂgffn-‘rpd.u-

Hence, from Definition 9 (infimum, greatest lower bound), we have

wdp < Anf [ frppdpu
/g v ;IEIN/fﬂzu
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Therefore, from monotonicity of the limit in the ordered set R, and Lemma 378 (limit
inferior), we have

/lim inf f,, dup = lim /gn dp < liminf/fn du.
n—o0 n—oo n— oo
O

Lemma 818 (integral in M of pointwise convergent sequence).
Let (X,X, 1) be a measure space. Let (fn)nen € My. Assume that the sequence is pointwise
convergent towards f such that for alln € N, f,, < f. Then, f € M4, and we have

(13.74) / lim fndu:/fd,u: lim /fndu.
n—oo n—oo

Proof. From Lemma 602 (M is closed under limit when pointwise convergent), we have
f = lim fn € M+.
n—oo

Moreover, from Lemma 794 (integral in M is monotone), we have

Vn € N, /fnd,u /fdu

Thus, from Definition 2 (supremum, least upper bound), Lemma 391 (limit inferior and limit
superior of pointwise convergent), and Theorem 817 (Fatou’s lemma), we have

n—oo

limsup/fndu < /fd,u:/ lim f,dp= /liminffndu < liminf/fndu
n—00 n—00 n—00
Therefore, from Lemma 396 (limit inferior, limit superior and pointwise convergence), we have

hmlnf/fnduzlimsup/fndu: li_>m /fndu:/fdu.
n—oo

n—oo

Lemma 819 (integral in M for counting measure).
Let (X,X) be a measurable space. LetY C X. Let f € My. Then, we have

(13.75) [ ase =3 1w

yey

Proof. Direct consequence of Lemma 800 (usage of adapted sequences), Lemma 785 (integral
in SF 4 for counting measure), and compatibility of (possibly uncountable) addition in Ry
with limit. O

Lemma 820 (integral in M, for counting measure on N).
Let f : N — Ry be a nonnegative sequence. Then, we have

(13.76) /fchN =Y f(n

neN

Proof. Direct consequence of Lemma 819 (integral in M for counting measure, with Y =X = df N

and ¥ <" P(N)). O

Remark 821. Note that the previous lemma makes nonnegative series be Lebesgue integrals for
the counting measure on natural numbers. Thus, the theory of nonnegative series can be derived
from Lebesgue integration for nonnegative measurable functions.
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Lemma 822 (integral in M for Dirac measure).
Let (X,X) be a measurable space. Let {a} € ¥. Let f € M4. Then, we have

(13.77) / f£ds, = f(a).

Proof. Direct consequence of Definition 675 (Dirac measure), and Lemma 819 (integral in My for

counting measure, with Y’ aef. {a}). O
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13.4 Measure and integration over product space

13.4.1 Measure over product space

Remark 823. For the sake of simplicity, we only present this section in the case of the product of
two measure spaces. When 7 € {1, 2}, the complement {1,2} \ {i} is {3 —i}.
The definition of sections and some of their properties were presented in Section 9.4.

Lemma 824 (measure of section). Let (X1,%1, 1) and (Xa, Yo, ua) be measure spaces.
Let A€ ¥y ®%y. Leti € {1,2}. Let j e Then, the function F/* defined by

(13.78) Vo, € X;,  FAm) "L pi(si(as, A))

K2

is well-defined on X;, and takes its values in Ry. It is called measure of i-th section of A.

Proof. Direct consequence of Lemma 551 (measurability of section), and Definition 611 (measure,
nonnegativeness). O

Lemma 825 (measure of section of product). Let (X1,%1, 1) and (Xo, Yo, ua) be measure
spaces. Let Ay € 1 and Ay € Xo. Let i € {1,2}. Let j def- 3 _ 4. Then, we have

(13.79) FfvA2 — 1i(A)) 1,

Proof. Direct consequence of Lemma 542 (product of measurable subsets is measurable, A1 X Ay
belongs to X1), Lemma 824 (measure of section), Lemma 549 (section of product), Definition 611

(measure, p;(2) =0 and u;(A;) € Ry), Lemma 343 (zero-product property in Ry (measure the-
ory)), and the definition of the indicator function. O

|Remark 826. The next proof follows the monotone class theorem scheme (see Section 4.3). |

Lemma 827 (measurability of measure of section (finite)).

Let (X1,%1,p1) and (Xo,39, u2) be measure spaces. Let i € {1,2}. Let j 3. Assume

that p; is finite. Let A € X1 ® Xo. Then, we have FA e My (X, %).

Proof. Let X def- X1 x X5. From Definition 217 (product of subsets of parties), Definition 541

(tensor product of o-algebras), and Definition 442 (generated set algebra), let ¥ def. 31 X X,
def. def. def.

YE Y @, and A S Ax (D). Let S; = {A € B|FA € M (X, %)}
(1). TCS;. Let AcX. Let A; € ¥ and Ay € ¥y such that A = A; x As.

From Lemma 825 (measure of section of product, F = u;(A;)14,), Lemma 791 (integral
in My of indicator function, 14, € M4 (X;,3%;)), Definition 611 (measure, p;(A;) € Ry), and

Lemma 599 (M is closed under nonnegative scalar multiplication, with a def. 14 (A;)), F# belongs
to M4 (X;,%;). Thus, from Lemma 542 (product of measurable subsets is measurable, A € ¥), and
the definition of S;, we have A € S;. Hence, we have X C S;.

(2). ACS;. Let A€ A

Then, from Lemma 443 (generated set algebra is minimum), Definition 541 (tensor product of

o-algebras, ¥ = ¥ x (X)), Lemma 490 (c-algebra contains set algebra, with G def. 3, thus A C %),

Lemma 505 (set algebra generated by product of o-algebras), and Lemma 542 (product of measurable
subsets is measurable, ¥ C ¥), we have A € ¥, and there exists n € N, and (Ap),ecp0.n) in X C X
such that, for all p,g € [0.n], p#qg=A,NA, =, and A= LﬂpE[O..n} A,.

Let 2; € X;. Then, from Lemma 824 (measure of section), Lemma 552 (countable union of

sections is measurable, with I - 10.n ), Lemma 550 (compatibility of section with set operations,
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the s;(z;, Ap)’s are pairwise disjoint), Definition 611 (measure, p; is o-additive), and Definition 608

(o-additivity over measurable space, with I et [0..n] and p et 1), we have

FA i) = pi(si(en A) = p; | W) sz d) | = D0 pilsi(mi )= > Fi'7 ().

p€e[0..n] p€[0..n] p€[0..n]

Thus, from (1) (4, € S;), the definition of S;, and Lemma 603 (M. is closed under countable

sum, with def. [0..n], thus F* € M (X;,%;)), we have A € S;. Hence, we have A C S;.

(3). S; is monotone class. Let (4, )nen € S; C .

Let x; € X;. Let n € N. Then, from Lemma 551 (measurability of section), Lemma 552
(countable union of sections is measurable), and Lemma 553 (countable intersection of sections is
measurable), we have

si(zi, An), S (xi, U An> = U si(zi, An), i <aji, ﬂ An> = ﬂ si(xi, An) € Xj.

neN neN neN neN

Assume first that, for all n € N, A, C Anp1. Let A |,y An.
Let z; € X;. Then, from Lemma 824 (measure of section), the definition of A, Lemma 550
(compatibility of section with set operations, (s;(;, An))nen is nondecreasing), and Lemma 617

(measure is continuous from below, with y;), we have

F (i) = pi(si(z, A) = <5i (Iz’, U An>>

neN

= H (U Si(xivAn)> = sup pi(si(wi, Ay)) = sup F/" ().
ne

neN neN

Thus, from the definition of S;, and Lemma 601 (M, is closed under supremum), F/* belongs
to M4 (X;,%;). Hence, from the definition of S;, we have A € §;, i.e. S; is closed under nonde-

creasing union.
Assume now that, for alln € N, A,, D A,11. Let A def. ﬂneN A,.

Let z; € X;. Then, from Lemma 824 (measure of section), the definition of A, Lemma 550
(compatibility of section with set operations, (s;(x;, An))nen is nonincreasing), Definition 622 (finite
measure, with p;), Lemma 623 (finite measure is bounded, p;(s;(z;, Ag)) is finite), and Lemma 619

. . . def.
(measure is continuous from above, with p; and ng =’ 0), we have

Ff (a:) = y(si(wi, A)) = g <3i (:Ei, N An>>

neN

= (ﬂ sz(xZ,An)> érel&’uj(s’(x“A”)) 71ren:\l F/ (x;).

neN

Thus, from the definition of S;, and Lemma 600 (M is closed under infimum), FA € M (X;, ).
Then, from the definition of S;, we have A € §;, i.e. S; is closed under nonincreasing intersection.
Hence, from Definition 448 (monotone class), S; is a monotone class.

Therefore, from Definition 541 (tensor product of o-algebras, & = L x (X)), (2), (3), and Lemma 515
(usage of monotone class theorem, with G def. 3), we have for all A € ¥, FA € M, (X;,%;). O

Lemma 828 (measurability of measure of section). Let (X1,%1, 1) and (Xa, 3o, ua) be
o-finite measure spaces. Let A € X1 ® Xo. Let i € {1,2}. Then, we have F* € M, (X;,%;).
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Proof. Let j 43 _j. From Lemma 625 (equivalent definition of o-finite measure, with u;), there

exists (Bj n)nen € X; such that, foralln € N, B;,, C Bj 11, ptj(Bjn) < o0, and X; = J

For all n € N, for all A € 31 ® X9, from Lemma 629 (restricted measure, with Y’ def. Bijn), and

nEN

Lemma 824 (measure of section, with p; def. Kin), let p;, be the restricted measure, and Fi‘f‘n be
the measure of i-th section of A defined by

def. def.
tin = (13)p, . = (Aj € 55— pi(A; N B;p)) and  Ff S (25 € Xy — pjn(si(zi, A))).

Let n € N. Then, from Definition 622 (finite measure, pjn(X) = p;(Bjn) < 00), ljn is a finite
measure on (X;,Y;). Moreover, from Lemma 827 (measurability of measure of section (finite),

with p; def. [tj.m finite), we have F, € M (X;,%;).

Let 7; € X;. Then, from Lemma 551 (measurability of section), the definition of B, ,,, and
distributivity of intersection over union, we have

Ej > Si(l‘i, A) ml, U Bj n = U (xh A) N Bj,“) .
neN neN

Thus, from Lemma 475 (equivalent definition of o-algebra, closedness under countable intersection
(with card(I) =2)), we have s;(z;, A) N B;,, € ¥;. Hence, from Lemma 824 (measure of sec-

tion), monotonicity of intersection ((s;(x;, A) N B n)nen is nondecreasing), Lemma 617

(measure is continuous from below, with u,; and A, def. si(zi, A) N Bjx), and the definition of y; ,,

F (@) = py(si(wi, A)) = py ( (zs, A)n | B, n) = (U (si(zi, A) ﬂBm))

neN neN

= sup pj(si(xs, A) N Bjy) = sup pjn(si(zs, A)) = sup F‘i‘f‘n(zi)'
neN neN neN

Therefore, from Lemma 601 (M is closed under supremum), we have

Fff =sup Ff}, € My (X;,5)).
neN

O

Definition 829 (tensor product measure) Let (X1,%1,11) and (Xo, Yo, o) be

measure spaces. Let X = e 1 X X9 and D 21 ® Yo. A measure p on the product measurable

space (X, Y) is called tensor product measure (on (X,X) relying on p1 and ps) iff

(1380) VA, € X1, VAy € X, ,U,(Al X Ag) = /1,1(141)/,&2(142)

Definition 830 (candidate tensor product measure).
Let (X1,%1, 11) and (X9, Yo, o) be measure spaces. Let i € {1,2}. The function defined by

(13.81) VAETI®%s, (1 ® u)i(A) L /FA dis

is called candidate tensor product measure.

Lemma 831 (candidate tensor product measure is tensor product measure).
Let (X1,%1, 1) and (X2, X9, p12) be o-finite measure spaces. Let i € {1,2}. Then, the candidate
tensor product measure (p; ® /Lz)i is a tensor product measure on (X1 X Xo,31 ® ¥a).

Proof. Let X %" X x X, and ¥ " 5, @ 5.

Measure. Let j df- 34

RR n° 9386



178 F. Clément, & V. Martin

Let A € ¥. Then, from Lemma 824 (measure of section), Definition 830 (candidate tensor
product measure), Lemma 828 (measurability of measure of section with the o-finite measure

1), and Lemma 789 (integral in M, nonnegativeness, with X< X, and ¥ < ¥,), the value
(11 ® p2)'(A) = [ FAdp, is well-defined in Ry, and from Lemma 824 (measure of section), it is
equal to [ pu;(s;i(xi, A)) du;.

From Lemma 550 (compatibility of section with set operations, &), Definition 611 (measure,
1;(2) = 0), and Lemma 793 (integral in My of zero is zero), we have

(100 12)'(@) = [ ostais @) dps = [ y(@) s = [0 =0,

Let (A, )nen € X. Assume that the A,,’s are pairwise disjoint. Let A = def- W,en An- Let x; be

in X;. Let n € N. Let p,g € N. Assume that p # ¢, Then, from Lemma 551 (measurability of

section), Lemma 552 (countable union of sections is measurable, with I def. N), and Lemma 550
(compatibility of section with set operations, with intersection and @), s;(z;, 4,) € ¥;, and

si(xi, A) = s <$z‘, U An> = U si(zi, Ap) € X5,

neN neN

Si(,’Bi,Ap) M Si(,’Bi,Aq) = Si(.’L‘i,Ap N Aq) = Si(.’lﬁi,g) = J.

Thus, from Lemma 824 (measure of section), Definition 611 (measure, p; is o-additive), Defini-
tion 608 (o-additivity over measurable space), we have

FzA(xl) - /u‘j(si(xia A)) = My <L‘H Si xu ) Z ,uJ .’ﬂz, Z FA" :L'Z

neN neN neN

Then, from Lemma 803 (integral in My is o-additive), and Definition 830 (candidate tensor
product measure), we have

(11 ® p2)"( /ZFA dp; = Z/FA d//fz— (M1®,u2)i(An)-

neN neN neN

Hence, from Definition 608 (o-additivity over measurable space), (1 ® pz)? is o-additive.
Therefore, from Definition 611 (measure), (u1 ® p2) is a measure on (X, ).

Identity. Let A, € 5. Let Ay € ¥o. Let A2 A x A,.

Then, from Lemma 542 (product of measurable subsets is measurable), we have A € 3. Hence,
from Definition 830 (candidate tensor product measure), Lemma 825 (measure of section of prod-
uct), Definition 611 (measure, p; is nonnegative), Lemma 802 (integral in ML is posz’ti’ue lin-

ear, with a cef- pi(A;) €Ry), Lemma 791 (integral in My of indicator function, with u lh
and A; € %;), Lemma 341 (multiplication in Ry is commutative (measure theory)), and since
{1,2} ={i,j}, we have

(11 ® p2)'(A) = /Mj(Aj) La, dpi = pj(Aj) pi(Ai) = pa(Ar) pa(Az),

Therefore, from Definition 829 (tensor product measure), (1 @pus2)? is a tensor product measure. [

Lemma 832 (tensor product of finite measures).
Let (X1,%1, 1) and (Xa, 39, p2) be finite measure spaces. Let p be a tensor product measure
on (X7 x Xo,%1 ® Xo) relying on py and py. Then, u is finite.

Proof. Direct consequence of Definition 611 (measure), Lemma 475 (equivalent definition of o-
algebra, Xy € X1, Xp € 3o, and X x Xo € X1 ® Xy), Definition 829 (tensor product measure),
Definition 622 (finite measure), and closedness of multiplication in R.. O
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Lemma 833 (tensor product of o-finite measures).

Let (X1,%1, u1) and (Xo, Yo, ua) be o-finite measure spaces. Let X & X1 x Xy and 5 4 21®Eg
Let p be a tensor product measure on (X,X) relying on py1 and pa. Then, u is o-finite.
In particular, let i € {1,2}. Let (B;n)neN € X; such that

(13.82) (Vn €N, BinCBiny1 A pi(Bin) <o) A Xi=|] Bin
neN
For all n € N, let B, = Bin X By . Then, we have
(13.83) (Yne€N, B,€X A ByCBna A p(By)<oo) A X=|]Bn
neN

Proof. Existence of the B; ,’s comes from Lemma 625 (equivalent definition of o-finite measure).

Let n € N. Then, from the definition of the B,,’s, Lemma 542 (product of measurable subsets
is measurable), monotonicity of Cartesian product, Definition 829 (tensor product measure),
and closedness of multiplication in R4, we have

Bn ey A Bn C Bn+1 A ,U,(Bn) = 1 (Bl,n) ,U,Q(Bg’n) < 0.

Moreover, from monotonicity of union, we have |J,,cny Bn C X. Conversely, let (21,22)
be in X. Let ¢ € {1,2}. Then, from Lemma 625 (equivalent definition of o-finite measure,
with p,), there exists n; € N such that z; € B;,,. Thus, from monotonicity of the B;,’s, we
have z; € B; max(ni,ns)- Lhen, from the definition of the B,,’s, we have (21,22) € Bumax(ny,ns)s i-€-
X C U,en Bn- Hence, we have X = (J,, o\ Bn

Therefore, from Definition 624 (o-finite measure), w is o-finite. O

|Remark 834. The next proof follows the monotone class theorem scheme (see Section 4.3). |

Lemma 835 (uniqueness of tensor product measure (finite)).
Let (X1,%1, 1) and (X2, X9, u2) be finite measure spaces. Then, there exists a unique tensor
product measure on the product measurable space (X1 X Xo,31 ® Xa).

Proof. Existence. Direct consequence of Lemma 627 (finite measure is o-finite, thus p; and uo
are o-finite), and Lemma 831 (candidate tensor product measure is tensor product measure).

Uniqueness. Let X = X1 xXo, 2 def. Y1 XXy and E = El ®35. Let m and m be tensor product

measures on (X, ) relying on p1 and po. Let S = def- {AeX|m(A) =m(A)}. Let A= aef- Ax (3).

(1). ¥ C S. Direct consequence of Lemma 542 (product of measurable subsets is measurable),
Definition 829 (tensor product measure, with m and m), and the definition of S.

(2). ACS. Let A A.
Then, from Definition 541 (tensor product of o-algebras, ¥ = X x (X)), Lemma 490 (c-algebra

contains set algebra, with G Z thus A C ¥), Lemma 505 (set algebra generated by product of
o-algebras), and Lemma 542 (product of measurable subsets is measurable, ¥ C X)), we have A € 3,
and there exists n € N, and (A,),c0.n) € ¥ C ¥ such that, for all p,q € [0..n], p # ¢ implies
emptiness of 4, N Ay, and A = Lﬂpe[o..n] A,. Thus, from Lemma 621 (equivalent definition of
measure, additivity for m and ), Definition 607 (additivity over measurable space), (1) (Ap € S),
and the definition of S, and since addition in R is a function (same arguments yield the
same result), we have

I
31

mA) =m| H 4= > mA)= Y @mAd)=m| |H 4,

p€el0..n] p€[0..n] p€[0..n] p€l0..n]
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Then, from the definition of S, we have A € S. Hence, we have A C S.

(3). S is monotone class. Let (4, )pen € S C 2.
Then, from Lemma 475 (equivalent definition of o-algebra, closedness under countable union
and intersection), we have (J,,cn Ans [ Npen An € 2.

Assume first that, for allm € N, A, C A,y1. Let A def. Unen An-
Then, from Lemma 617 (measure is continuous from below, with m and m), the definition of S,

and since supremum is a function, we have

e Tt

neN neN neN neN

Hence, from the definition of S;, we have A € S, i.e. S is closed under nondecreasing union.

Assume now that, for alln € N, A,, D A,41. Let A = def. MNnen An-
Then, from Lemma 832 (tensor product of finite measures, with m and m, both relying on finite
measures g1 and po), Lemma 623 (finite measure is bounded, m(Ap), m(Ap) < 00), Lemma 619

. . . def. ~ def. ey .
(measure is continuous from above, with p =" m,m and ng =" 0), the definition of S, and since
infimum is a function, we have

=m <ﬂ An> = inf m(Ay) = inf i (A,) =i <ﬂ An> = m(A).

neN neN

Thus, from the definition of S;, we have A € S, i.e. § is closed under nonincreasing intersection.
Hence, from Definition 448 (monotone class), S is a monotone class.

Therefore, from Definition 541 (tensor product of o-algebras, ¥ = Lx (¥)), (2), (3), and Lemma 515

(usage of monotone class theorem, with G def- Y), we have m = m. O

Remark 836.
The uniqueness part of the following proof reproduces the schemes of the proof of Lemma 828.

Lemma 837 (uniqueness of tensor product measure).

Let (X1,%1, u1) and (Xo, Yo, ug) be o-finite measure spaces. Let X = i X1xXs and 5 21®E2
Then, there exists a unique tensor product measure on (X, ).

This measure is denoted py ® pe, and for all i € {1,2} with j . i, we have

(13.84) VAES, (1 ®u)(A) = [ otz ) dus

It is called the (tensor) product measure of p; and pa, and (X, %, u1 ® ua) is called (tensor)
product measure space.

Proof. Existence. Direct consequence of Lemma 831 (candidate tensor product measure is tensor
product measure).

Uniqueness. Let m and m be tensor product measures on (X, X) relying on py and ps.
From Lemma 625 (equivalent definition of o-finite measure), for all i € {1,2}, there exists

(Bin)nen € X; such that, for all n € N, B;,, C B pt1, pi(Bin) < 00, and X; = . For
alln € N, let B, def. Bi,n % Bs . Then, from Lemma 833 (tensor product of o-finite measures, with
def.

g ="m,m), we have for all n € N, B,, € ¥, B,, C Byy1, m(By,),m(By,) < oo, and X = |,y Bn
For all ¢ € {1,2}, for all n € N, from Lemma 475 (equivalent definition of o-algebra, (A € &

implies AN B,, € X)), and Lemma 629 (restricted measure, with Y aef- B, and def. i, then

nEN
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y 4 B, and p def. m,m), let p; ., m, and m, be the restricted measures defined by

def. (

frin = (i)p,,, = (Ai € Bi v pi(Ai N Bin)),

my L mly = (A€ N m(ANB,)) and i, L (M) = (A€ X — m(ANB,)).

Let i € {1,2}. Let n € N. Then, from Definition 622 (finite measure, with p; »(X;) = pi(Bin),
my, (X) = m(B,) and m,(X) = m(B,,) finite), f; n, my, and M, are finite measures.

Let n € N. Let Ay € ¥y and Ay € Y5. Then, from Lemma 542 (product of measurable
subsets is measurable, A1 X Ay € ¥), the definitions of m,,, By, ti1,n, p2,n, and m,,, compatibility

of intersection with Cartesian product, and Definition 829 (tensor product measure, with

def. ~
@ = m,m), we have

mn(Al X Az) = m((A1 X A2) n (Bl,n X Bg’n)) = m((A1 n Bl,n) X (A2 N BQ,n))
= p1(A1 N B1yn) (A2 N Bay) = 1,0 (A1) pon(As2)
= Th((Al N Bl,n) X (A2 N BQJ’L)) = m((Al X A2) N (Bl,n X B2,n)) = mn(Al X AZ)

Thus, from Definition 829 (tensor product measure, with pq def. 1 m,y 2 dgf',ug nand p def. M, M)
m,, and 7, are tensor product measures on (X, X) both relying on finite measures 1, and po .
Hence, from Lemma 835 (uniqueness of tensor product measure (finite)), we have m,, = m,,.

Let A € ¥. Then, from Lemma 475 (equivalent definition of o-algebra, AN B, € ¥, then
U,en(AN By) € %), distributivity of intersection over union, monotonicity of intersec-

tion ((ANB,,)nen is nondecreasing), Lemma 617 (measure is continuous from below, with m,

m and A, e 4n B,), the definition of m,, and m,,, and since supremum is a function, we

have

m(A)—m<Am U Bn> —m(U(AﬁBn)>

neN neN
= supm(AN B,) = sup my,(A) = sup m,(A4) = supm(4AN B,)

neN neN neN neN
= (U (AmBn)> =1 (Am U Bn> = m(A).
neN neN

Therefore, we have m = m.

Identity. Direct consequence of the uniqueness result above, Lemma 831 (candidate tensor prod-
uct measure is tensor product measure), Definition 830 (candidate tensor product measure), and
Lemma 824 (measure of section). O

Lemma 838 (negligibility of measurable section).

Let (X1,%1, p1) and (Xa, 39, 12) be o-finite measure spaces. Let p def. 11 ®pe. Let A € X1 ®X,.

Let i € {1,2}. Let j df 33 Then, A is pu-negligible iff u(A) = 0 iff for almost all x; € X,

i (8i(xi, A)) = 0 iff for almost all x; € X;, si(x;, A) is pj-negligible.

Proof. Direct consequence of Lemma 551 (measurability of section, s;(x;, A) € ¥;), Lemma 636
(negligibility of measurable subset, with A, then s;(z;, A)), Lemma 837 (uniqueness of tensor
product measure), Lemma 806 (integral in M is almost definite, with p; and (z; — p; (s (x4, A)))).

O

13.4.2 Lebesgue measure over product space

Lemma 839 (Lebesgue measure on R?).
There is a unique measure on (R%, B(R?)) that generalizes the area of bounded open bozes.

It is denoted %2 <" \ @ A, and it is called the Lebesgue measure on (Borel subsets of) R?.
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Proof. Direct consequence of Theorem 724 (Carathéodory, Lebesgue measure on R), Lemma 728
(Lebesgue measure is o-finite), and Lemma 837 (uniqueness of tensor product measure). O

Lemma 840 (Lebesgue measure on R? generalizes area of boxes).
Let ay,b1,a2,ba € R. Assume that a1 < by and as < by. Then, we have

(1385) )\®2([a1,b1} X Ka27b2]) = (b1 = al) (bg = ag).

Proof. Direct consequence of Lemma 839 ( Lebesgue measure on R?), Definition 829 (tensor product
measure), Lemma 726 (Lebesgue measure generalizes length of interval), and the definition of
the area of boxes of R2. O

Lemma 841 (Lebesgue measure on R? is zero on lines).
Let A C R? be a box (i.e. the Cartesian product of two intervals).
Then, we have A®2(A) = 0 iff A is a line (i.e. at least one of the two intervals is a singleton).

Proof. Direct consequence of Lemma 840 (Lebesgue measure on R? generalizes area of boxes, with

a; = by or as = by), and Lemma 343 (zero-product property in Ry (measure theory)). O

Lemma 842 (Lebesgue measure on R? is o-finite).
The measure space (R?, B(R?), \®?) is o-finite.

Proof. Direct consequence of Lemma 839 (Lebesgue measure on R?), Lemma 728 (Lebesgue measure
is o-finite), and Lemma 833 (tensor product of o-finite measures). O

Lemma 843 (Lebesgue measure on R? is diffuse).
The measure space (R%, B(R?), \®?) is diffuse.

Proof. Direct consequence of Lemma 840 (Lebesgue measure on R? generalizes area of boxes, with

a1 = by and ag = by), and Definition 626 (diffuse measure, {(a1,a2)} = [a1,a1] X [az, ag)). O

13.4.3 Integration over product space of nonnegative function

Definition 844 (partial function of function from product space).

Let (X1,%1, 1) and (X, 39, 12) be measure spaces. Let f: X7 x Xo — R,

Let i € {1,2}. Let j 2" 3 —i. Let v L (2, 2;) — (z1,72)). B

For all z; € X;, f, denotes the function (x; — f o (z;,2;)) from X, to Ry. B
Moreover, when f,, € My (X;,%;), I1; denotes the function (z; — [ fs, du;) from X; to Ry.

Remark 845. The next proof follows steps 1 to 3 of the Lebesgue scheme (see Section 4.1).
See also the sketch of the proof in Section 5.3.

Theorem 846 (Tonelli). Let (X1,%1, 1) and (Xa, Yo, pio) be o-finite measure spaces.

Let f € My (X1 x X2,51 ®5). Letie {1,2}. Letj <L 3 1.

Then, for all z; € X;, fo, € My (X;,%;), Ir; € M (X;,%;), and we have

(13.86) [ fatm o ) = [ 175d

Proof. Let X def- X1 xXo, X8 def. 31 ® Yo, and p def- 11 @ fha.
(1). For f € TF(X,X).

Let A ¢ {f # 0}. Then, from Lemma 733 (indicator and support are each other inverse), we

have A € ¥ and f = 14. Let ; € X;. Then, from Definition 844 (partial function of function
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from product space), Lemma 554 (indicator of section), Lemma 551 (measurability of section,

si(zi, A) € ¥;), and Lemma 791 (integral in M. of indicator function, with A def. si(x;, A) and
L), we have

f%‘ = Ilsi(:ri,A) S M+(X]7Z]) and If,l = /]lsi(zi,A) d/AJ = /_LJ(S,L(J}Z,A))

Hence, from Lemma 824 (measure of section), and Lemma 828 (measurability of measure of sec-
tion), we have I ; = FA € M (X;,%;). Therefore, from Lemma 791 (integral in M of indicator
function, with 14 € M4 (X, ¥) and p), and Lemma 837 (uniqueness of tensor product measure),

we have
/fdMZM(A) :/Fz‘AdM :/If,idﬂi-

(2). For f € SF4(X,X).
From Lemma 767 (SF simple representation), let n € N, (ax)rejo.n) € Ry and (Ag)rejo.n) € X
such that f = > ;o nyakLa,. Let z; € X;. Then, from left linearity of composition, (1),

Lemma 597 (M. is closed under addition), Lemma 599 (M is closed under nonnegative scalar
multiplication), and Lemma 802 (integral in M. is positive linear, with p1;), we have

foo= > ar(la)s € Mu(X;,%;) and Ipi= > aply, € My(X;,5).
ke[0..n] ke€0..n]

Therefore, from Lemma 802 (integral in M is positive linear, with g, then p;), and (1), we have

/fd,u: > ax (/]lAkd,u> = > (/Ihk,idui> :/If,id,h-.

k€[0..n) k€[0..n]

(3). For f e M (X, X).

From Lemma 799 (adapted sequence in M), let (pn)nen € SF1(X,3) be an adapted sequence
for f. Let x; € X;. Then, from compatibility of composition with limit, (2), Lemma 602 (M
is closed under limit when pointwise convergent), and Lemma 800 (usage of adapted sequences,
with 1;), we have f,, = limy, o0 (¢n)z, € My (X;,55) and Iy; = limy, o0 Ly, i € M (X5, 55).
Therefore, from Lemma 800 (usage of adapted sequences, with u, then p;), we have

/fdy: lim /(pnd,uz lim /I%’id,ui:/lﬁid,ui.
n—oo n—oQ

O

Lemma 847 (Tonelli over subset). Let (X1,%1,11) and (Xo, Yo, ua) be o-finite measure
def.

spaces. Let ¥ = Y1 @Yy, Let A€ . Let Y C X1 x X such that ACY. Let f: Y = R,.
Assume that f|, € M (A, XN A). Leti e {1,2} with j 3 Letyp L ((zi, z5) = (21, 22)).
For all z; € X;, let A, def. si(z;, A), and f2 At (xj € Ay, — fo(zs,x5)).

def.

Then, for all x; € X;, & € My (Ay,, SN Ay,), I}“’i € M4 (X;,%;), and we have

(13.87) [ o) = [ 1h:du

Proof. Let X def. X1 X Xo. Let p def. B ® po. Let f : X — R, such that ﬁy = f. Then, from

Lemma 813 (integral in M over subset), we have f14 € M, (X,%) and Sy fdp = ff]lA dy.
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Hence, from Theorem 846 (Tonelli, with f = et f1.4), and Definition 844 (partial function of func-
tion from product space), for all z; € X;, (fla)a, € My (X, %)), Iy, o € My(Xi, %), and we
have [ fladu= [T P Qb

Let x; € X;. Then, by construction, and from Lemma 554 (indicator of section), we have
f;:_ = (fla)z; = fu;1a,, . Therefore, from Lemma 813 (integral in M over subset, with p;),
we have f& € Mo (4,5 N Ay,), I = [(FLa)a, dpj = Igy 4o be I € Mo (X;,%) and
Jafdu= flﬁi dp;. O

[3

Lemma 848 (Tonelli for tensor product).
For alli € {1,2}, let (X;,%;, ui) be a o-finite measure space, and f; € M4 (X;, %;).
Then, f1 ® fo € M (X1 x X2,21 ® 25), and we have

(13.88) /(fl ® f2) d(p1 ® p2) (/ f1 dul) (/ f2 du2>

Proof. Let X " X x X,, © % E1®227/~L = u1®/¢27andf L ® fo

Then, from Definition 604 (tensor product of numeric functions), Lemma 605 (measurability of
tensor product of numeric functions), Lemma 338 (multiplication in Ry is closed (measure the-
ory)), and Definition 593 (M, subset of nonnegative measurable numeric functions), f belongs
to M+(X, Z)

Then, from Theorem 846 (Tonelli, with ;4 1), Definition 844 (partial function of function
from product space), Definition 604 (tensor product of numeric functions), Lemma 792 (integral

in M is positive homogeneous, with f f2 and o < " fi(z1) € Ry), and Lemma 341 (multipli-
cation in Ry is commutative (measure theory)), we have

/fdu=/lf,1du1 where Vo1 € Xy, Iy 1(21) /f1 x1) fadpo = (/fzduz> fi(x1).

Therefore from Lemma 792 (integral in M is positive homogeneous, with a def- [ fodus € Ry

and f fl) and Lemma 341 (multiplication in R, is commutative (measure theory)), we have

fne (= ) 0.
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Chapter 14

Integration of real functions

Contents
14.1 Definition of the integral . . . . . .. ... ... ... 000 185
14.2 Notations for specificcases. . . . . . . . . .. .. o0 e 188
14.3 The seminormed vector space £ . . . . ... ... .. ... 192

Remark 849. From now on, the expressions involving integrals are taken in R, thus functions also
take almost all their values in R.

14.1 Definition of the integral

|Remark 850. This section follows step 4 of the Lebesgue scheme (see Section 4.1).

Definition 851 (integrability). Let (X, X, 1) be a measure space.
A function f: X — R is said p-integrable (in M) iff f+ and f~ are p-integrable in M .

Lemma 852 (integrable is measurable). Let (X,%, 1) be a measure space.
Let f: X — R. Assume that [ is u-integrable in M. Then, we have f € M.

Proof. Direct consequence of Definition 851 (integrability), Lemma 789 (integral in M., definition
of p-integrability with f™ and f~), and Lemma 594 (measurability of nonnegative and nonpositive
parts). O

Lemma 853 (equivalent definition of integrability). Let (X,%, 1) be a measure space.
Let f: X — R. Then, f is p-integrable in M iff f € M and |f| is p-integrable in M.

Proof. “Left” implies “right”. Direct consequence of Definition 851 (integrability), Lemma 852
(integrable is measurable), Lemma 596 (M is closed under absolute value), Lemma 804 (integral
in My of decomposition into nonpositive and nonnegative parts), Lemma 318 (addition in Ry is
closed), and Lemma 789 (integral in M, |f| is p-integrable in M ).

“Right” implies “left”. Direct consequence of Lemma 594 (measurability of nonnegative and
nonpositive parts), Lemma 804 (integral in ML of decomposition into nonpositive and nonnegative
parts), Lemma 321 (infinity-sum property in Ry, contrapositive), Lemma 789 (integral in M, f+
and f~ are p-integrable in M, ), and Definition 851 (integrability).

Therefore, we have the equivalence. O
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Lemma 854 (compatibility of integrability in M and M ).
Let (X,X%, 1) be a measure space. Let f: X — R. Assume that [ is nonnegative.
Then, f is p-integrable in M iff f is p-integrable in M.

Proof. Direct consequence of Lemma 853 7( equivalent definition of integrability), and Lemma 298
(equivalent definition of absolute value in R, |f| = f). O

Lemma 855 (integrable is almost finite). Let (X,%, 1) be a measure space.
Let f : X — R be p-integrable in M. Then, we have u(f~(+o)) =0, i.c. |f] "2 .

Proof. Direct consequence of Lemma 853 (equivalent definition of integrability, |f| is integrable
in M, ), Lemma 303 (absolute value in R is even, f~!(+o0) = |f|"*(o0)), and Lemma 811 (inte-
grable in M is almost finite, with |f]). O

Lemma 856 (almost bounded by integrable is integrable).
Let (X,X, 1) be a measure space. Let f € M. Then, [ is u-integrable in M iff there exists

_ na.e.
g: X — Ry such that g is p-integrable in My and |f| < g.

Proof. “Left” implies “right”. Direct consequence of Lemma 853 (equivalent definition of inte-
grability, with g def. f]), Lemma 658 (almost order is order relation, reflexivity).

“Right” implies “left”. Direct consequence of Lemma 596 (M is closed under absolute value,
fl € M), Lemma 809 (integral in M is almost monotone, with |f| and g), Lemma 279 (order
in R is total, transitivity), Lemma 789 (integral in M, | f| is p-integrable in M ), and Lemma 853
(equivalent definition of integrability).

Therefore, we have the equivalence. O

Lemma 857 (bounded by integrable is integrable).
Let (X,X%, 1) be a measure space. Let f € M. B
Then, f is p-integrable in M iff there exists g : X — R4 p-integrable in My such that |f] < g.

Proof. “Left” implies “right”. Direct consequence of Lemma 853 (equivalent definition of inte-
grability, with g def. f1), and Lemma 279 (order in R is total, reflexivity).

“Right” implies “left”. Direct consequence of Lemma 643 (everywhere implies almost every-
where), and Lemma 856 (almost bounded by integrable is integrable).

Therefore, we have the equivalence. O

Definition 858 (integral). Let (X,X, 1) be a measure space. Let f be p-integrable in M.
The Lebesgue integral of f (for the measure ) is still denoted [ f dy; it is defined by

(14.1) /fdu de:f’/ﬁdy—/f‘ dp  €R

Lemma 859 (compatibility of integral in M and M ). Let (X,X, 1) be a measure space.
Let f be p-integrable in M. Assume that f is nonnegative. Then, both Lemma 789 (integral
in M ), and Definition 858 (integral) provide the same value for the integral of f.

Proof. Direct consequence of Definition 399 (nonnegative and nonpositive parts, f* = f and
f~ =0), Definition 851 (integrability), Lemma 789 (integral in M, f is p-integrable in M),
Definition 858 (integral), and Lemma 793 (integral in M. of zero is zero). O

Lemma 860 (integral of zero is zero).
Let (X, %, 1) be a measure space. Then, 0 is p-integrable in M, and [0dp = 0.
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Proof. Direct consequence of Lemma 859 (compatibility of integral in M and M), and Lemma 793
(integral in ML of zero is zero). O

Definition 861 (merge integral in M and M, ).
Let (X, ¥, ) be a measure space. Let f € M. The integral of f (for the measure ) exists iff f is
nonnegative (and [ fdu € Ry), or f is p-integrable (and [ fdu € R).

Lemma 862 (compatibility of integral with almost equality).

Let (X, %, 1) be a measure space. Let f be p-integrable in M. Let g € M. Assume that g "= f.
Then, g is p-integrable in M, and we have

(14.2) /gdu:/fdu.

Proof. Direct consequence of Lemma 660 (compatibility of almost equality with operator, with

the binary operator max and the unary operator additive inverse, gt “Z% f+ and ¢~ "Z" ),

Lemma 808 (compatibility of integral in My with almost equality), Definition 851 (integrability)
and Definition 858 (integral). O

Remark 863. From Lemma 855, integrable functions can only take infinite values on a negligible
subset, and from the previous lemma, the integral keeps the same value when the function is
modified on a negligible subset. Therefore, we can restrict the study of integrable functions to
the sole case of real-valued functions.
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14.2 Notations for specific cases

Lemma 864 (integral over subset). B
Let (X,3, ) be a measure space. Let A € . Let Y C X such that ACY. Let f:Y — R.

Let f : X = R. Assume that ﬁy = f. Then, f|, is pa-integrable in M(A, XN A) iff fla is
u-integrable in M(X,X). If so, the function f is said u-integrable over A, and we have

(14.3) /f|A dpia = /fﬂA dy.

This integral is still denoted fA fdu; it is still called integral of f over A.

Proof. Equivalence. Direct consequence of Lemma 406 (compatibility of nonpositive and non-
negative parts with restriction), Lemma 405 (compatibility of nonpositive and nonnegative parts
with mask, (f)* is an extension of f* to X), Lemma 813 (integral in M over subset, [ f* dua
equals [(f)*14du and is finite), Definition 851 (integrability), Lemma 789 (integral in M.,
definition of integrability in M ), Lemma 813 (integral in M. over subset, with f* and fdg' (H)E),
and the tautology

P& QAR
P@Q/\R

Q<Q X
QVQ= (R R)

— (P& P).

Identity. Direct consequence of Definition 858 (integral, with f|,, then f 14), and Lemma 813
(integral in My over subset, with f et f* and fdif' (f)i) O

Lemma 865 (integral over subset is o-additive).
Let (X, %, ) be a measure space. Let I C N. Let A,(A;)icr € . Assume that A = |, A;.

LetY C X such that ACY. Let f:Y —R. Let f : X — R. Assume that ﬁy = Jf
Then, f14 € M iff for alli €1, f]lAi e M.

Moreover, if 3, \fﬂAi| is p-integrable, then f is p-integrable over A, and we have

(14.4) /Afdu: Z/A fdpu.

el

Proof. Equivalence. Direct consequence of Lemma 853 (equivalent definition of integrability),
Lemma 814 (integral in My over subset is o-additive, equivalence, same proof for f1,4 € M iff
foralli €I, f14, € M since the countable sum is well-defined).

f is p-integrable over A. Direct consequence of the countable triangle inequality for
the absolute value in R, Lemma 794 (integral in M is monotone), and Lemma 803 (integral

in My is o-additive, f\fllﬂdu <> e f|f]l,4,|d,u).

Identity. Direct consequence of Definition 858 (integral, with f def. f14), Lemma 814 (integral
in My over subset is o-additive, with f* and f~), associativity of addition in R (both
countable sums are finite). O
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Lemma 866 (integral over singleton). B Let (X,%, 1) be a measure space.
Let a € X. Assume that {a} € . Let f: X — R. Then, f is p-integrable over {a} iff
(14.5) (f(a) and u({a}) are finite) VvV f(a)=0 VvV pu({a})=0.

If so, we have

(14.6) } fdp = fla)u({a}).

Proof. From Lemma 864 (integral over subset, u-integrability over subset), Lemma 853 (equivalent
definition of integrability), Lemma 789 (integral in M, u-integrability in M ), nonnegativeness
of the indicator function, Lemma 815 (integral in My over singleton, with | f], | f 1141 is equal

to |f(a)| 1y, € M), Lemma 345 (finite-product property in Ry (measure theory)), closedness

of absolute value in R, Definition 297 (absolute value in R, absolute value is closed in {#00}),
and Lemma 304 (absolute value in R is definite), we have

f is p-integrable over {a} [ 1{ay is p-integrable in M

|f 1{qay] is p-integrable in M.,
[f 1oyl € My /\/|f]1{a}|d,u < 00

F(@)u({a}) < oo
(fl@) R A pn(fa}) €Ry)
V. f@=0 Vv a({a})=0.

[N

Assume that f is p-integrable over {a}. Then, from Lemma 864 (integral over subset, f 14
is p-integrable in M), Definition 851 (integrability), Definition 399 (nonnegative and nonpositive

parts), and nonnegativeness of the indicator function,
(f ]l{a})Jr = fJr ]l{a} and (f ]l{a})7 =f- ]l{a} are p-integrable in M .

Moreover, from Lemma 864 (integral over subset), Definition 858 (integral), Lemma 815 (integral
in My over singleton), and Lemma 403 (decomposition into nonnegative and nonpositive parts,

f(a) = f*(a) = f~(a)), we have

fin= [ frpda= [(rra) du- (1) dn
— F(@pn({a}) - F(@n({a}) = F@p({a}).

{a}

Lemma 867 (integral over interval).
Let (R, B(R), it) be a measure space. Assume that pu is diffuse. Let a,b € R such that a < b. Let f
be a p-integrable function over (a,b). Then, the integral over the interval remains the same when
the interval is closed at one or both of its finite extremities.

The integral of f over an interval with extremities a and b is called integral of f from a to b; it is

denoted fab f() du(x). When a < b, we assume the convention [, f(x) du(w) o _ f; f(x)du(z).

Proof. Direct consequence of Definition 626 (diffuse measure), Lemma 865 (integral over sub-
set is o-additive, on [a,b] = {a} W (a,b) W {b}), Lemma 518 (some Borel subsets, singletons are
measurable), Lemma 866 (integral over singleton), and Definition 626 (diffuse measure). O

RR n° 9386



190 F. Clément, & V. Martin

Lemma 868 (Chasles relation, integral over split intervals). B
Let (R,B(R), 1) be a measure space. Assume that p is diffuse. Let a,b,c € R. Let f be a
u-integrable function over (min(a, b, ¢), max(a,b,c)). Then, we have

(14.7) /f ) dp(a /f ) dp(a /f ) dpu(a

Proof. Direct consequence of Lemma 865 (integral over subset is o-additive). Lemma 867 (integral
over interval, convention for reverse bounds), and field properties of R.
It is trivial when a < ¢ < b. For instance, when ¢ < b < a, we have

/f ) dpu( /f ) dpu(z /f ) dpu(a

Thus,

o e
~ [ 1@ auts /f ) du(a

Lemma 869 (integral for counting measure).
Let (X,X) be a measurable space. LetY C X. Let f € M. Assume that 3_ . |f(y)| is finite.
Then, [ is dy -integrable in M, and we have

(14.8) /fdéy =Y W)

yey

Proof. From Lemma 819 (integral in M for counting measure, [ |f|ddy is finite), Lemma 789
(integral in M, definition of p-integrability in M), and Lemma 853 (equivalent definition of
integrability), [ is dy-integrable in M. Then, from Definition 858 (integral), Lemma 819 (integral
in My for counting measure), Lemma 403 (decomposition into nonnegative and nonpositive parts),
and associativity and commutativity of (possibly uncountable) addition for absolutely
convergent sums, we have

[rase= [ 1rase— [ 1 ity =% 1w - X 1w = Y )

yey yey yey
O
Lemma 870 (integral for counting measure on N). Let f : N — R be a sequence.
Assume that Y~ |f(n)| is finite. Then, f is dy-integrable in M(N,P(N)), and we have
(14.9) / fdon=">" f(n
neN
Proof. Direct consequence of Lemma 869 (integral for counting measure, with Y = X N and

2 < p(N)). O
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Remark 871. Note that the previous lemma makes absolutely convergent series be Lebesgue
integrals for the counting measure on natural numbers. Thus, the theory of absolutely converging
series can be derived from the theory of Lebesgue integration.

Lemma 872 (integral for Dirac measure). Let (X,Y) be a measurable space. Let {a} € X.
Let f € M. Assume that f(a) is finite. Then, f is dq-integrable in M, and we have

(14.10) /fd&a = f(a).

Proof. Direct consequence of Definition 675 (Dirac measure), and Lemma 869 (integral for counting

measure, with Y 2" {a}). O

Definition 873 (integral for Lebesgue measure on R).

Let a,b € R. Let Y be an interval with extremities min(a,b) and max(a,b). Let f : Y — R.
Assume that f is A-integrable over Y (for the Lebesgue measure \). The integral of f from a

to b is denoted fab f(x)dz.
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14.3 The seminormed vector space £!

Lemma 874 (seminorm L!). Let (X, %, 1) be a measure space. The function
def. 5

(14.11) N, = (fe./\/tb—>/|f|d,u€R+)

is well-defined; it is called seminorm L.

Proof. Direct consequence of Lemma 596 (M is closed under absolute value, |f| € M), Defini-
tion 861 (merge integral in M and M), and Lemma 789 (integral in M, nonnegativeness). [

Remark 875.
The function N; is shown below to be a seminormed on the vector space £', hence its name.

Lemma 876 (integrable is finite seminorm L'). Let (X,%, 1) be a measure space.
Let f € X — R. Then, f is p-integrable in M iff f € M and N1(f) < oc.

Proof. “Left” implies “right”. Direct consequence of Lemma 853 (equivalent definition of in-
tegrability), Lemma 789 (integral in M, definition of p-integrability), and Lemma 874 (semi-
norm Lb).

“Right” implies “left”. Direct consequence of Lemma 596 (M is closed under absolute value,
fl € M), Lemma 874 (seminorm L), Lemma 789 (integral in M, definition of u-integrability),
and Lemma 853 (equivalent definition of integrability). O

Lemma 877 (compatibility of N1 with almost equality). Let (X,%, 1) be a measure space.
Let f,g € M. Assume that f "% g. Then, we have Ni(f) = Ni(g).

Proof. Direct consequence of Lemma 874 (seminorm L'), Lemma 660 (compatibility of almost
equality with operator, with the unary operator absolute value), and Lemma 862 (compatibility of
integral with almost equality). O

Lemma 878 (N; is almost definite).
Let (X,%, 1) be a measure space. Then, Ny is almost definite:

(14.12) VfeM, Ni(f)=0 = [f"E%o.

Proof. Direct consequence of Lemma 874 (seminorm L), Lemma 806 (integral in M is almost
definite), and Lemma 686 (absolute value is almost definite). O

Lemma 879 (N; is absolutely homogeneous).
Let (X,X, 1) be a measure space. Then, N; is absolutely homogeneous of degree 1:

(14.13) VAER, VfeM, Ni(Af) = AIN(f).

Proof. Direct consequence of Lemma 874 (seminorm L), multiplicativity of the absolute
value, Lemma 792 (integral in M is positive homogeneous), and Lemma 797 (integral in M is
homogeneous at 0o). O

Lemma 880 (integral is homogeneous). Let (X,X%, 1) be a measure space.
Let f be p-integrable in M. Let a € R. Then, af is u-integrable in M, and we have

(14.14) /afdu:a/fdu.
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Proof. From Lemma 852 (integrable is measurable, f € M), Lemma 585 (M is closed under scalar
multiplication, af € M), Lemma 879 (N7 is absolutely homogeneous, Ni(af) = |a|N1(f) < 00),
Lemma 874 (seminorm L'), Lemma 789 (integral in M.y, definition of u-integrability in M),
and Lemma 853 (equivalent definition of integrability), af is p-integrable in M. Hence, from
Lemma 594 (measurability of nonnegative and nonpositive parts), Definition 399 (nonnegative and
nonpositive parts), and ordered set properties of R, we have f* € M,

(af)* =aff e My whena >0, and (af)* = —afF € M, when a < 0.

Therefore, from Definition 858 (integral, with af), Lemma 792 (integral in M is positive ho-
mogeneous, with af* or —af¥), field properties of R (all integrals below are finite), and
Definition 858 (integral, with f), we have in both cases

[atau= [@pau- [@ry du=a [ du-a [ du=a[ran

O

Remark 881. In the next two lemmas, the summability domain DT (f,g) and the almost sum
pa.e.

f + g are respectively defined in Definition 678, and Lemma 682.

Lemma 882 (Minkowski inequality in M ). Let (X,%, 1) be a measure space.
Let f,g € M. Assume that [+ g is well-defined almost everywhere. Let f',g" € M. Assume that

a.e

PES g "ES g, and DY(f'g) = X. Then, f'+¢/,f '+ g€ M, and we have

(14.15) Ni(f +9) =M T g9) SN + Ni(g).

Proof. From Lemma 682 (almost sum), and Lemma 683 (compatibility of almost sum with almost

equality), we have f Hie' g.f'+¢g eMand f +¢g "E" #j—'e‘ g. Then, from Lemma 596 (M is
closed under absolute value), we have |fl, |g|, [f'],|d'|, |f 4+ ¢'| € M. Therefore, from Lemma 877
(compatibility of N1 with almost equality), symmetry of equality, Lemma 874 (seminorm L',
with f’ + ¢'), Lemma 305 (absolute value in R satisfies triangle inequality), Lemma 794 (integral
in M is monotone), Lemma 801 (integral in M is additive), Lemma 874 (seminorm L', with
f" and ¢'), and Lemma 877 (compatibility of N1 with almost equality), we have

N E 9 = N + ) :/|f’+g’|du

< /(If’l + 1) dy = /\f’\ dys+ / ¢/l di = Ni(f) + Nulg') = Ni(f) + Na(g).

O

Lemma 883 (integral is additive).
Let (X,%, 1) be a measure space. Let f,g be p-integrable in M. Let f',g" € M. Assume that

a.e

fEES g PEY g, and DY(f', ') = X. Then, f + g is well-defined almost everywhere, '+ ¢’

a.e.
and f M+ g are p-integrable in M, and we have

(14.16) [ +aran=[¢"¥ gyan= [ ran+ [gdn

Proof. From Lemma 876 (integrable is finite seminorm L'), f,g € M, and Ny(f), N1(g) < oc.

From Lemma 855 (integrable is almost finite), and Definition 282 (addition in R), f + g is well-
defined almost everywhere. Then, from Lemma 882 (Minkowski inequality in M), and closedness

of addition in Ry, we have f'+ ¢/, f Hie‘ g€ M,and Ni(f'+4¢') = Ni(f Mie. g) < oo. Hence,
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from Lemma 876 (integrable is finite seminorm L), f' + ¢' and f #ie' g are u-integrable in M.
Moreover, from Lemma 862 (compatibility of integral with almost equality), ' and ¢’ are also
pu-integrable in M.

From Lemma 594 (measurability of nonnegative and nonpositive parts), we have

P + ) e My

Therefore, from Lemma 862 (compatibility of integral with almost equality), symmetry of equal-
ity, Definition 858 (integral, with f’ + ¢'), Lemma 805 (compatibility of integral in M. with
nonpositive and nonnegative parts, with f’ and ¢’), field properties of R (all integrals below
are finite), Definition 858 (integral, with f’ and ¢'), and Lemma 862 (compatibility of integral
with almost equality, with f and g), we have

/(f“ie'g)du=/(f’+g’)duZ/(f’+9')+dﬂ—/(f/+9’>_dﬂ
:/f’+du+/g/+duf (/f’dwr/g’du)
= (/f’*du—/f’_du)+(/g’+du—/g’_du)
:/f’du+/g’du=/fdu+/gdu~

Definition 884 (L!, vector space of integrable functions).
Let (X, Y, 1) be a measure space. The vector space of integrable functions is denoted L£(X, ¥, p)
(or simply £1); it is defined by

O

def.

= {f e Mr|N:(f) < o0}

(14.17) LYX, S, u)

|Remark 885. The set £! is shown below to be a (seminormed) vector space, hence its name.

Lemma 8867(equivalent definition of L'). Let (X,%, 1) be a measure space.
Let f : X = R. Then, f € L' iff f is finite and p-integrable in M.

Proof. “Left” implies “right”. Direct consequence of Definition 884 (L', vector space of inte-
grable functions), Lemma 577 (M and finite is Mg, f € MNRX), Lemma 874 (seminorm L'),
Lemma 789 (integral in M, |f| is p-integrable in M. ), and Lemma 853 (equivalent definition of
integrability).

“Right” implies “left”. Direct consequence of Lemma 853 (equivalent definition of integrabil-
ity), Lemma 577 (M and finite is Mg, f € MRg), Lemma 789 (integral in M), Lemma 874
(seminorm L), and Definition 884 (L', vector space of integrable functions).

Therefore, we have the equivalence. O

Lemma 887 (Minkowski inequality in L£!).
Let (X, %, ) be a measure space. Let f,g € L*. Then, we have Ni(f + g) < N1(f) + N1(9).

Proof. Direct consequence of Definition 884 (L', vector space of integrable functions, f and g
belong to Mg C M), Definition 678 (summability domain, D (f,g) = X), Lemma 685 (almost
sum is sum), Lemma 643 (everywhere implies almost everywhere), and Lemma 882 (Minkowski
inequality in M). O

Lemma 888 (L! is seminormed vector space).
Let (X, %, 1) be a measure space. Then, (L', N1) is a seminormed vector space.
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Proof. From Lemma 574 (Mg is vector space, with 0 : X — R as zero), Definition 884 (L', vector
space of integrable functions), Lemma 643 (everywhere implies almost everywhere), and Lemma 878
(N is almost definite, N1(0) = 0), £ is a subset of the vector space Mg containing the zero, and
we have N1(L£') CR.

Let a € R. Let f,g € L' C Mg. Then, from Definition 884 (L', vector space of integrable
functions), we have N1(f), N1(g) < oo. Moreover, from Lemma 574 (Mg is vector space), we have
af, f +9 € Mg. Thus, from Lemma 879 (N is absolutely homogeneous), Lemma 887 (Minkowski
inequality in L), and closedness of multiplication and addition in R, we have

Ni(af) = |a|Ni(f) < oo and  Ni(f+g) < Ni(f) + Ni(g) < oo

Hence, from Definition 884 (L1, vector space of integrable functions), we have af, f +g € L', Ny
is absolutely homogeneous of degree 1, and N satisfies the triangle inequality.

Therefore, from Lemma 81 (closed under vector operations is subspace, L is a vector subspace
of MR), Definition 77 (subspace, L' is a vector space), and Definition 237 (seminorm, Ni is a
seminorm over £1), (£!, N7) is a seminormed vector space. O

Definition 889 (convergence in L'). Let (X,3, 1) be a measure space. Let (f,)nen, f € L.
The sequence (fy,)nen is said convergent towards f in L' iff lim,, oo N1(fn — f) = 0.

Lemma 890 (L' is closed under absolute value).
Let (X,X, 1) be a measure space. Let f € L*. Then, we have |f| € L.

Proof. Direct consequence of Definition 884 (L', vector space of integrable functions), Lemma 596
(M is closed under absolute value, |f| € MRg), idempotent law for the absolute value, and
Lemma 874 (seminorm LY, N1(|f]) = N1(f)). O

Lemma 891 (bounded by L' is £1).
Let (X,%, 1) be a measure space. Let f € M. Then, we have the equivalence

(14.18) felt < 3JgerL', |fl<y

Proof. “Left” implies “right”. Direct consequence of Lemma 890 (L£! is closed under absolute

value, g def- fl € £Y), and reflexivity of order in R.

“Right” implies “left”. From Lemma 886 (equivalent definition of L', with g), Lemma 302
(absolute value in R is nonnegative), Lemma 279 (order in R is total, transitivity, thus |f| is finite
and g is nonnegative), Lemma 301 (finite absolute value in R), and Lemma 854 (compatibility of
integrability in M and ML, with g), we have f finite and g p-integrable in M, . Hence, from
Lemma 857 (bounded by integrable is integrable, f p-integrable in M), and Lemma 886 (equivalent
definition of L, with f), we have f € £!.

Therefore, we have the equivalence. O

Lemma 892 (integral is positive linear form on L').

Let (X,3, 1) be a measure space. Let T : L' — R be the function defined by for all f € LY,

Z(f) s [ fdu. Then, T is a positive linear form on L'; hence it is nondecreasing.

Moreover, for all f € L, we have |Z(f)| < Z(|f]) = N1(f).

Proof. (1). Linearity. Direct consequence of Lemma 888 (L£! is seminormed vector space),
Lemma 880 (integral is homogeneous), Definition 884 (L', vector space of integrable functions,

L' € MR), Definition 282 (addition in R, addition is well-defined in £!), and Lemma 883 (integral

is additive, with h def- f+9).

(2). Nonnegativeness. Let f € £!. Assume that f > 0. Then, from Definition 884 (£!,
vector space of integrable functions, f € Mg), Lemma 577 (M and finite is Mg, Mg C M), and
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Definition 593 (M., subset of nonnegative measurable numeric functions), we have f € M.
Hence, from the definition of Z, and Lemma 789 (integral in M. ), we have Z(f) = [ fdu > 0.

Therefore, from Definition 64 (linear map), and Definition 66 (linear form), T is a nonnegative
linear form on £'.

(3). Monotonicity. Let f,g € £!'. Assume that f < g. Then, from Lemma 888 (L' is
seminormed vector space), Definition 61 (vector space, additive abelian group properties), and
ordered field properties of R, we have ¢ = f + (¢ — f) with ¢ — f > 0. Thus, from the
definition of Z (with f), (2), (1), and the definition of Z (with g), we have

I(f)=/fdu</fdu+/(g—f)dﬂ=/gdu=1(g)~

Hence, 7 is nondecreasing.

(4). Inequality. Let f € £'. Then, from Definition 884 (L', vector space of integrable functions),
Lemma 874 (seminorm L), Definition 851 (integrability), and Lemma 853 (equivalent definition of
integrability), f*, f~ and | f| are p-integrable in M | i.e. all integrals below are finite. Hence, from
the definition of Z (with f), Definition 858 (integral), the triangle inequality for the absolute
value in R, Lemma 401 (nonnegative and nonpositive parts are nonnegative), (2), Lemma 804
(integral in M of decomposition into nonpositive and nonnegative parts), the definition of 7
(with |f]), and Lemma 874 (seminorm L'), we have

()] = ‘/fdu‘ - ‘/f*du—/f‘ dﬁb‘ < [rrans [ au= [1flau=105) = M)

O

Lemma 893 (constant function is L').
Let (X,X, 1) be a finite measure space. Let a € R. Then, f = (x +— a) € L', and we have

(14.19) /fdu = ap(X).

Proof. Direct consequence of Definition 611 (measure), Definition 516 (measurable space, ¥ is a
o-algebra), Definition 474 (o-algebra, X € ¥), Definition 748 (SF, vector space of simple functions,
|f| =la|1x € SF4), Lemma 770 (integral in SF, [ |f]dp = |alu(X) < 00), Lemma 790 (integral
in My generalizes integral in SF ), Lemma 859 (compatibility of integral in M and M), and

Definition 858 (integral, [ fdu = sgn(a) [ |f|dp = ap(X)). O

Lemma 894 (first mean value theorem). Let (X,X%, 1) be a finite measure space.
Assume that p is nonzero. Let f € M. Assume that f is bounded. Then, f € L', and we have

(14.20) inf(£(X)) < ﬁ [ #au < sups6))

Moreover, inequalities are strict iff f is not equal to one of its bounds p-almost everywhere.

Proof. Let m def- inf(f(X)) and M = sup(f(X)).

Case 0 < m < M. Then, —-m < M and |f| < M. Case m < 0 < M. Then, |f] is less than
or equal to max(—m, M). Case m < M < 0. Then, M < —m and |f| < —m. Thus, in all cases,
we have |f| < g where g def- max(—m, M). Hence, from Lemma 893 (constant function is L',
g € L£Y), and Lemma 891 (bounded by L' is L'), we have f € L. Therefore, from Lemma 892
(integral is positive linear form on L', T is nondecreasing), and ordered field properties of R
with 0 < pu(X) < oo, we have

1
< —— [ fdu< M.
m<u(X)/f "

Inria



Detailed proofs for Lebesgue integration 197

Moreover, from Lemma 893 (constant function is L, (x — m) € L1), Lemma 888 (L£! is semi-
normed vector space, f —m € L), Lemma 892 (integral is positive linear form on L', [(f —m)du
is zero), Lemma 859 (compatibility of integral in M and M), Lemma 806 (integral in M is
almost definite, with f —m > 0), and Lemma 660 (compatibility of almost equality with operator,
with the unary operator translation by m), we have

/fdu:m,u(X) — /(f—m)duzo — [f-m"E0 = [f'En.
Similarly, with M — f € £' N My, we have [ fdu = Mu(X) < f "= M. Hence, since
(P < Q) & (—P < —Q), we have strict inequalities in (14.20) iff f is not equal to m or M
p-almost everywhere. O

Lemma 895 (variant of first mean value theorem).

Let (X,X%, 1) be a finite measure space. Assume that p is nonzero. Let f € M, m o inf(f(X))

and M < sup(f(X)). Assume that f is bounded, not equal to m or M p-almost everywhere,
and (m, M) C f(X). Then, f € L', and we have

(14.21) dr e X, /fdu = f(x)pu(X).

Proof. Direct consequence of Lemma 894 (first mean value theorem, with strict inequalities), or-
dered field properties of R with 0 < pu(X) < oo, and Definition 241 (interval, with X def. R,
there exists y € (m, M) such that [ fdu = yu(X)). O

|Remark 896. See the sketch of next proof in Section 5.2.

Theorem 897 (Lebesgue, dominated convergence).

Let (X,%, 1) be a measure space. Let (fp)nen € M. Assume that the sequence is pointwise
convergent towards f. Let g € L. Assume that for alln €N, |f.] < g.

Then, for alln €N, f, € LY, f € L, the sequence is convergent towards f in L', and we have

(14.22) /fd,u = nh_}rrolo / fn dp.

Proof. From Lemma 590 (M is closed under limit when pointwise convergent), we have f € M.
Moreover, from Lemma 317 (absolute value in R is continuous), and monotonicity of the limit
in R, we have |f]| < g.

Let n € N. Then, from Lemma 891 (bounded by L' is £L'), we have f,, f € £. Thus, from
Lemma 888 (L' is seminormed vector space), Definition 237 (seminorm), Definition 61 (vector
space, (L', +) is an abelian group), Lemma 890 (L' is closed under absolute value), linearity
and compatibility of the limit with the absolute value, Lemma 302 (absolute value in R is
nonnegative), and Lemma 304 (absolute value in R is definite), we have

g0 Clfu—fleL'N My A lim g, =0.
n—oo

Moreover, from the triangle inequality for the absolute value, and ordered field proper-
ties of R, we have g, < |fn|+|— f| < 29. Thus, from Lemma 888 (L' is seminormed vector space),
Definition 237 (seminorm), Definition 61 (vector space, (L', +) is an abelian group), Definition 884
(LY, vector space of integrable functions, L* C M), and Definition 593 (M, subset of nonnegative
measurable numeric functions), we have 2g — g, € L' N M, and from Lemma 391 (limit inferior
and limit superior of pointwise convergent), we have liminf,, (29 —g,) = lim, . (29—gn) = 2g.
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From Theorem 817 (Fatou’s lemma, with f, def. 29 — gn), Lemma 892 (integral is positive linear
form on L', linearity), and Lemma 384 (duality limit inferior-limit superior), we have

/gd,u /hmmf (29 — gn) dis hmlnf/(Qg —gn)du

= lim inf <2/gdu/gndu) :2/gdu—limsup/gndu.
n—co n—00

Thus, from ordered field properties of R (with [ gdpu finite), limsupn_mofgn dp < 0.
Hence, from Lemma 892 (integral is positive linear form on L, [ g, dp > 0), Lemma 392 (limit
inferior bounded from below, liminf,, fgn du > 0), Lemma 396 (limit inferior, limit superior
and pointwise convergence, with limsup < 0 < liminf), the definition of the g,’s, and Lemma 874
(seminorm L), we have

O:hminf/gnd,u:limsup/gnd,u: ILm /gndu: ILm Ni(fn = f)-

n— oo n—oo

Therefore, from Definition 889 (convergence in L), (fn)nen is convergent towards f in L.
Moreover, from Lemma 302 (absolute value in R is nonnegative), Lemma 892 (integral is positive
linear form on L'), and the definition of the g,’s, we have

‘/fndu /fdu‘ ‘/ du‘ J18. = sldn = [ guin.

Thus, from the squeeze theorem, and linearity of the limit, we have
lim /fndp = /fdp:/ lim f, du.
n—oo n—oo

| Remark 898. See the sketch of next proof in Section 5.1. |

Theorem 899 (Lebesgue, extended dominated convergence).
Let (X, %, 1) be a measure space. Let (fn)nen, f,g € M. Assume that the sequence is p-almost
everywhere pointwise convergent towards f, that g is p-integrable, and that for all n € N, we have

pa.e.
|fnl < g. Then, for alln € N, f,, is u-integrable, f is u-integrable, the sequence (N1(fn—f))nen
converges towards 0, and we have

(14.23) / fdp= lim / o dyp.

Proof. Foralln € N, let B def- {f =liminf, o fn}N{f =limsup,,_, ., fn} and c, < {Ifn] < g}

Let n € N. Then, from Definition 641 (property almost satisfied), Definition 631 (negligible sub-
set), Definition 611 (measure), Definition 516 (measurable space, 3 is a o-algebra), Definition 474
(o-algebra, closedness under complement), m0n0t0n1c1ty of complement and since 1nvolu-

tiveness of complement, let B,C, € ¥ such that B C B, C,, C C,, and pu(B¢) = u(C¢) =

Let ¢ % Npen Cn and D dif BN C. Then, from Lemma 475 (equivalent definition of o-

algebra, closedness under countable intersection (with I = N, then card(]) = 2)), De Morgan’s
laws, and Lemma 638 (compatibility of null measure with countable union, with I =N, then
card(l) = 2), we have C, D € X, and p(C°) = u(D°) = 0. For all n € N, let

def. = def. = def. _ def.
AZEDNg ' Ry), fu = fula, [ fla, G5 gla.

Let n € N. Then, from Lemma 688 (finite nonnegative part, with g), we have A € X, g belongs
to Mr N My, p(A% =0, and ¢ HZ% §. Hence, from Lemma 591 (measurability and masking,
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with f,, and f), and Lemma 687 (masking almost nowhere, with f,, and f), we have fo, feM,
In HEs fn and f = I

From Lemma 660 (compatibility of almost equality with operator, with the unary operator

absolute value), we have [§| “=° |g|. Thus, from Lemma 862 (compatibility of integral with
almost equality, with |g| and |g]), Lemma 853 (equivalent definition of integrability, with g), and
Lemma 874 (seminorm L), we have N1(§) = Ni(g) < oo. Hence, from Definition 884 (£!, vector
space of integrable functions), we have § € L1,

Let x € X. Case x € A. Then, from the definition of the indicator function, and
since A C B C B, we have lim,,_, fn(m) = lim, 00 fu(z) = f(z) = f(z). Moreover, for all
n e N, since A C C,, C C,, we have |f,,(x)] = |fu(x)] < g(z) = §(z). Case x ¢ A. Then, from
the definition of the indicator function, we have for all n € N, f,(z) = f(z) = 0 = g(z).
Thus, we have lim,, o fn(z) = 0 = f(x), and |f, ()] = 0 < 0 = G(z). Hence, in all cases, from
Theorem 897 (Lebesgue, dominated convergence), we have for all n € N, fn, f € L', and

/fdu:nli_)n;o/fndu.

Therefore, from Lemma 660 (compatibility of almost equality with operator, with the unary

operator absolute value, |f,| “=" | fn| and |f] “£ |f]), Lemma 862 (compatibility of integral with
almost equality, with f, and fn, then f and f), Lemma 853 (equivalent definition of integrability,
with f,, then f), Lemma 874 (seminorm L£'), and Definition 884 (L', vector space of integrable
functions), for all n € N, f,, and f are u-integrable in M, and

/fdu:/fdu:nli_{r;o/fndu.:nli)n;o/fdu.
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Chapter 15

Conclusions, perspectives

We have presented very detailed proofs of the main basic results in measure theory and Lebesgue
integration such as the Beppo Levi (monotone convergence) theorem, Fatou’s lemma, the Tonelli
theorem, and Lebesgue’s dominated convergence theorem.

The short-term purpose of this work was to help the formalization in a formal proof assistant
such as Coq of the basic concepts in measure theory and Lebesgue integration and of the proofs
of their main properties. A first milestone towards this is dedicated to the integral of nonnegative
measurable functions [8] where special attention was paid to the formalization of o-algebras and
of simple functions.

Our mean-term purpose is now to continue up to the formalization of LP Lebesgue spaces and

of W™P Sobolev spaces as Banach spaces, and in particular L? and H™ At yym2 a5 Hilbert

spaces. This will include parts of the distribution theory.

The long-term purpose of these studies is the formal proof of programs implementing the Finite
Element Method. As a consequence, after having addressed the formalization of the Lax—Milgram
theorem [17, 7], we will also have to write very detailed pen-and-paper proofs for the concepts and
results of the interpolation and approximation theory to define the Finite Element Method itself.
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Appendix B

The proof cites explicitly. ..

This appendix gathers the explicit citations of the statements listed in Appendix A that appear
in the proof of each result (lemmas and theorems). Statements from [17] are anonymized.

The corresponding dependency graph is represented in Figure A.1 (top). The dual graph is
described in Appendix C.

Printing is not advised!

The proof of Lemma 209 (compatibility of pseudopartition with intersection)
cites explicitly:
Definition 207 (pseudopartition).

The proof of Lemma 210 (technical inclusion for countable union)
has no explicit citation.

The proof of Lemma 211 (order is meaningless in countable union)
cites explicitly:
Lemma 210 (technical inclusion for countable union).

The proof of Lemma 212 (definition of double countable union)
cites explicitly:
Lemma 211 (order is meaningless in countable union).

The proof of Lemma 213 (double countable union)
cites explicitly:
Lemma 212 (definition of double countable union).

The proof of Lemma 215 (partition of countable union)
has no explicit citation.

The proof of Lemma 218 (restriction is masking)
has no explicit citation.

The proof of Lemma 220 (quotient vector operations)
cites explicitly:
Definition 219 (relation compatible with vector operations).

The proof of Lemma 221 (quotient vector space, equivalence relation)
cites explicitly:
Statement(s) from [17],
Lemma 220 (quotient vector operations).
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The proof of Lemma 222 (quotient vector space)

cites explicitly:

Statement(s) from [17],

Definition 219 (relation compatible with vector operations),
Lemma 221 (quotient vector space, equivalence relation).

The proof of Lemma 223 (linear map on quotient vector space)

cites explicitly:

Statement(s) from [17],

Lemma 220 (quotient vector operations),
Lemma 222 (quotient vector space).

The proof of Lemma 228 (K is K-algebra)

cites explicitly:
Definition 226 (algebra over a field).

The proof of Lemma 231 (algebra of functions to algebra)

cites explicitly:

Statement(s) from [17],

Definition 226 (algebra over a field),
Definition 229 (inherited algebra operations).

The proof of Lemma 232 (KX is algebra)

cites explicitly:
Lemma 228 (K is K-algebra),
Lemma 231 (algebra of functions to algebra).

The proof of Lemma 235 (vector subspace and closed under multiplication is subalge-

bra)

cites explicitly:

Statement(s) from [17],

Definition 226 (algebra over a field),
Definition 233 (subalgebra).

The proof of Lemma 236 (closed under algebra operations is subalgebra)

cites explicitly:
Statement(s) from [17],
Lemma 235 (vector subspace and closed under multiplication is subalgebra).

The proof of Lemma 239 (definite seminorm is norm)

cites explicitly:
Statement(s) from [17],
Definition 237 (seminorm).

The proof of Lemma 243 (empty open interval)

cites explicitly:
Definition 241 (interval).

The proof of Lemma 246 (intervals are closed under finite intersection)

cites explicitly:
Definition 241 (interval).

The proof of Lemma 247 (empty intersection of open intervals)

cites explicitly:
Lemma 243 (empty open interval),
Lemma 246 (intervals are closed under finite intersection).
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The proof of Lemma 250 (intersection of topologies)
cites explicitly:
Definition 249 (topological space).

The proof of Lemma 252 (generated topology is minimum)
cites explicitly:
Lemma 250 (intersection of topologies),
Definition 251 (generated topology).

The proof of Lemma 253 (equivalent definition of generated topology)
cites explicitly:
Definition 249 (topological space),
Lemma 252 (generated topology is minimum).

The proof of Lemma 255 (augmented topological basis)
cites explicitly:
Definition 254 (topological basis).

The proof of Lemma 258 (topological basis of order topology)
cites explicitly:
Lemma 246 (intervals are closed under finite intersection),
Lemma 253 (equivalent definition of generated topology),
Definition 254 (topological basis),
Definition 256 (order topology).

The proof of Lemma 260 (trace topology on subset)
cites explicitly:
Definition 216 (trace of subsets of parties),
Definition 249 (topological space),
Definition 254 (topological basis).

The proof of Lemma 261 (box topology on Cartesian product)
cites explicitly:
Definition 217 (product of subsets of parties),
Definition 249 (topological space),
Definition 254 (topological basis).

The proof of Lemma 264 (complete countable topological basis)
cites explicitly:
Lemma 255 (augmented topological basis),
Definition 262 (second-countability).

The proof of Lemma 265 (compatibility of second-countability with Cartesian product)

cites explicitly:
Definition 217 (product of subsets of parties),
Lemma 261 (box topology on Cartesian product).

The proof of Lemma 266 (complete countable topological basis of product space)
cites explicitly:
Definition 217 (product of subsets of parties),
Lemma 261 (boz topology on Cartesian product),
Lemma 264 (complete countable topological basis).

The proof of Lemma 269 (equivalent definition of convergent sequence)
cites explicitly:
Statement(s) from [17].
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The proof of Lemma 270 (convergent subsequence of Cauchy sequence)
cites explicitly:
Statement(s) from [17].

The proof of Lemma 272 (finite cover of compact interval)
has no explicit citation.

The proof of Lemma 274 (2 is self-Holder conjugate in R)
cites explicitly:
Definition 273 (Hélder conjugates in R).

The proof of Lemma 275 ( Young’s inequality for products in R)
cites explicitly:
Definition 273 (Hélder conjugates in R).

The proof of Lemma 276 (Young’s inequality for products in R, case p = 2)
cites explicitly:
Lemma 274 (2 is self-Holder conjugate in R),
Lemma 275 (Young’s inequality for products in R).

The proof of Lemma 279 (order in R is total)
cites explicitly: B
Definition 278 (extended real numbers, R).

The proof of Lemma 283 (zero is identity element for addition in R)
cites explicitly: B
Definition 282 (addition in R).

The proof of Lemma 284 (addition in R is associative when defined)
cites explicitly: B
Definition 282 (addition in R).

The proof of Lemma 285 (addition in R is commutative when defined)
cites explicitly: B
Definition 282 (addition in R).

The proof of Lemma 286 (infinity-sum property in R)
cites explicitly: B
Definition 282 (addition in R).

The proof of Lemma 287 (additive inverse in R is monotone)
cites explicitly:
Definition 278 (extended real numbers, R),
Definition 282 (addition in R).

The proof of Lemma 290 (multiplication in R is associative when defined)
cites explicitly: B
Definition 288 (multiplication in R).

The proof of Lemma 291 (multiplication in R is commutative when defined)
cites explicitly: B
Definition 288 (multiplication in R).

The proof of Lemma 292 (multiplication in R is left distributive over addition when
defined)
cites explicitly:
Definition 282 (addition in R),
Definition 288 (multiplication in R).
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The proof of Lemma 293 (multiplication in R is right distributive over addition when
defined)
cites explicitly:
Lemma 291 (multiplication in R is commutative when defined),
Lemma 292 (multiplication in R is left distributive over addition when defined).

The proof of Lemma 294 (zero-product property in R)
cites explicitly: B
Definition 288 (multiplication in R).

The proof of Lemma 295 (infinity-product property in R)
cites explicitly: B
Definition 288 (multiplication in R).

The proof of Lemma 296 (finite-product property in R)
cites explicitly: B
Definition 288 (multiplication in R).

The proof of Lemma 298 (equivalent definition of absolute value in R)
cites explicitly: B
Definition 297 (absolute value in R).

The proof of Lemma 299 (bounded absolute value in R)
cites explicitly:
Lemma 287 (additive inverse in R is monotone),
Lemma 298 (equivalent definition of absolute value in R).

The proof of Lemma 300 (bounded absolute value in R (strict))
cites explicitly:
Lemma 287 (additive inverse in R is monotone),
Lemma 298 (equivalent definition of absolute value in R).

The proof of Lemma 301 (finite absolute value in R)
cites explicitly: B
Lemma 300 (bounded absolute value in R (strict)).

The proof of Lemma 302 (absolute value in R is nonnegative)
cites explicitly: B
Definition 297 (absolute value in R).

The proof of Lemma 303 (absolute value in R is even)
cites explicitly: B
Definition 297 (absolute value in R).

The proof of Lemma 304 (absolute value in R is definite)
cites explicitly: B
Definition 297 (absolute value in R).

The proof of Lemma 305 (absolute value in R satisfies triangle inequality)
cites explicitly:
Definition 278 (extended real numbers, R),
Definition 282 (addition in R),
Definition 297 (absolute value in R).

The proof of Lemma 307 (exponential and logarithm in R are inverse)

cites explicitly: B
Definition 306 (exponential and logarithm in R).
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The proof of Lemma 309 (exponentiation in R)
cites explicitly:
Definition 288 (multiplication in R),
Definition 306 (exponential and logarithm in R),
Definition 308 (ezponentiation in R).

The proof of Lemma 310 (topology of R)
cites explicitly:
Definition 256 (order topology),
Lemma 258 (topological basis of order topology),
Definition 278 (extended real numbers, R).

The proof of Lemma 312 (trace topology on R)
cites explicitly:
Definition 254 (topological basis),
Lemma 258 (topological basis of order topology),
Lemma 260 (trace topology on subset).

The proof of Lemma 314 (convergence towards —oo)
cites explicitly: B
Lemma 310 (topology of R).

The proof of Lemma 315 (continuity of addition in R)
cites explicitly: B
Definition 282 (addition in R).

The proof of Lemma 316 (continuity of multiplication in R)
cites explicitly: B
Definition 288 (multiplication in R).

The proof of Lemma 317 (absolute value in R is continuous)
cites explicitly: B
Definition 297 (absolute value in R).

The proof of Lemma 318 (addition in R, is closed)
cites explicitly: B
Definition 282 (addition in R).

The proof of Lemma 319 (addition in R, is associative)
cites explicitly:
Definition 282 (addition in R),
Lemma 284 (addition in R is associative when defined).

The proof of Lemma 320 (addition in R, is commutative)
cites explicitly:
Definition 282 (addition in R),
Lemma 285 (addition in R is commutative when defined).

The proof of Lemma 321 (infinity-sum property in R, )
cites explicitly: B
Lemma 286 (infinity-sum property in R).

The proof of Lemma 322 (series are convergent in R.)
has no explicit citation.

The proof of Lemma 323 (technical upper bound in series in R.)
cites explicitly: B
Lemma 322 (series are convergent in Ry).
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The proof of Lemma 324 (order is meaningless in series in R)
cites explicitly: B
Lemma 323 (technical upper bound in series in Ry).

The proof of Lemma 325 (definition of double series in R.)
cites explicitly: B
Lemma 324 (order is meaningless in series in Ry).

The proof of Lemma 326 (double series in R.)
cites explicitly:
Lemma 322 (series are convergent in Ry),
Lemma 325 (definition of double series in R..).

The proof of Lemma 329 (multiplication in R, is closed when defined)
cites explicitly:
Definition 288 (multiplication in R),
Definition 327 (multiplication in R.).

The proof of Lemma 330 (zero-product property in R.)
cites explicitly:
Lemma 294 (zero-product property in R),
Definition 327 (multiplication in R.).

The proof of Lemma 331 (infinity-product property in R)
cites explicitly:
Lemma 295 (infinity-product property in R),
Definition 327 (multiplication in R.).

The proof of Lemma 332 (finite-product property in R.)
cites explicitly:
Lemma 296 (finite-product property in R),
Definition 327 (multiplication in R..).

The proof of Lemma 335 (zero-product property in R (measure theory))
cites explicitly:
Lemma 294 (zero-product property in R),
Definition 333 (multiplication in R (measure theory)).

The proof of Lemma 336 (infinity-product property in R (measure theory))
cites explicitly:
Lemma 295 (infinity-product property in R),
Definition 333 (multiplication in R (measure theory)).

The proof of Lemma 337 (finite-product property in R (measure theory))
cites explicitly: B
Lemma 336 (infinity-product property in R (measure theory)).

The proof of Lemma 338 (multiplication in R, is closed (measure theory))
cites explicitly:
Definition 288 (multiplication in R),
Definition 327 (multiplication in Ry),
Definition 333 (multiplication in R (measure theory)).

The proof of Lemma 340 (multiplication in R, is associative (measure theory))
cites explicitly:
Lemma 290 (multiplication in R is associative when defined),
Definition 333 (multiplication in R (measure theory)).
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The proof of Lemma 341 (multiplication in R, is commutative (measure theory))

cites explicitly: B
Lemma 291 (multiplication in R is commutative when defined),
Definition 333 (multiplication in R (measure theory)).

The proof of Lemma 342 (multiplication in R, is distributive over addition (measure

theory))

cites explicitly:

Lemma 292 (multiplication in R is left distributive over addition when defined),
Lemma 293 (multiplication in R is right distributive over addition when defined),
Definition 333 (multiplication in R (measure theory)).

The proof of Lemma 343 (zero-product property in R, (measure theory))

cites explicitly: B
Lemma 330 (zero-product property in Ry),
Definition 333 (multiplication in R (measure theory)).

The proof of Lemma 344 (infinity-product property in R, (measure theory))

cites explicitly: B
Lemma 331 (infinity-product property in R.),
Definition 333 (multiplication in R (measure theory)).

The proof of Lemma 345 (finite-product property in R, (measure theory))

cites explicitly: B
Lemma 337 (finite-product property in R (measure theory)).

The proof of Lemma 346 (exponentiation in R (measure theory))

cites explicitly:

Definition 308 (ezponentiation in R),

Lemma 309 (ezponentiation in R),

Definition 333 (multiplication in R (measure theory)).

The proof of Lemma 349 (Young’s inequality for products (measure theory))

cites explicitly:

Lemma 275 (Young’s inequality for products in R),

Definition 282 (addition in R),

Definition 288 (multiplication in R),

Lemma 309 (ezponentiation in R),

Lemma 318 (addition in Ry is closed),

Lemma 329 (multiplication in Ry is closed when defined),
Lemma 331 (infinity-product property in R.),

Lemma 338 (multiplication in Ry is closed (measure theory)),
Lemma 343 (zero-product property in Ry (measure theory)),
Lemma 344 (infinity-product property in Ry (measure theory)).

The proof of Lemma 350 ( Young’s inequality for products, case p =2 (measure the-

ory))

cites explicitly:

Lemma 274 (2 is self-Holder conjugate in R),

Lemma 338 (multiplication in Ry is closed (measure theory)),
Lemma 340 (multiplication in Ry is associative (measure theory)),
Lemma 341 (multiplication in Ry is commutative (measure theory)),
Lemma 349 (Young’s inequality for products (measure theory)).

The proof of Lemma 352 (connected component of open subset of R is open interval)

cites explicitly:
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Statement(s) from [17],

Definition 241 (interval),

Definition 249 (topological space),
Definition 351 (connected component in R).

The proof of Lemma 353 (connected component of open subset of R is maximal)
cites explicitly:
Definition 351 (connected component in R),
Lemma 352 (connected component of open subset of R is open interval).

The proof of Lemma 354 (connected components of open subset of R are equal or
disjoint)
cites explicitly:
Lemma 353 (connected component of open subset of R is mazimal).

The proof of Theorem 355 (countable connected components of open subsets of R)
cites explicitly:
Statement(s) from [17],
Definition 351 (connected component in R),
Lemma 354 (connected components of open subset of R are equal or disjoint).

The proof of Lemma 356 (rational approximation of lower bound of open interval)
has no explicit citation.

The proof of Lemma 357 (rational approximation of upper bound of open interval)
cites explicitly:
Lemma 356 (rational approzimation of lower bound of open interval).

The proof of Lemma 358 (open intervals with rational bounds cover open interval)
cites explicitly:
Statement(s) from [17],
Definition 249 (topological space),
Lemma 356 (rational approxzimation of lower bound of open interval),
Lemma 357 (rational approxzimation of upper bound of open interval).

The proof of Theorem 359 (R is second-countable)
cites explicitly:
Definition 254 (topological basis),
Definition 262 (second-countability),
Theorem 355 (countable connected components of open subsets of R),
Lemma 358 (open intervals with rational bounds cover open interval).

The proof of Lemma 360 (R" is second-countable)
cites explicitly:
Lemma 261 (box topology on Cartesian product),
Definition 262 (second-countability),
Lemma 265 (compatibility of second-countability with Cartesian product),
Theorem 359 (R is second-countable).

The proof of Lemma 361 (open intervals with rational bounds cover open interval
of R)
cites explicitly:
Lemma 356 (rational approzimation of lower bound of open interval),
Lemma 357 (rational approzimation of upper bound of open interval),
Lemma 358 (open intervals with rational bounds cover open interval).
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The proof of Lemma 362 (R is second-countable)
cites explicitly:
Definition 254 (topological basis),
Definition 262 (second-countability),
Lemma 310 (topology of R),
Theorem 355 (countable connected components of open subsets of R),
Lemma 361 (open intervals with rational bounds cover open interval of R).

The proof of Lemma 363 (extrema of constant function)
cites explicitly:
Statement(s) from [17].

The proof of Lemma 364 (equivalent definition of finite infimum)
cites explicitly:
Statement(s) from [17],
Lemma 269 (equivalent definition of convergent sequence).

The proof of Lemma 365 (equivalent definition of finite infimum in R)
cites explicitly:
Statement(s) from [17],
Lemma 363 (extrema of constant function),
Lemma 364 (equivalent definition of finite infimum).

The proof of Lemma 366 (equivalent definition of infimum)
cites explicitly:
Statement(s) from [17],
Lemma 314 (convergence towards —oo),
Lemma 365 (equivalent definition of finite infimum in R).

The proof of Lemma 367 (infimum is smaller than supremum)
cites explicitly:
Statement(s) from [17],
Lemma 279 (order in R is total).

The proof of Lemma 368 (infimum is monotone)
cites explicitly:
Statement(s) from [17],
Lemma 279 (order in R is total).

The proof of Lemma 369 (supremum is monotone)
cites explicitly:
Statement(s) from [17],
Lemma 368 (infimum is monotone).

The proof of Lemma 370 (compatibility of infimum with absolute value)
cites explicitly:
Statement(s) from [17],
Lemma 298 (equivalent definition of absolute value in R),
Lemma 303 (absolute value in R is even),
Lemma 367 (infimum is smaller than supremum),
Lemma 368 (infimum is monotone),
Lemma 369 (supremum is monotone).

The proof of Lemma 371 (compatibility of supremum with absolute value)
cites explicitly:
Statement(s) from [17],
Lemma 303 (absolute value in R is even),
Lemma 370 (compatibility of infimum with absolute value).
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The proof of Lemma 372 (compatibility of translation with infimum)
cites explicitly:
Lemma 368 (infimum is monotone).

The proof of Lemma 373 (compatibility of translation with supremum)
cites explicitly:
Lemma 369 (supremum is monotone).

The proof of Lemma 374 (infimum of sequence is monotone)
cites explicitly:
Statement(s) from [17],
Lemma 279 (order in R is total).

The proof of Lemma 375 (supremum of sequence is monotone)
cites explicitly:
Statement(s) from [17],
Lemma 374 (infimum of sequence is monotone).

The proof of Lemma 376 (infimum of bounded sequence is bounded)
cites explicitly:
Lemma 363 (extrema of constant function),
Lemma 374 (infimum of sequence is monotone).

The proof of Lemma 377 (supremum of bounded sequence is bounded)
cites explicitly:
Lemma 363 (extrema of constant function),
Lemma 375 (supremum of sequence is monotone).

The proof of Lemma 378 (limit inferior)
cites explicitly:
Lemma 368 (infimum is monotone).

The proof of Lemma 379 (limit inferior is oo)
cites explicitly:
Statement(s) from [17],
Lemma 378 (limit inferior).

The proof of Lemma 380 (equivalent definition of the limit inferior)
cites explicitly:
Statement(s) from [17],
Definition 271 (cluster point),
Lemma 378 (limit inferior),
Lemma 379 (limit inferior is o).

The proof of Lemma 381 (limit inferior is invariant by translation)
cites explicitly:
Definition 271 (cluster point),
Lemma 380 (equivalent definition of the limit inferior).

The proof of Lemma 382 (limit inferior is monotone)
cites explicitly:
Lemma 374 (infimum of sequence is monotone),
Lemma 375 (supremum of sequence is monotone),
Lemma 378 (limit inferior),
Lemma 381 (limit inferior is invariant by translation).

The proof of Lemma 383 (limit superior)
has no explicit citation.
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The proof of Lemma 384 (duality limit inferior-limit superior)
cites explicitly:
Statement(s) from [17],
Lemma 378 (limit inferior),
Lemma 383 (limit superior).

The proof of Lemma 385 (equivalent definition of limit superior)
cites explicitly:
Lemma 380 (equivalent definition of the limit inferior),
Lemma 384 (duality limit inferior-limit superior).

The proof of Lemma 386 (limit inferior is smaller than limit superior)
cites explicitly:
Lemma 279 (order in R is total),
Lemma 380 (equivalent definition of the limit inferior),
Lemma 385 (equivalent definition of limit superior).

The proof of Lemma 387 (limit superior is monotone)
cites explicitly:
Lemma 382 (limit inferior is monotone),
Lemma 384 (duality limit inferior-limit superior).

The proof of Lemma 388 (compatibility of limit inferior with absolute value)
cites explicitly:
Lemma 370 (compatibility of infimum with absolute value),
Lemma 378 (limit inferior),
Lemma 383 (limit superior).

The proof of Lemma 389 (compatibility of limit superior with absolute value)
cites explicitly:
Lemma 303 (absolute value in R is even),
Lemma 384 (duality limit inferior-limit superior),
Lemma 388 (compatibility of limit inferior with absolute value).

The proof of Lemma 391 (limit inferior and limit superior of pointwise convergent)
cites explicitly:
Lemma 380 (equivalent definition of the limit inferior),
Lemma 385 (equivalent definition of limit superior),
Definition 390 (pointwise convergence).

The proof of Lemma 392 (limit inferior bounded from below)
cites explicitly:
Statement(s) from [17],
Lemma 382 (limit inferior is monotone),
Lemma 391 (limit inferior and limit superior of pointwise convergent).

The proof of Lemma 393 (limit inferior bounded from above)
cites explicitly:
Statement(s) from [17],
Lemma 382 (limit inferior is monotone),
Lemma 391 (limit inferior and limit superior of pointwise convergent).

The proof of Lemma 394 (limit superior bounded from below)
cites explicitly:
Lemma 384 (duality limit inferior-limit superior),
Lemma 393 (limit inferior bounded from above).
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The proof of Lemma 395 (limit superior bounded from above)
cites explicitly:
Lemma 384 (duality limit inferior-limit superior),
Lemma 392 (limit inferior bounded from below).

The proof of Lemma 396 (limit inferior, limit superior and pointwise convergence)
cites explicitly:
Statement(s) from [17],
Lemma 379 (limit inferior is c0),
Lemma 380 (equivalent definition of the limit inferior),
Lemma 384 (duality limit inferior-limit superior),
Lemma 385 (equivalent definition of limit superior),
Lemma 386 (limit inferior is smaller than limit superior).

The proof of Lemma 398 (finite part is finite)
cites explicitly:
Definition 278 (extended real numbers, R),
Definition 397 (finite part).

The proof of Lemma 400 (equivalent definition of nonnegative and nonpositive parts)

cites explicitly:
Definition 399 (nonnegative and nonpositive parts).

The proof of Lemma 401 (nonnegative and nonpositive parts are nonnegative)
cites explicitly:
Definition 399 (nonnegative and nonpositive parts).

The proof of Lemma 402 (nonnegative and nonpositive parts are orthogonal)
has no explicit citation.

The proof of Lemma 403 (decomposition into nonnegative and nonpositive parts)
cites explicitly:
Definition 282 (addition in R),
Definition 297 (absolute value in R),
Lemma 402 (nonnegative and nonpositive parts are orthogonal).

The proof of Lemma 404 (compatibility of nonpositive and nonnegative parts with
addition)
cites explicitly:
Definition 282 (addition in R),
Lemma 319 (addition in Ry is associative),
Lemma 320 (addition in Ry is commutative),
Lemma 321 (infinity-sum property in R,),
Definition 399 (nonnegative and nonpositive parts),
Lemma 401 (nonnegative and nonpositive parts are nonnegative),
Lemma 402 (nonnegative and nonpositive parts are orthogonal),
Lemma 403 (decomposition into nonnegative and nonpositive parts).

The proof of Lemma 405 (compatibility of monpositive and nonnegative parts with
mask)
cites explicitly:
Definition 399 (nonnegative and nonpositive parts).

The proof of Lemma 406 (compatibility of monpositive and nonnegative parts with
restriction)
cites explicitly:
Definition 399 (nonnegative and nonpositive parts).
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The proof of Lemma 408 (nonempty and with empty or full)
has no explicit citation.

The proof of Lemma 409 (with empty and full)
has no explicit citation.

The proof of Lemma 411 (closedness under local complement and complement)
has no explicit citation.

The proof of Lemma 412 (closedness under disjoint union and local complement)
has no explicit citation.

The proof of Lemma 413 (closedness under set difference and local complement)
has no explicit citation.

The proof of Lemma 414 (closedness under intersection and set difference)
has no explicit citation.

The proof of Lemma 415 (closedness under union and intersection)
has no explicit citation.

The proof of Lemma 416 (closedness under union and set difference)
cites explicitly:
Lemma 414 (closedness under intersection and set difference),
Lemma 415 (closedness under union and intersection).

The proof of Lemma 417 (closedness under finite operations)
has no explicit citation.

The proof of Lemma 418 (closedness under finite union and intersection)
cites explicitly:
Lemma 415 (closedness under union and intersection),
Lemma 417 (closedness under finite operations).

The proof of Lemma 421 (closedness under countable and finite disjoint union)
has no explicit citation.

The proof of Lemma 422 (closedness under countable disjoint union and local com-
plement)
cites explicitly:
Lemma 409 (with empty and full),
Lemma 412 (closedness under disjoint union and local complement),
Lemma 417 (closedness under finite operations),
Lemma 421 (closedness under countable and finite disjoint union).

The proof of Lemma 423 (closedness under countable union and intersection)
has no explicit citation.

The proof of Lemma 424 (closedness under countable disjoint and monotone union)
cites explicitly:
Lemma 215 (partition of countable union).

The proof of Lemma 425 (closedness under countable monotone and disjoint union)
has no explicit citation.

The proof of Lemma 426 (closedness under countable disjoint union and countable
union)
cites explicitly:
Lemma 215 (partition of countable union),
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Lemma 414 (closedness under intersection and set difference),
Lemma 415 (closedness under union and intersection),
Lemma 417 (closedness under finite operations).

The proof of Lemma 427 (closedness under countable monotone union and countable
union)
cites explicitly:
Lemma 413 (closedness under set difference and local complement),
Lemma 414 (closedness under intersection and set difference),
Lemma 415 (closedness under union and intersection),
Lemma 425 (closedness under countable monotone and disjoint union),
Lemma 426 (closedness under countable disjoint union and countable union).

The proof of Lemma 431 (intersection of m-systems)
cites explicitly:
Definition 428 (w-system).

The proof of Lemma 433 (generated m-system is minimum)
cites explicitly:
Lemma 431 (intersection of w-systems),
Definition 432 (generated mw-system).

The proof of Lemma 434 (7w-system generation is monotone)
cites explicitly:
Lemma 433 (generated m-system is minimum,).

The proof of Lemma 435 (7-system generation is idempotent)
cites explicitly:
Lemma 433 (generated m-system is minimum,).

The proof of Lemma 438 (equivalent definition of set algebra)
cites explicitly:
Lemma 408 (nonempty and with empty or full),
Lemma 409 (with empty and full),
Lemma 417 (closedness under finite operations),
Lemma 418 (closedness under finite union and intersection),
Definition 437 (set algebra).

The proof of Lemma 439 (other equivalent definition of set algebra)
cites explicitly:
Lemma 411 (closedness under local complement and complement),
Lemma 413 (closedness under set difference and local complement),
Lemma 414 (closedness under intersection and set difference),
Lemma 438 (equivalent definition of set algebra).

The proof of Lemma 440 (set algebra is closed under local complement)
cites explicitly:
Lemma 413 (closedness under set difference and local complement),
Lemma 439 (other equivalent definition of set algebra).

The proof of Lemma 441 (intersection of set algebras)
cites explicitly:
Definition 437 (set algebra).

The proof of Lemma 443 (generated set algebra is minimum)
cites explicitly:
Lemma 441 (intersection of set algebras),
Definition 442 (generated set algebra).
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The proof of Lemma 444 (set algebra generation is monotone)
cites explicitly:
Lemma 443 (generated set algebra is minimum).

The proof of Lemma 445 (set algebra generation is idempotent)
cites explicitly:
Lemma 443 (generated set algebra is minimum).

The proof of Lemma 446 (partition of countable union in set algebra)
cites explicitly:
Lemma 215 (partition of countable union),
Lemma 438 (equivalent definition of set algebra),
Lemma 439 (other equivalent definition of set algebra).

The proof of Lemma 447 (explicit set algebra)
cites explicitly:
Lemma 417 (closedness under finite operations),
Definition 437 (set algebra),
Lemma 438 (equivalent definition of set algebra),
Lemma 443 (generated set algebra is minimum).

The proof of Lemma 449 (intersection of monotone classes)
cites explicitly:
Definition 448 (monotone class).

The proof of Lemma 451 (generated monotone class is minimum)
cites explicitly:
Lemma 449 (intersection of monotone classes),
Definition 450 (generated monotone class).

The proof of Lemma 452 (monotone class generation is monotone)
cites explicitly:
Lemma 451 (generated monotone class is minimum).

The proof of Lemma 453 (monotone class generation is idempotent)
cites explicitly:
Lemma 451 (generated monotone class is minimum).

The proof of Lemma 455 (C\ is symmetric)
cites explicitly:
Definition 454 (monotone class and symmetric set difference).

The proof of Lemma 456 (C\ is monotone class)
cites explicitly:
Definition 448 (monotone class),
Definition 454 (monotone class and symmetric set difference).

The proof of Lemma 457 (monotone class is closed under set difference)
cites explicitly:
Lemma 451 (generated monotone class is minimum),
Definition 454 (monotone class and symmetric set difference),
Lemma 455 (C\ is symmetric),
Lemma 456 (C\ is monotone class).

The proof of Lemma 458 (monotone class generated by set algebra)
cites explicitly:
Lemma 439 (other equivalent definition of set algebra),
Lemma 451 (generated monotone class is minimum),
Lemma 457 (monotone class is closed under set difference).
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The proof of Lemma 460 (equivalent definition of \-system)
cites explicitly:
Lemma 411 (closedness under local complement and complement),
Lemma 422 (closedness under countable disjoint union and local complement),
Lemma 424 (closedness under countable disjoint and monotone union),
Lemma 425 (closedness under countable monotone and disjoint union),
Definition 459 (A-system).

The proof of Lemma 461 (other properties of A-system)
cites explicitly:
Lemma 408 (nonempty and with empty or full),
Lemma 409 (with empty and full),
Lemma 423 (closedness under countable union and intersection),
Definition 459 (\-system),
Lemma 460 (equivalent definition of A-system).

The proof of Lemma 462 (intersection of \-systems)
cites explicitly:
Definition 459 (A-system).

The proof of Lemma 464 (generated \-system is minimum)
cites explicitly:
Lemma 462 (intersection of A-systems),
Definition 463 (generated \-system).

The proof of Lemma 465 (\-system generation is monotone)
cites explicitly:
Lemma 464 (generated A-system is minimum).

The proof of Lemma 466 (\-system generation is idempotent)
cites explicitly:
Lemma 464 (generated A-system is minimum).

The proof of Lemma 468 (A" is symmetric)
cites explicitly:
Definition 467 (A-system and intersection).

The proof of Lemma 469 (A" is \-system)
cites explicitly:
Definition 459 (\-system),
Lemma 460 (equivalent definition of A-system).

The proof of Lemma 470 (\-system with intersection)
cites explicitly:
Lemma 464 (generated A-system is minimum),
Definition 467 (A-system and intersection),
Lemma 468 (A" is symmetric),
Lemma 469 (A™ is A-system).

The proof of Lemma 471 (\-system is closed under intersection)
cites explicitly:
Definition 467 (A-system and intersection),
Lemma 470 (\-system with intersection).

The proof of Lemma 472 (A-system generated by 7-system)
cites explicitly:
Lemma 417 (closedness under finite operations),
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Definition 428 (w-system),
Lemma 464 (generated A-system is minimum),
Lemma 471 (A-system is closed under intersection).

The proof of Lemma 475 (equivalent definition of o-algebra)
cites explicitly:
Lemma 408 (nonempty and with empty or full),
Lemma 409 (with empty and full),
Lemma 423 (closedness under countable union and intersection),
Definition 474 (o-algebra).

The proof of Lemma 477 (o-algebra is set algebra)
cites explicitly:
Definition 437 (set algebra),
Definition 474 (o-algebra).

The proof of Lemma 478 (c-algebra is closed under set difference)
cites explicitly:
Lemma 439 (other equivalent definition of set algebra),
Lemma 440 (set algebra is closed under local complement),
Lemma 477 (o-algebra is set algebra).

The proof of Lemma 479 (other properties of c-algebra)
cites explicitly:
Lemma 475 (equivalent definition of o-algebra).

The proof of Lemma 480 (partition of countable union in o-algebra)
cites explicitly:
Lemma 215 (partition of countable union),
Lemma 446 (partition of countable union in set algebra),
Definition 474 (o-algebra),
Lemma 477 (o-algebra is set algebra).

The proof of Lemma 481 (intersection of o-algebras)
cites explicitly:
Definition 474 (o-algebra).

The proof of Lemma 483 (generated o-algebra is minimum)
cites explicitly:
Lemma 481 (intersection of o-algebras),
Definition 482 (generated o-algebra).

The proof of Lemma 484 (c-algebra generation is monotone)
cites explicitly:
Lemma 483 (generated o-algebra is minimum,).

The proof of Lemma 485 (o-algebra generation is idempotent)
cites explicitly:
Lemma 483 (generated o-algebra is minimum,).

The proof of Lemma 486 (o-algebra is w-system)
cites explicitly:
Definition 428 (w-system),
Lemma 475 (equivalent definition of o-algebra).

The proof of Lemma 487 (o-algebra contains m-system)
cites explicitly:
Lemma 433 (generated mw-system is minimum),
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Lemma 483 (generated o-algebra is minimum,),
Lemma 486 (o-algebra is w-system,).

The proof of Lemma 488 (7w-system contains o-algebra)
cites explicitly:
Lemma 408 (nonempty and with empty or full),
Lemma 426 (closedness under countable disjoint union and countable union),
Definition 428 (w-system),
Lemma 433 (generated mw-system is minimum),
Definition 474 (o-algebra),
Lemma 483 (generated o-algebra is minimum,).

The proof of Lemma 489 (o-algebra generated by m-system)
cites explicitly:
Lemma 433 (generated mw-system is minimum),
Lemma 483 (generated o-algebra is minimum,),
Lemma 484 (o-algebra generation is monotone),
Lemma 487 (c-algebra contains w-system).

The proof of Lemma 490 (c-algebra contains set algebra)
cites explicitly:
Lemma 443 (generated set algebra is minimum),
Lemma 477 (o-algebra is set algebra),
Lemma 483 (generated o-algebra is minimum).

The proof of Lemma 491 (set algebra contains o-algebra)
cites explicitly:
Lemma 427 (closedness under countable monotone union and countable union),
Definition 437 (set algebra),
Lemma 443 (generated set algebra is minimum),
Definition 474 (o-algebra),
Lemma 483 (generated o-algebra is minimum).

The proof of Lemma 492 (c-algebra generated by set algebra)
cites explicitly:
Lemma 443 (generated set algebra is minimum),
Lemma 483 (generated o-algebra is minimum,),
Lemma 484 (o-algebra generation is monotone),
Lemma 490 (o-algebra contains set algebra).

The proof of Lemma 493 (o-algebra is monotone class)
cites explicitly:
Definition 448 (monotone class),
Lemma 479 (other properties of o-algebra).

The proof of Lemma 494 (c-algebra contains monotone class)
cites explicitly:
Lemma 451 (generated monotone class is minimum),
Lemma 483 (generated o-algebra is minimum,),
Lemma 493 (o-algebra is monotone class).

The proof of Lemma 495 (monotone class contains o-algebra)
cites explicitly:
Lemma 427 (closedness under countable monotone union and countable union),
Definition 448 (monotone class),
Lemma 451 (generated monotone class is minimum),
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Definition 474 (o-algebra),
Lemma 483 (generated o-algebra is minimum,).

The proof of Lemma 496 (c-algebra generated by monotone class)

cites explicitly:

Lemma 451 (generated monotone class is minimum),
Lemma 483 (generated o-algebra is minimum,),
Lemma 484 (o-algebra generation is monotone),
Lemma 494 (o-algebra contains monotone class).

The proof of Lemma 497 (o-algebra is \-system)

cites explicitly:

Definition 459 (A-system),

Lemma 475 (equivalent definition of o-algebra),
Lemma 479 (other properties of o-algebra).

The proof of Lemma 498 (c-algebra contains \-system)

cites explicitly:

Lemma 464 (generated A-system is minimum),
Lemma 483 (generated o-algebra is minimum,),
Lemma 497 (o-algebra is \-system).

The proof of Lemma 499 (\-system contains c-algebra)

cites explicitly:

Lemma 426 (closedness under countable disjoint union and countable union),
Definition 459 (A-system),

Lemma 464 (generated A-system is minimum),

Lemma 475 (equivalent definition of o-algebra),

Lemma 483 (generated o-algebra is minimum).

The proof of Lemma 500 (c-algebra generated by \-system)

cites explicitly:

Lemma 464 (generated A-system is minimum),
Lemma 483 (generated o-algebra is minimum),
Lemma 484 (o-algebra generation is monotone),
Lemma 498 (c-algebra contains \-system).

The proof of Lemma 501 (other o-algebra generator)

cites explicitly:
Lemma 484 (o-algebra generation is monotone),
Lemma 485 (o-algebra generation is idempotent).

The proof of Lemma 502 (complete generated o-algebra)

cites explicitly:

Lemma 483 (generated o-algebra is minimum,),
Lemma 484 (o-algebra generation is monotone),
Lemma 501 (other o-algebra generator).

The proof of Lemma 503 (countable c-algebra generator)

cites explicitly:

Definition 474 (o-algebra),

Lemma 483 (generated o-algebra is minimum,),
Lemma 501 (other o-algebra generator).

The proof of Lemma 505 (set algebra generated by product of o-algebras)

cites explicitly:
Definition 217 (product of subsets of parties),
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Lemma 447 (explicit set algebra),
Lemma 475 (equivalent definition of o-algebra).

The proof of Lemma 506 (w-system and \-system is o-algebra)
cites explicitly:
Definition 428 (7-system),
Lemma 466 (\-system generation is idempotent),
Lemma 485 (o-algebra generation is idempotent),
Lemma 498 (o-algebra contains \-system),
Lemma 499 (\-system contains o-algebra).

The proof of Theorem 508 (Dynkin 71—\ theorem)
cites explicitly:
Lemma 464 (generated A-system is minimum),
Lemma 472 (A-system generated by m-system),
Lemma 485 (o-algebra generation is idempotent),
Lemma 500 (o-algebra generated by \-system),
Lemma 506 (7-system and \-system is o-algebra).

The proof of Lemma 510 (usage of Dynkin t—\ theorem)
cites explicitly:
Lemma 433 (generated mw-system is minimum),
Lemma 465 (A-system generation is monotone),
Lemma 466 (A-system generation is idempotent),
Definition 482 (generated o-algebra),
Lemma 484 (o-algebra generation is monotone),
Theorem 508 (Dynkin 7\ theorem).

The proof of Lemma 511 (algebra and monotone class is o-algebra)
cites explicitly:
Definition 437 (set algebra),
Lemma 453 (monotone class generation is idempotent),
Lemma 485 (o-algebra generation is idempotent),
Lemma 494 (o-algebra contains monotone class),
Lemma 495 (monotone class contains o-algebra).

The proof of Theorem 513 (monotone class)
cites explicitly:
Lemma 451 (generated monotone class is minimum),
Lemma 458 (monotone class generated by set algebra),
Lemma 485 (o-algebra generation is idempotent),
Lemma 496 (o-algebra generated by monotone class),
Lemma 511 (algebra and monotone class is o-algebra).

The proof of Lemma 515 (usage of monotone class theorem)
cites explicitly:
Lemma 443 (generated set algebra is minimum),
Lemma 452 (monotone class generation is monotone),
Lemma 453 (monotone class generation is idempotent),
Definition 482 (generated o-algebra),
Lemma 484 (o-algebra generation is monotone),
Theorem 513 (monotone class).

The proof of Lemma 518 (some Borel subsets)
cites explicitly:
Definition 249 (topological space),
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Definition 474 (o-algebra),
Lemma 483 (generated o-algebra is minimum,),
Definition 517 (Borel o-algebra).

The proof of Lemma 519 (countable Borel c-algebra generator)

cites explicitly:
Lemma 503 (countable o-algebra generator),
Definition 517 (Borel o-algebra).

The proof of Lemma 523 (inverse o-algebra)

cites explicitly:

Definition 474 (o-algebra),
Definition 516 (measurable space),
Definition 522 (measurable function).

The proof of Lemma 524 (image o-algebra)

cites explicitly:

Definition 474 (o-algebra),
Definition 516 (measurable space),
Definition 522 (measurable function).

The proof of Lemma 525 (identity function is measurable)

cites explicitly:
Definition 522 (measurable function).

The proof of Lemma 526 (constant function is measurable)

cites explicitly:
Lemma 475 (equivalent definition of o-algebra).

The proof of Lemma 527 (inverse image of generating family)

cites explicitly:

Lemma 483 (generated o-algebra is minimum,),
Lemma 484 (o-algebra generation is monotone),
Lemma 485 (o-algebra generation is idempotent),
Lemma 523 (inverse o-algebra),

Lemma 524 (image o-algebra).

The proof of Lemma 528 (equivalent definition of measurable function)

cites explicitly:

Lemma 484 (o-algebra generation is monotone),
Lemma 485 (o-algebra generation is idempotent),
Definition 522 (measurable function),

Lemma 527 (inverse image of generating family).

The proof of Lemma 529 (continuous is measurable)

cites explicitly:

Lemma 483 (generated o-algebra is minimum,),

Definition 517 (Borel o-algebra),

Definition 522 (measurable function),

Lemma 528 (equivalent definition of measurable function).

The proof of Lemma 530 (compatibility of measurability with composition)

cites explicitly:
Definition 522 (measurable function).

The proof of Lemma 532 (trace o-algebra)

cites explicitly:
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Definition 216 (trace of subsets of parties),
Definition 474 (o-algebra),

Definition 516 (measurable space),
Definition 522 (measurable function).

The proof of Lemma 533 (measurability of measurable subspace)
cites explicitly:
Definition 216 (trace of subsets of parties),
Lemma 475 (equivalent definition of o-algebra),
Lemma 532 (trace o-algebra).

The proof of Lemma 534 (generating measurable subspace)
cites explicitly:
Definition 216 (trace of subsets of parties),
Lemma 527 (inverse image of generating family).

The proof of Lemma 535 (Borel sub-o-algebra)
cites explicitly:
Definition 517 (Borel o-algebra),
Lemma 533 (measurability of measurable subspace),
Lemma 534 (generating measurable subspace).

The proof of Lemma 536 (characterization of Borel subsets)
cites explicitly:
Lemma 209 (compatibility of pseudopartition with intersection),
Definition 474 (o-algebra),
Lemma 475 (equivalent definition of o-algebra),
Definition 517 (Borel o-algebra),
Lemma 535 (Borel sub-o-algebra).

The proof of Lemma 537 (source restriction of measurable function)
cites explicitly:
Definition 216 (trace of subsets of parties),
Definition 522 (measurable function),
Lemma 530 (compatibility of measurability with composition),
Lemma 532 (trace o-algebra).

The proof of Lemma 538 (destination restriction of measurable function)
cites explicitly:
Definition 522 (measurable function).

The proof of Lemma 539 (measurability of function defined on a pseudopartition)
cites explicitly:
Lemma 475 (equivalent definition of o-algebra),
Definition 522 (measurable function).

The proof of Lemma 542 (product of measurable subsets is measurable)
cites explicitly:
Definition 217 (product of subsets of parties),
Lemma 483 (generated o-algebra is minimum,),
Definition 541 (tensor product of o-algebras).

The proof of Lemma 543 (measurability of function to product space)
cites explicitly:
Definition 217 (product of subsets of parties),
Lemma 475 (equivalent definition of o-algebra),
Definition 522 (measurable function),
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Lemma 528 (equivalent definition of measurable function),
Definition 541 (tensor product of o-algebras),
Lemma 542 (product of measurable subsets is measurable).

The proof of Lemma 544 (canonical projection is measurable)

cites explicitly:
Definition 522 (measurable function),
Lemma 543 (measurability of function to product space).

The proof of Lemma 545 (permutation is measurable)

cites explicitly:
Lemma 543 (measurability of function to product space),
Lemma 544 (canonical projection is measurable).

The proof of Lemma 546 (generating product measurable space)

cites explicitly:

Definition 217 (product of subsets of parties),
Lemma 483 (generated o-algebra is minimum,),
Lemma 484 (o-algebra generation is monotone),
Definition 522 (measurable function),

Lemma 527 (inverse image of generating family),
Definition 541 (tensor product of o-algebras),
Lemma 544 (canonical projection is measurable).

The proof of Lemma 549 (section of product)

cites explicitly:
Definition 548 (section in Cartesian product).

The proof of Lemma 550 (compatibility of section with set operations)

cites explicitly:
Definition 548 (section in Cartesian product).

The proof of Lemma 551 (measurability of section)

cites explicitly:

Definition 217 (product of subsets of parties),

Definition 474 (o-algebra),

Lemma 483 (generated o-algebra is minimum,),
Definition 516 (measurable space),

Definition 541 (tensor product of o-algebras),

Lemma 549 (section of product),

Lemma 550 (compatibility of section with set operations).

The proof of Lemma 552 (countable union of sections is measurable)

cites explicitly:

Definition 474 (o-algebra),

Definition 516 (measurable space),

Lemma 550 (compatibility of section with set operations),
Lemma 551 (measurability of section).

The proof of Lemma 553 (countable intersection of sections is measurable)

cites explicitly:

Lemma 475 (equivalent definition of o-algebra),

Lemma 550 (compatibility of section with set operations),
Lemma 551 (measurability of section).

The proof of Lemma 554 (indicator of section)

cites explicitly:
Definition 548 (section in Cartesian product).
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The proof of Lemma 555 (measurability of function from product space)
cites explicitly:
Definition 522 (measurable function),
Lemma 551 (measurability of section).

The proof of Lemma 558 (Borel o-algebra of R)
cites explicitly:
Theorem 355 (countable connected components of open subsets of R),
Definition 474 (o-algebra),
Lemma 475 (equivalent definition of o-algebra),
Definition 482 (generated o-algebra),
Lemma 501 (other o-algebra generator),
Lemma 518 (some Borel subsets),
Lemma 519 (countable Borel o-algebra generator).

The proof of Lemma 559 (countable generator of Borel o-algebra of R)
cites explicitly:
Theorem 355 (countable connected components of open subsets of R),
Theorem 359 (R is second-countable),
Lemma 558 (Borel o-algebra of R).

The proof of Lemma 560 (Borel c-algebra of R)
cites explicitly:
Theorem 355 (countable connected components of open subsets of R),
Lemma 475 (equivalent definition of o-algebra),
Definition 482 (generated o-algebra),
Lemma 501 (other o-algebra generator),
Lemma 519 (countable Borel o-algebra generator).

The proof of Lemma 561 (Borel subsets of R and R)
cites explicitly:
Definition 474 (o-algebra),
Definition 517 (Borel o-algebra),
Lemma 535 (Borel sub-o-algebra),
Lemma 536 (characterization of Borel subsets).

The proof of Lemma 563 (Borel o-algebra of R;)
cites explicitly:
Definition 474 (o-algebra),
Lemma 535 (Borel sub-o-algebra),
Lemma 558 (Borel o-algebra of R).

The proof of Lemma 564 (Borel c-algebra of R)
cites explicitly:
Lemma 534 (generating measurable subspace),
Lemma 560 (Borel o-algebra of R).

The proof of Lemma 565 (Borel o-algebra of R™)
cites explicitly:
Lemma 266 (complete countable topological basis of product space),
Lemma 360 (R™ is second-countable),
Lemma 475 (equivalent definition of o-algebra),
Lemma 502 (complete generated o-algebra),
Lemma 519 (countable Borel o-algebra generator),
Lemma 546 (generating product measurable space),
Lemma 559 (countable generator of Borel o-algebra of R).
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The proof of Lemma 569 (measurability of indicator function)

cites explicitly:

Definition 474 (o-algebra),

Lemma 475 (equivalent definition of o-algebra),

Definition 516 (measurable space),

Definition 567 (Mg, vector space of measurable numeric functions to R).

The proof of Lemma 570 (measurability of numeric function to R)

cites explicitly:

Definition 517 (Borel o-algebra),

Lemma 518 (some Borel subsets),

Definition 522 (measurable function),

Lemma 528 (equivalent definition of measurable function),

Lemma 558 (Borel o-algebra of R),

Definition 567 (Mg, vector space of measurable numeric functions to R).

The proof of Lemma 571 (inverse image is measurable in R)

cites explicitly:

Lemma 518 (some Borel subsets),

Definition 522 (measurable function),

Definition 567 (Mg, vector space of measurable numeric functions to R).

The proof of Lemma 572 (Mg is algebra)

cites explicitly:

Lemma 228 (K is K-algebra),

Lemma 231 (algebra of functions to algebra),

Lemma 236 (closed under algebra operations is subalgebra),

Lemma 526 (constant function is measurable),

Lemma 529 (continuous is measurable),

Lemma 530 (compatibility of measurability with composition),

Lemma 543 (measurability of function to product space),

Lemma 565 (Borel o-algebra of R™),

Definition 567 (Mg, vector space of measurable numeric functions to R).

The proof of Lemma 574 (Mg is vector space)

cites explicitly:

Definition 226 (algebra over a field),

Definition 233 (subalgebra),

Lemma 236 (closed under algebra operations is subalgebra),
Lemma 572 (Mg is algebra).

The proof of Lemma 577 (M and finite is MRg)

cites explicitly:

Definition 278 (extended real numbers, R),

Definition 522 (measurable function),

Lemma 561 (Borel subsets of R and R),

Definition 567 (MR, vector space of measurable numeric functions to R),
Definition 575 (M, set of measurable numeric functions).

The proof of Lemma 578 (measurability of numeric function)

cites explicitly:

Definition 517 (Borel o-algebra),

Lemma 518 (some Borel subsets),

Definition 522 (measurable function),

Lemma 528 (equivalent definition of measurable function),
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Lemma 560 (Borel o-algebra of R),
Definition 575 (M, set of measurable numeric functions).

The proof of Lemma 579 (inverse image is measurable)
cites explicitly:
Lemma 518 (some Borel subsets),
Definition 522 (measurable function),
Definition 575 (M, set of measurable numeric functions).

The proof of Lemma 580 (M is closed under finite part)
cites explicitly:
Definition 207 (pseudopartition),
Definition 278 (extended real numbers, R),
Definition 397 (finite part),
Lemma 398 (finite part is finite),
Definition 474 (o-algebra),
Definition 516 (measurable space),
Lemma 526 (constant function is measurable),
Lemma 539 (measurability of function defined on a pseudopartition),
Lemma 577 (M and finite is Mg),
Lemma 579 (inverse image is measurable).

The proof of Lemma 581 (M is closed under addition when defined)

cites explicitly:

Definition 207 (pseudopartition),

Definition 282 (addition in R),

Definition 397 (finite part),

Lemma 475 (equivalent definition of o-algebra),
Definition 517 (Borel o-algebra),

Definition 522 (measurable function),

Lemma 526 (constant function is measurable),

Lemma 539 (measurability of function defined on a pseudopartition),
Lemma 572 (Mg is algebra),

Definition 575 (M, set of measurable numeric functions),
Lemma 579 (inverse image is measurable),

Lemma 580 (M is closed under finite part).

The proof of Lemma 582 (M is closed under finite sum when defined)

cites explicitly:
Lemma 581 (M is closed under addition when defined).

The proof of Lemma 583 (M is closed under multiplication)
cites explicitly:
Definition 288 (multiplication in R),
Lemma 331 (infinity-product property in Ry),
Definition 333 (multiplication in R (measure theory)),
Lemma 343 (zero-product property in Ry (measure theory)),
Definition 397 (finite part),
Lemma 475 (equivalent definition of o-algebra),
Definition 517 (Borel o-algebra),
Definition 522 (measurable function),
Lemma 526 (constant function is measurable),
Lemma 539 (measurability of function defined on a pseudopartition),
Lemma 572 (MR is algebra),
Definition 575 (M, set of measurable numeric functions),
Lemma 578 (measurability of numeric function),
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Lemma 579 (inverse image is measurable),
Lemma 580 (M is closed under finite part).

The proof of Lemma 584 (M is closed under finite product)
cites explicitly:
Lemma 583 (M is closed under multiplication).

The proof of Lemma 585 (M is closed under scalar multiplication)
cites explicitly:
Lemma 526 (constant function is measurable),
Lemma 583 (M is closed under multiplication).

The proof of Lemma 586 (M is closed under infimum)
cites explicitly:
Statement(s) from [17],
Lemma 475 (equivalent definition of o-algebra),
Lemma 578 (measurability of numeric function).

The proof of Lemma 587 (M is closed under supremum)
cites explicitly:
Statement(s) from [17],
Lemma 475 (equivalent definition of o-algebra),
Lemma 578 (measurability of numeric function).

The proof of Lemma 588 (M is closed under limit inferior)
cites explicitly:
Lemma 378 (limit inferior),
Lemma 586 (M is closed under infimum),
Lemma 587 (M is closed under supremum).

The proof of Lemma 589 (M is closed under limit superior)
cites explicitly:
Lemma 383 (limit superior),
Lemma 586 (M is closed under infimum),
Lemma 587 (M is closed under supremum).

The proof of Lemma 590 (M is closed under limit when pointwise convergent)
cites explicitly:
Lemma 396 (limit inferior, limil superior and pointwise convergence),
Lemma 588 (M is closed under limit inferior),
Lemma 589 (M is closed under limit superior).

The proof of Lemma 591 (measurability and masking)
cites explicitly:
Definition 288 (multiplication in R),
Definition 474 (o-algebra),
Definition 516 (measurable space),
Lemma 569 (measurability of indicator function),
Lemma 577 (M and finite is MRg),
Lemma 583 (M is closed under multiplication).

The proof of Lemma 592 (measurability of restriction)
cites explicitly:
Definition 474 (o-algebra),
Lemma 475 (equivalent definition of o-algebra),
Definition 516 (measurable space),
Definition 522 (measurable function),
Definition 575 (M, set of measurable numeric functions).
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The proof of Lemma 594 (measurability of nonnegative and nonpositive parts)
cites explicitly:
Definition 399 (nonnegative and nonpositive parts),
Lemma 401 (nonnegative and nonpositive parts are nonnegative),
Lemma 403 (decomposition into nonnegative and nonpositive parts),
Lemma 526 (constant function is measurable),
Lemma 581 (M is closed under addition when defined),
Lemma 585 (M is closed under scalar multiplication),
Lemma 587 (M is closed under supremum),
Definition 593 (M, subset of nonnegative measurable numeric functions).

The proof of Lemma 595 (M is closed under finite part)
cites explicitly:
Lemma 580 (M is closed under finite part),
Definition 593 (M., subset of nonnegative measurable numeric functions).

The proof of Lemma 596 (M is closed under absolute value)
cites explicitly:
Lemma 302 (absolute value in R is nonnegative),
Lemma 317 (absolute value in R is continuous),
Lemma 529 (continuous is measurable),
Lemma 530 (compatibility of measurability with composition),
Definition 567 (Mg, vector space of measurable numeric functions to R),
Definition 575 (M, set of measurable numeric functions),
Definition 593 (M, subset of nonnegative measurable numeric functions).

The proof of Lemma 597 (M is closed under addition)
cites explicitly:
Lemma 318 (addition in Ry is closed),
Lemma 581 (M is closed under addition when defined),
Definition 593 (M., subset of nonnegative measurable numeric functions).

The proof of Lemma 598 (M is closed under multiplication)
cites explicitly:
Lemma 338 (multiplication in Ry is closed (measure theory)),
Lemma 583 (M is closed under multiplication),
Definition 593 (M, subset of nonnegative measurable numeric functions).

The proof of Lemma 599 (M is closed under nonnegative scalar multiplication)
cites explicitly:
Lemma 338 (multiplication in Ry is closed (measure theory)),
Lemma 585 (M is closed under scalar multiplication),
Definition 593 (M., subset of nonnegative measurable numeric functions).

The proof of Lemma 600 (M is closed under infimum)
cites explicitly:
Lemma 376 (infimum of bounded sequence is bounded),
Lemma 586 (M is closed under infimum,).

The proof of Lemma 601 (M is closed under supremum)
cites explicitly:
Lemma 377 (supremum of bounded sequence is bounded),
Lemma 587 (M is closed under supremum).

The proof of Lemma 602 (M is closed under limit when pointwise convergent)
cites explicitly:
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Lemma 590 (M is closed under limit when pointwise convergent),
Definition 593 (M, subset of nonnegative measurable numeric functions).

The proof of Lemma 603 (M is closed under countable sum)

cites explicitly:

Lemma 322 (series are convergent in Ry),

Lemma 597 (M is closed under addition),

Lemma 602 (M is closed under limit when pointwise convergent).

The proof of Lemma 605 (measurability of tensor product of numeric functions)

cites explicitly:

Lemma 530 (compatibility of measurability with composition),
Lemma 544 (canonical projection is measurable),

Definition 575 (M, set of measurable numeric functions),
Lemma 584 (M is closed under finite product),

Definition 604 (tensor product of numeric functions).

The proof of Lemma 610 (o-additivity implies additivity)

cites explicitly:
Definition 607 (additivity over measurable space),
Definition 608 (o-additivity over measurable space).

The proof of Lemma 613 (measure over countable pseudopartition)

cites explicitly:

Lemma 209 (compatibility of pseudopartition with intersection),
Lemma 475 (equivalent definition of o-algebra),

Definition 608 (o-additivity over measurable space),

Definition 611 (measure).

The proof of Lemma 614 (measure is monotone)

cites explicitly:

Definition 282 (addition in R),

Lemma 478 (o-algebra is closed under set difference),
Definition 608 (o-additivity over measurable space),
Definition 611 (measure).

The proof of Lemma 615 (measure satisfies the finite Boole inequality)

cites explicitly:

Definition 474 (o-algebra),

Lemma 478 (o-algebra is closed under set difference),
Definition 516 (measurable space),

Definition 608 (o-additivity over measurable space),
Definition 611 (measure),

Lemma 614 (measure is monotone).

The proof of Lemma 617 (measure is continuous from below)

cites explicitly:

Lemma 480 (partition of countable union in o-algebra),
Definition 608 (o-additivity over measurable space),
Definition 611 (measure),

Lemma 614 (measure is monotone),

Definition 616 (continuity from below).

The proof of Lemma 619 (measure is continuous from above)

cites explicitly:
Lemma 475 (equivalent definition of o-algebra),
Lemma 478 (o-algebra is closed under set difference),
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Lemma 614 (measure is monotone),

Definition 616 (continuity from below),

Lemma 617 (measure is continuous from below),
Definition 618 (continuity from above).

The proof of Lemma 620 (measure satisfies the Boole inequality)
cites explicitly:
Statement(s) from [17],
Definition 474 (o-algebra),
Definition 516 (measurable space),
Definition 611 (measure),
Lemma 615 (measure satisfies the finite Boole inequality),
Lemma 617 (measure is continuous from below).

The proof of Lemma 621 (equivalent definition of measure)
cites explicitly:
Definition 474 (o-algebra),
Definition 516 (measurable space),
Definition 607 (additivity over measurable space),
Definition 608 (o-additivity over measurable space),
Lemma 610 (o-additivity implies additivity),
Definition 611 (measure),
Definition 616 (continuity from below),
Lemma 617 (measure is continuous from below).

The proof of Lemma 623 (finite measure is bounded)
cites explicitly:
Lemma 475 (equivalent definition of o-algebra),
Lemma 614 (measure is monotone).

The proof of Lemma 625 (equivalent definition of o-finite measure)
cites explicitly:
Definition 474 (o-algebra),
Definition 516 (measurable space),
Definition 611 (measure),
Lemma 615 (measure satisfies the finite Boole inequality),
Definition 624 (o-finite measure).

S~ —~

The proof of Lemma 627 (finite measure is o-finite)
cites explicitly:
Definition 622 (finite measure),
Definition 624 (o-finite measure).

The proof of Lemma 628 (trace measure)
cites explicitly:
Lemma 532 (trace o-algebra),
Lemma 533 (measurability of measurable subspace),
Definition 611 (measure).

The proof of Lemma 629 (restricted measure)
cites explicitly:
Lemma 475 (equivalent definition of o-algebra),
Definition 611 (measure).

The proof of Lemma 634 (equivalent definition of considerable subset)
cites explicitly:
Definition 611 (measure),
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Definition 631 (negligible subset),
Definition 633 (considerable subset).

The proof of Lemma 636 (negligibility of measurable subset)
cites explicitly:
Definition 631 (negligible subset).

The proof of Lemma 637 (empty set is negligible)
cites explicitly:
Definition 474 (o-algebra),
Definition 516 (measurable space),
Definition 611 (measure),
Lemma 636 (negligibility of measurable subset).

The proof of Lemma 638 (compatibility of null measure with countable union)
cites explicitly:
Statement(s) from [17],
Definition 474 (o-algebra),
Definition 516 (measurable space),
Definition 611 (measure),
Lemma 615 (measure satisfies the finite Boole inequality),
Lemma 620 (measure satisfies the Boole inequality).

The proof of Lemma 639 (N is closed under countable union)
cites explicitly:
Definition 631 (negligible subset),
Lemma 638 (compatibility of null measure with countable union).

The proof of Lemma 640 (subset of negligible is negligible)
cites explicitly:
Definition 631 (negligible subset).

The proof of Lemma 643 (everywhere implies almost everywhere)
cites explicitly:
Lemma 637 (empty set is negligible),
Definition 641 (property almost satisfied).

The proof of Lemma 644 (everywhere implies almost everywhere for almost the same)

cites explicitly:
Lemma 640 (subset of negligible is negligible),
Definition 641 (property almost satisfied).

The proof of Lemma 646 (extended almost modus ponens)
cites explicitly:
Lemma 639 (N is closed under countable union),
Lemma 640 (subset of negligible is negligible),
Definition 641 (property almost satisfied).

The proof of Lemma 647 (almost modus ponens)
cites explicitly:
Lemma 643 (everywhere implies almost everywhere),
Lemma 646 (extended almost modus ponens).

The proof of Lemma 651 (compatibility of almost binary relation with reflexivity)

cites explicitly:
Definition 641 (property almost satisfied),
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Lemma 643 (everywhere implies almost everywhere),

Lemma 644 (everywhere implies almost everywhere for almost the same),
Definition 649 (almost definition),

Definition 650 (almost binary relation).

The proof of Lemma 652 (compatibility of almost binary relation with symmetry)
cites explicitly:
Definition 641 (property almost satisfied),
Lemma 644 (everywhere implies almost everywhere for almost the same),
Lemma 647 (almost modus ponens),
Definition 649 (almost definition),
Definition 650 (almost binary relation).

The proof of Lemma 653 (compatibility of almost binary relation with antisymmetry)

cites explicitly:

Lemma 639 (N is closed under countable union),

Lemma 640 (subset of negligible is negligible),

Definition 641 (property almost satisfied),

Lemma 644 (everywhere implies almost everywhere for almost the same),
Definition 649 (almost definition),

Definition 650 (almost binary relation).

The proof of Lemma 654 (compatibility of almost binary relation with transitivity)
cites explicitly:
Lemma 639 (N is closed under countable union),
Lemma 640 (subset of negligible is negligible),
Definition 641 (property almost satisfied),
Lemma 644 (everywhere implies almost everywhere for almost the same),
Definition 649 (almost definition),
Definition 650 (almost binary relation).

The proof of Lemma 656 (almost equivalence is equivalence relation)
cites explicitly:
Lemma 651 (compatibility of almost binary relation with reflexivity),
Lemma 652 (compatibility of almost binary relation with symmetry),
Lemma 654 (compatibility of almost binary relation with transitivity).

The proof of Lemma 657 (almost equality is equivalence relation)
cites explicitly:
Lemma 656 (almost equivalence is equivalence relation).

The proof of Lemma 658 (almost order is order relation)
cites explicitly:
Lemma 651 (compatibility of almost binary relation with reflexivity),
Lemma 653 (compatibility of almost binary relation with antisymmetry),
Lemma 654 (compatibility of almost binary relation with transitivity).

The proof of Lemma 659 (compatibility of almost binary relation with operator)
cites explicitly:
Lemma 639 (N is closed under countable union),
Definition 641 (property almost satisfied),
Lemma 644 (everywhere implies almost everywhere for almost the same),
Definition 649 (almost definition),
Definition 650 (almost binary relation).
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The proof of Lemma 660 (compatibility of almost equality with operator)
cites explicitly:
Lemma 659 (compatibility of almost binary relation with operator).

The proof of Lemma 661 (compatibility of almost inequality with operator)
cites explicitly:
Lemma 659 (compatibility of almost binary relation with operator).

The proof of Lemma 664 (definiteness implies almost definiteness)
cites explicitly:
Lemma 644 (everywhere implies almost everywhere for almost the same),
Lemma 647 (almost modus ponens).

The proof of Lemma 668 (uniqueness of measures extended from a m-system)
cites explicitly:
Definition 207 (pseudopartition),
Definition 428 (w-system),
Lemma 435 (7-system generation is idempotent),
Lemma 460 (equivalent definition of A-system),
Lemma 475 (equivalent definition of o-algebra),
Lemma 483 (generated o-algebra is minimum),
Lemma 510 (usage of Dynkin m=\ theorem),
Definition 608 (o-additivity over measurable space),
Definition 611 (measure),
Lemma 614 (measure is monotone),
Definition 616 (continuity from below),
Lemma 617 (measure is continuous from below).

The proof of Lemma 669 (trivial measure)
cites explicitly:
Definition 611 (measure).

The proof of Lemma 670 (equivalent definition of trivial measure)
cites explicitly:
Definition 611 (measure),
Lemma 614 (measure is monotone),
Lemma 669 (trivial measure).

The proof of Lemma 671 (counting measure)
cites explicitly:
Definition 474
Definition 516
Definition 608
Definition 611

o-algebra),

measurable space),

o-additivity over measurable space),
measure).

Py

The proof of Lemma 672 (finiteness of counting measure)
cites explicitly:
Lemma 475 (equivalent definition of o-algebra),
Definition 622 (finite measure),
Lemma 671 (counting measure).

The proof of Lemma 673 (o-finite counting measure)
cites explicitly:
Definition 474 (o-algebra),
Definition 516 (measurable space),
Definition 611 (measure),
Definition 624 (o-finite measure),
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Lemma 625 (equivalent definition of o-finite measure),
Lemma 671 (counting measure).

The proof of Lemma 676 (equivalent definition of Dirac measure)

cites explicitly:
Lemma 671 (counting measure),
Definition 675 (Dirac measure).

The proof of Lemma 677 (Dirac measure is finite)
cites explicitly:
Lemma 671 (counting measure),
Lemma 672 (finiteness of counting measure),
Definition 675 (Dirac measure).

The proof of Lemma 679 (summability on summability domain)

cites explicitly: B
Definition 282 (addition in R),
Definition 678 (summability domain).

The proof of Lemma 680 (measurability of summability domain)

cites explicitly:
Lemma 475 (equivalent definition of o-algebra),
Lemma 579 (inverse image is measurable).

The proof of Lemma 681 (negligibility of summability domain)

cites explicitly:
Definition 641 (property almost satisfied),
Lemma 679 (summability on summability domain).

The proof of Lemma 682 (almost sum)
cites explicitly:
Definition 282 (addition in R),
Lemma 569 (measurability of indicator function),
Lemma 581 (M is closed under addition when defined),
Lemma 583 (M is closed under multiplication),
Definition 641 (property almost satisfied),
Lemma 680 (measurability of summability domain),
Lemma 681 (negligibility of summability domain).

The proof of Lemma 683 (compatibility of almost sum with almost equality)

cites explicitly:

Lemma 581 (M is closed under addition when defined),
Lemma 637 (empty set is negligible),

Lemma 657 (almost equality is equivalence relation),
Lemma 660 (compatibility of almost equality with operator),
Lemma 681 (negligibility of summability domain),

Lemma 682 (almost sum).

The proof of Lemma 685 (almost sum is sum)
cites explicitly:
Definition 678 (summability domain),
Lemma 682 (almost sum).

The proof of Lemma 686 (absolute value is almost definite)
cites explicitly:
Lemma 304 (absolute value in R is definite),
Lemma 660 (compatibility of almost equality with operator),
Lemma 664 (definiteness implies almost definiteness).
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The proof of Lemma 687 (masking almost nowhere)
cites explicitly:
Definition 474 (o-algebra),
Definition 516 (measurable space),
Definition 611 (measure),
Definition 631 (negligible subset),
Definition 641 (property almost satisfied).

The proof of Lemma 688 (finite nonnegative part)
cites explicitly:
Definition 397 (finite part),
Lemma 400 (equivalent definition of nonnegative and nonpositive parts),
Definition 474 (o-algebra),
Definition 516 (measurable space),
Lemma 591 (measurability and masking),
Lemma 594 (measurability of nonnegative and nonpositive parts),
Lemma 595 (M is closed under finite part),
Definition 611 (measure),
Lemma 615 (measure satisfies the finite Boole inequality),
Lemma 636 (negligibility of measurable subset),
Definition 641 (property almost satisfied),
Lemma 687 (masking almost nowhere).

The proof of Lemma 692 (length is nonnegative)
cites explicitly:
Definition 691 (length of interval).

The proof of Lemma 693 (length is homogeneous)
cites explicitly:
Definition 691 (length of interval).

The proof of Lemma 694 (length of partition)
cites explicitly:
Definition 691 (length of interval),
Lemma 693 (length is homogeneous).

The proof of Lemma 696 (set of countable cover with bounded open intervals is
nonempty)
cites explicitly:
Definition 695 (set of countable cover with bounded open intervals).

The proof of Lemma 699 (\* is nonnegative)
cites explicitly:
Lemma 692 (length is nonnegative).

The proof of Lemma 700 (\* is homogeneous)
cites explicitly:
Statement(s) from [17],
Definition 691 (length of interval),
Definition 697 (A\*, Lebesgue measure candidate),
Lemma 699 (A\* is nonnegative).

The proof of Lemma 701 (\* is monotone)
cites explicitly:
Statement(s) from [17],
Definition 695 (set of countable cover with bounded open intervals),
Definition 697 (A\*, Lebesgue measure candidate).
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The proof of Lemma 702 (\* is o-subadditive)
cites explicitly:
Statement(s) from [17],
Lemma 212 (definition of double countable union),
Lemma 213 (double countable union),
Lemma 325 (definition of double series in R.),
Lemma 326 (double series in Ry),
Definition 695 (set of countable cover with bounded open intervals),
Definition 697 (A\*, Lebesgue measure candidate).

The proof of Lemma 703 (\* generalizes length of interval)
cites explicitly:
Statement(s) from [17],
Lemma 272 (finite cover of compact interval),
Definition 691 (length of interval),
Definition 695 (set of countable cover with bounded open intervals),
Definition 697 (A\*, Lebesgue measure candidate),
Lemma 700 (A* is homogeneous),
Lemma 701 (A\* is monotone).

The proof of Lemma 707 (equivalent definition of L)
cites explicitly:
Lemma 209 (compatibility of pseudopartition with intersection),
Lemma 279 (order in R is total),
Lemma 702 (A\* is o-subadditive),
Definition 705 (£, Lebesgue o-algebra).

The proof of Lemma 708 (L is closed under complement)
cites explicitly:
Lemma 320 (addition in Ry is commutative),
Definition 705 (£, Lebesgue o-algebra).

The proof of Lemma 709 (L is closed under finite union)
cites explicitly:
Lemma 702 (A\* is o-subadditive),
Definition 705 (£, Lebesgue o-algebra),
Lemma 707 (equivalent definition of L).

The proof of Lemma 710 (£ is closed under finite intersection)
cites explicitly:
Lemma 708 (L is closed under complement),
Lemma 709 (L is closed under finite union).

The proof of Lemma 711 (£ is set algebra)
cites explicitly:
Lemma 414 (closedness under intersection and set difference),
Lemma 439 (other equivalent definition of set algebra),
Lemma 700 (A\* is homogeneous),
Lemma 708 (L is closed under complement),
Lemma 710 (L is closed under finite intersection).

The proof of Lemma 712 (\* is additive on L)
cites explicitly:
Lemma 209 (compatibility of pseudopartition with intersection),
Definition 705 (£, Lebesgue o-algebra).
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The proof of Lemma 714 (\* is o-additive on L)

cites explicitly:

Definition 608 (o-additivity over measurable space),
Lemma 701 (A\* is monotone),

Lemma 702 (A\* is o-subadditive),

Lemma 712 (A\* is additive on L).

The proof of Lemma 715 (partition of countable union in L)

cites explicitly:
Lemma 446 (partition of countable union in set algebra),
Lemma 711 (L is set algebra).

The proof of Lemma 716 (L is closed under countable union)

cites explicitly:

Lemma 701 (A\* is monotone),

Lemma 702 (\* is o-subadditive),

Definition 705 (L, Lebesgue o-algebra),

Lemma 707 (equivalent definition of L),
Lemma 709 (L is closed under finite union),
Lemma 712 (A\* is additive on L),

Lemma 715 (partition of countable union in L).

The proof of Lemma 717 (rays are Lebesgue-measurable)

cites explicitly:

Statement(s) from [17],

Lemma 246 (intervals are closed under finite intersection),
Definition 697 (A\*, Lebesgue measure candidate),

Lemma 701 (A* is monotone),

Lemma 702 (A\* is o-subadditive),

Lemma 703 (A\* generalizes length of interval),

Lemma 707 (equivalent definition of L),

Lemma 708 (L is closed under complement),

Lemma 716 (L is closed under countable union).

The proof of Lemma 718 (intervals are Lebesgue-measurable)

cites explicitly:
Lemma 710 (L is closed under finite intersection),
Lemma 717 (rays are Lebesgue-measurable).

The proof of Lemma 719 (L is o-algebra)

cites explicitly:

Definition 437 (set algebra),

Definition 474 (o-algebra),

Lemma 711 (L is set algebra),

Lemma 716 (L is closed under countable union).

The proof of Lemma 720 (\* is measure on L)

cites explicitly:

Definition 611 (measure),

Lemma 699 (A\* is nonnegative),
Lemma 700 (A* is homogeneous),
Lemma 714 (A\* is o-additive on L),
Lemma 719 (L is o-algebra).

The proof of Lemma 721 (B(R) is sub-o-algebra of L)

cites explicitly:
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Lemma 484 (o-algebra generation is monotone),
Lemma 558 (Borel o-algebra of R),
Lemma 718 (intervals are Lebesgue-measurable).

The proof of Lemma 722 (\* is measure on B(R))
cites explicitly:
Lemma 720 (A\* is measure on L),
Lemma 721 (B(R) is sub-o-algebra of L).

The proof of Theorem 724 (Carathéodory, Lebesgue measure on R)
cites explicitly:
Lemma 246 (intervals are closed under finite intersection),
Definition 428 (r-system),
Lemma 483 (generated o-algebra is minimum,),
Lemma 558 (Borel o-algebra of R),
Lemma 619 (measure is continuous from above),
Lemma 668 (uniqueness of measures extended from a w-system),
Lemma 703 (\* generalizes length of interval),
Lemma 722 (A\* is measure on B(R)).

The proof of Lemma 726 (Lebesgue measure generalizes length of interval)
cites explicitly:
Lemma 703 (A* generalizes length of interval),
Theorem 724 (Carathéodory, Lebesgue measure on R).

The proof of Lemma 728 (Lebesgue measure is o-finite)
cites explicitly:
Definition 624 (o-finite measure),
Lemma 703 (A* generalizes length of interval),
Theorem 724 (Carathéodory, Lebesque measure on R).

The proof of Lemma 729 (Lebesgue measure is diffuse)
cites explicitly:
Definition 626 (diffuse measure),
Lemma 703 (A\* generalizes length of interval),
Theorem 724 (Carathéodory, Lebesque measure on R).

The proof of Lemma 733 (indicator and support are each other inverse)
cites explicitly:
Definition 732 (ZF, set of measurable indicator functions).

The proof of Lemma 734 (ZF is measurable)
cites explicitly:
Lemma 569 (measurability of indicator function),
Lemma 577 (M and finite is MR),
Definition 593 (M, subset of nonnegative measurable numeric functions),
Definition 732 (ZF, set of measurable indicator functions).

The proof of Lemma 735 (ZF is o-additive)
cites explicitly:
Definition 474 (o-algebra),
Definition 516 (measurable space),
Definition 732 (ZF, set of measurable indicator functions).

The proof of Lemma 736 (ZF is closed under multiplication)
cites explicitly:
Lemma 475 (equivalent definition of o-algebra),
Definition 732 (ZF, set of measurable indicator functions).
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The proof of Lemma 738 (ZF is closed under extension by zero)

cites explicitly:
Lemma 218 (restriction is masking),
Definition 732 (ZF, set of measurable indicator functions).

The proof of Lemma 739 (ZF is closed under restriction)

cites explicitly:
Lemma 533 (measurability of measurable subspace),
Definition 732 (ZF, set of measurable indicator functions).

The proof of Lemma 741 (equivalent definition of integral in TF)

cites explicitly:
Lemma 733 (indicator and support are each other inverse),
Definition 740 (integral in TF).

The proof of Lemma 742 (integral in ZF is additive)

cites explicitly:

Definition 607 (additivity over measurable space),
Lemma 621 (equivalent definition of measure),
Lemma 735 (ZF is o-additive),

Lemma 741 (equivalent definition of integral in ZF).

The proof of Lemma 743 (integral in ZF over subset)

cites explicitly:

Lemma 218 (restriction is masking),

Lemma 628 (trace measure),

Lemma 733 (indicator and support are each other inverse),
Lemma 738 (ZF is closed under extension by zero),
Lemma 739 (ZF is closed under restriction),

Lemma 741 (equivalent definition of integral in TF).

The proof of Lemma 744 (integral in IF over subset is additive)

cites explicitly:

Definition 474 (o-algebra),

Definition 516 (measurable space),

Definition 611 (measure),

Lemma 733 (indicator and support are each other inverse),
Lemma 735 (ZF is o-additive),

Lemma 736 (ZF is closed under multiplication),

Lemma 742 (integral in TF is additive),

Lemma 743 (integral in ZF over subset).

The proof of Lemma 746 (integral in ZF for counting measure)

cites explicitly:

Lemma 671 (counting measure),

Lemma 733 (indicator and support are each other inverse),
Lemma 741 (equivalent definition of integral in TF).

The proof of Lemma 749 (SF simple representation)

cites explicitly:

Definition 732 (ZF, set of measurable indicator functions),
Lemma 733 (indicator and support are each other inverse),
Definition 748 (SF, vector space of simple functions).

The proof of Lemma 752 (SF canonical representation)

cites explicitly:
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Lemma 475 (equivalent definition of o-algebra),
Lemma 749 (SF simple representation).

The proof of Lemma 754 (SF disjoint representation)
cites explicitly:
Lemma 749 (SF simple representation),
Lemma 752 (SF canonical representation,).

The proof of Lemma 756 (SF disjoint representation is subpartition of canonical
representation)
cites explicitly:
Lemma 752 (SF canonical representation),
Lemma 754 (SF disjoint representation).

The proof of Lemma 757 (SF is algebra over R)
cites explicitly:
Statement(s) from [17],
Lemma 235 (vector subspace and closed under multiplication is subalgebra),
Lemma 475 (equivalent definition of o-algebra),
Lemma 735 (ZF is o-additive),
Lemma 736 (ZF is closed under multiplication),
Definition 748 (SF, vector space of simple functions),
Lemma 749 (SF simple representation),
Lemma 754 (SF disjoint representation,).

The proof of Lemma 759 (SF is measurable)
cites explicitly:
Lemma 569 (measurability of indicator function),
Lemma 572 (Mg is algebra),
Lemma 577 (M and finite is MRg),
Definition 748 (SF, vector space of simple functions).

The proof of Lemma 760 (SF is closed under extension by zero)
cites explicitly:
Lemma 738 (ZF is closed under extension by zero),
Definition 748 (SF, vector space of simple functions).

The proof of Lemma 761 (SF is closed under restriction)
cites explicitly:
Lemma 739 (ZF is closed under restriction),
Definition 748 (SF, vector space of simple functions).

The proof of Lemma 764 (SF. disjoint representation)
cites explicitly:
Lemma 754 (SF disjoint representation),
Definition 763 (SF ., subset of nonnegative simple functions).

The proof of Lemma 765 (SF canonical representation)
cites explicitly:
Lemma 752 (SF canonical representation),
Definition 763 (SF ., subset of nonnegative simple functions).

The proof of Lemma 766 (SF, disjoint representation is subpartition of canonical
representation)
cites explicitly:
Lemma 756 (SF disjoint representation is subpartition of canonical representation),
Lemma 764 (SFy disjoint representation),
Lemma 765 (SFy canonical representation).
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The proof of Lemma 767 (SF simple representation)

cites explicitly:

Lemma 749 (SF simple representation),

Definition 763 (SF 4, subset of nonnegative simple functions),
Lemma 765 (SF canonical representation).

The proof of Lemma 768 (SF4 is closed under positive algebra operations)

cites explicitly:

Definition 226 (algebra over a field),

Lemma 757 (SF is algebra over R),

Definition 763 (SF ., subset of nonnegative simple functions),
Lemma 764 (SF disjoint representation).

The proof of Lemma 769 (SF; is measurable)

cites explicitly:

Definition 593 (M, subset of nonnegative measurable numeric functions),
Definition 732 (ZF, set of measurable indicator functions),

Lemma 759 (SF is measurable),

Definition 763 (SF 4, subset of nonnegative simple functions).

The proof of Lemma 770 (integral in SF.)

cites explicitly:

Lemma 318 (addition in Ry is closed),

Lemma 338 (multiplication in Ry is closed (measure theory)),
Definition 611 (measure),

Lemma 765 (SF+ canonical representation).

The proof of Lemma 771 (integral in SF, generalizes integral in T.F)

cites explicitly:

Definition 732 (ZF, set of measurable indicator functions),
Lemma 741 (equivalent definition of integral in ZF),
Lemma 767 (SF 4 simple representation),

Lemma 770 (integral in SF).

The proof of Lemma 772 (equivalent definition of the integral in SF (disjoint))

cites explicitly:

Definition 608 (o-additivity over measurable space),

Definition 611 (measure),

Lemma 765 (SF+ canonical representation),

Lemma 766 (SFy disjoint representation is subpartition of canonical representation),
Lemma 770 (integral in SF).

The proof of Lemma 774 (integral in SF. is additive)

cites explicitly:

Lemma 613 (measure over countable pseudopartition),

Lemma 764 (SF disjoint representation),

Lemma 768 (SF is closed under positive algebra operations),
Lemma 772 (equivalent definition of the integral in SF (disjoint)).

The proof of Lemma 775 (decomposition of measure in SF.)

cites explicitly:

Lemma 518 (some Borel subsets),

Lemma 571 (inverse image is measurable in R),
Lemma 613 (measure over countable pseudopartition),
Lemma 752 (SF canonical representation),

Lemma 769 (SFy is measurable).
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The proof of Lemma 776 (change of variable in sum in SF.)
cites explicitly:
Lemma 475 (equivalent definition of o-algebra),
Lemma 571 (inverse image is measurable in R),
Definition 575 (M, set of measurable numeric functions),
Definition 611 (measure),
Lemma 768 (SFy is closed under positive algebra operations),
Lemma 769 (SF is measurable).

The proof of Lemma 778 (integral in SF is additive (alternate proof))

cites explicitly: B
Lemma 319 (addition in Ry is associative),
Lemma 320 (addition in Ry is commutative),

(
Lemma 342 (multiplication in Ry is distributive over addition (measure theory)),
(

Lemma 475 (equivalent definition of o-algebra),

Lemma 571 (inverse image is measurable in R),

Definition 575 (M, set of measurable numeric functions),
Lemma 768 (SF is closed under positive algebra operations),
Lemma 769 (SFy is measurable),

Lemma 770 (integral in SF ),

Lemma 775 (decomposition of measure in SF4),

Lemma 776 (change of variable in sum in SF,).

The proof of Lemma 779 (integral in SF, is positive linear)
cites explicitly:
Definition 288 (multiplication in R),
Lemma 343 (zero-product property in Ry (measure theory)),
Definition 611 (measure),
Lemma 768 (SFy is closed under positive algebra operations),
Lemma 770 (integral in SF),
Lemma 771 (integral in SF 4 generalizes integral in TF),
Lemma 774 (integral in SFy is additive),
Lemma 778 (integral in SF+ is additive (alternate proof)).

The proof of Lemma 780 (equivalent definition of the integral in SF, (simple))

cites explicitly:

Lemma 767 (SFy simple representation),

Lemma 771 (integral in SF 4 generalizes integral in TF),
Lemma 779 (integral in SF 4 is positive linear).

The proof of Lemma 781 (integral in SF. is monotone)
cites explicitly:
Statement(s) from [17],
Definition 226 (algebra over a field),
Lemma 757 (SF is algebra over R),
Definition 763 (SF 4, subset of nonnegative simple functions),
Lemma 770 (integral in SF),
Lemma 779 (integral in SF+ is positive linear).

The proof of Lemma 782 (integral in SF. is continuous)
cites explicitly:
Statement(s) from [17],
Lemma 781 (integral in SF is monotone).

The proof of Lemma 783 (integral in SF. over subset)
cites explicitly:
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Lemma 743 (integral in ZF over subset),

Definition 748 (SF, vector space of simple functions),
Lemma 760 (SF is closed under extension by zero),
Lemma 761 (SF is closed under restriction),

Lemma 771 (integral in SF 4 generalizes integral in TF),
Lemma 779 (integral in SF 4 is positive linear).

The proof of Lemma 784 (integral in SF. over subset is additive)
cites explicitly:
Definition 732 (ZF, set of measurable indicator functions),
Lemma 735 (ZF is o-additive),
Lemma 736 (ZF is closed under multiplication),
Definition 748 (SF, vector space of simple functions),
Definition 763 (SF ., subset of nonnegative simple functions),
Lemma 783 (integral in SF4 over subset).

The proof of Lemma 785 (integral in SF, for counting measure)
cites explicitly:
Lemma 746 (integral in ZF for counting measure),
Lemma 767 (SF 4 simple representation),
Lemma 771 (integral in SF 4 generalizes integral in ZF).

The proof of Lemma 786 (integral in SF, for counting measure on N)
cites explicitly:
Lemma 785 (integral in SF for counting measure).

The proof of Lemma 787 (integral in SF, for Dirac measure)
cites explicitly:
Definition 675 (Dirac measure),
Lemma 785 (integral in SF 4 for counting measure).

The proof of Lemma 789 (integral in M)
cites explicitly:
Statement(s) from [17],
Lemma 770 (integral in SF ).

The proof of Lemma 790 (integral in M, generalizes integral in SF )
cites explicitly:
Lemma 770 (integral in SF ),
Lemma 782 (integral in SF+ is continuous),
Lemma 789 (integral in My).

The proof of Lemma 791 (integral in M of indicator function)
cites explicitly:
Lemma 769 (SFy is measurable),
Lemma 771 (integral in SF generalizes integral in TF),
Lemma 790 (integral in M generalizes integral in SF ;).

The proof of Lemma 792 (integral in M_ is positive homogeneous)
cites explicitly:
Statement(s) from [17],
Definition 288 (multiplication in R),
Lemma 340 (multiplication in Ry is associative (measure theory)),
Lemma 343 (zero-product property in Ry (measure theory)),
Lemma 599 (M is closed under nonnegative scalar multiplication),
Definition 748 (SF, vector space of simple functions),
Definition 763 (SF 4, subset of nonnegative simple functions),
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Lemma 768
Lemma 770

SFy is closed under positive algebra operations),
integral in SF1),

Lemma 779 (integral in SF is positive linear),

Lemma 780 (equivalent definition of the integral in SFy (simple)),
Lemma 789 (integral in M).

Py

The proof of Lemma 793 (integral in M, of zero is zero)
cites explicitly:
Definition 288 (multiplication in R),
Lemma 343 (zero-product property in Ry (measure theory)),
Lemma 792 (integral in My is positive homogeneous).

The proof of Lemma 794 (integral in M, is monotone)
cites explicitly:
Lemma 789 (integral in My).

The proof of Theorem 796 (Beppo Levi, monotone convergence)
cites explicitly:
Statement(s) from [17],
Lemma 475 (equivalent definition of o-algebra),
Lemma 578 (measurability of numeric function),
Lemma 581 (M is closed under addition when defined),
Lemma 602 (M is closed under limit when pointwise convergent),
Definition 616 (continuity from below),
Lemma 617 (measure is continuous from below),
Definition 748 (SF, vector space of simple functions),
Lemma 759 (SF is measurable),
Lemma 779 (integral in SF is positive linear),
Lemma 780 (equivalent definition of the integral in SF (simple)),
Lemma 789 (integral in M),
Lemma 791 (integral in ML of indicator function),
Lemma 794 (integral in M is monotone).

The proof of Lemma 797 (integral in M, is homogeneous at ~o)
cites explicitly:
Definition 593 (M., subset of nonnegative measurable numeric functions),
Lemma 599 (M is closed under nonnegative scalar multiplication),
Lemma 792 (integral in M is positive homogeneous),
Theorem 796 (Beppo Levi, monotone convergence).

The proof of Lemma 799 (adapted sequence in M. )
cites explicitly:
Lemma 475 (equivalent definition of o-algebra),
Lemma 578 (measurability of numeric function),
Definition 748 (SF, vector space of simple functions),
Definition 763 (SF ., subset of nonnegative simple functions),
Definition 798 (adapted sequence).

The proof of Lemma 800 (usage of adapted sequences)
cites explicitly:
Lemma 790 (integral in M generalizes integral in SF ),
Theorem 796 (Beppo Levi, monotone convergence),
Definition 798 (adapted sequence),
Lemma 799 (adapted sequence in M).

The proof of Lemma 801 (integral in M. is additive)
cites explicitly:
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Lemma 597
Lemma 779
Lemma 799
Lemma 800

M is closed under addition),
integral in SF is positive linear),
adapted sequence in M),

usage of adapted sequences).

Py

The proof of Lemma 802 (integral in M_ is positive linear)

cites explicitly:

Lemma 792 (integral in M is positive homogeneous),
Lemma 797 (integral in M is homogeneous at o),
Lemma 801 (integral in M4 is additive).

The proof of Lemma 803 (integral in M is c-additive)

The

cites explicitly:
Lemma 603 (M is closed under countable sum),
Theorem 796 (Beppo Levi, monotone convergence).

proof of Lemma 804 (integral in M, of decomposition into nonpositive and
nonnegative parts)

cites explicitly:

Lemma 403 (decomposition into nonnegative and nonpositive parts),

Lemma 594 (measurability of nonnegative and nonpositive parts),

Lemma 596 (M is closed under absolute value),

Lemma 801 (integral in My is additive).

The proof of Lemma 805 (compatibility of integral in M, with nonpositive and non-

negative parts)

cites explicitly:

Lemma 404 (compatibility of nonpositive and nonnegative parts with addition),
Lemma 801 (integral in M is additive).

The proof of Lemma 806 (integral in M is almost definite)

cites explicitly:

Lemma 343 (zero-product property in Ry (measure theory)),

Lemma 344 (infinity-product property in Ry (measure theory)),

Lemma 578 (measurability of numeric function),

Definition 593 (M., subset of nonnegative measurable numeric functions),
Lemma 599 (M is closed under nonnegative scalar multiplication),
Lemma 636 (negligibility of measurable subset),

Definition 641 (property almost satisfied),

Lemma 791 (integral in M of indicator function),

Lemma 797 (integral in M is homogeneous at o).

The proof of Lemma 807 (compatibility of integral in M with almost binary relation)

cites explicitly:

Lemma 283 (zero is identity element for addition in R),
Lemma 342 (multiplication in Ry is distributive over addition (measure theory)),
Lemma 343 (zero-product property in Ry (measure theory)),
Definition 474 (o-algebra),

Definition 516 (measurable space),

Lemma 598 (M is closed under multiplication),

Definition 611 (measure),

Definition 631 (negligible subset),

Lemma 636 (negligibility of measurable subset),

Definition 641 (property almost satisfied),

Lemma 643 (everywhere implies almost everywhere),
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Definition 650 (almost binary relation),

Lemma 657 (almost equality is equivalence relation),
Lemma 660 (compatibility of almost equality with operator),
Lemma 791 (integral in My of indicator function),
Lemma 801 (integral in My is additive),

Lemma 806 (integral in My is almost definite).

The proof of Lemma 808 (compatibility of integral in M with almost equality)
cites explicitly:
Lemma 789 (integral in M),
Lemma 807 (compatibility of integral in M with almost binary relation).

The proof of Lemma 809 (integral in M is almost monotone)
cites explicitly:
Lemma 794 (integral in M4 is monotone),
Lemma 807 (compatibility of integral in M with almost binary relation).

The proof of Lemma 810 (Bienaymé—Chebyshev inequality)
cites explicitly:
Lemma 302 (absolute value in R is nonnegative),
Lemma 569 (measurability of indicator function),
Lemma 578 (measurability of numeric function),
Lemma 596 (M is closed under absolute value),
Lemma 599 (M is closed under nonnegative scalar multiplication),
Lemma 791 (integral in ML of indicator function),
Lemma 792 (integral in M is positive homogeneous),
Lemma 794 (integral in M is monotone),
Lemma 797 (integral in M is homogeneous at o).

Py

The proof of Lemma 811 (integrable in M is almost finite)
cites explicitly:
Definition 278 (extended real numbers, R),
Lemma 302 (absolute value in R is nonnegative),
Definition 593 (M, subset of nonnegative measurable numeric functions),
Definition 611 (measure),
Lemma 636 (negligibility of measurable subset),
Definition 641 (property almost satisfied),
Lemma 789 (integral in M),
Lemma 810 (Bienaymé—Chebyshev inequality).

The proof of Lemma 812 (bounded by integrable in M, is integrable)
cites explicitly:
Lemma 279 (order in R is total),
Lemma 789 (integral in M),
Lemma 794 (integral in M is monotone).

The proof of Lemma 813 (integral in M over subset)
cites explicitly:
Lemma 592 (measurability of restriction),
Definition 593 (M., subset of nonnegative measurable numeric functions),
Lemma 761 (SF is closed under restriction),
Lemma 783 (integral in SF+ over subset),
Definition 798 (adapted sequence),
Lemma 799 (adapted sequence in M),
Lemma 800 (usage of adapted sequences).
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The proof of Lemma 814 (integral in M over subset is o-additive)
cites explicitly:
Lemma 569 (measurability of indicator function),
Lemma 577 (M and finite is Mg),
Definition 593 (M, subset of nonnegative measurable numeric functions),
Lemma 598 (M is closed under multiplication),
Lemma 603 (M is closed under countable sum),
Lemma 735 (ZF is o-additive),
Lemma 736 (ZF is closed under multiplication),
Lemma 803 (integral in ML is o-additive),
Lemma 813 (integral in My over subset).

The proof of Lemma 815 (integral in M, over singleton)

cites explicitly:

Lemma 569 (measurability of indicator function),

Lemma 599 (M is closed under nonnegative scalar multiplication),
Lemma 791 (integral in M of indicator function),
Lemma 802 (integral in M is positive linear),
Lemma 813 (integral in My over subset).

The proof of Theorem 817 (Fatou’s lemma)
cites explicitly:
Statement(s) from [17],
Lemma 376 (infimum of bounded sequence is bounded),
Lemma 378 (limit inferior),
Definition 390 (pointwise convergence),
Lemma 392 (limit inferior bounded from below),
Lemma 586 (M is closed under infimum),
Lemma 588 (M is closed under limit inferior),
Lemma 602 (M is closed under limit when pointwise convergent),
Lemma 794 (integral in M4 is monotone),
Theorem 796 (Beppo Levi, monotone convergence).

The proof of Lemma 818 (integral in M of pointwise convergent sequence)
cites explicitly:
Statement(s) from [17],
Lemma 391 (limit inferior and limit superior of pointwise convergent),
Lemma 396 (limit inferior, limit superior and pointwise convergence),
Lemma 602 (M is closed under limit when pointwise convergent),
Lemma 794 (integral in M4 is monotone),
Theorem 817 (Fatou’s lemma).

The proof of Lemma 819 (integral in M, for counting measure)
cites explicitly:
Lemma 785 (integral in SFy for counting measure),
Lemma 800 (usage of adapted sequences).

The proof of Lemma 820 (integral in M, for counting measure on N)
cites explicitly:
Lemma 819 (integral in ML for counting measure).

The proof of Lemma 822 (integral in M, for Dirac measure)
cites explicitly:
Definition 675 (Dirac measure),
Lemma 819 (integral in M4 for counting measure).
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The proof of Lemma 824 (measure of section)
cites explicitly:
Lemma 551 (measurability of section),
Definition 611 (measure).

The proof of Lemma 825 (measure of section of product)
cites explicitly:
Lemma 343 (zero-product property in Ry (measure theory)),
Lemma 542 (product of measurable subsets is measurable),
Lemma 549 (section of product),
Definition 611 (measure),
Lemma 824 (measure of section).

The proof of Lemma 827 (measurability of measure of section (finite))
cites explicitly:
Definition 217 (product of subsets of parties),
Definition 442 (generated set algebra),
Lemma 443 (generated set algebra is minimum),
Definition 448 (monotone class),
Lemma 490 (o-algebra contains set algebra),
Lemma 505 (set algebra generated by product of o-algebras),
Lemma 515 (usage of monotone class theorem),
Definition 541 (tensor product of o-algebras),
Lemma 542 (product of measurable subsets is measurable),
Lemma 550 (compatibility of section with set operations),
Lemma 551 (measurability of section),
Lemma 552 (countable union of sections is measurable),
Lemma 553 (countable intersection of sections is measurable),
Lemma 599 (M is closed under nonnegative scalar multiplication),
Lemma 600 (M is closed under infimum,),
Lemma 601 (M is closed under supremum,),
Lemma 603 (M is closed under countable sum),
Definition 608 (o-additivity over measurable space),
Definition 611 (measure),
Lemma 617 (measure is continuous from below),
Lemma 619 (measure is continuous from above),
Definition 622 (finite measure),
Lemma 623 (finite measure is bounded),
Lemma 791 (integral in M4 of indicator function),
Lemma 824 (measure of section),
Lemma 825 (measure of section of product).

The proof of Lemma 828 (measurability of measure of section)
cites explicitly:
Lemma 475 (equivalent definition of o-algebra),
Lemma 551 (measurability of section),
Lemma 601 (M is closed under supremum),
Lemma 617 (measure is continuous from below),
Definition 622 (finite measure),
Lemma 625 (equivalent definition of o-finite measure),
Lemma 629 (restricted measure),
Lemma 824 (measure of section),
Lemma 827 (measurability of measure of section (finite)).

The proof of Lemma 831 (candidate tensor product measure is tensor product mea-
sure)
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cites explicitly:

Lemma 341 (multiplication in Ry is commutative (measure theory)),
Lemma 542 (product of measurable subsets is measurable),
Lemma 550 (compatibility of section with set operations),
Lemma 551 (measurability of section),

Lemma 552 (countable union of sections is measurable),
Definition 608 (o-additivity over measurable space),
Definition 611 (measure),

Lemma 789 (integral in M),

Lemma 791 (integral in M4 of indicator function),
Lemma 793 (integral in M4 of zero is zero),

Lemma 802 (integral in M is positive linear),

Lemma 803 (integral in My is o-additive),

Lemma 824 (measure of section),

Lemma 825 (measure of section of product),

Lemma 828 (measurability of measure of section),
Definition 829 (tensor product measure),

Definition 830 (candidate tensor product measure).

The proof of Lemma 832 (tensor product of finite measures)
cites explicitly:
Lemma 475 (equivalent definition of o-algebra),
Definition 611 (measure),
Definition 622 (finite measure),
Definition 829 (tensor product measure).

The proof of Lemma 833 (tensor product of o-finite measures)
cites explicitly:
Lemma 542 (product of measurable subsets is measurable),
Definition 624 (o-finite measure),
Lemma 625 (equivalent definition of o-finite measure),
Definition 829 (tensor product measure).

The proof of Lemma 835 (uniqueness of tensor product measure (finite))
cites explicitly:
Definition 448 (monotone class),
Lemma 475 (equivalent definition of o-algebra),
Lemma 490 (o-algebra contains set algebra),
Lemma 505 (set algebra generated by product of o-algebras),
Lemma 515 (usage of monotone class theorem),
Definition 541 (tensor product of o-algebras),
Lemma 542 (product of measurable subsets is measurable),
Definition 607 (additivity over measurable space),
Lemma 617 (measure is continuous from below),
Lemma 619 (measure is continuous from above),
Lemma 621 (equivalent definition of measure),
Lemma 623 (finite measure is bounded),
Lemma 627 (finite measure is o-finite),
Definition 829 (tensor product measure),
Lemma 831 (candidate tensor product measure is tensor product measure),
Lemma 832 (tensor product of finite measures).

The proof of Lemma 837 (uniqueness of tensor product measure)

cites explicitly:
Lemma 475 (equivalent definition of o-algebra),
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Lemma 542 (product of measurable subsets is measurable),
Lemma 617 (measure is continuous from below),

Definition 622 (finite measure),

Lemma 625 (equivalent definition of o-finite measure),
Lemma 629 (restricted measure),

Lemma 824 (measure of section),

Definition 829 (tensor product measure),

Definition 830 (candidate tensor product measure),

Lemma 831 (candidate tensor product measure is tensor product measure),
Lemma 833 (tensor product of o-finite measures),

Lemma 835 (uniqueness of tensor product measure (finite)).

The proof of Lemma 838 (negligibility of measurable section)
cites explicitly:
Lemma 551 (measurability of section),
Lemma 636 (negligibility of measurable subset),
Lemma 806 (integral in My is almost definite),
Lemma 837 (uniqueness of tensor product measure).

The proof of Lemma 839 (Lebesgue measure on R?)
cites explicitly:
Theorem 724 (Carathéodory, Lebesque measure on R),
Lemma 728 (Lebesgue measure is o-finite),
Lemma 837 (uniqueness of tensor product measure).

The proof of Lemma 840 (Lebesgue measure on R?> generalizes area of bozxes)
cites explicitly:
Lemma 726 (Lebesgue measure generalizes length of interval),
Definition 829 (tensor product measure),
Lemma 839 (Lebesgue measure on R?).

The proof of Lemma 841 (Lebesgue measure on R? is zero on lines)
cites explicitly:
Lemma 343 (zero-product property in Ry (measure theory)),
Lemma 840 (Lebesgue measure on R? generalizes area of boxes).

The proof of Lemma 842 (Lebesgue measure on R? is o-finite)
cites explicitly:
Lemma 728 (Lebesgue measure is o-finite),
Lemma 833 (tensor product of o-finite measures),
Lemma 839 (Lebesgue measure on R?).

The proof of Lemma 843 (Lebesgue measure on R? is diffuse)
cites explicitly:
Definition 626 (diffuse measure),
Lemma 840 (Lebesgue measure on R? generalizes area of bozes).

The proof of Theorem 846 (Tonelli)
cites explicitly:
Lemma 551 (measurability of section),
Lemma 554 (indicator of section),
Lemma 597 (M is closed under addition),
Lemma 599 (M. is closed under nonnegative scalar multiplication),
Lemma 602 (M is closed under limit when pointwise convergent),
Lemma 733 (indicator and support are each other inverse),
Lemma 767 (SF 4 simple representation),
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Lemma 791 (integral in M4 of indicator function),
Lemma 799 (adapted sequence in M),
Lemma 800 (usage of adapted sequences),
Lemma 802 (integral in M is positive linear),
Lemma 824 (measure of section),

Lemma 828 (measurability of measure of section),

Lemma 837 (uniqueness of tensor product measure),

Definition 844 (partial function of function from product space).

The proof of Lemma 847 (Tonelli over subset)

cites explicitly:

Lemma 554 (indicator of section),

Lemma 813 (integral in M over subset),

Definition 844 (partial function of function from product space),
Theorem 846 (Tonelli).

The proof of Lemma 848 (Tonelli for tensor product)

cites explicitly:

Lemma 338 (multiplication in Ry is closed (measure theory)),

Lemma 341 (multiplication in Ry is commutative (measure theory)),
Definition 593 (M, subset of nonnegative measurable numeric functions),
Definition 604 (tensor product of numeric functions),

Lemma 605 (measurability of tensor product of numeric functions),
Lemma 792 (integral in M. is positive homogeneous),

Definition 844 (partial function of function from product space),

Theorem 846 ( Tonelli).

The proof of Lemma 852 (integrable is measurable)

cites explicitly:

Lemma 594 (measurability of nonnegative and nonpositive parts),
Lemma 789 (integral in M),

Definition 851 (integrability).

The proof of Lemma 853 (equivalent definition of integrability)

cites explicitly:

Lemma 318 (addition in Ry is closed),

Lemma 321 (infinity-sum property in R,),

Lemma 594 (measurability of nonnegative and nonpositive parts),

Lemma 596 (M is closed under absolute value),

Lemma 789 (integral in M),

Lemma 804 (integral in M4 of decomposition into nonpositive and nonnegative parts),
Definition 851 (integrability),

Lemma 852 (integrable is measurable).

The proof of Lemma 854 (compatibility of integrability in M and M)

cites explicitly: B
Lemma 298 (equivalent definition of absolute value in R),
Lemma 853 (equivalent definition of integrability).

The proof of Lemma 855 (integrable is almost finite)

cites explicitly:

Lemma 303 (absolute value in R is even),

Lemma 811 (integrable in M is almost finite),
Lemma 853 (equivalent definition of integrability).

The proof of Lemma 856 (almost bounded by integrable is integrable)

cites explicitly:
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Lemma 279 (order in R is total),

Lemma 596 (M is closed under absolute value),
Lemma 658 (almost order is order relation),
Lemma 789 (integral in M),

Lemma 809 (integral in M is almost monotone),
Lemma 853 (equivalent definition of integrability).

The proof of Lemma 857 (bounded by integrable is integrable)
cites explicitly:
Lemma 279 (order in R is total),
Lemma 643 (everywhere implies almost everywhere),
Lemma 853 (equivalent definition of integrability),
Lemma 856 (almost bounded by integrable is integrable).

The proof of Lemma 859 (compatibility of integral in M and M)
cites explicitly:
Definition 399 (nonnegative and nonpositive parts),
Lemma 789 (integral in M),
Lemma 793 (integral in My of zero is zero),
Definition 851 (integrability),
Definition 858 (integral).

The proof of Lemma 860 (integral of zero is zero)
cites explicitly:
Lemma 793 (integral in My of zero is zero),
Lemma 859 (compatibility of integral in M and M.).

The proof of Lemma 862 (compatibility of integral with almost equality)
cites explicitly:
Lemma 660 (compatibility of almost equality with operator),
Lemma 808 (compatibility of integral in M with almost equality),
Definition 851 (integrability),
Definition 858 (integral).

The proof of Lemma 864 (integral over subset)
cites explicitly:
Lemma 405 (compatibility of nonpositive and nonnegative parts with mask),
Lemma 406 (compatibility of nonpositive and nonnegative parts with restriction),
Lemma 789 (integral in M),
Lemma 813 (integral in M over subset),
Definition 851 (integrability),
Definition 858 (integral).

The proof of Lemma 865 (integral over subset is o-additive)
cites explicitly:
Lemma 794 (integral in M is monotone),
Lemma 803 (integral in M is o-additive),
Lemma 814 (integral in M over subset is o-additive),
Lemma 853 (equivalent definition of integrability),
Definition 858 (integral).

The proof of Lemma 866 (integral over singleton)
cites explicitly:
Definition 297 (absolute value in R),
Lemma 304 (absolute value in R is definite),
Lemma 345 (finite-product property in Ry (measure theory)),
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Definition 399 (nonnegative and nonpositive parts),

Lemma 403 (decomposition into nonnegative and nonpositive parts),
Lemma 789 (integral in M),

Lemma 815 (integral in My over singleton),

Definition 851 (integrability),

Lemma 853 (equivalent definition of integrability),

Definition 858 (integral),

Lemma 864 (integral over subset).

The proof of Lemma 867 (integral over interval)

cites explicitly:

Lemma 518 (some Borel subsets),

Definition 626 (diffuse measure),

Lemma 865 (integral over subset is o-additive),
Lemma 866 (integral over singleton).

The proof of Lemma 868 (Chasles relation, integral over split intervals)

cites explicitly:
Lemma 865 (integral over subset is o-additive),
Lemma 867 (integral over interval).

The proof of Lemma 869 (integral for counting measure)

cites explicitly:

Lemma 403 (decomposition into nonnegative and nonpositive parts),
Lemma 789 (integral in M),

Lemma 819 (integral in M4 for counting measure),

Lemma 853 (equivalent definition of integrability),

Definition 858 (integral).

The proof of Lemma 870 (integral for counting measure on N)

cites explicitly:
Lemma 869 (integral for counting measure).

The proof of Lemma 872 (integral for Dirac measure)

cites explicitly:
Definition 675 (Dirac measure),
Lemma 869 (integral for counting measure).

The proof of Lemma 874 (seminorm L)

cites explicitly:

Lemma 596 (M is closed under absolute value),
Lemma 789 (integral in M),

Definition 861 (merge integral in M and M.).

The proof of Lemma 876 (integrable is finite seminorm L)

cites explicitly:

Lemma 596 (M is closed under absolute value),
Lemma 789 (integral in M),

Lemma 853 (equivalent definition of integrability),
Lemma 874 (seminorm L1).

The proof of Lemma 877 (compatibility of N, with almost equality)

cites explicitly:

Lemma 660 (compatibility of almost equality with operator),
Lemma 862 (compatibility of integral with almost equality),
Lemma 874 (seminorm L1).
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The proof of Lemma 878 (N; is almost definite)
cites explicitly:
Lemma 686 (absolute value is almost definite),
Lemma 806 (integral in M is almost definite),
Lemma 874 (seminorm LY).

The proof of Lemma 879 (N; is absolutely homogeneous)
cites explicitly:
Lemma 792 (integral in M is positive homogeneous),
Lemma 797 (integral in M4 is homogeneous at c0),
Lemma 874 (seminorm L').

The proof of Lemma 880 (integral is homogeneous)
cites explicitly:
Definition 399 (nonnegative and nonpositive parts),
Lemma 585 (M is closed under scalar multiplication),
Lemma 594 (measurability of nonnegative and nonpositive parts),
Lemma 789 (integral in M),
Lemma 792 (integral in My is positive homogeneous),
Lemma 852 (integrable is measurable),
Lemma 853 (equivalent definition of integrability),
Definition 858 (integral),
Lemma 874 (seminorm L),
Lemma 879 (Ny is absolutely homogeneous).

The proof of Lemma 882 (Minkowski inequality in M)
cites explicitly:
Lemma 305 (absolute value in R satisfies triangle inequality),
Lemma 596 (M is closed under absolute value),
Lemma 682 (almost sum),
Lemma 683 (compatibility of almost sum with almost equality),
Lemma 794 (integral in M is monotone),
Lemma 801 (integral in My is additive),
Lemma 874 (seminorm L),
Lemma 877 (compatibility of N1 with almost equality).

The proof of Lemma 883 (integral is additive)
cites explicitly:
Definition 282 (addition in R),
Lemma 594 (measurability of nonnegative and nonpositive parts),
Lemma 805 (compatibility of integral in M with nonpositive and nonnegative parts),
Lemma 855 (integrable is almost finite),
Definition 858 (integral),
Lemma 862 (compatibility of integral with almost equality),
Lemma 876 (integrable is finite seminorm L),
Lemma 882 (Minkowski inequality in M).

The proof of Lemma 886 (equivalent definition of L")
cites explicitly:
Lemma 577 (M and finite is MR),
Lemma 789 (integral in M),
Lemma 853 (equivalent definition of integrability),
Lemma 874 (seminorm L),
Definition 884 (£, vector space of integrable functions).
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The proof of Lemma 887 (Minkowski inequality in L)

cites explicitly:

Lemma 643 (everywhere implies almost everywhere),
Definition 678 (summability domain),

Lemma 685 (almost sum is sum),

Lemma 882 (Minkowski inequality in M),

Definition 884 (L', vector space of integrable functions).

The proof of Lemma 888 (L£! is seminormed vector space)

cites explicitly:

Statement(s) from [17],

Definition 237 (seminorm),

Lemma 574 (Mg is vector space),

Lemma 643 (everywhere implies almost everywhere),
Lemma 878 (N; is almost definite),

Lemma 879 (Ny is absolutely homogeneous),

Definition 884 (L', vector space of integrable functions),
Lemma 887 (Minkowski inequality in L1).

The proof of Lemma 890 (£! is closed under absolute value)

cites explicitly:

Lemma 596 (M is closed under absolute value),
Lemma 874 (seminorm L),

Definition 884 (L', vector space of integrable functions).

The proof of Lemma 891 (bounded by L' is L)

cites explicitly:

Lemma 279 (order in R is total),

Lemma 301 (finite absolute value in R),

Lemma 302 (absolute value in R is nonnegative),

Lemma 854 (compatibility of integrability in M and M),
Lemma 857 (bounded by integrable is integrable),

Lemma 886 (equivalent definition of L),

Lemma 890 (L' is closed under absolute value).

The proof of Lemma 892 (integral is positive linear form on L)

cites explicitly:

Statement(s) from [17],

Definition 282 (addition in R),

Lemma 401 (nonnegative and nonpositive parts are nonnegative),

Lemma 577 (M and finite is MR),

Definition 593 (M, subset of nonnegative measurable numeric functions),
Lemma 789 (integral in M),

Lemma 804 (integral in M4 of decomposition into nonpositive and nonnegative parts),
Definition 851 (integrability),

Lemma 853 (equivalent definition of integrability),

Definition 858 (integral),

Lemma 874 (seminorm L),

Lemma 880 (integral is homogeneous),

Lemma 883 (integral is additive),

Definition 884 (L', vector space of integrable functions),

Lemma 888 (L' is seminormed vector space).

The proof of Lemma 893 (constant function is L)

cites explicitly:
Definition 474 (o-algebra),
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Definition 516 (measurable space),

Definition 611 (measure),

Definition 748 (SF, vector space of simple functions),
Lemma 770 (integral in SF),

Lemma 790 (integral in M generalizes integral in SF ),
Definition 858 (integral),

Lemma 859 (compatibility of integral in M and M.).

The proof of Lemma 894 (first mean value theorem)
cites explicitly:
Lemma 660 (compatibility of almost equality with operator),
Lemma 806 (integral in M is almost definite),
Lemma 859 (compatibility of integral in M and M),
Lemma 888 (L' is seminormed vector space),
Lemma 891 (bounded by L' is L),
Lemma 892 (integral is positive linear form on L),
Lemma 893 (constant function is L').

The proof of Lemma 895 (variant of first mean value theorem)
cites explicitly:
Definition 241 (interval),
Lemma 894 (first mean value theorem).

The proof of Theorem 897 (Lebesgue, dominated convergence)
cites explicitly:
Statement(s) from [17],
Definition 237 (seminorm),
Lemma 302 (absolute value in R is nonnegative),
Lemma 304 (absolute value in R is definite),
Lemma 317 (absolute value in R is continuous),
Lemma 384 (duality limit inferior-limit superior),
Lemma 391 (limit inferior and limit superior of pointwise convergent),
Lemma 392 (limit inferior bounded from below),
Lemma 396 (limit inferior, limit superior and pointwise convergence),
Lemma 590 (M is closed under limit when pointwise convergent),
Definition 593 (M., subset of nonnegative measurable numeric functions),
Theorem 817 (Fatou’s lemma),
Lemma 874 (seminorm L),
Definition 884 (L', vector space of integrable functions),
Lemma 888 (L' is seminormed vector space),
Definition 889 (convergence in L1),
Lemma 890 (£ is closed under absolute value),
Lemma 891 (bounded by L' is L),
Lemma 892 (integral is positive linear form on L').

The proof of Theorem 899 (Lebesgue, ertended dominated convergence)
cites explicitly:
Definition 474 (o-algebra),
Lemma 475 (equivalent definition of o-algebra),
Definition 516 (measurable space),
Lemma 591 (measurability and masking),
Definition 611 (measure),
Definition 631 (negligible subset),
Lemma 638 (compatibility of null measure with countable union),
Definition 641 (property almost satisfied),
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Lemma 660 (compatibility of almost equality with operator),
Lemma 687 (masking almost nowhere),

Lemma 688 (finite nonnegative part),

Lemma 853 (equivalent definition of integrability),

Lemma 862 (compatibility of integral with almost equality),
Lemma 874 (seminorm L),

Definition 884 (L', vector space of integrable functions),
Theorem 897 (Lebesgue, dominated convergence).
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Appendix C

Is explicitly cited in the proof of. ..

This appendix gathers the explicit citations that appear in the proof of results (lemmas and
theorems) for each statement listed in Appendix A. Statements from [17] are anonymized.

The corresponding dependency graph is represented in Figure A.1 (bottom). The dual graph
is described in Appendix B.

Printing is not advised!

Statement(s) from [17]
are explicitly cited in the proof of:
Lemma 221 (quotient vector space, equivalence relation),
Lemma 222 (quotient vector space),
Lemma 223 (linear map on quotient vector space),
Lemma 231 (algebra of functions to algebra),
Lemma 235 (vector subspace and closed under multiplication is subalgebra),
Lemma 236 (closed under algebra operations is subalgebra),
Lemma 239 (definite seminorm is norm),
Lemma 269 (equivalent definition of convergent sequence),
Lemma 270 (convergent subsequence of Cauchy sequence),
Lemma 352 (connected component of open subset of R is open interval),
Theorem 355 (countable connected components of open subsets of R),
Lemma 358 (open intervals with rational bounds cover open interval),
Lemma 363 (extrema of constant function),
Lemma 364 (equivalent definition of finite infimum),
Lemma 365 (equivalent definition of finite infimum in R),
Lemma 366 (equivalent definition of infimum),
Lemma 367 (infimum is smaller than supremum),
Lemma 368 (infimum is monotone),
Lemma 369 (supremum is monotone),
Lemma 370 (compatibility of infimum with absolute value),
Lemma 371 (compatibility of supremum with absolute value),
Lemma 374 (infimum of sequence is monotone),
Lemma 375 (supremum of sequence is monotone),
Lemma 379 (limit inferior is co),
Lemma 380 (equivalent definition of the limit inferior),
Lemma 384 (duality limit inferior-limit superior),
Lemma 392 (limit inferior bounded from below),
Lemma 393 (limit inferior bounded from above),
Lemma 396 (limit inferior, limit superior and pointwise convergence),
Lemma 586 (M is closed under infimum),

Py

PR
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Lemma 587 (M s closed under supremum),

Lemma 620 (measure satisfies the Boole inequality),

Lemma 638 (compatibility of null measure with countable union),
Lemma 700 ()\* is homogeneous),

Lemma 701 (A* is monotone),

Lemma 702 (A\* is o-subadditive),

Lemma 703 (A* generalizes length of interval),

Lemma 717 (rays are Lebesgue-measurable),

Lemma 757 (SF is algebra over R),

Lemma 781 (integral in SF 1 is monotone),

Lemma 782 (integral in SF 4 is continuous),

Lemma 789 (integral in M),

Lemma 792 (integral in M is positive homogeneous),
Theorem 796 (Beppo Levi, monotone convergence),

Theorem 817 (Fatou’s lemma),

Lemma 818 (integral in M4 of pointwise convergent sequence),
Lemma 888 (L! is seminormed vector space),

Lemma 892 (integral is positive linear form on L1),

Theorem 897 (Lebesque, dominated convergence).

Definition 207 (pseudopartition)
is explicitly cited in the proof of:
Lemma 209 (compatibility of pseudopartition with intersection),
Lemma 580 (M is closed under finite part),
Lemma 581 (M is closed under addition when defined),
Lemma 668 (uniqueness of measures extended from a mw-system).

Lemma 209 (compatibility of pseudopartition with intersection)
is explicitly cited in the proof of:
Lemma 536 (characterization of Borel subsets),
Lemma 613 (measure over countable pseudopartition),
Lemma 707 (equivalent definition of L),
Lemma 712 (A\* is additive on L).

Lemma 210 (technical inclusion for countable union)
is explicitly cited in the proof of:
Lemma 211 (order is meaningless in countable union).

Lemma 211 (order is meaningless in countable union)
is explicitly cited in the proof of:
Lemma 212 (definition of double countable union).

Lemma 212 (definition of double countable union)
is explicitly cited in the proof of:
Lemma 213 (double countable union),
Lemma 702 (A\* is o-subadditive).

Lemma 213 (double countable union)
is explicitly cited in the proof of:
Lemma 702 (\* is o-subadditive).

Lemma 215 (partition of countable union)
is explicitly cited in the proof of:
Lemma 424 (closedness under countable disjoint and monotone union),
Lemma 426 (closedness under countable disjoint union and countable union),
Lemma 446 (partition of countable union in set algebra),
Lemma 480 (partition of countable union in o-algebra).
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Definition 216 (trace of subsets of parties)
is explicitly cited in the proof of:
Lemma 260 (trace topology on subset),
Lemma 532 (trace o-algebra),
Lemma 533 (measurability of measurable subspace),
Lemma 534 (generating measurable subspace),
Lemma 537 (source restriction of measurable function).

Definition 217 (product of subsets of parties)
is explicitly cited in the proof of:
Lemma 261 (boz topology on Cartesian product),
Lemma 265 (compatibility of second-countability with Cartesian product),
Lemma 266 (complete countable topological basis of product space),
Lemma 505 (set algebra generated by product of o-algebras),
Lemma 542 (product of measurable subsets is measurable),
Lemma 543 (measurability of function to product space),
Lemma 546 (generating product measurable space),
Lemma 551 (measurability of section),
Lemma 827 (measurability of measure of section (finite)).

Py

Lemma 218 (restriction is masking)
is explicitly cited in the proof of:
Lemma 738 (ZF is closed under extension by zero),
Lemma 743 (integral in ZF over subset).

Definition 219 (relation compatible with vector operations)
is explicitly cited in the proof of:
Lemma 220 (quotient vector operations),
Lemma 222 (quotient vector space).

Lemma 220 (quotient vector operations)
is explicitly cited in the proof of:
Lemma 221 (quotient vector space, equivalence relation),
Lemma 223 (linear map on quotient vector space).

Lemma 221 (quotient vector space, equivalence relation)
is explicitly cited in the proof of:
Lemma 222 (quotient vector space).

Lemma 222 (quotient vector space)
is explicitly cited in the proof of:
Lemma 223 (linear map on quotient vector space).

Lemma 223 (linear map on quotient vector space)
is not yet used.

Definition 226 (algebra over a field)
is explicitly cited in the proof of:
Lemma 228 (K is K-algebra),
Lemma 231 (algebra of functions to algebra),

Lemma 235 (vector subspace and closed under multiplication is subalgebra),

Lemma 768 (SF 4 is closed under positive algebra operations),

(
(
Lemma 574 (Mg is vector space),
(
Lemma 781 (integral in SF 4 is monotone).

Lemma 228 (K is K-algebra)
is explicitly cited in the proof of:
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Lemma 232 (K¥ is algebra),
Lemma 572 (Mg is algebra).

Definition 229 (inherited algebra operations)
is explicitly cited in the proof of:
Lemma 231 (algebra of functions to algebra).

Lemma 231 (algebra of functions to algebra)
is explicitly cited in the proof of:
Lemma 232 (K¥ is algebra),
Lemma 572 (MR is algebra).

Lemma 232 (KX is algebra)
is not yet used.

Definition 233 (subalgebra)
is explicitly cited in the proof of:
Lemma 235 (vector subspace and closed under multiplication is subalgebra),
Lemma 574 (Mg is vector space).

Lemma 235 (vector subspace and closed under multiplication is subalgebra)
is explicitly cited in the proof of:
Lemma 236 (closed under algebra operations is subalgebra),
Lemma 757 (SF is algebra over R).

Lemma 236 (closed under algebra operations is subalgebra)
is explicitly cited in the proof of:
Lemma 572 (Mg is algebra),
Lemma 574 (Mg is vector space).

Definition 237 (seminorm)
is explicitly cited in the proof of:
Lemma 239 (definite seminorm is norm),
Lemma 888 (L' is seminormed vector space),
Theorem 897 (Lebesgue, dominated convergence).

Lemma 239 (definite seminorm is norm)
is not yet used.

Definition 241 (interval)
is explicitly cited in the proof of:
Lemma 243 (empty open interval),
Lemma 246 (intervals are closed under finite intersection),
Lemma 352 (connected component of open subset of R is open interval),
Lemma 895 (variant of first mean value theorem).

Lemma 243 (empty open interval)
is explicitly cited in the proof of:
Lemma 247 (empty intersection of open intervals).

Lemma 246 (intervals are closed under finite intersection)
is explicitly cited in the proof of:
Lemma 247 (empty intersection of open intervals),
Lemma 258 (topological basis of order topology),
Lemma 717 (rays are Lebesgue-measurable),
Theorem 724 (Carathéodory, Lebesque measure on R).
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Lemma 247 (empty intersection of open intervals)
is not yet used.

Definition 249 (topological space)
is explicitly cited in the proof of:
Lemma 250 (intersection of topologies),
Lemma 253 (equivalent definition of generated topology),
Lemma 260 (trace topology on subset),
Lemma 261 (box topology on Cartesian product),
Lemma 352 (connected component of open subset of R is open interval),
Lemma 358 (open intervals with rational bounds cover open interval),
Lemma 518 (some Borel subsets).

Lemma 250 (intersection of topologies)
is explicitly cited in the proof of:
Lemma 252 (generated topology is minimum).

Definition 251 (generated topology)
is explicitly cited in the proof of:
Lemma 252 (generated topology is minimum).

Lemma 252 (generated topology is minimum)
is explicitly cited in the proof of:
Lemma 253 (equivalent definition of generated topology).

Lemma 253 (equivalent definition of generated topology)
is explicitly cited in the proof of:
Lemma 258 (topological basis of order topology).

Definition 254 (topological basis)
is explicitly cited in the proof of:
Lemma 255 (augmented topological basis),
Lemma 258 (topological basis of order topology),
Lemma 260 (trace topology on subset),
Lemma 261 (boz topology on Cartesian product),
Lemma 312 (trace topology on R),
Theorem 359 (R is second-countable),
Lemma 362 (R is second-countable).

Lemma 255 (augmented topological basis)
is explicitly cited in the proof of:
Lemma 264 (complete countable topological basis).

Definition 256 (order topology)
is explicitly cited in the proof of:
Lemma 258 (topological basis of order topology),
Lemma 310 (topology of R).

Lemma 258 (topological basis of order topology)
is explicitly cited in the proof of:
Lemma 310 (topology of R),
Lemma 312 (trace topology on R).

Lemma 260 (trace topology on subset)
is explicitly cited in the proof of:
Lemma 312 (trace topology on R).
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Lemma 261 (box topology on Cartesian product)
is explicitly cited in the proof of:
Lemma 265 (compatibility of second-countability with Cartesian product),
Lemma 266 (complete countable topological basis of product space),
Lemma 360 (R™ is second-countable).

Definition 262 (second-countability)
is explicitly cited in the proof of:
Lemma 264 (complete countable topological basis),
Theorem 359 (R is second-countable),
Lemma 360 (R™ is second-countable),
Lemma 362 (R is second-countable).

Lemma 264 (complete countable topological basis)
is explicitly cited in the proof of:
Lemma 266 (complete countable topological basis of product space).

Lemma 265 (compatibility of second-countability with Cartesian product)
is explicitly cited in the proof of:
Lemma 360 (R™ is second-countable).

Lemma 266 (complete countable topological basis of product space)
is explicitly cited in the proof of:
Lemma 565 (Borel o-algebra of R™).

Definition 267 (pseudometric)
is not yet used.

Lemma 269 (equivalent definition of convergent sequence)
is explicitly cited in the proof of:
Lemma 364 (equivalent definition of finite infimum).

Lemma 270 (convergent subsequence of Cauchy sequence)
is not yet used.

Definition 271 (cluster point)
is explicitly cited in the proof of:
Lemma 380 (equivalent definition of the limit inferior),
Lemma 381 (limit inferior is invariant by translation).

Lemma 272 (finite cover of compact interval)
is explicitly cited in the proof of:
Lemma 703 (\* generalizes length of interval).

Definition 273 (Hélder conjugates in R)
is explicitly cited in the proof of:
Lemma 274 (2 is self-Holder conjugate in R),
Lemma 275 ( Young’s inequality for products in R).

Lemma 274 (2 is self-Holder conjugate in R)
is explicitly cited in the proof of:
Lemma 276 (Young’s inequality for products in R, case p = 2),
Lemma 350 (Young’s inequality for products, case p =2 (measure theory)).

Lemma 275 (Young’s inequality for products in R)
is explicitly cited in the proof of:
Lemma 276 (Young’s inequality for products in R, case p = 2),
Lemma 349 (Young’s inequality for products (measure theory)).
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Lemma 276 ( Young’s inequality for products in R, case p = 2)
is not yet used.

Definition 278 (extended real numbers, R)
is explicitly cited in the proof of:
Lemma 279 (order in R is total),
Lemma 287 (additive inverse in R is monotone),
Lemma 305 (absolute value in R satisfies triangle inequality),
Lemma 310 (topology of R),
Lemma 398 (finite part is finite),
Lemma 577 (M and finite is MRg),
Lemma 580 (M is closed under finite part),
Lemma 811 (integrable in My is almost finite).

Lemma 279 (order in R is total)
is explicitly cited in the proof of:
Lemma 367 (infimum is smaller than supremum),
Lemma 368 (infimum is monotone),
Lemma 374 (infimum of sequence is monotone),
Lemma 386 (limit inferior is smaller than limit superior),
Lemma 707 (equivalent definition of L),
Lemma 812 (bounded by integrable in M is integrable),
Lemma 856 (almost bounded by integrable is integrable),
Lemma 857 (bounded by integrable is integrable),
Lemma 891 (bounded by L' is £1).

Definition 282 (addition in R)
is explicitly cited in the proof of:
Lemma 283 (zero is identity element for addition in R),
Lemma 284 (addition in R is associative when defined),
Lemma 285 (addition in R is commutative when defined),
Lemma 286 (infinity-sum property in R),
Lemma 287 (additive inverse in R is monotone),
Lemma 292 (multiplication in R is left distributive over addition when defined),
Lemma 305 (absolute value in R satisfies triangle inequality),
Lemma 315 (continuity of addition in R),
Lemma 318 (addition in Ry is closed),
Lemma 319 (addition in Ry is associative),

Lemma 320 (addition in Ry is commutative),

Lemma 349 (Young’s inequality for products (measure theory)),

Lemma 403 (decomposition into nonnegative and nonpositive parts),

Lemma 404 (compatibility of nonpositive and nonnegative parts with addition),

Lemma 581 (M is closed under addition when defined),

Lemma 614 (measure is monotone),

Lemma 679 (summability on summability domain),

Lemma 682 (almost sum),

Lemma 883 (integral is additive),

Lemma 892 (integral is positive linear form on L1).

Lemma 283 (zero is identity element for addition in R)
is explicitly cited in the proof of:
Lemma 807 (compatibility of integral in M with almost binary relation).

Lemma 284 (addition in R is associative when defined)
is explicitly cited in the proof of:
Lemma 319 (addition in Ry is associative).
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Lemma 285 (addition in R is commutative when defined)
is explicitly cited in the proof of:
Lemma 320 (addition in Ry is commutative).

Lemma 286 (infinity-sum property in R)
is explicitly cited in the proof of: B
Lemma 321 (infinity-sum property in Ry).

Lemma 287 (additive inverse in R is monotone)
is explicitly cited in the proof of:
Lemma 299 (bounded absolute value in R),
Lemma 300 (bounded absolute value in R (strict)).

Definition 288 (multiplication in R)
is explicitly cited in the proof of:
Lemma 290 (multiplication in R is associative when defined),
Lemma 291 (multiplication in R is commutative when defined),
Lemma 292 (multiplication in R is left distributive over addition when defined),
Lemma 294 (zero-product property in R),
Lemma 295 (infinity-product property in R),
Lemma 296 (finite-product property in R),
Lemma 309 (ezponentiation in R),
Lemma 316 (continuity of multiplication in R),
Lemma 329 (multiplication in Ry is closed when defined),
Lemma 338 (multiplication in Ry is closed (measure theory)),
Lemma 349 (Young’s inequality for products (measure theory)),
Lemma 583 (M is closed under multiplication),
Lemma 591 (measurability and masking),
Lemma 779 (integral in SF is positive linear),
Lemma 792 (integral in My is positive homogeneous),
Lemma 793 (integral in My of zero is zero).

Lemma 290 (multiplication in R is associative when defined)
is explicitly cited in the proof of:
Lemma 340 (multiplication in Ry is associative (measure theory)).

Lemma 291 (multiplication in R is commutative when defined)
is explicitly cited in the proof of:
Lemma 293 (multiplication in R is right distributive over addition when defined),
Lemma 341 (multiplication in Ry is commutative (measure theory)).

Lemma 292 (multiplication in R is left distributive over addition when defined)
is explicitly cited in the proof of:
Lemma 293 (multiplication in R is right distributive over addition when defined),
Lemma 342 (multiplication in Ry is distributive over addition (measure theory)).

Lemma 293 (multiplication in R is right distributive over addition when defined)
is explicitly cited in the proof of:
Lemma 342 (multiplication in Ry is distributive over addition (measure theory)).

Lemma 294 (zero-product property in R)
is explicitly cited in the proof of:
Lemma 330 (zero-product property in Ry),
Lemma 335 (zero-product property in R (measure theory)).

Lemma 295 (infinity-product property in R)
is explicitly cited in the proof of:
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Lemma 331 (infinity-product property in E+),
Lemma 336 (infinity-product property in R (measure theory)).

Lemma 296 (finite-product property in R)
is explicitly cited in the proof of: B
Lemma 332 (finite-product property in R;.).

Definition 297 (absolute value in R)
is explicitly cited in the proof of:
Lemma 298 (equivalent definition of absolute value in R),
Lemma 302 (absolute value in R is nonnegative),
Lemma 303 (absolute value in R is even),
Lemma 304 (absolute value in R is definite),
Lemma 305 (absolute value in R satisfies triangle inequality),
Lemma 317 (absolute value in R is continuous),
(
(

Lemma 403 (decomposition into nonnegative and nonpositive parts),

Lemma 866 (integral over singleton).

Lemma 298 (equivalent definition of absolute value in R)
is explicitly cited in the proof of:
Lemma 299 (bounded absolute value in R),
Lemma 300 (bounded absolute value in R (strict)),
Lemma 370 (compatibility of infimum with absolute value),
Lemma 854 (compatibility of integrability in M and M..).

Lemma 299 (bounded absolute value in R)
is not yet used.

Lemma 300 (bounded absolute value in R (strict))
is explicitly cited in the proof of:
Lemma 301 (finite absolute value in R).

Lemma 301 (finite absolute value in R)
is explicitly cited in the proof of:
Lemma 891 (bounded by L is £1).

Lemma 302 (absolute value in R is nonnegative)
is explicitly cited in the proof of:
Lemma 596 (M is closed under absolute value),
Lemma 810 (Bienaymé—Chebyshev inequality),
Lemma 811 (integrable in M is almost finite),
Lemma 891 (bounded by L' is L1),
Theorem 897 (Lebesque, dominated convergence).

Lemma 303 (absolute value in R is even)
is explicitly cited in the proof of:
Lemma 370 (compatibility of infimum with absolute value),
Lemma 371 (compatibility of supremum with absolute value),
Lemma 389 (compatibility of limit superior with absolute value),
Lemma 855 (integrable is almost finite).

Lemma 304 (absolute value in R is definite)
is explicitly cited in the proof of:
Lemma 686 (absolute value is almost definite),
Lemma 866 (integral over singleton),
Theorem 897 (Lebesgue, dominated convergence).
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Lemma 305 (absolute value in R satisfies triangle inequality)
is explicitly cited in the proof of:
Lemma 882 (Minkowski inequality in M).

Definition 306 (exponential and logarithm in R)
is explicitly cited in the proof of:
Lemma 307 (ezponential and logarithm in R are inverse),
Lemma 309 (ezponentiation in R).

Lemma 307 (exponential and logarithm in R are inverse)
is not yet used.

Definition 308 (exponentiation in R)
is explicitly cited in the proof of:
Lemma 309 (ezponentiation in R),
Lemma 346 (ezponentiation in R (measure theory)).

Lemma 309 (exponentiation in R)
is explicitly cited in the proof of:
Lemma 346 (ezponentiation in R (measure theory)),
Lemma 349 (Young’s inequality for products (measure theory)).

Lemma 310 (topology of R)
is explicitly cited in the proof of:
Lemma 314 (convergence towards —oo),

Lemma 362 (R is second-countable).

Lemma 312 (trace topology on R)
is not yet used.

Lemma 314 (convergence towards —oo)
is explicitly cited in the proof of:
Lemma 366 (equivalent definition of infimum).

Lemma 315 (continuity of addition in R)
is not yet used.

Lemma 316 (continuity of multiplication in R)
is not yet used.

Lemma 317 (absolute value in R is continuous)
is explicitly cited in the proof of:
Lemma 596 (M is closed under absolute value),
Theorem 897 (Lebesgue, dominated convergence).

Lemma 318 (addition in R, is closed)
is explicitly cited in the proof of:
Lemma 349 (Young’s inequality for products (measure theory)),
Lemma 597 (M is closed under addition),
Lemma 770 (integral in SF),
Lemma 853 (equivalent definition of integrability).

Lemma 319 (addition in R, is associative)
is explicitly cited in the proof of:
Lemma 404 (compatibility of nonpositive and nonnegative parts with addition),
Lemma 778 (integral in SF 4 is additive (alternate proof)).
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Lemma 320 (addition in R, is commutative)
is explicitly cited in the proof of:
Lemma 404 (compatibility of nonpositive and nonnegative parts with addition),
Lemma 708 (L is closed under complement),
Lemma 778 (integral in SF 4 is additive (alternate proof)).

Lemma 321 (infinity-sum property in R.)
is explicitly cited in the proof of:
Lemma 404 (compatibility of nonpositive and nonnegative parts with addition),
Lemma 853 (equivalent definition of integrability).

Lemma 322 (series are convergent in R.)
is explicitly cited in the proof of:
Lemma 323 (technical upper bound in series in Ry),
Lemma 326 (double series in R,),
Lemma 603 (M is closed under countable sum).

Lemma 323 (technical upper bound in series in R.)
is explicitly cited in the proof of: B
Lemma 324 (order is meaningless in series in Ry).

Lemma 324 (order is meaningless in series in R)
is explicitly cited in the proof of: B
Lemma 325 (definition of double series in Ry).

Lemma 325 (definition of double series in R, )
is explicitly cited in the proof of:
Lemma 326 (double series in R,),
Lemma 702 (A\* is o-subadditive).

Lemma 326 (double series in R.)
is explicitly cited in the proof of:
Lemma 702 (A\* is o-subadditive).

Definition 327 (multiplication in R, )
is explicitly cited in the proof of:
Lemma 329 (multiplication in Ry is closed when defined),
Lemma 330 (zero-product property in Ry),
Lemma 331 (infinity-product property in Ry),
Lemma 332 (finite-product property in R,),
Lemma 338 (multiplication in R, is closed (measure theory)).

Lemma 329 (multiplication in R, is closed when defined)
is explicitly cited in the proof of:
Lemma 349 (Young’s inequality for products (measure theory)).

Lemma 330 (zero-product property in R.)
is explicitly cited in the proof of: B
Lemma 343 (zero-product property in Ry (measure theory)).

Lemma 331 (infinity-product property in R.)
is explicitly cited in the proof of:
Lemma 344 (infinity-product property in Ry (measure theory)),
Lemma 349 (Young’s inequality for products (measure theory)),
Lemma 583 (M is closed under multiplication).

Lemma 332 (finite-product property in R, )
is not yet used.
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Definition 333 (multiplication in R (measure theory))
is explicitly cited in the proof of:
Lemma 335 (zero-product property in R (measure theory)),
Lemma 336 (infinity-product property in R (measure theory)),
Lemma 338 (multiplication in Ry is closed (measure theory)),
Lemma 340 (multiplication in Ry is associative (measure theory)),
Lemma 341 (multiplication in Ry is commutative (measure theory)),
Lemma 342 (multiplication in Ry is distributive over addition (measure theory)),
Lemma 343 (zero-product property in Ry (measure theory)),
Lemma 344 (infinity-product property in Ry (measure theory)),
Lemma 346 (ezponentiation in R (measure theory)),
Lemma 583 (M is closed under multiplication).

Lemma 335 (zero-product property in R (measure theory))
is not yet used.

Lemma 336 (infinity-product property in R (measure theory))
is explicitly cited in the proof of: B
Lemma 337 (finite-product property in R (measure theory)).

Lemma 337 (finite-product property in R (measure theory))
is explicitly cited in the proof of: B
Lemma 345 (finite-product property in Ry (measure theory)).

Lemma 338 (multiplication in R, is closed (measure theory))
is explicitly cited in the proof of:
Lemma 349 (Young’s inequality for products (measure theory)),
Lemma 350 ( Young’s inequality for products, case p =2 (measure theory)),
Lemma 598 (M is closed under multiplication),
Lemma 599 (M is closed under nonnegative scalar multiplication),
Lemma 770 (integral in SF ),
Lemma 848 (Tonelli for tensor product).

Lemma 340 (multiplication in R, is associative (measure theory))
is explicitly cited in the proof of:
Lemma 350 ( Young’s inequality for products, case p =2 (measure theory)),
Lemma 792 (integral in M is positive homogeneous).

Lemma 341 (multiplication in R, is commutative (measure theory))
is explicitly cited in the proof of:
Lemma 350 (Young’s inequality for products, case p =2 (measure theory)),
Lemma 831 (candidate tensor product measure is tensor product measure),
Lemma 848 (Tonelli for tensor product).

Lemma 342 (multiplication in R, is distributive over addition (measure theory))
is explicitly cited in the proof of:
Lemma 778 (integral in SF+ is additive (alternate proof)),
Lemma 807 (compatibility of integral in M with almost binary relation).

Lemma 343 (zero-product property in R, (measure theory))
is explicitly cited in the proof of:
Lemma 349 ( Young’s inequality for products (measure theory)),
Lemma 583 (M is closed under multiplication),
Lemma 779 (integral in SF is positive linear),
Lemma 792 (integral in M is positive homogeneous),
Lemma 793 (integral in My of zero is zero),
Lemma 806 (integral in M is almost definite),
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Lemma 807 (compatibility of integral in M with almost binary relation),
Lemma 825 (measure of section of product),
Lemma 841 (Lebesque measure on R? is zero on lines).

Lemma 344 (infinity-product property in R, (measure theory))
is explicitly cited in the proof of:
Lemma 349 (Young’s inequality for products (measure theory)),
Lemma 806 (integral in My is almost definite).

Lemma 345 (finite-product property in R, (measure theory))
is explicitly cited in the proof of:
Lemma 866 (integral over singleton).

Lemma 346 (exponentiation in R (measure theory))
is not yet used.

Definition 347 (Hélder conjugates)
is not yet used.

Lemma 349 (Young’s inequality for products (measure theory))
is explicitly cited in the proof of:
Lemma 350 (Young’s inequality for products, case p =2 (measure theory)).

Lemma 350 ( Young’s inequality for products, case p =2 (measure theory))
is not yet used.

Definition 351 (connected component in R)
is explicitly cited in the proof of:
Lemma 352 (connected component of open subset of R is open interval),
Lemma 353 (connected component of open subset of R is mazimal),
Theorem 355 (countable connected components of open subsets of R).

Lemma 352 (connected component of open subset of R is open interval)
is explicitly cited in the proof of:
Lemma 353 (connected component of open subset of R is mazimal).

Lemma 353 (connected component of open subset of R is maximal)
is explicitly cited in the proof of:
Lemma 354 (connected components of open subset of R are equal or disjoint).

Lemma 354 (connected components of open subset of R are equal or disjoint)
is explicitly cited in the proof of:
Theorem 355 (countable connected components of open subsets of R).

Theorem 355 (countable connected components of open subsets of R)
is explicitly cited in the proof of:
Theorem 359 (R is second-countable),
Lemma 362 (R is second-countable),
Lemma 558 (Borel o-algebra of R),
Lemma 559 (countable generator of Borel o-algebra of R),

Lemma 560 (Borel o-algebra of R).

Lemma 356 (rational approrimation of lower bound of open interval)
is explicitly cited in the proof of:
Lemma 357 (rational approzimation of upper bound of open interval),
Lemma 358 (open intervals with rational bounds cover open interval),
Lemma 361 (open intervals with rational bounds cover open interval of R).
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Lemma 357 (rational approximation of upper bound of open interval)
is explicitly cited in the proof of:
Lemma 358 (open intervals with rational bounds cover open interval),
Lemma 361 (open intervals with rational bounds cover open interval of R).

Lemma 358 (open intervals with rational bounds cover open interval)
is explicitly cited in the proof of:
Theorem 359 (R is second-countable),
Lemma 361 (open intervals with rational bounds cover open interval of R).

Theorem 359 (R is second-countable)
is explicitly cited in the proof of:
Lemma 360 (R™ is second-countable),
Lemma 559 (countable generator of Borel o-algebra of R).

Lemma 360 (R" is second-countable)
is explicitly cited in the proof of:
Lemma 565 (Borel o-algebra of R™).

Lemma 361 (open intervals with rational bounds cover open interval of R)
is explicitly cited in the proof of:

Lemma 362 (R is second-countable).

Lemma 362 (R is second-countable)
is not yet used.

Lemma 363 (extrema of constant function)
is explicitly cited in the proof of:
Lemma 365 (equivalent definition of finite infimum in R),
Lemma 376 (infimum of bounded sequence is bounded),
Lemma 377 (supremum of bounded sequence is bounded).

Lemma 364 (equivalent definition of finite infimum)
is explicitly cited in the proof of: B
Lemma 365 (equivalent definition of finite infimum in R).

Lemma 365 (equivalent definition of finite infimum in R)
is explicitly cited in the proof of:
Lemma 366 (equivalent definition of infimum).

Lemma 366 (equivalent definition of infimum)
is not yet used.

Lemma 367 (infimum is smaller than supremum)
is explicitly cited in the proof of:
Lemma 370 (compatibility of infimum with absolute value).

Lemma 368 (infimum is monotone)
is explicitly cited in the proof of:
Lemma 369 (supremum is monotone),
Lemma 370 (compatibility of infimum with absolute value),
Lemma 372 (compatibility of translation with infimum),
Lemma 378 (limit inferior).

Lemma 369 (supremum is monotone)
is explicitly cited in the proof of:
Lemma 370 (compatibility of infimum with absolute value),
Lemma 373 (compatibility of translation with supremum).
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Lemma 370 (compatibility of infimum with absolute value)
is explicitly cited in the proof of:
Lemma 371 (compatibility of supremum with absolute value),
Lemma 388 (compatibility of limit inferior with absolute value).

Lemma 371 (compatibility of supremum with absolute value)
is not yet used.

Lemma 372 (compatibility of translation with infimum)
is not yet used.

Lemma 373 (compatibility of translation with supremum)
is not yet used.

Lemma 374 (infimum of sequence is monotone)
is explicitly cited in the proof of:
Lemma 375 (supremum of sequence is monotone),
Lemma 376 (infimum of bounded sequence is bounded),
Lemma 382 (limit inferior is monotone).

Lemma 375 (supremum of sequence is monotone)
is explicitly cited in the proof of:
Lemma 377 (supremum of bounded sequence is bounded),
Lemma 382 (limit inferior is monotone).

Lemma 376 (infimum of bounded sequence is bounded)
is explicitly cited in the proof of:
Lemma 600 (M is closed under infimum),
Theorem 817 (Fatou’s lemma).

Lemma 377 (supremum of bounded sequence is bounded)
is explicitly cited in the proof of:
Lemma 601 (M is closed under supremum,).

Lemma 378 (limit inferior)
is explicitly cited in the proof of:
Lemma 379 (limit inferior is o),
Lemma 380 (equivalent definition of the limit inferior),
Lemma 382 (limit inferior is monotone),
Lemma 384 (duality limit inferior-limit superior),
Lemma 388 (compatibility of limit inferior with absolute value),
Lemma 588 (M is closed under limit inferior),
Theorem 817 (Fatou’s lemma).

Lemma 379 (limit inferior is co)
is explicitly cited in the proof of:
Lemma 380 (equivalent definition of the limit inferior),
Lemma 396 (limit inferior, limit superior and pointwise convergence).

Lemma 380 (equivalent definition of the limit inferior)
is explicitly cited in the proof of:
Lemma 381 (limit inferior is invariant by translation),
Lemma 385 (equivalent definition of limit superior),
Lemma 386 (limit inferior is smaller than limit superior),
Lemma 391 (limit inferior and limit superior of pointwise convergent),
Lemma 396 (limit inferior, limit superior and pointwise convergence).
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Lemma 381 (limit inferior is invariant by translation)
is explicitly cited in the proof of:
Lemma 382 (limit inferior is monotone).

Lemma 382 (limit inferior is monotone)
is explicitly cited in the proof of:
Lemma 387 (limit superior is monotone),
Lemma 392 (limit inferior bounded from below),
Lemma 393 (limit inferior bounded from above).

Lemma 383 (limit superior)
is explicitly cited in the proof of:
Lemma 384 (duality limit inferior-limit superior),
Lemma 388 (compatibility of limit inferior with absolute value),
Lemma 589 (M is closed under limit superior).

Lemma 384 (duality limit inferior-limit superior)
is explicitly cited in the proof of:
Lemma 385 (equivalent definition of limit superior),
Lemma 387 (limit superior is monotone),
Lemma 389 (compatibility of limit superior with absolute value),
Lemma 394 (limit superior bounded from below),
Lemma 395 (limit superior bounded from above),
Lemma 396 (limit inferior, limit superior and pointwise convergence),
Theorem 897 (Lebesgue, dominated convergence).

Lemma 385 (equivalent definition of limit superior)
is explicitly cited in the proof of:
Lemma 386 (limit inferior is smaller than limit superior),
Lemma 391 (limit inferior and limit superior of pointwise convergent),
Lemma 396 (limit inferior, limit superior and pointwise convergence).

Lemma 386 (limit inferior is smaller than limit superior)
is explicitly cited in the proof of:
Lemma 396 (limit inferior, limil superior and pointwise convergence).

Lemma 387 (limit superior is monotone)
is not yet used.

Lemma 388 (compatibility of limit inferior with absolute value)
is explicitly cited in the proof of:
Lemma 389 (compatibility of limit superior with absolute value).

Lemma 389 (compatibility of limit superior with absolute value)
is not yet used.

Definition 390 (pointwise convergence)
is explicitly cited in the proof of:
Lemma 391 (limit inferior and limit superior of pointwise convergent),
Theorem 817 (Fatou’s lemma).

Lemma 391 (limit inferior and limit superior of pointwise convergent)
is explicitly cited in the proof of:
Lemma 392 (limit inferior bounded from below),
Lemma 393 (limit inferior bounded from above),
Lemma 818 (integral in M4 of pointwise convergent sequence),
Theorem 897 (Lebesgue, dominated convergence).
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Lemma 392 (limit inferior bounded from below)
is explicitly cited in the proof of:
Lemma 395 (limit superior bounded from above),
Theorem 817 (Fatou’s lemma),
Theorem 897 (Lebesque, dominated convergence).

Lemma 393 (limit inferior bounded from above)
is explicitly cited in the proof of:
Lemma 394 (limit superior bounded from below).

Lemma 394 (limit superior bounded from below)
is not yet used.

Lemma 395 (limit superior bounded from above)
is not yet used.

Lemma 396 (limit inferior, limit superior and pointwise convergence)
is explicitly cited in the proof of:
Lemma 590 (M is closed under limit when pointwise convergent),
Lemma 818 (integral in M of pointwise convergent sequence),
Theorem 897 (Lebesgue, dominated convergence).

Definition 397 (finite part)
is explicitly cited in the proof of:
Lemma 398 (finite part is finite),
Lemma 580 (M is closed under finite part),
Lemma 581 (M is closed under addition when defined),
Lemma 583 (M is closed under multiplication),
Lemma 688 (finite nonnegative part).

Lemma 398 (finite part is finite)
is explicitly cited in the proof of:
Lemma 580 (M is closed under finite part).

Definition 399 (nonnegative and nonpositive parts)
is explicitly cited in the proof of:
Lemma 400 (equivalent definition of nonnegative and nonpositive parts),
Lemma 401 (nonnegative and nonpositive parts are nonnegative),
Lemma 404 (compatibility of nonpositive and nonnegative parts with addition),
Lemma 405 (compatibility of nonpositive and nonnegative parts with mask),
Lemma 406 (compatibility of nonpositive and nonnegative parts with restriction),
Lemma 594 (measurability of nonnegative and nonpositive parts),
Lemma 859 (compatibility of integral in M and M),
Lemma 866 (integral over singleton),
Lemma 880 (integral is homogeneous).

Py

Lemma 400 (equivalent definition of nonnegative and nonpositive parts)
is explicitly cited in the proof of:
Lemma 688 (finite nonnegative part).

Lemma 401 (nonnegative and nonpositive parts are nonnegative)
is explicitly cited in the proof of:
Lemma 404 (compatibility of nonpositive and nonnegative parts with addition),
Lemma 594 (measurability of nonnegative and nonpositive parts),
Lemma 892 (integral is positive linear form on L1).
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Lemma 402 (nonnegative and nonpositive parts are orthogonal)
is explicitly cited in the proof of:
Lemma 403 (decomposition into nonnegative and nonpositive parts),
Lemma 404 (compatibility of nonpositive and nonnegative parts with addition).

Lemma 403 (decomposition into nonnegative and nonpositive parts)
is explicitly cited in the proof of:
Lemma 404 (compatibility of nonpositive and nonnegative parts with addition),
Lemma 594 (measurability of nonnegative and nonpositive parts),
Lemma 804 (integral in ML of decomposition into nonpositive and nonnegative parts),
Lemma 866 (integral over singleton),
Lemma 869 (integral for counting measure).

Lemma 404 (compatibility of nonpositive and nonnegative parts with addition)
is explicitly cited in the proof of:
Lemma 805 (compatibility of integral in M. with nonpositive and nonnegative parts).

Lemma 405 (compatibility of nonpositive and nonnegative parts with mask)
is explicitly cited in the proof of:
Lemma 864 (integral over subset).

Lemma 406 (compatibility of nonpositive and nonnegative parts with restriction)
is explicitly cited in the proof of:
Lemma 864 (integral over subset).

Lemma 408 (nonempty and with empty or full)
is explicitly cited in the proof of:
Lemma 438 (equivalent definition of set algebra),
Lemma 461 (other properties of A-system),
Lemma 475 (equivalent definition of o-algebra),
Lemma 488 (7-system contains o-algebra).

Lemma 409 (with empty and full)
is explicitly cited in the proof of:
Lemma 422 (closedness under countable disjoint union and local complement),
Lemma 438 (equivalent definition of set algebra),
Lemma 461 (other properties of A-system),
Lemma 475 (equivalent definition of o-algebra).

Lemma 411 (closedness under local complement and complement)
is explicitly cited in the proof of:
Lemma 439 (other equivalent definition of set algebra),
Lemma 460 (equivalent definition of A-system).

Lemma 412 (closedness under disjoint union and local complement)
is explicitly cited in the proof of:
Lemma 422 (closedness under countable disjoint union and local complement).

Lemma 413 (closedness under set difference and local complement)
is explicitly cited in the proof of:
Lemma 427 (closedness under countable monotone union and countable union),
Lemma 439 (other equivalent definition of set algebra),
Lemma 440 (set algebra is closed under local complement).

Lemma 414 (closedness under intersection and set difference)
is explicitly cited in the proof of:
Lemma 416 (closedness under union and set difference),
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Lemma 426 (closedness under countable disjoint union and countable union),
Lemma 427 (closedness under countable monotone union and countable union),
Lemma 439 (other equivalent definition of set algebra),

Lemma 711 (£ is set algebra).

Lemma 415 (closedness under union and intersection)
is explicitly cited in the proof of:
Lemma 416 (closedness under union and set difference),
Lemma 418 (closedness under finite union and intersection),
Lemma 426 (closedness under countable disjoint union and countable union),
Lemma 427 (closedness under countable monotone union and countable union).

Lemma 416 (closedness under union and set difference)
is not yet used.

Lemma 417 (closedness under finite operations)

is explicitly cited in the proof of:

Lemma 418 (closedness under finite union and intersection),

Lemma 422 (closedness under countable disjoint union and local complement),

Lemma 426 (closedness under countable disjoint union and countable union),
Lemma 438 (equivalent definition of set algebra),
Lemma 447 (explicit set algebra),
Lemma 472 (A-system generated by mw-system).

Lemma 418 (closedness under finite union and intersection)
is explicitly cited in the proof of:
Lemma 438 (equivalent definition of set algebra).

Lemma 421 (closedness under countable and finite disjoint union)
is explicitly cited in the proof of:
Lemma 422 (closedness under countable disjoint union and local complement).

Lemma 422 (closedness under countable disjoint union and local complement)
is explicitly cited in the proof of:
Lemma 460 (equivalent definition of \-system).

Lemma 423 (closedness under countable union and intersection)
is explicitly cited in the proof of:
Lemma 461 (other properties of A-system),
Lemma 475 (equivalent definition of o-algebra).

Lemma 424 (closedness under countable disjoint and monotone union)
is explicitly cited in the proof of:
Lemma 460 (equivalent definition of A-system).

Lemma 425 (closedness under countable monotone and disjoint union)
is explicitly cited in the proof of:
Lemma 427 (closedness under countable monotone union and countable union),
Lemma 460 (equivalent definition of A-system).

Lemma 426 (closedness under countable disjoint union and countable union)
is explicitly cited in the proof of:
Lemma 427 (closedness under countable monotone union and countable union),
Lemma 488 (7-system contains o-algebra),
Lemma 499 (A-system contains o-algebra).
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Lemma 427 (closedness under countable monotone union and countable union)

is explicitly cited in the proof of:
Lemma 491 (set algebra contains o-algebra),
Lemma 495 (monotone class contains o-algebra).

Definition 428 (7-system)
is explicitly cited in the proof of:
Lemma 431 (intersection of w-systems),
Lemma 472 (A-system generated by w-system),
Lemma 486 (o-algebra is mw-system),
Lemma 488 (w-system contains o-algebra),
Lemma 506 (7-system and \-system is o-algebra),
Lemma 668 (uniqueness of measures extended from a mw-system),
Theorem 724 (Carathéodory, Lebesque measure on R).

Lemma 431 (intersection of w-systems)
is explicitly cited in the proof of:
Lemma 433 (generated m-system is minimum,).

Definition 432 (generated w-system)
is explicitly cited in the proof of:
Lemma 433 (generated mw-system is minimum,).

Lemma 433 (generated m-system is minimum)
is explicitly cited in the proof of:
Lemma 434 (w-system generation is monotone),
Lemma 435 (7-system generation is idempotent),
Lemma 487 (c-algebra contains m-system),
Lemma 488 (w-system contains o-algebra),
Lemma 489 (o-algebra generated by w-system),
Lemma 510 (usage of Dynkin w=\ theorem).

Lemma 434 (7-system generation is monotone)
is not yet used.

Lemma 435 (w-system generation is idempotent)
is explicitly cited in the proof of:
Lemma 668 (uniqueness of measures extended from a mw-system).

Definition 437 (set algebra)
is explicitly cited in the proof of:
Lemma 438 (equivalent definition of set algebra),
Lemma 441 (intersection of set algebras),
Lemma 447 (explicit set algebra),
Lemma 477 (o-algebra is set algebra),
Lemma 491 (set algebra contains o-algebra),
Lemma 511 (algebra and monotone class is o-algebra),
Lemma 719 (£ is o-algebra).

Lemma 438 (equivalent definition of set algebra)
is explicitly cited in the proof of:
Lemma 439 (other equivalent definition of set algebra),
Lemma 446 (partition of countable union in set algebra),
Lemma 447 (ezplicit set algebra).

Lemma 439 (other equivalent definition of set algebra)
is explicitly cited in the proof of:
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Lemma 440
Lemma 446

set algebra is closed under local complement),
partition of countable union in set algebra),
Lemma 458 (monotone class generated by set algebra),
Lemma 478 (c-algebra is closed under set difference),
Lemma 711 (L is set algebra).

Py

Lemma 440 (set algebra is closed under local complement)

is explicitly cited in the proof of:
Lemma 478 (o-algebra is closed under set difference).

Lemma 441 (intersection of set algebras)
is explicitly cited in the proof of:
Lemma 443 (generated set algebra is minimum).

Definition 442 (generated set algebra)
is explicitly cited in the proof of:
Lemma 443 (generated set algebra is minimum),
Lemma 827 (measurability of measure of section (finite)).

Lemma 443 (generated set algebra is minimum)

is explicitly cited in the proof of:

Lemma 444 (set algebra generation is monotone),
Lemma 445 (set algebra generation is idempotent),
Lemma 447 (ezplicit set algebra),

Lemma 490 (o-algebra contains set algebra),

Lemma 491 (set algebra contains o-algebra),

Lemma 492 (o-algebra generated by set algebra),

Lemma 515 (usage of monotone class theorem),

Lemma 827 (measurability of measure of section (finite)).

Lemma 444 (set algebra generation is monotone)
is not yet used.

Lemma 445 (set algebra generation is idempotent)
is not yet used.

Lemma 446 (partition of countable union in set algebra)
is explicitly cited in the proof of:
Lemma 480 (partition of countable union in o-algebra),
Lemma 715 (partition of countable union in L).

Lemma 447 (explicit set algebra)
is explicitly cited in the proof of:
Lemma 505 (set algebra generated by product of o-algebras).

Definition 448 (monotone class)
is explicitly cited in the proof of:
Lemma 449 (intersection of monotone classes),
Lemma 456 (C\ is monotone class),
Lemma 493 (c-algebra is monotone class),
Lemma 495 (monotone class contains o-algebra),
Lemma 827 (measurability of measure of section (finite)),
Lemma 835 (uniqueness of tensor product measure (finite)).

Lemma 449 (intersection of monotone classes)
is explicitly cited in the proof of:
Lemma 451 (generated monotone class is minimum).
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Definition 450 (generated monotone class)
is explicitly cited in the proof of:
Lemma 451 (generated monotone class is minimum).

Lemma 451 (generated monotone class is minimum)
is explicitly cited in the proof of:
Lemma 452 (monotone class generation is monotone),
Lemma 453 (monotone class generation is idempotent),
Lemma 457 (monotone class is closed under set difference),
Lemma 458 (monotone class generated by set algebra),
Lemma 494 (o-algebra contains monotone class),
Lemma 495 (monotone class contains o-algebra),
Lemma 496 (o-algebra generated by monotone class),
Theorem 513 (monotone class).

Lemma 452 (monotone class generation is monotone)
is explicitly cited in the proof of:
Lemma 515 (usage of monotone class theorem).

Lemma 453 (monotone class generation is idempotent)
is explicitly cited in the proof of:
Lemma 511 (algebra and monotone class is o-algebra),
Lemma 515 (usage of monotone class theorem).

Definition 454 (momnotone class and symmetric set difference)
is explicitly cited in the proof of:
Lemma 455 (C\ is symmetric),
Lemma 456 (C\ is monotone class),
Lemma 457 (monotone class is closed under set difference).

Lemma 455 (C\ is symmetric)
is explicitly cited in the proof of:
Lemma 457 (monotone class is closed under set difference).

Lemma 456 (C\ is monotone class)
is explicitly cited in the proof of:
Lemma 457 (monotone class is closed under set difference).

Lemma 457 (monotone class is closed under set difference)
is explicitly cited in the proof of:
Lemma 458 (monotone class generated by set algebra).

Lemma 458 (monotone class generated by set algebra)
is explicitly cited in the proof of:
Theorem 513 (monotone class).

Definition 459 (\-system)
is explicitly cited in the proof of:
Lemma 460 (equivalent definition of A-system),
Lemma 461 (other properties of A-system),
Lemma 462 (intersection of A-systems),
Lemma 469 (A" is \-system),
Lemma 497 (o-algebra is \-system),
Lemma 499 (\-system contains o-algebra).

Lemma 460 (equivalent definition of \-system)
is explicitly cited in the proof of:
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Lemma 461 (other properties of A-system),
Lemma 469 (A™ is A-system),
Lemma 668 (uniqueness of measures extended from a w-system).

Lemma 461 (other properties of \-system)
is not yet used.

Lemma 462 (intersection of \-systems)
is explicitly cited in the proof of:
Lemma 464 (generated A-system is minimum).

Definition 463 (generated \-system)
is explicitly cited in the proof of:
Lemma 464 (generated A-system is minimum).

Lemma 464 (generated \-system is minimum)
is explicitly cited in the proof of:
Lemma 465 (\-system generation is monotone),
Lemma 466 (A-system generation is idempotent),
Lemma 470 (A-system with intersection),
Lemma 472 (A-system generated by mw-system),
Lemma 498 (o-algebra contains \-system),
Lemma 499 (A-system contains o-algebra),
Lemma 500 (o-algebra generated by \-system),
Theorem 508 (Dynkin w—\ theorem,).

Lemma 465 (\-system generation is monotone)
is explicitly cited in the proof of:
Lemma 510 (usage of Dynkin -\ theorem).

Lemma 466 (\-system generation is idempotent)
is explicitly cited in the proof of:
Lemma 506 (7-system and \-system is o-algebra),
Lemma 510 (usage of Dynkin -\ theorem).

Definition 467 (\-system and intersection)
is explicitly cited in the proof of:
Lemma 468 (A" is symmetric),
Lemma 470 (\-system with intersection),
Lemma 471 (A-system is closed under intersection).

Lemma 468 (A" is symmetric)
is explicitly cited in the proof of:
Lemma 470 (A-system with intersection).

Lemma 469 (A" is \-system)
is explicitly cited in the proof of:
Lemma 470 (\-system with intersection).

Lemma 470 (\-system with intersection)
is explicitly cited in the proof of:
Lemma 471 (A-system is closed under intersection).

Lemma 471 (\-system is closed under intersection)
is explicitly cited in the proof of:
Lemma 472 (A-system generated by mw-system).
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Lemma 472 (\-system generated by m-system)
is explicitly cited in the proof of:
Theorem 508 (Dynkin -\ theorem,).

Definition 474 (o-algebra)
is explicitly cited in the proof of:
Lemma 475 (equivalent definition of o-algebra),
Lemma 477 (o-algebra is set algebra),
Lemma 480 (partition of countable union in o-algebra),
Lemma 481 (intersection of o-algebras),
Lemma 488 (w-system contains o-algebra),
Lemma 491 (set algebra contains o-algebra),
Lemma 495 (monotone class contains o-algebra),
Lemma 503 (countable o-algebra generator),
Lemma 518 (some Borel subsets),
Lemma 523 (inverse o-algebra),
Lemma 524 (image o-algebra),
Lemma 532 (trace o-algebra),
Lemma 536 (characterization of Borel subsets),
Lemma 551 (measurability of section),
Lemma 552 (countable union of sections is measurable),
Lemma 558 (Borel o-algebra of R),
Lemma 561 (Borel subsets of R and R),
Lemma 563 (Borel o-algebra of R.),
Lemma 569 (measurability of indicator function),
Lemma 580 (M is closed under finite part),
Lemma 591 (measurability and masking),
Lemma 592 (measurability of restriction),
Lemma 615 (measure satisfies the finite Boole inequality),
Lemma 620 (measure satisfies the Boole inequality),
Lemma 621 (equivalent definition of measure),
Lemma 625 (equivalent definition of o-finite measure),
Lemma 637 (empty set is negligible),
Lemma 638 (compatibility of null measure with countable union),
Lemma 671 (counting measure),
Lemma 673 (o-finite counting measure),
Lemma 687 (masking almost nowhere),
Lemma 688 (finite nonnegative part),
Lemma 719 (£ is o-algebra),
Lemma 735 (ZF is o-additive),
Lemma 744 (integral in ZF over subset is additive),
Lemma 807 (compatibility of integral in M with almost binary relation),
Lemma 893 (constant function is L),
Theorem 899 (Lebesgue, extended dominated convergence).

Lemma 475 (equivalent definition of o-algebra)
is explicitly cited in the proof of:
Lemma 479 (other properties of o-algebra),
Lemma 486 (o-algebra is mw-system),
Lemma 497 (o-algebra is \-system),
Lemma 499 (A-system contains o-algebra),
Lemma 505 (set algebra generated by product of o-algebras),
Lemma 526 (constant function is measurable),
Lemma 533 (measurability of measurable subspace),
Lemma 536 (characterization of Borel subsets),
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Lemma 539 (measurability of function defined on a pseudopartition),

Lemma 543 (measurability of function to product space),

Lemma 553 (countable intersection of sections is measurable),

(

(

(

Lemma 558 (Borel o-algebra of R),

Lemma 560 (Borel o-algebra of R),

Lemma 565 (Borel o-algebra of R™),

Lemma 569 (measurability of indicator function),

Lemma 581 (M is closed under addition when defined),

Lemma 583 (M is closed under multiplication),

Lemma 586 (M is closed under infimum),

Lemma 587 (M is closed under supremum),

Lemma 592 (measurability of restriction),

Lemma 613 (measure over countable pseudopartition),

Lemma 619 (measure is continuous from above),

Lemma 623 (finite measure is bounded),

Lemma 629 (restricted measure),
(
(
(
(
(
(
(

Lemma 668 (uniqueness of measures extended from a mw-system),

Lemma 672 (finiteness of counting measure),

Lemma 680 (measurability of summability domain),
Lemma 736 (ZF is closed under multiplication),

Lemma 752 (SF canonical representation),

Lemma 757 (SF is algebra over R),

Lemma 776 (change of variable in sum in SFy),

Lemma 778 (integral in SF+ is additive (alternate proof)),
Theorem 796 (Beppo Levi, monotone convergence),
Lemma 799 (adapted sequence in M),

Lemma 828 (measurability of measure of section),

Lemma 832 (tensor product of finite measures),

Lemma 835 (uniqueness of tensor product measure (finite)),
Lemma 837 (uniqueness of tensor product measure),
Theorem 899 (Lebesque, extended dominated convergence).

Lemma 477 (0-algebra is set algebra)
is explicitly cited in the proof of:
Lemma 478 (o-algebra is closed under set difference),
Lemma 480 (partition of countable union in o-algebra),
Lemma 490 (c-algebra contains set algebra).

Lemma 478 (o-algebra is closed under set difference)
is explicitly cited in the proof of:
Lemma 614 (measure is monotone),
Lemma 615 (measure satisfies the finite Boole inequality),
Lemma 619 (measure is continuous from above).

Lemma 479 (other properties of o-algebra)
is explicitly cited in the proof of:
Lemma 493 (o-algebra is monotone class),
Lemma 497 (c-algebra is \-system).

Lemma 480 (partition of countable union in o-algebra)
is explicitly cited in the proof of:
Lemma 617 (measure is continuous from below).

Lemma 481 (intersection of o-algebras)
is explicitly cited in the proof of:
Lemma 483 (generated o-algebra is minimum,).
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Definition 482 (generated o-algebra)

is explicitly cited in the proof of:

Lemma 483 (generated o-algebra is minimum,),
Lemma 510 (usage of Dynkin =\ theorem),
Lemma 515 (usage of monotone class theorem),
Lemma 558 (Borel o-algebra of R),

Lemma 560 (Borel o-algebra of R).

Lemma 483 (generated c-algebra is minimum)

is explicitly cited in the proof of:

Lemma 484 (o-algebra generation is monotone),
Lemma 485 (o-algebra generation is idempotent),
Lemma 487 (o-algebra contains -system),
Lemma 488 (7-system contains o-algebra),
Lemma 489 (o-algebra generated by m-system),
Lemma 490 (o-algebra contains set algebra),
Lemma 491 (set algebra contains o-algebra),
Lemma 492 (o-algebra generated by set algebra),
Lemma 494 (o-algebra contains monotone class),
Lemma 495 (monotone class contains o-algebra),
Lemma 496 (o-algebra generated by monotone class),
Lemma 498 (c-algebra contains \-system),

Lemma 499 (A-system contains o-algebra),

Lemma 500 (o-algebra generated by \-system),

Lemma 502 (complete generated o-algebra),

Lemma 503 (countable o-algebra generator),

Lemma 518 (some Borel subsets),

Lemma 527 (inverse image of generating family),

Lemma 529 (continuous is measurable),

Lemma 542 (product of measurable subsets is measurable),
Lemma 546 (generating product measurable space),
Lemma 551 (measurability of section),

Lemma 668 (uniqueness of measures extended from a mw-system),

Theorem 724 (Carathéodory, Lebesque measure on R).

Lemma 484 (o-algebra generation is monotone)

is explicitly cited in the proof of:
Lemma 489 (o-algebra generated by mw-system),
Lemma 492 (o-algebra generated by set algebra),
Lemma 496 (o-algebra generated by monotone class),
Lemma 500 (o-algebra generated by \-system),
Lemma 501 (other o-algebra generator),
Lemma 502 (complete generated o-algebra),
Lemma 510 (usage of Dynkin w-\ theorem),
Lemma 515 (usage of monotone class theorem),
Lemma 527 (inverse image of generating family),
Lemma 528 (equivalent definition of measurable function),
Lemma 546 (generating product measurable space),

(B

Lemma 721 (B(R) is sub-o-algebra of L).

Lemma 485 (c-algebra generation is idempotent)

is explicitly cited in the proof of:

Lemma 501 (other o-algebra generator),

Lemma 506 (w-system and A-system is o-algebra),
Theorem 508 (Dynkin -\ theorem),
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Lemma 511 (algebra and monotone class is o-algebra),
Theorem 513 (monotone class),

Lemma 527 (inverse image of generating family),

Lemma 528 (equivalent definition of measurable function).

Lemma 486 (c-algebra is w-system)
is explicitly cited in the proof of:
Lemma 487 (c-algebra contains w-system).

Lemma 487 (o-algebra contains w-system)
is explicitly cited in the proof of:
Lemma 489 (o-algebra generated by mw-system).

Lemma 488 (w-system contains o-algebra)
is not yet used.

Lemma 489 (c-algebra generated by mw-system)
is not yet used.

Lemma 490 (o-algebra contains set algebra)
is explicitly cited in the proof of:
Lemma 492 (o-algebra generated by set algebra),
Lemma 827 (measurability of measure of section (finite)),

Lemma 835 (uniqueness of tensor product measure (finite)).

Lemma 491 (set algebra contains o-algebra)
is not yet used.

Lemma 492 (o-algebra generated by set algebra)
is not yet used.

Lemma 493 (c-algebra is monotone class)
is explicitly cited in the proof of:
Lemma 494 (o-algebra contains monotone class).

Lemma 494 (o-algebra contains monotone class)
is explicitly cited in the proof of:
Lemma 496 (o-algebra generated by monotone class),
Lemma 511 (algebra and monotone class is o-algebra).

Lemma 495 (monotone class contains o-algebra)
is explicitly cited in the proof of:
Lemma 511 (algebra and monotone class is o-algebra).

Lemma 496 (c-algebra generated by monotone class)
is explicitly cited in the proof of:
Theorem 513 (monotone class).

Lemma 497 (o-algebra is \-system)
is explicitly cited in the proof of:
Lemma 498 (o-algebra contains \-system).

Lemma 498 (c-algebra contains \-system)
is explicitly cited in the proof of:
Lemma 500 (o-algebra generated by \-system),
Lemma 506 (m-system and A-system is o-algebra).
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Lemma 499 (\-system contains c-algebra)
is explicitly cited in the proof of:
Lemma 506 (7-system and \-system is o-algebra).

Lemma 500 (c-algebra generated by \-system)
is explicitly cited in the proof of:
Theorem 508 (Dynkin w—A theorem,).

Lemma 501 (other o-algebra generator)
is explicitly cited in the proof of:
Lemma 502 (complete generated o-algebra),
Lemma 503 (countable o-algebra generator),
Lemma 558 (Borel o-algebra of R),
Lemma 560 (Borel o-algebra of R).

Lemma 502 (complete generated o-algebra)
is explicitly cited in the proof of:
Lemma 565 (Borel o-algebra of R™).

Lemma 503 (countable o-algebra generator)
is explicitly cited in the proof of:
Lemma 519 (countable Borel o-algebra generator).

Lemma 505 (set algebra generated by product of o-algebras)
is explicitly cited in the proof of:
Lemma 827 (measurability of measure of section (finite)),
Lemma 835 (uniqueness of tensor product measure (finite)).

Lemma 506 (w-system and \-system is o-algebra)
is explicitly cited in the proof of:
Theorem 508 (Dynkin X\ theorem,).

Theorem 508 (Dynkin m—\ theorem)
is explicitly cited in the proof of:
Lemma 510 (usage of Dynkin -\ theorem).

Lemma 510 (usage of Dynkin 7w—\ theorem)
is explicitly cited in the proof of:

Lemma 668 (uniqueness of measures extended from a mw-system).

Lemma 511 (algebra and monotone class is o-algebra)
is explicitly cited in the proof of:
Theorem 513 (monotone class).

Theorem 513 (monotone class)
is explicitly cited in the proof of:
Lemma 515 (usage of monotone class theorem).

Lemma 515 (usage of monotone class theorem)
is explicitly cited in the proof of:
Lemma 827 (measurability of measure of section (finite)),
Lemma 835 (uniqueness of tensor product measure (finite)).

Definition 516 (measurable space)
is explicitly cited in the proof of:
Lemma 523 (inverse o-algebra),
Lemma 524 (image o-algebra),
Lemma 532 (trace o-algebra),
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Lemma 551 (measurability of section),

Lemma 552 (countable union of sections is measurable),
Lemma 569 (measurability of indicator function),

Lemma 580 (M is closed under finite part),

Lemma 591 (measurability and masking),

Lemma 592 (measurability of restriction),

Lemma 615 (measure satisfies the finite Boole inequality),
Lemma 620 (measure satisfies the Boole inequality),
Lemma 621 (equivalent definition of measure),

Lemma 625 (equivalent definition of o-finite measure),
Lemma 637 (empty set is negligible),

Lemma 638 (compatibility of null measure with countable union),
Lemma 671 (counting measure),

Lemma 673 (o-finite counting measure),

Lemma 687 (masking almost nowhere),

Lemma 688 (finite nonnegative part),

Lemma 735 (ZF is o-additive),

Lemma 744 (integral in IF over subset is additive),
Lemma 807 (compatibility of integral in M with almost binary relation),
Lemma 893 (constant function is L),

Theorem 899 (Lebesgue, extended dominated convergence).

Definition 517 (Borel o-algebra)
is explicitly cited in the proof of:
Lemma 518 (some Borel subsets),
Lemma 519 (countable Borel o-algebra generator),
Lemma 529 (continuous is measurable),
Lemma 535 (Borel sub-o-algebra),
Lemma 536 (characterization of Borel subsets),
Lemma 561 (Borel subsets of R and R),
Lemma 570 (measurability of numeric function to R),
Lemma 578 (measurability of numeric function),
Lemma 581 (M is closed under addition when defined),
Lemma 583 (M is closed under multiplication).

Lemma 518 (some Borel subsets)
is explicitly cited in the proof of:
Lemma 558 (Borel o-algebra of R),
Lemma 570 (measurability of numeric function to R),
Lemma 571 (inverse image is measurable in R),
Lemma 578 (measurability of numeric function),
Lemma 579 (inverse image is measurable),
Lemma 775 (decomposition of measure in SF ),
Lemma 867 (integral over interval).

Lemma 519 (countable Borel o-algebra generator)
is explicitly cited in the proof of:
Lemma 558 (Borel o-algebra of R),
Lemma 560 (Borel o-algebra of R),
Lemma 565 (Borel o-algebra of R™).

Definition 522 (measurable function)
is explicitly cited in the proof of:
Lemma 523 (inverse o-algebra),
Lemma 524 (image o-algebra),
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Lemma 525 (identity function is measurable),
Lemma 528 (equivalent definition of measurable function),
Lemma 529 (continuous is measurable),

Lemma 530 (compatibility of measurability with composition),
Lemma 532 (trace o-algebra),

Lemma 537 (source restriction of measurable function),
Lemma 538 (destination restriction of measurable function),
Lemma 539 (measurability of function defined on a pseudopartition),
Lemma 543 (measurability of function to product space),
Lemma 544 (canonical projection is measurable),
Lemma 546 (generating product measurable space),
Lemma 555 (measurability of function from product space),
Lemma 570 (measurability of numeric function to R),
Lemma 571 (inverse image is measurable in R),

Lemma 577 (M and finite is Mg),

Lemma 578 (measurability of numeric function),

Lemma 579 (inverse image is measurable),

Lemma 581 (M is closed under addition when defined),
Lemma 583 (M is closed under multiplication),

Lemma 592 (measurability of restriction).

Lemma 523 (inverse o-algebra)
is explicitly cited in the proof of:
Lemma 527 (inverse image of generating family).

Lemma 524 (image o-algebra)
is explicitly cited in the proof of:
Lemma 527 (inverse image of generating family).

Lemma 525 (identity function is measurable)
is not yet used.

Lemma 526 (constant function is measurable)
is explicitly cited in the proof of:
Lemma 572 (Mg is algebra),
Lemma 580 (M is closed under finite part),
Lemma 581 (M is closed under addition when defined),
Lemma 583 (M is closed under multiplication),
Lemma 585 (M is closed under scalar multiplication),
Lemma 594 (measurability of nonnegative and nonpositive parts).

Lemma 527 (inverse image of generating family)
is explicitly cited in the proof of:
Lemma 528 (equivalent definition of measurable function),
Lemma 534 (generating measurable subspace),
Lemma 546 (generating product measurable space).

Lemma 528 (equivalent definition of measurable function)
is explicitly cited in the proof of:
Lemma 529 (continuous is measurable),
Lemma 543 (measurability of function to product space),
Lemma 570 (measurability of numeric function to R),
Lemma 578 (measurability of numeric function).

Lemma 529 (continuous is measurable)
is explicitly cited in the proof of:
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Lemma 572 (MR is algebra),
Lemma 596 (M is closed under absolute value).

Lemma 530 (compatibility of measurability with composition)
is explicitly cited in the proof of:
Lemma 537 (source restriction of measurable function),
Lemma 572 (Mg is algebra),
Lemma 596 (M is closed under absolute value),
Lemma 605 (measurability of tensor product of numeric functions).

Lemma 532 (trace o-algebra)
is explicitly cited in the proof of:
Lemma 533 (measurability of measurable subspace),
Lemma 537 (source restriction of measurable function),
Lemma 628 (trace measure).

Lemma 533 (measurability of measurable subspace)
is explicitly cited in the proof of:
Lemma 535 (Borel sub-o-algebra),
Lemma 628 (trace measure),
Lemma 739 (ZF is closed under restriction).

Lemma 534 (generating measurable subspace)
is explicitly cited in the proof of:
Lemma 535 (Borel sub-o-algebra),
Lemma 564 (Borel o-algebra of R..).

Lemma 535 (Borel sub-o-algebra)
is explicitly cited in the proof of:
Lemma 536 (characterization of Borel subsets),
Lemma 561 (Borel subsets of R and R),
Lemma 563 (Borel o-algebra of R.).

Lemma 536 (characterization of Borel subsets)
is explicitly cited in the proof of:
Lemma 561 (Borel subsets of R and R).

Lemma 537 (source restriction of measurable function)
is not yet used.

Lemma 538 (destination restriction of measurable function)
is not yet used.

Lemma 539 (measurability of function defined on a pseudopartition)
is explicitly cited in the proof of:
Lemma 580 (M is closed under finite part),
Lemma 581 (M is closed under addition when defined),
Lemma 583 (M is closed under multiplication).

Definition 541 (tensor product of c-algebras)
is explicitly cited in the proof of:
Lemma 542 (product of measurable subsets is measurable),
Lemma 543 (measurability of function to product space),
Lemma 546 (generating product measurable space),
Lemma 551 (measurability of section),
Lemma 827 (measurability of measure of section (finite)),
Lemma 835 (uniqueness of tensor product measure (finite)).
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Lemma 542 (product of measurable subsets is measurable)
is explicitly cited in the proof of:
Lemma 543 (measurability of function to product space),
Lemma 825 (measure of section of product),
Lemma 827 (measurability of measure of section (finite)),
Lemma 831 (candidate tensor product measure is tensor product measure),
Lemma 833 (tensor product of o-finite measures),
Lemma 835 (uniqueness of tensor product measure (finite)),
Lemma 837 (uniqueness of tensor product measure).

Lemma 543 (measurability of function to product space)
is explicitly cited in the proof of:
Lemma 544 (canonical projection is measurable),
Lemma 545 (permutation is measurable),
Lemma 572 (Mg is algebra).

Lemma 544 (canonical projection is measurable)
is explicitly cited in the proof of:
Lemma 545 (permutation is measurable),
Lemma 546 (generating product measurable space),
Lemma 605 (measurability of tensor product of numeric functions).

Lemma 545 (permutation is measurable)
is not yet used.

Lemma 546 (generating product measurable space)
is explicitly cited in the proof of:
Lemma 565 (Borel o-algebra of R™).

Definition 548 (section in Cartesian product)
is explicitly cited in the proof of:
Lemma 549 (section of product),
Lemma 550 (compatibility of section with set operations),
Lemma 554 (indicator of section).

Lemma 549 (section of product)
is explicitly cited in the proof of:
Lemma 551 (measurability of section),
Lemma 825 (measure of section of product).

Lemma 550 (compatibility of section with set operations)
is explicitly cited in the proof of:
Lemma 551 (measurability of section),
Lemma 552 (countable union of sections is measurable),
Lemma 553 (countable intersection of sections is measurable),
Lemma 827 (measurability of measure of section (finite)),
Lemma 831 (candidate tensor product measure is tensor product measure).

Lemma 551 (measurability of section)
is explicitly cited in the proof of:
Lemma 552 (countable union of sections is measurable),
Lemma 553 (countable intersection of sections is measurable),
Lemma 555 (measurability of function from product space),
Lemma 824 (measure of section),
Lemma 827 (measurability of measure of section (finite)),
Lemma 828 (measurability of measure of section),
Lemma 831 (candidate tensor product measure is tensor product measure),
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Lemma 838 (negligibility of measurable section),
Theorem 846 (Tonelli).

Lemma 552 (countable union of sections is measurable)
is explicitly cited in the proof of:
Lemma 827 (measurability of measure of section (finite)),
Lemma 831 (candidate tensor product measure is tensor product measure).

Lemma 553 (countable intersection of sections is measurable)
is explicitly cited in the proof of:
Lemma 827 (measurability of measure of section (finite)).

Lemma 554 (indicator of section)
is explicitly cited in the proof of:
Theorem 846 (Tonelli),

Lemma 847 (Tonelli over subset).

Lemma 555 (measurability of function from product space)
is not yet used.

Lemma 558 (Borel o-algebra of R)
is explicitly cited in the proof of:
Lemma 559 (countable generator of Borel o-algebra of R),
Lemma 563 (Borel o-algebra of R),
Lemma 570 (measurability of numeric function to R),
Lemma 721 (B(R) is sub-o-algebra of L),
Theorem 724 (Carathéodory, Lebesgue measure on R).

Lemma 559 (countable generator of Borel o-algebra of R)
is explicitly cited in the proof of:
Lemma 565 (Borel o-algebra of R™).

Lemma 560 (Borel o-algebra of R)
is explicitly cited in the proof of:
Lemma 564 (Borel o-algebra of R,),
Lemma 578 (measurability of numeric function).

Lemma 561 (Borel subsets of R and R)
is explicitly cited in the proof of:
Lemma 577 (M and finite is MR).

Lemma 563 (Borel o-algebra of R.)
is not yet used.

Lemma 564 (Borel c-algebra of R.)
is not yet used.

Lemma 565 (Borel o-algebra of R™)
is explicitly cited in the proof of:
Lemma 572 (Mg is algebra).

Definition 567 (Mg, vector space of measurable numeric functions to R)
is explicitly cited in the proof of:
Lemma 569 (measurability of indicator function),
Lemma 570 (measurability of numeric function to R),
Lemma 571 (inverse image is measurable in R),
Lemma 572 (Mg is algebra),
Lemma 577 (M and finite is MRg),
Lemma 596 (M is closed under absolute value).
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Lemma 569 (measurability of indicator function)
is explicitly cited in the proof of:
Lemma 591 (measurability and masking),
Lemma 682 (almost sum),
Lemma 734 (ZF is measurable),
Lemma 759 (SF is measurable),
Lemma 810 (Bienaymé—Chebyshev inequality),
Lemma 814 (integral in M over subset is o-additive),
Lemma 815 (integral in M over singleton).

Lemma 570 (measurability of numeric function to R)
is not yet used.

Lemma 571 (inverse image is measurable in R)
is explicitly cited in the proof of:
Lemma 775 (decomposition of measure in SF4),
Lemma 776 (change of variable in sum in SF),
Lemma 778 (integral in SF 1 is additive (alternate proof)).

Lemma 572 (Mg is algebra)
is explicitly cited in the proof of:
Lemma 574 (Mg is vector space),
Lemma 581 (M is closed under addition when defined),
Lemma 583 (M is closed under multiplication),
Lemma 759 (SF is measurable).

Lemma 574 (Mg is vector space)
is explicitly cited in the proof of:
Lemma 888 (L' is seminormed vector space).

Definition 575 (M, set of measurable numeric functions)
is explicitly cited in the proof of:
Lemma 577 (M and finite is MR),
Lemma 578 (measurability of numeric function),
Lemma 579 (inverse image is measurable),
Lemma 581 (M is closed under addition when defined),
Lemma 583 (M is closed under multiplication),
Lemma 592 (measurability of restriction),
Lemma 596 (M is closed under absolute value),
Lemma 605 (measurability of tensor product of numeric functions),
Lemma 776 (change of variable in sum in SFy),
Lemma 778 (integral in SF 4 is additive (alternate proof)).

Lemma 577 (M and finite is MR)
is explicitly cited in the proof of:
Lemma 580 (M is closed under finite part),
Lemma 591 (measurability and masking),
Lemma 734 (ZF is measurable),
Lemma 759 (SF is measurable),
Lemma 814 (integral in M over subset is o-additive),
Lemma 886 (equivalent definition of L),
Lemma 892 (integral is positive linear form on L1).

Lemma 578 (measurability of numeric function)
is explicitly cited in the proof of:
Lemma 583 (M is closed under multiplication),
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Lemma 586 (M is closed under infimum),

Lemma 587 (M is closed under supremum),
Theorem 796 (Beppo Levi, monotone convergence),
Lemma 799 (adapted sequence in M),

Lemma 806 (integral in My is almost definite),
Lemma 810 (Bienaymé—Chebyshev inequality).

Lemma 579 (inverse image is measurable)
is explicitly cited in the proof of:
Lemma 580 (M is closed under finite part),
Lemma 581 (M is closed under addition when defined),
Lemma 583 (M is closed under multiplication),
Lemma 680 (measurability of summability domain).

Lemma 580 (M is closed under finite part)
is explicitly cited in the proof of:
Lemma 581 (M is closed under addition when defined),
Lemma 583 (M is closed under multiplication),
Lemma 595 (M is closed under finite part).

Lemma 581 (M is closed under addition when defined)
is explicitly cited in the proof of:
Lemma 582 (M is closed under finite sum when defined),
Lemma 594 (measurability of nonnegative and nonpositive parts),
Lemma 597 (M is closed under addition),
Lemma 682 (almost sum),
Lemma 683 (compatibility of almost sum with almost equality),
Theorem 796 (Beppo Levi, monotone convergence).

Lemma 582 (M is closed under finite sum when defined)
is not yet used.

Lemma 583 (M is closed under multiplication)
is explicitly cited in the proof of:
Lemma 584 (M is closed under finite product),
Lemma 585 (M is closed under scalar multiplication),
Lemma 591 (measurability and masking),
Lemma 598 (M is closed under multiplication),
Lemma 682 (almost sum).

Lemma 584 (M is closed under finite product)
is explicitly cited in the proof of:
Lemma 605 (measurability of tensor product of numeric functions).

Lemma 585 (M is closed under scalar multiplication)
is explicitly cited in the proof of:
Lemma 594 (measurability of nonnegative and nonpositive parts),
Lemma 599 (M is closed under nonnegative scalar multiplication),
Lemma 880 (integral is homogeneous).

Lemma 586 (M is closed under infimum)
is explicitly cited in the proof of:
Lemma 588 (M is closed under limit inferior),
Lemma 589 (M is closed under limit superior),
Lemma 600 (M is closed under infimum),
Theorem 817 (Fatou’s lemma).
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Lemma 587 (M is closed under supremum)
is explicitly cited in the proof of:
Lemma 588 (M is closed under limit inferior),
Lemma 589 (M is closed under limit superior),
Lemma 594 (measurability of nonnegative and nonpositive parts),
Lemma 601 (M is closed under supremum,).

Lemma 588 (M is closed under limit inferior)
is explicitly cited in the proof of:
Lemma 590 (M is closed under limit when pointwise convergent),
Theorem 817 (Fatou’s lemma).

Lemma 589 (M is closed under limit superior)
is explicitly cited in the proof of:
Lemma 590 (M is closed under limit when pointwise convergent).

Lemma 590 (M is closed under limit when pointwise convergent)
is explicitly cited in the proof of:
Lemma 602 (M is closed under limit when pointwise convergent),
Theorem 897 (Lebesque, dominated convergence).

Lemma 591 (measurability and masking)
is explicitly cited in the proof of:
Lemma 688 (finite nonnegative part),
Theorem 899 (Lebesgue, extended dominated convergence).

Lemma 592 (measurability of restriction)
is explicitly cited in the proof of:
Lemma 813 (integral in M over subset).

Definition 593 (M, subset of nonnegative measurable numeric functions)
is explicitly cited in the proof of:
Lemma 594 (measurability of nonnegative and nonpositive parts),
Lemma 595 (M is closed under finite part),
Lemma 596 (M is closed under absolute value),
Lemma 597 (M is closed under addition),
Lemma 598 (M is closed under multiplication),
Lemma 599 (M is closed under nonnegative scalar multiplication),
Lemma 602 (M is closed under limit when pointwise convergent),
Lemma 734 (ZF is measurable),
Lemma 769 (SFy is measurable),
Lemma 797 (integral in M4 is homogeneous at co),
Lemma 806 (integral in My is almost definite),
Lemma 811 (integrable in M4 is almost finite),
Lemma 813 (integral in M over subset),
Lemma 814 (integral in M4 over subset is o-additive),
Lemma 848 (Tonelli for tensor product),
Lemma 892 (integral is positive linear form on L1),
Theorem 897 (Lebesque, dominated convergence).

Lemma 594 (measurability of nonnegative and nonpositive parts)
is explicitly cited in the proof of:
Lemma 688 (finite nonnegative part),
Lemma 804 (integral in ML of decomposition into nonpositive and nonnegative parts),
Lemma 852 (integrable is measurable),
Lemma 853 (equivalent definition of integrability),
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Lemma 880 (integral is homogeneous),
Lemma 883 (integral is additive).

Lemma 595 (M is closed under finite part)
is explicitly cited in the proof of:
Lemma 688 (finite nonnegative part).

Lemma 596 (M is closed under absolute value)
is explicitly cited in the proof of:

Lemma 804 (integral in M of decomposition into nonpositive and nonnegative parts),

Lemma 810 (Bienaymé—Chebyshev inequality),

Lemma 853 (equivalent definition of integrability),
Lemma 856 (almost bounded by integrable is integrable),
Lemma 874 (seminorm L),

Lemma 876 (integrable is finite seminorm L),

Lemma 882 (Minkowski inequality in M),

Lemma 890 (L' is closed under absolute value).

Lemma 597 (M. is closed under addition)
is explicitly cited in the proof of:
Lemma 603 (M is closed under countable sum),
Lemma 801 (integral in M is additive),
Theorem 846 (Tonelli).

Lemma 598 (M. is closed under multiplication)
is explicitly cited in the proof of:

Lemma 807 (compatibility of integral in M with almost binary relation),

Lemma 814 (integral in My over subset is o-additive).

Lemma 599 (M. is closed under nonnegative scalar multiplication)

is explicitly cited in the proof of:

Lemma 792 (integral in M is positive homogeneous),
Lemma 797 (integral in M is homogeneous at 0o),
Lemma 806 (integral in My is almost definite),

Lemma 810 (Bienaymé—Chebyshev inequality),

Lemma 815 (integral in My over singleton),

Lemma 827 (measurability of measure of section (finite)),
Theorem 846 (Tonelli).

Lemma 600 (M is closed under infimum)
is explicitly cited in the proof of:
Lemma 827 (measurability of measure of section (finite)).

Lemma 601 (M is closed under supremuim)
is explicitly cited in the proof of:
Lemma 827 (measurability of measure of section (finite)),
Lemma 828 (measurability of measure of section).

Lemma 602 (M is closed under limit when pointwise convergent)

is explicitly cited in the proof of:

Lemma 603 (M is closed under countable sum),

Theorem 796 (Beppo Levi, monotone convergence),

Theorem 817 (Fatou’s lemma),

Lemma 818 (integral in M4 of pointwise convergent sequence),
Theorem 846 (Tonelli).
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Lemma 603 (M is closed under countable sum)
is explicitly cited in the proof of:
Lemma 803 (integral in My is o-additive),
Lemma 814 (integral in M over subset is o-additive),
Lemma 827 (measurability of measure of section (finite)).

Definition 604 (tensor product of numeric functions)
is explicitly cited in the proof of:
Lemma 605 (measurability of tensor product of numeric functions),
Lemma 848 (Tonelli for tensor product).

Lemma 605 (measurability of tensor product of numeric functions)
is explicitly cited in the proof of:
Lemma 848 (Tonelli for tensor product).

Definition 607 (additivity over measurable space)
is explicitly cited in the proof of:
Lemma 610 (o-additivity implies additivity),
Lemma 621 (equivalent definition of measure),
Lemma 742 (integral in ZF is additive),
Lemma 835 (uniqueness of tensor product measure (finite)).

Definition 608 (o-additivity over measurable space)
is explicitly cited in the proof of:
Lemma 610 (o-additivity implies additivity),
Lemma 613 (measure over countable pseudopartition),
Lemma 614 (measure is monotone),
Lemma 615 (measure satisfies the finite Boole inequality),
Lemma 617 (measure is continuous from below),
Lemma 621 (equivalent definition of measure),
Lemma 668 (uniqueness of measures extended from a w-system),
Lemma 671 (counting measure),
Lemma 714 (A\* is o-additive on L),
Lemma 772 (equivalent definition of the integral in SF (disjoint)),
Lemma 827 (measurability of measure of section (finite)),
Lemma 831 (candidate tensor product measure is tensor product measure).

Lemma 610 (o-additivity implies additivity)
is explicitly cited in the proof of:
Lemma 621 (equivalent definition of measure).

Definition 611 (measure)
is explicitly cited in the proof of:
Lemma 613 (measure over countable pseudopartition),
Lemma 614 (measure is monotone),
Lemma 615 (measure satisfies the finite Boole inequality),
Lemma 617 (measure is continuous from below),
Lemma 620 (measure satisfies the Boole inequality),
Lemma 621 (equivalent definition of measure),
Lemma 625 (equivalent definition of o-finite measure),
Lemma 628 (trace measure),
Lemma 629 (restricted measure),
Lemma 634 (equivalent definition of considerable subset),
Lemma 637 (empty set is negligible),
Lemma 638 (compatibility of null measure with countable union),
Lemma 668 (uniqueness of measures extended from a mw-system),
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Lemma 669 (trivial measure),

Lemma 670 (equivalent definition of trivial measure),

Lemma 671 (counting measure),

Lemma 673 (o-finite counting measure),

Lemma 687 (masking almost nowhere),

Lemma 688 (finite nonnegative part),

Lemma 720 (A* is measure on L),

Lemma 744 (integral in ZF over subset is additive),

Lemma 770 (integral in SF),

Lemma 772 (equivalent definition of the integral in SF (disjoint)),
Lemma 776 (change of variable in sum in SFy),

Lemma 779 (integral in SF is positive linear),

Lemma 807 (compatibility of integral in M with almost binary relation),
Lemma 811 (integrable in My is almost finite),

Lemma 824 (measure of section),

Lemma 825 (measure of section of product),

Lemma 827 (measurability of measure of section (finite)),

Lemma 831 (candidate tensor product measure is tensor product measure),
Lemma 832 (tensor product of finite measures),

Lemma 893 (constant function is L),

Theorem 899 (Lebesgue, extended dominated convergence).

Lemma 613 (measure over countable pseudopartition)
is explicitly cited in the proof of:
Lemma 774 (integral in SF+ is additive),
Lemma 775 (decomposition of measure in SF ).

Lemma 614 (measure is monotone)
is explicitly cited in the proof of:
Lemma 615 (measure satisfies the finite Boole inequality),
Lemma 617 (measure is continuous from below),
Lemma 619 (measure is continuous from above),
Lemma 623 (finite measure is bounded),
Lemma 668 (uniqueness of measures extended from a mw-system),
Lemma 670 (equivalent definition of trivial measure).

Lemma 615 (measure satisfies the finite Boole inequality)
is explicitly cited in the proof of:
Lemma 620 (measure satisfies the Boole inequality),
Lemma 625 (equivalent definition of o-finite measure),
Lemma 638 (compatibility of null measure with countable union),
Lemma 688 (finite nonnegative part).

Definition 616 (continuity from below)
is explicitly cited in the proof of:
Lemma 617 (measure is continuous from below),
Lemma 619 (measure is continuous from above),
Lemma 621 (equivalent definition of measure),
Lemma 668 (uniqueness of measures extended from a mw-system),
Theorem 796 (Beppo Levi, monotone convergence).

Lemma 617 (measure is continuous from below)
is explicitly cited in the proof of:
Lemma 619 (measure is continuous from above),
Lemma 620 (measure satisfies the Boole inequality),
Lemma 621 (equivalent definition of measure),
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Lemma 668 (uniqueness of measures extended from a mw-system),
Theorem 796 (Beppo Levi, monotone convergence),

Lemma 827 (measurability of measure of section (finite)),
Lemma 828 (measurability of measure of section),

Lemma 835 (uniqueness of tensor product measure (finite)),
Lemma 837 (uniqueness of tensor product measure).

Definition 618 (continuity from above)
is explicitly cited in the proof of:
Lemma 619 (measure is continuous from above).

Lemma 619 (measure is continuous from above)
is explicitly cited in the proof of:
Theorem 724 (Carathéodory, Lebesque measure on R),
Lemma 827 (measurability of measure of section (finite)),
Lemma 835 (uniqueness of tensor product measure (finite)).

Lemma 620 (measure satisfies the Boole inequality)
is explicitly cited in the proof of:

Lemma 638 (compatibility of null measure with countable union).

Lemma 621 (equivalent definition of measure)
is explicitly cited in the proof of:
Lemma 742 (integral in ZF is additive),
Lemma 835 (uniqueness of tensor product measure (finite)).

Definition 622 (finite measure)
is explicitly cited in the proof of:
Lemma 627 (finite measure is o-finite),
Lemma 672 (finiteness of counting measure),
Lemma 827 (measurability of measure of section (finite)),
Lemma 828 (measurability of measure of section),
Lemma 832 (tensor product of finite measures),
Lemma 837 (uniqueness of tensor product measure).

Lemma 623 (finite measure is bounded)
is explicitly cited in the proof of:
Lemma 827 (measurability of measure of section (finite)),
Lemma 835 (uniqueness of tensor product measure (finite)).

Definition 624 (o-finite measure)
is explicitly cited in the proof of:
Lemma 625 (equivalent definition of o-finite measure),
Lemma 627 (finite measure is o-finite),
Lemma 673 (o-finite counting measure),
Lemma 728 (Lebesgue measure is o-finite),
Lemma 833 (tensor product of o-finite measures).

Lemma 625 (equivalent definition of o-finite measure)
is explicitly cited in the proof of:
Lemma 673 (o-finite counting measure),
Lemma 828 (measurability of measure of section),
Lemma 833 (tensor product of o-finite measures),
Lemma 837 (uniqueness of tensor product measure).

Definition 626 (diffuse measure)
is explicitly cited in the proof of:
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Lemma 729 (Lebesgue measure is diffuse),
Lemma 843 (Lebesgue measure on R? is diffuse),
Lemma 867 (integral over interval).

Lemma 627 (finite measure is o-finite)
is explicitly cited in the proof of:
Lemma 835 (uniqueness of tensor product measure (finite)).

Lemma 628 (trace measure)
is explicitly cited in the proof of:
Lemma 743 (integral in ZF over subset).

Lemma 629 (restricted measure)
is explicitly cited in the proof of:
Lemma 828 (measurability of measure of section),
Lemma 837 (uniqueness of tensor product measure).

Definition 631 (negligible subset)
is explicitly cited in the proof of:
Lemma 634 (equivalent definition of considerable subset),
Lemma 636 (negligibility of measurable subset),
Lemma 639 (N is closed under countable union),
Lemma 640 (subset of negligible is negligible),
Lemma 687 (masking almost nowhere),
Lemma 807 (compatibility of integral in M with almost binary relation),
Theorem 899 (Lebesgue, extended dominated convergence).

Definition 632 (complete measure)
is not yet used.

Definition 633 (considerable subset)
is explicitly cited in the proof of:
Lemma 634 (equivalent definition of considerable subset).

Lemma 634 (equivalent definition of considerable subset)
is not yet used.

Lemma 636 (negligibility of measurable subset)
is explicitly cited in the proof of:
Lemma 637 (empty set is negligible),
Lemma 688 (finite nonnegative part),
Lemma 806 (integral in M is almost definite),
Lemma 807 (compatibility of integral in M with almost binary relation),
Lemma 811 (integrable in M is almost finite),
Lemma 838 (negligibility of measurable section).

Lemma 637 (empty set is negligible)
is explicitly cited in the proof of:
Lemma 643 (everywhere implies almost everywhere),
Lemma 683 (compatibility of almost sum with almost equality).

Lemma 638 (compatibility of null measure with countable union)
is explicitly cited in the proof of:
Lemma 639 (N is closed under countable union),
Theorem 899 (Lebesgue, extended dominated convergence).
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Lemma 639 (N is closed under countable union)
is explicitly cited in the proof of:
Lemma 646 (extended almost modus ponens),
Lemma 653 (compatibility of almost binary relation with antisymmetry),
Lemma 654 (compatibility of almost binary relation with transitivity),
Lemma 659 (compatibility of almost binary relation with operator).

Lemma 640 (subset of negligible is negligible)
is explicitly cited in the proof of:
Lemma 644 (everywhere implies almost everywhere for almost the same),
Lemma 646 (extended almost modus ponens),
Lemma 653 (compatibility of almost binary relation with antisymmetry),
Lemma 654 (compatibility of almost binary relation with transitivity).

Definition 641 (property almost satisfied)
is explicitly cited in the proof of:
Lemma 643 (everywhere implies almost everywhere),
Lemma 644 (everywhere implies almost everywhere for almost the same),
Lemma 646 (extended almost modus ponens),
Lemma 651 (compatibility of almost binary relation with reflexivity),
Lemma 652 (compatibility of almost binary relation with symmetry),
Lemma 653 (compatibility of almost binary relation with antisymmetry),
Lemma 654 (compatibility of almost binary relation with transitivity),
Lemma 659 (compatibility of almost binary relation with operator),
Lemma 681 (negligibility of summability domain),
Lemma 682 (almost sum),
Lemma 687 (masking almost nowhere),
Lemma 688 (finite nonnegative part),
Lemma 806 (integral in My is almost definite),
Lemma 807 (compatibility of integral in M with almost binary relation),
Lemma 811 (integrable in M is almost finite),
Theorem 899 (Lebesgue, extended dominated convergence).

Lemma 643 (everywhere implies almost everywhere)

is explicitly cited in the proof of:

Lemma 647 (almost modus ponens),

Lemma 651 (compatibility of almost binary relation with reflexivity),

Lemma 807 (compatibility of integral in M with almost binary relation),
Lemma 857 (bounded by integrable is integrable),
Lemma 887 (Minkowski inequality in L),
Lemma 888 (L' is seminormed vector space).

Lemma 644 (everywhere implies almost everywhere for almost the same)
is explicitly cited in the proof of:

Lemma 651 (compatibility of almost binary relation with reflexivity),

Lemma 652 (compatibility of almost binary relation with symmetry),

Lemma 653 (compatibility of almost binary relation with antisymmetry),
Lemma 654 (compatibility of almost binary relation with transitivity),
Lemma 659 (compatibility of almost binary relation with operator),
Lemma 664 (definiteness implies almost definiteness).

Lemma 646 (extended almost modus ponens)

is explicitly cited in the proof of:
Lemma 647 (almost modus ponens).
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Lemma 647 (almost modus ponens)
is explicitly cited in the proof of:
Lemma 652 (compatibility of almost binary relation with symmetry),
Lemma 664 (definiteness implies almost definiteness).

Definition 649 (almost definition)
is explicitly cited in the proof of:
Lemma 651 (compatibility of almost binary relation with reflexivity),
Lemma 652 (compatibility of almost binary relation with symmetry),
Lemma 653 (compatibility of almost binary relation with antisymmetry),
Lemma 654 (compatibility of almost binary relation with transitivity),
Lemma 659 (compatibility of almost binary relation with operator).

Definition 650 (almost binary relation)
is explicitly cited in the proof of:
Lemma 651 (compatibility of almost binary relation with reflexivity),
Lemma 652 (compatibility of almost binary relation with symmetry),
Lemma 653 (compatibility of almost binary relation with antisymmetry),
Lemma 654 (compatibility of almost binary relation with transitivity),
Lemma 659 (compatibility of almost binary relation with operator),
Lemma 807 (compatibility of integral in M with almost binary relation).

Lemma 651 (compatibility of almost binary relation with reflexivity)
is explicitly cited in the proof of:
Lemma 656 (almost equivalence is equivalence relation),
Lemma 658 (almost order is order relation).

Lemma 652 (compatibility of almost binary relation with symmetry)
is explicitly cited in the proof of:
Lemma 656 (almost equivalence is equivalence relation).

Lemma 653 (compatibility of almost binary relation with antisymmetry)

is explicitly cited in the proof of:
Lemma 658 (almost order is order relation).

Lemma 654 (compatibility of almost binary relation with transitivity)
is explicitly cited in the proof of:
Lemma 656 (almost equivalence is equivalence relation),
Lemma 658 (almost order is order relation).

Lemma 656 (almost equivalence is equivalence relation)
is explicitly cited in the proof of:
Lemma 657 (almost equality is equivalence relation).

Lemma 657 (almost equality is equivalence relation)
is explicitly cited in the proof of:
Lemma 683 (compatibility of almost sum with almost equality),
Lemma 807 (compatibility of integral in M with almost binary relation).

Lemma 658 (almost order is order relation)
is explicitly cited in the proof of:
Lemma 856 (almost bounded by integrable is integrable).

Lemma 659 (compatibility of almost binary relation with operator)
is explicitly cited in the proof of:
Lemma 660 (compatibility of almost equality with operator),
Lemma 661 (compatibility of almost inequality with operator).

RR n° 9386



326 F. Clément, & V. Martin

Lemma 660 (compatibility of almost equality with operator)
is explicitly cited in the proof of:
Lemma 683 (compatibility of almost sum with almost equality),
Lemma 686 (absolute value is almost definite),
Lemma 807 (compatibility of integral in M with almost binary relation),
Lemma 862 (compatibility of integral with almost equality),
Lemma 877 (compatibility of N1 with almost equality),
Lemma 894 (first mean value theorem),
Theorem 899 (Lebesgue, extended dominated convergence).

Lemma 661 (compatibility of almost inequality with operator)
is not yet used.

Lemma 664 (definiteness implies almost definiteness)
is explicitly cited in the proof of:
Lemma 686 (absolute value is almost definite).

Lemma 668 (uniqueness of measures extended from a mw-system)
is explicitly cited in the proof of:
Theorem 724 (Carathéodory, Lebesgue measure on R).

Lemma 669 (trivial measure)
is explicitly cited in the proof of:
Lemma 670 (equivalent definition of trivial measure).

Lemma 670 (equivalent definition of trivial measure)
is not yet used.

Lemma 671 (counting measure)
is explicitly cited in the proof of:
Lemma 672 (finiteness of counting measure),
Lemma 673 (o-finite counting measure),
Lemma 676 (equivalent definition of Dirac measure),
Lemma 677 (Dirac measure is finite),
Lemma 746 (integral in ZF for counting measure).

Lemma 672 (finiteness of counting measure)
is explicitly cited in the proof of:
Lemma 677 (Dirac measure is finite).

Lemma 673 (o-finite counting measure)
is not yet used.

Definition 675 (Dirac measure)
is explicitly cited in the proof of:
Lemma 676 (equivalent definition of Dirac measure),
Lemma 677 (Dirac measure is finite),
Lemma 787 (integral in SF4 for Dirac measure),
Lemma 822 (integral in M for Dirac measure),
Lemma 872 (integral for Dirac measure).

Lemma 676 (equivalent definition of Dirac measure)
is not yet used.

Lemma 677 (Dirac measure is finite)
is not yet used.
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Definition 678 (summability domain)
is explicitly cited in the proof of:
Lemma 679 (summability on summability domain),
Lemma 685 (almost sum is sum),
Lemma 887 (Minkowski inequality in L').

Lemma 679 (summability on summability domain)
is explicitly cited in the proof of:
Lemma 681 (negligibility of summability domain).

Lemma 680 (measurability of summability domain)
is explicitly cited in the proof of:
Lemma 682 (almost sum).

Lemma 681 (negligibility of summability domain)
is explicitly cited in the proof of:
Lemma 682 (almost sum),

Lemma 683 (compatibility of almost sum with almost equality).

Lemma 682 (almost sum)
is explicitly cited in the proof of:

Lemma 683 (compatibility of almost sum with almost equality),

Lemma 685 (almost sum is sum),
Lemma 882 (Minkowski inequality in M).

Lemma 683 (compatibility of almost sum with almost equality)

is explicitly cited in the proof of:
Lemma 882 (Minkowski inequality in M).

Lemma 685 (almost sum is sum)
is explicitly cited in the proof of:
Lemma 887 (Minkowski inequality in L').

Lemma 686 (absolute value is almost definite)
is explicitly cited in the proof of:
Lemma 878 (N; is almost definite).

Lemma 687 (masking almost nowhere)
is explicitly cited in the proof of:
Lemma 688 (finite nonnegative part),

Theorem 899 (Lebesgue, extended dominated convergence).

Lemma 688 (finite nonnegative part)
is explicitly cited in the proof of:

Theorem 899 (Lebesgue, extended dominated convergence).

Definition 691 (length of interval)
is explicitly cited in the proof of:
Lemma 692 (length is nonnegative),
Lemma 693 (length is homogeneous),
Lemma 694 (length of partition),
Lemma 700 (A* is homogeneous),
Lemma 703 (A* generalizes length of interval).

Lemma 692 (length is nonnegative)
is explicitly cited in the proof of:
Lemma 699 (A\* is nonnegative).
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Lemma 693 (length is homogeneous)
is explicitly cited in the proof of:
Lemma 694 (length of partition).

Lemma 694 (length of partition)
is not yet used.

Definition 695 (set of countable cover with bounded open intervals)
is explicitly cited in the proof of:
Lemma 696 (set of countable cover with bounded open intervals is nonempty),
Lemma 701 (A\* is monotone),
Lemma 702 (\* is o-subadditive),
Lemma 703 (A* generalizes length of interval).

Lemma 696 (set of countable cover with bounded open intervals is nonempty)
is not yet used.

Definition 697 (\*, Lebesgue measure candidate)
is explicitly cited in the proof of:
Lemma 700 (A\* is homogeneous),
Lemma 701 (A* is monotone),
Lemma 702 (A\* is o-subadditive),
Lemma 703 (A* generalizes length of interval),
Lemma 717 (rays are Lebesgue-measurable).

Lemma 699 (\* is nonnegative)
is explicitly cited in the proof of:
Lemma 700 (A\* is homogeneous),
Lemma 720 (A\* is measure on L).

Lemma 700 (A\* is homogeneous)
is explicitly cited in the proof of:
Lemma 703 (A* generalizes length of interval),
Lemma 711 (L is set algebra),
Lemma 720 (A\* is measure on L).

Lemma 701 (\* is monotone)
is explicitly cited in the proof of:
Lemma 703 (A\* generalizes length of interval),
Lemma 714 (\* is o-additive on L),
Lemma 716 (L is closed under countable union),
Lemma 717 (rays are Lebesgue-measurable).

Lemma 702 (\* is o-subadditive)
is explicitly cited in the proof of:
Lemma 707 (equivalent definition of L),
Lemma 709 (L is closed under finite union),
Lemma 714 (A\* is o-additive on L),
Lemma 716 (L is closed under countable union),
Lemma 717 (rays are Lebesgue-measurable).

Lemma 703 (\* generalizes length of interval)
is explicitly cited in the proof of:
Lemma 717 (rays are Lebesgue-measurable),
Theorem 724 (Carathéodory, Lebesque measure on R),
Lemma 726 (Lebesgue measure generalizes length of interval),
Lemma 728 (Lebesgue measure is o-finite),

Lemma 729 (Lebesgue measure is diffuse).
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Definition 705 (L, Lebesgue o-algebra)
is explicitly cited in the proof of:
Lemma 707 (equivalent definition of L),
Lemma 708 (L is closed under complement),
Lemma 709 (L is closed under finite union),
Lemma 712 (A\* is additive on L),
Lemma 716 (£ is closed under countable union).

Lemma 707 (equivalent definition of L)
is explicitly cited in the proof of:
Lemma 709 (L is closed under finite union),
Lemma 716 (L is closed under countable union),
Lemma 717 (rays are Lebesgue-measurable).

Lemma 708 (£ is closed under complement)
is explicitly cited in the proof of:
Lemma 710 (L is closed under finite intersection),
Lemma 711 (L is set algebra),
Lemma 717 (rays are Lebesgue-measurable).

Lemma 709 (£ is closed under finite union)
is explicitly cited in the proof of:
Lemma 710 (L is closed under finite intersection),
Lemma 716 (L is closed under countable union).

Lemma 710 (£ is closed under finite intersection)
is explicitly cited in the proof of:
Lemma 711 (L is set algebra),
Lemma 718 (intervals are Lebesgue-measurable).

Lemma 711 (£ is set algebra)
is explicitly cited in the proof of:
Lemma 715 (partition of countable union in L),
Lemma 719 (L is o-algebra).

Lemma 712 (\* is additive on L)
is explicitly cited in the proof of:
Lemma 714 (A\* is o-additive on L),
Lemma 716 (L is closed under countable union).

Lemma 714 (\* is o-additive on L)
is explicitly cited in the proof of:
Lemma 720 (A\* is measure on L).

Lemma 715 (partition of countable union in L)
is explicitly cited in the proof of:
Lemma 716 (L is closed under countable union).

Lemma 716 (L is closed under countable union)
is explicitly cited in the proof of:
Lemma 717 (rays are Lebesgue-measurable),
Lemma 719 (L is o-algebra).

Lemma 717 (rays are Lebesgue-measurable)
is explicitly cited in the proof of:
Lemma 718 (intervals are Lebesgue-measurable).
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Lemma 718 (intervals are Lebesgue-measurable)
is explicitly cited in the proof of:
Lemma 721 (B(R) is sub-o-algebra of L).

Lemma 719 (£ is o-algebra)
is explicitly cited in the proof of:
Lemma 720 (A* is measure on L).

Lemma 720 (\* is measure on L)
is explicitly cited in the proof of:
Lemma 722 (A\* is measure on B(R)).

Lemma 721 (B(R) is sub-o-algebra of L)
is explicitly cited in the proof of:
Lemma 722 (A\* is measure on B(R)).

Lemma 722 (\* is measure on B(R))
is explicitly cited in the proof of:
Theorem 724 (Carathéodory, Lebesque measure on R).

Theorem 724 (Carathéodory, Lebesgue measure on R)
is explicitly cited in the proof of:
Lemma 726 (Lebesgue measure generalizes length of interval),
Lemma 728 (Lebesgue measure is o-finite),
Lemma 729 (Lebesgue measure is diffuse),
Lemma 839 (Lebesgue measure on R?).

Lemma 726 (Lebesgue measure generalizes length of interval)
is explicitly cited in the proof of:
Lemma 840 (Lebesgue measure on R? generalizes area of bowes).

Lemma 728 (Lebesgue measure is o-finite)
is explicitly cited in the proof of:
Lemma 839 (Lebesgue measure on R?),
Lemma 842 (Lebesgue measure on R? is o-finite).

Lemma 729 (Lebesgue measure is diffuse)
is not yet used.

Definition 732 (ZF, set of measurable indicator functions)
is explicitly cited in the proof of:
Lemma 733 (indicator and support are each other inverse),
Lemma 734 (ZF is measurable),
Lemma 735 (ZF is o-additive),
Lemma 736 (ZF is closed under multiplication),
Lemma 738 (ZF is closed under extension by zero),
Lemma 739 (ZF is closed under restriction),
Lemma 749 (SF simple representation),
Lemma 769 (SFy is measurable),
Lemma 771 (integral in SF1 generalizes integral in TF),
Lemma 784 (integral in SFy over subset is additive).

Py

Lemma 733 (indicator and support are each other inverse)
is explicitly cited in the proof of:
Lemma 741 (equivalent definition of integral in ZF),
Lemma 743 (integral in ZF over subset),
Lemma 744 (integral in ZF over subset is additive),
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Lemma 746 (integral in ZF for counting measure),
Lemma 749 (SF simple representation),
Theorem 846 ( Tonelli).

Lemma 734 (ZF is measurable)
is not yet used.

Lemma 735 (ZF is o-additive)
is explicitly cited in the proof of:
Lemma 742 (integral in ZF is additive),
Lemma 744 (integral in ZF over subset is additive),
Lemma 757 (SF is algebra over R),
Lemma 784 (integral in SF over subset is additive),
Lemma 814 (integral in M over subset is o-additive).

Lemma 736 (ZF is closed under multiplication)
is explicitly cited in the proof of:
Lemma 744 (integral in TF over subset is additive),
Lemma 757 (SF is algebra over R),
Lemma 784 (integral in SF over subset is additive),
Lemma 814 (integral in M, over subset is o-additive).

Lemma 738 (ZF is closed under extension by zero)
is explicitly cited in the proof of:
Lemma 743 (integral in ZF over subset),
Lemma 760 (SF is closed under extension by zero).

Lemma 739 (ZF is closed under restriction)
is explicitly cited in the proof of:
Lemma 743 (integral in ZF over subset),
Lemma 761 (SF is closed under restriction).

Definition 740 (integral in ZF)
is explicitly cited in the proof of:
Lemma 741 (equivalent definition of integral in ZF).

Lemma 741 (equivalent definition of integral in TF)
is explicitly cited in the proof of:
Lemma 742 (integral in ZF is additive),
Lemma 743 (integral in ZF over subset),
Lemma 746 (integral in ZF for counting measure),
(

Lemma 771 (integral in SF generalizes integral in TF).

Lemma 742 (integral in IF is additive)
is explicitly cited in the proof of:
Lemma 744 (integral in ZF over subset is additive).

Lemma 743 (integral in TF over subset)
is explicitly cited in the proof of:
Lemma 744 (integral in IF over subset is additive),
Lemma 783 (integral in SF+ over subset).

Lemma 744 (integral in IZF over subset is additive)
is not yet used.

Lemma 746 (integral in ZF for counting measure)
is explicitly cited in the proof of:
Lemma 785 (integral in SF 4 for counting measure).
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Definition 748 (SF, vector space of simple functions)
is explicitly cited in the proof of:
Lemma 749 (SF simple representation),
Lemma 757 (SF is algebra over R),
Lemma 759 (SF is measurable),
Lemma 760 (SF is closed under extension by zero),
Lemma 761 (SF is closed under restriction),
Lemma 783 (integral in SF+ over subset),
Lemma 784 (integral in SF over subset is additive),
Lemma 792 (integral in M is positive homogeneous),
Theorem 796 (Beppo Levi, monotone convergence),
Lemma 799 (adapted sequence in M),
Lemma 893 (constant function is L').

Lemma 749 (SF simple representation)
is explicitly cited in the proof of:
Lemma 752 (SF canonical representation),
Lemma 754 (SF disjoint representation),
Lemma 757 (SF is algebra over R),
Lemma 767 (SFy simple representation).

Lemma 752 (SF canonical representation)
is explicitly cited in the proof of:
Lemma 754 (SF disjoint representation),
Lemma 756 (SF disjoint representation is subpartition of canonical representation),
Lemma 765 (SF 4 canonical representation),
Lemma 775 (decomposition of measure in SF ).

Lemma 754 (SF disjoint representation)
is explicitly cited in the proof of:
Lemma 756 (SF disjoint representation is subpartition of canonical representation),
Lemma 757 (SF is algebra over R),
Lemma 764 (SF disjoint representation).

Lemma 756 (SF disjoint representation is subpartition of canonical representation)
is explicitly cited in the proof of:
Lemma 766 (SFy disjoint representation is subpartition of canonical representation).

Lemma 757 (SF is algebra over R)
is explicitly cited in the proof of:
Lemma 768 (SF is closed under positive algebra operations),
Lemma 781 (integral in SF 4 is monotone).

Lemma 759 (SF is measurable)
is explicitly cited in the proof of:
Lemma 769 (SFy is measurable),
Theorem 796 (Beppo Levi, monotone convergence).

Lemma 760 (SF is closed under extension by zero)
is explicitly cited in the proof of:
Lemma 783 (integral in SF over subset).

Lemma 761 (SF is closed under restriction)
is explicitly cited in the proof of:
Lemma 783 (integral in SF over subset),
Lemma 813 (integral in My over subset).

Inria



Detailed proofs for Lebesgue integration 333

Definition 763 (SF ., subset of nonnegative simple functions)
is explicitly cited in the proof of:
Lemma 764 (SF disjoint representation),
Lemma 765 (SF 4 canonical representation),
Lemma 767 (SF 4 simple representation),
Lemma 768 (SF is closed under positive algebra operations),
Lemma 769 (SFy is measurable),
Lemma 781 (integral in SF+ is monotone),
Lemma 784 (integral in SF over subset is additive),
Lemma 792 (integral in ML is positive homogeneous),
Lemma 799 (adapted sequence in M.).

Lemma 764 (SF. disjoint representation)
is explicitly cited in the proof of:
Lemma 766 (SF disjoint representation is subpartition of canonical representation),
Lemma 768 (SF; is closed under positive algebra operations),
Lemma 774 (integral in SF1 is additive).

Lemma 765 (SF. canonical representation)
is explicitly cited in the proof of:
Lemma 766 (SFy disjoint representation is subpartition of canonical representation),
Lemma 767 (SF simple representation),
Lemma 770 (integral in SF),
Lemma 772 (equivalent definition of the integral in SF (disjoint)).

Lemma 766 (SF, disjoint representation is subpartition of canonical representation)

is explicitly cited in the proof of:
Lemma 772 (equivalent definition of the integral in SF (disjoint)).

Lemma 767 (SF+ simple representation)
is explicitly cited in the proof of:
Lemma 771 (integral in SF 4 generalizes integral in TF),
Lemma 780 (equivalent definition of the integral in SFy (simple)),
Lemma 785 (integral in SF for counting measure),
Theorem 846 ( Tonelli).

Lemma 768 (SF. is closed under positive algebra operations)
is explicitly cited in the proof of:
Lemma 774 (integral in SF is additive),
Lemma 776 (change of variable in sum in SFy),
Lemma 778 (integral in SF 4 is additive (alternate proof)),
Lemma 779 (integral in SF is positive linear),
Lemma 792 (integral in M is positive homogeneous).

Lemma 769 (SF. is measurable)
is explicitly cited in the proof of:
Lemma 775 (decomposition of measure in SF4),
Lemma 776 (change of variable in sum in SF),
Lemma 778 (integral in SF 4 is additive (alternate proof)),
Lemma 791 (integral in M of indicator function).

Lemma 770 (integral in SF)
is explicitly cited in the proof of:
Lemma 771 (integral in SF 4 generalizes integral in TF),
Lemma 772 (equivalent definition of the integral in SF (disjoint)),
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Lemma 778 (integral in SF4 is additive (alternate proof)),
Lemma 779 (integral in SF+ is positive linear),

Lemma 781 (integral in SF+ is monotone),

Lemma 789 (integral in M),

Lemma 790 (integral in M generalizes integral in SF ),
Lemma 792 (integral in M is positive homogeneous),
Lemma 893 (constant function is L).

Lemma 771 (integral in SF, generalizes integral in TF)
is explicitly cited in the proof of:
Lemma 779 (integral in SF 4 is positive linear),
Lemma 780 (equivalent definition of the integral in SFy (simple)),
Lemma 783 (integral in SF4 over subset),
Lemma 785 (integral in SF for counting measure),
Lemma 791 (integral in ML of indicator function).

Py

Lemma 772 (equivalent definition of the integral in SF (disjoint))
is explicitly cited in the proof of:
Lemma 774 (integral in SF is additive).

Lemma 774 (integral in SF . is additive)
is explicitly cited in the proof of:
Lemma 779 (integral in SF 4 is positive linear).

Lemma 775 (decomposition of measure in SF.)
is explicitly cited in the proof of:
Lemma 778 (integral in SF 1 is additive (alternate proof)).

Lemma 776 (change of variable in sum in SF.)
is explicitly cited in the proof of:
Lemma 778 (integral in SF+ is additive (alternate proof)).

Lemma 778 (integral in SF . is additive (alternate proof))
is explicitly cited in the proof of:
Lemma 779 (integral in SF 4 is positive linear).

Lemma 779 (integral in SF is positive linear)
is explicitly cited in the proof of:
Lemma 780 (equivalent definition of the integral in SFy (simple)),
Lemma 781 (integral in SFy is monotone),
Lemma 783 (integral in SF over subset),
Lemma 792 (integral in M is positive homogeneous),
Theorem 796 (Beppo Levi, monotone convergence),
Lemma 801 (integral in M is additive).

Lemma 780 (equivalent definition of the integral in SF (simple))
is explicitly cited in the proof of:
Lemma 792 (integral in My is positive homogeneous),
Theorem 796 (Beppo Levi, monotone convergence).

Lemma 781 (integral in SF is monotone)
is explicitly cited in the proof of:
Lemma 782 (integral in SF+ is continuous).

Lemma 782 (integral in SF is continuous)
is explicitly cited in the proof of:
Lemma 790 (integral in M4 generalizes integral in SF ).
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Lemma 783 (integral in SF over subset)
is explicitly cited in the proof of:
Lemma 784 (integral in SF over subset is additive),
Lemma 813 (integral in My over subset).

Lemma 784 (integral in SF over subset is additive)
is not yet used.

Lemma 785 (integral in SF, for counting measure)
is explicitly cited in the proof of:
Lemma 786 (integral in SFy for counting measure on N),
Lemma 787 (integral in SF 4 for Dirac measure),
Lemma 819 (integral in M for counting measure).

Lemma 786 (integral in SF, for counting measure on N)
is not yet used.

Lemma 787 (integral in SF, for Dirac measure)
is not yet used.

Lemma 789 (integral in M)
is explicitly cited in the proof of:
Lemma 790 (integral in M generalizes integral in SF ),
Lemma 792 (integral in My is positive homogeneous),
Lemma 794 (integral in ML is monotone),
Theorem 796 (Beppo Levi, monotone convergence),
Lemma 808 (compatibility of integral in M with almost equality),

Lemma 811 (integrable in My is almost finite),

Lemma 812 (bounded by integrable in M is integrable),

Lemma 831 (candidate tensor product measure is tensor product measure),

Lemma 852 (integrable is measurable),

Lemma 853 (equivalent definition of integrability),

Lemma 856 (almost bounded by integrable is integrable),

Lemma 859 (compatibility of integral in M and M),

Lemma 864 (integral over subset),

Lemma 866 (integral over singleton),

Lemma 869 (integral for counting measure),

Lemma 874 (seminorm L),

Lemma 876 (integrable is finite seminorm L1),

Lemma 880 (integral is homogeneous),

Lemma 886 (equivalent definition of L),

Lemma 892 (integral is positive linear form on L1).

Lemma 790 (integral in M, generalizes integral in SF.)
is explicitly cited in the proof of:
Lemma 791 (integral in M4 of indicator function),
Lemma 800 (usage of adapted sequences),
Lemma 893 (constant function is L').

Lemma 791 (integral in M. of indicator function)
is explicitly cited in the proof of:
Theorem 796 (Beppo Levi, monotone convergence),
Lemma 806 (integral in M4 is almost definite),
Lemma 807 (compatibility of integral in M with almost binary relation),
Lemma 810 (Bienaymé—Chebyshev inequality),
Lemma 815 (integral in M, over singleton),
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Lemma 827 (measurability of measure of section (finite)),
Lemma 831 (candidate tensor product measure is tensor product measure),
Theorem 846 ( Tonelli).

Lemma 792 (integral in M is positive homogeneous)
is explicitly cited in the proof of:
Lemma 793 (integral in M of zero is zero),
Lemma 797 (integral in M4 is homogeneous at c0),
Lemma 802 (integral in M is positive linear),
Lemma 810 (Bienaymé—Chebyshev inequality),
Lemma 848 (Tonelli for tensor product),
Lemma 879 (Ny is absolutely homogeneous),
Lemma 880 (integral is homogeneous).

Lemma 793 (integral in M. of zero is zero)
is explicitly cited in the proof of:
Lemma 831 (candidate tensor product measure is tensor product measure),
Lemma 859 (compatibility of integral in M and M),
Lemma 860 (integral of zero is zero).

Lemma 794 (integral in M, is monotone)
is explicitly cited in the proof of:
Theorem 796 (Beppo Levi, monotone convergence),
Lemma 809 (integral in M4 is almost monotone),
Lemma 810 (Bienaymé—Chebyshev inequality),
Lemma 812 (bounded by integrable in M is integrable),
Theorem 817 (Fatou’s lemma),
Lemma 818 (integral in M4 of pointwise convergent sequence),
Lemma 865 (integral over subset is o-additive),
Lemma 882 (Minkowski inequality in M).

Theorem 796 (Beppo Levi, monotone convergence)
is explicitly cited in the proof of:
Lemma 797 (integral in My is homogeneous at 00),
Lemma 800 (usage of adapted sequences),
Lemma 803 (integral in M is o-additive),
Theorem 817 (Fatou’s lemma).

Lemma 797 (integral in M. is homogeneous at o)
is explicitly cited in the proof of:
Lemma 802 (integral in M is positive linear),
Lemma 806 (integral in M is almost definite),
Lemma 810 (Bienaymé—Chebyshev inequality),
Lemma 879 (Ny is absolutely homogeneous).

Definition 798 (adapted sequence)
is explicitly cited in the proof of:
Lemma 799 (adapted sequence in M),
Lemma 800 (usage of adapted sequences),
Lemma 813 (integral in My over subset).

Lemma 799 (adapted sequence in M)
is explicitly cited in the proof of:
Lemma 800 (usage of adapted sequences),
Lemma 801 (integral in M is additive),
Lemma 813 (integral in M over subset),
Theorem 846 (Tonelli).
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Lemma 800 (usage of adapted sequences)
is explicitly cited in the proof of:
Lemma 801 (integral in M4 is additive),
Lemma 813 (integral in M over subset),
Lemma 819 (integral in My for counting measure),
Theorem 846 (Tonelli).

Lemma 801 (integral in M. is additive)
is explicitly cited in the proof of:
Lemma 802 (integral in M4 is positive linear),
Lemma 804 (integral in M of decomposition into nonpositive and nonnegative parts),
Lemma 805 (compatibility of integral in M. with nonpositive and nonnegative parts),
Lemma 807 (compatibility of integral in M with almost binary relation),
Lemma 882 (Minkowski inequality in M).

P

Lemma 802 (integral in M is positive linear)
is explicitly cited in the proof of:
Lemma 815 (integral in M over singleton),
Lemma 831 (candidate tensor product measure is tensor product measure),
Theorem 846 (Tonelli).

Lemma 803 (integral in M is o-additive)
is explicitly cited in the proof of:
Lemma 814 (integral in M over subset is o-additive),
Lemma 831 (candidate tensor product measure is tensor product measure),
Lemma 865 (integral over subset is o-additive).

Lemma 804 (integral in M, of decomposition into nonpositive and nonnegative parts)

is explicitly cited in the proof of:
Lemma 853 (equivalent definition of integrability),
Lemma 892 (integral is positive linear form on L').

Lemma 805 (compatibility of integral in M, with nonpositive and nonnegative parts)

is explicitly cited in the proof of:
Lemma 883 (integral is additive).

Lemma 806 (integral in M, is almost definite)
is explicitly cited in the proof of:
Lemma 807 (compatibility of integral in M with almost binary relation),
Lemma 838 (negligibility of measurable section),
Lemma 878 (Ny is almost definite),
Lemma 894 (first mean value theorem).

Lemma 807 (compatibility of integral in M with almost binary relation)
is explicitly cited in the proof of:
Lemma 808 (compatibility of integral in M with almost equality),
Lemma 809 (integral in M4 is almost monotone).

Lemma 808 (compatibility of integral in M with almost equality)
is explicitly cited in the proof of:
Lemma 862 (compatibility of integral with almost equality).

Lemma 809 (integral in My is almost monotone)
is explicitly cited in the proof of:
Lemma 856 (almost bounded by integrable is integrable).
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Lemma 810 (Bienaymé—Chebyshev inequality)
is explicitly cited in the proof of:
Lemma 811 (integrable in My is almost finite).

Lemma 811 (integrable in M is almost finite)
is explicitly cited in the proof of:
Lemma 855 (integrable is almost finite).

Lemma 812 (bounded by integrable in M, is integrable)
is not yet used.

Lemma 813 (integral in My over subset)
is explicitly cited in the proof of:
Lemma 814 (integral in M over subset is o-additive),
Lemma 815 (integral in M, over singleton),
Lemma 847 (Tonelli over subset),
Lemma 864 (integral over subset).

Lemma 814 (integral in M over subset is o-additive)
is explicitly cited in the proof of:
Lemma 865 (integral over subset is o-additive).

Lemma 815 (integral in M, over singleton)
is explicitly cited in the proof of:
Lemma 866 (integral over singleton).

Theorem 817 (Fatou’s lemma)
is explicitly cited in the proof of:
Lemma 818 (integral in M4 of pointwise convergent sequence),
Theorem 897 (Lebesgue, dominated convergence).

Lemma 818 (integral in M, of pointwise convergent sequence)
is not yet used.

Lemma 819 (integral in M, for counting measure)
is explicitly cited in the proof of:
Lemma 820 (integral in ML for counting measure on N),
Lemma 822 (integral in My for Dirac measure),
Lemma 869 (integral for counting measure).

Lemma 820 (integral in M for counting measure on N)
is not yet used.

Lemma 822 (integral in My for Dirac measure)
is not yet used.

Lemma 824 (measure of section)
is explicitly cited in the proof of:
Lemma 825 (measure of section of product),
Lemma 827 (measurability of measure of section (finite)),
Lemma 828 (measurability of measure of section),
Lemma 831 (candidate tensor product measure is tensor product measure),
Lemma 837 (uniqueness of tensor product measure),
Theorem 846 (Tonelli).

Lemma 825 (measure of section of product)
is explicitly cited in the proof of:
Lemma 827 (measurability of measure of section (finite)),
Lemma 831 (candidate tensor product measure is tensor product measure).
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Lemma 827 (measurability of measure of section (finite))
is explicitly cited in the proof of:
Lemma 828 (measurability of measure of section).

Lemma 828 (measurability of measure of section)
is explicitly cited in the proof of:
Lemma 831 (candidate tensor product measure is tensor product measure),
Theorem 846 (Tonelli).

Definition 829 (tensor product measure)
is explicitly cited in the proof of:
Lemma 831 (candidate tensor product measure is tensor product measure),
Lemma 832 (tensor product of finite measures),
Lemma 833 (tensor product of o-finite measures),
Lemma 835 (uniqueness of tensor product measure (finite)),
Lemma 837 (uniqueness of tensor product measure),
Lemma 840 (Lebesgue measure on R? generalizes area of boxes).

Definition 830 (candidate tensor product measure)
is explicitly cited in the proof of:
Lemma 831 (candidate tensor product measure is tensor product measure),
Lemma 837 (uniqueness of tensor product measure).

Lemma 831 (candidate tensor product measure is tensor product measure)
is explicitly cited in the proof of:
Lemma 835 (uniqueness of tensor product measure (finite)),
Lemma 837 (uniqueness of tensor product measure).

Lemma 832 (tensor product of finite measures)
is explicitly cited in the proof of:
Lemma 835 (uniqueness of tensor product measure (finite)).

Lemma 833 (tensor product of o-finite measures)
is explicitly cited in the proof of:
Lemma 837 (uniqueness of tensor product measure),
Lemma 842 (Lebesgue measure on R? is o-finite).

Lemma 835 (uniqueness of tensor product measure (finite))
is explicitly cited in the proof of:
Lemma 837 (uniqueness of tensor product measure).

Lemma 837 (uniqueness of tensor product measure)
is explicitly cited in the proof of:
Lemma 838 (negligibility of measurable section),
Lemma 839 (Lebesgue measure on R?),
Theorem 846 ( Tonelli).

Lemma 838 (negligibility of measurable section)
is not yet used.

Lemma 839 (Lebesgue measure on R?)
is explicitly cited in the proof of:
Lemma 840 (Lebesgue measure on R? generalizes area of bowes),
Lemma 842 (Lebesgue measure on R? is o-finite).

Lemma 840 (Lebesgue measure on R? generalizes area of boxes)
is explicitly cited in the proof of:
Lemma 841 (Lebesgue measure on R? is zero on lines),
Lemma 843 (Lebesgue measure on R? is diffuse).
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Lemma 841 (Lebesgue measure on R? is zero on lines)
is not yet used.

Lemma 842 (Lebesgue measure on R? is o-finite)
is not yet used.

Lemma 843 (Lebesgue measure on R? is diffuse)
is not yet used.

Definition 844 (partial function of function from product space)
is explicitly cited in the proof of:
Theorem 846 (Tonelli),
Lemma 847 (Tonelli over subset),
Lemma 848 (Tonelli for tensor product).

Theorem 846 (Tonelli)
is explicitly cited in the proof of:
Lemma 847 (Tonelli over subset),
Lemma 848 (Tonelli for tensor product).

Lemma 847 (Tonelli over subset)
is not yet used.

Lemma 848 (Tonelli for tensor product)
is not yet used.

Definition 851 (integrability)
is explicitly cited in the proof of:
Lemma 852 (integrable is measurable),
Lemma 853 (equivalent definition of integrability),
Lemma 859 (compatibility of integral in M and M),
Lemma 862 (compatibility of integral with almost equality),
Lemma 864 (integral over subset),
Lemma 866 (integral over singleton),
Lemma 892 (integral is positive linear form on L').

Lemma 852 (integrable is measurable)
is explicitly cited in the proof of:
Lemma 853 (equivalent definition of integrability),
Lemma 880 (integral is homogeneous).

Lemma 853 (equivalent definition of integrability)
is explicitly cited in the proof of:
Lemma 854 (compatibility of integrability in M and M),
Lemma 855 (integrable is almost finite),
Lemma 856 (almost bounded by integrable is integrable),
Lemma 857 (bounded by integrable is integrable),
Lemma 865 (integral over subset is o-additive),
Lemma 866 (integral over singleton),
Lemma 869 (integral for counting measure),
Lemma 876 (integrable is finite seminorm L),
Lemma 880 (integral is homogeneous),
Lemma 886 (equivalent definition of L),
Lemma 892 (integral is positive linear form on L),
Theorem 899 (Lebesgue, extended dominated convergence).
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Lemma 854 (compatibility of integrability in M and M)
is explicitly cited in the proof of:
Lemma 891 (bounded by L' is £1).

Lemma 855 (integrable is almost finite)
is explicitly cited in the proof of:
Lemma 883 (integral is additive).

Lemma 856 (almost bounded by integrable is integrable)
is explicitly cited in the proof of:
Lemma 857 (bounded by integrable is integrable).

Lemma 857 (bounded by integrable is integrable)
is explicitly cited in the proof of:
Lemma 891 (bounded by L' is £1).

Definition 858 (integral)
is explicitly cited in the proof of:
Lemma 859 (compatibility of integral in M and M),
Lemma 862 (compatibility of integral with almost equality),
Lemma 864 (integral over subset),
Lemma 865 (integral over subset is o-additive),
Lemma 866 (integral over singleton),
Lemma 869 (integral for counting measure),
Lemma 880 (integral is homogeneous),
Lemma 883 (integral is additive),
Lemma 892 (integral is positive linear form on LY),
Lemma 893 (constant function is L').

Lemma 859 (compatibility of integral in M and M)
is explicitly cited in the proof of:
Lemma 860 (integral of zero is zero),
Lemma 893 (constant function is L),
Lemma 894 (first mean value theorem).

Lemma 860 (integral of zero is zero)
is not yet used.

Definition 861 (merge integral in M and M)
is explicitly cited in the proof of:
Lemma 874 (seminorm LY).

Lemma 862 (compatibility of integral with almost equality)
is explicitly cited in the proof of:
Lemma 877 (compatibility of N1 with almost equality),
Lemma 883 (integral is additive),
Theorem 899 (Lebesgue, extended dominated convergence).

Lemma 864 (integral over subset)
is explicitly cited in the proof of:
Lemma 866 (integral over singleton).

Lemma 865 (integral over subset is o-additive)
is explicitly cited in the proof of:
Lemma 867 (integral over interval),
Lemma 868 (Chasles relation, integral over split intervals).
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Lemma 866 (integral over singleton)
is explicitly cited in the proof of:
Lemma 867 (integral over interval).

Lemma 867 (integral over interval)
is explicitly cited in the proof of:
Lemma 868 (Chasles relation, integral over split intervals).

Lemma 868 (Chasles relation, integral over split intervals)
is not yet used.

Lemma 869 (integral for counting measure)
is explicitly cited in the proof of:
Lemma 870 (integral for counting measure on N),
Lemma 872 (integral for Dirac measure).

Lemma 870 (integral for counting measure on N)
is not yet used.

Lemma 872 (integral for Dirac measure)
is not yet used.

Definition 873 (integral for Lebesgue measure on R)
is not yet used.

Lemma 874 (seminorm L)
is explicitly cited in the proof of:
Lemma 876 (integrable is finite seminorm L1),
Lemma 877 (compatibility of N1 with almost equality),
Lemma 878 (N; is almost definite),
Lemma 879 (N; is absolutely homogeneous),
Lemma 880 (integral is homogeneous),
Lemma 882 (Minkowski inequality in M),
Lemma 886 (equivalent definition of L),
Lemma 890 (L' is closed under absolute value),
Lemma 892 (integral is positive linear form on L),
Theorem 897 (Lebesgue, dominated convergence),
Theorem 899 (Lebesgue, extended dominated convergence).

Lemma 876 (integrable is finite seminorm L)
is explicitly cited in the proof of:
Lemma 883 (integral is additive).

Lemma 877 (compatibility of N; with almost equality)
is explicitly cited in the proof of:
Lemma 882 (Minkowski inequality in M).

Lemma 878 (N; is almost definite)
is explicitly cited in the proof of:
Lemma 888 (L' is seminormed vector space).

Lemma 879 (N; is absolutely homogeneous)
is explicitly cited in the proof of:
Lemma 880 (integral is homogeneous),
Lemma 888 (L' is seminormed vector space).

Lemma 880 (integral is homogeneous)
is explicitly cited in the proof of:
Lemma 892 (integral is positive linear form on L1).
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Lemma 882 (Minkowski inequality in M)
is explicitly cited in the proof of:
Lemma 883 (integral is additive),
Lemma 887 (Minkowski inequality in L).

Lemma 883 (integral is additive)
is explicitly cited in the proof of:
Lemma 892 (integral is positive linear form on L').

Definition 884 (L!, vector space of integrable functions)
is explicitly cited in the proof of:
Lemma 886 (equivalent definition of L),
Lemma 887 (Minkowski inequality in L),
Lemma 888 (L' is seminormed vector space),
Lemma 890 (L' is closed under absolute value),
Lemma 892 (integral is positive linear form on LY),
Theorem 897 (Lebesgue, dominated convergence),

Theorem 899 (Lebesgue, extended dominated convergence).

Lemma 886 (equivalent definition of L)
is explicitly cited in the proof of:
Lemma 891 (bounded by L' is £1).

Lemma 887 (Minkowski inequality in L)
is explicitly cited in the proof of:
Lemma 888 (L' is seminormed vector space).

Lemma 888 (L£! is seminormed vector space)
is explicitly cited in the proof of:
Lemma 892 (integral is positive linear form on L1),
Lemma 894 (first mean value theorem),
Theorem 897 (Lebesgue, dominated convergence).

Definition 889 (convergence in L)
is explicitly cited in the proof of:
Theorem 897 (Lebesgue, dominated convergence).

Lemma 890 (£! is closed under absolute value)
is explicitly cited in the proof of:
Lemma 891 (bounded by L' is L),
Theorem 897 (Lebesque, dominated convergence).

Lemma 891 (bounded by L' is L)
is explicitly cited in the proof of:
Lemma 894 (first mean value theorem),
Theorem 897 (Lebesgue, dominated convergence).

Lemma 892 (integral is positive linear form on L)
is explicitly cited in the proof of:
Lemma 894 (first mean value theorem),
Theorem 897 (Lebesque, dominated convergence).

Lemma 893 (constant function is L)

is explicitly cited in the proof of:
Lemma 894 (first mean value theorem).
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Lemma 894 (first mean value theorem)
is explicitly cited in the proof of:
Lemma 895 (variant of first mean value theorem).

Lemma 895 (variant of first mean value theorem)
is not yet used.

Theorem 897 (Lebesgue, dominated convergence)
is explicitly cited in the proof of:
Theorem 899 (Lebesgue, extended dominated convergence).

Theorem 899 (Lebesgue, extended dominated convergence)
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