MEASURE THEORY LECTURES

MANJUNATH KRISHNAPUR

1. ABOUT THE SUBJECT AND THE COURSE

1. What would you say is the length of the following subsets of R? [0,1], [0,1] U (3,8], Z,

{oyu{i:n>1}, Unzl[ﬁ, 21, QN [0,1], Cantor’s i-set. Perhaps some are clear, some are not.

2. In high school we learned the areas of square, rectangle, parallelogram, triangle, trapezium,
and many such regular shapes. After learning integral Calculus, we learned how to compute areas
of many more irregular objects. Still, one can ask about other shapes for which the answer may

not be clear. Q?, Sierpinski gasket, Sierpinski carpet, etc.

3. From the theory of Riemann integral in many variables, we are abe to calculate the volumes
of many shapes in R?, and by extension, in R%. Can do the same on the surface of a sphere S9!,

on the torus or more generally on Riemannian manifolds.

4. One extension of this is to ask about volumes of subsets in infinite dimensional spaces such
as ¢? and C|0, 1]. For example, what is the volume of the ball of radius r in these spaces (you may

normalize the unit ball to have volume 1)? Does such a notion exist?

5. Another extension is to possibly irregular spaces such as the Cantor set or Sierpinski gasket.
For example, if K is the standard 1-Cantor set, we probably agree that K N [0,1/3] has half the
length of K and that K’ N[2/9,4/9] has 1/9 of the total length of K. But what about general subsets
of K? Similarly, can we measure areas within (to be distinguished from the question of the area of

the Sierpinski gasket itself) the Sierpinski gasket?

6. When we learned Riemann integration, we saw that integration of functions is more general
than computation of areas/lengths/volumes, as the latter are just integrals of indicator functions
of subsets. But in another sense, the notion of areas/volumes subsumes integration, since the
integral of a (positive) function is the area under its graph. Thus the problem of measuring areas

and integrating functions are inseparable.

7. In this course, we shall learn about measures, which is the technical name for very general
notions of volume. As in the previous point, it is intimately tied up with an integration theory,

known as Lebesgue integral. These notions of measure and Lebesgue integral are vastly more

Date: 15/January/2021.



general than the earlier notions of areas and Riemann integral. In fact they are so general that for

almost all of us, it will suffice for a lifetime.
8. Two reasons why this is a core course: For probability and for functional analysis and PDE.

9. When we have a notion of volume of subsets of a set X, if the total volume is 1, we can also
talk about “picking a point at random from X”, meaning that the chance that the chosen point falls
inside a subset A is vol(A) (e.g., consider the problem of throwing a dart at a dartboard). Thus,
the notion of volume is also relevant to the notion of probability. In fact, measure theory turns out

to provide a framework for probability theory.

10. Consider the set of Riemann integrable functions on [0, 1] with the metric d(f, g) = fnl |f(z)—
g(x)|dz. There is an issue that this is not quite a metric (distance can be zero, for example if f and
g differ at finitely many points) but that can be taken care of by quotienting out the functions at
zero distance from the zero function. The more serious problem is that even then, this space is
not complete. In other words, it has holes that must be filled. Lebesgue’s theory of integration
ends up doing this! Because of that, it turns out to be particularly good for talking about existence
of solutions to various problems on function spaces, e.g., differential equations. This is because
one can usually construct approximate solutions, and completeness allows one to find a limiting

candidate for the solution (analogy: solving for 22 = 2 in rationals versus reals).

2. JORDAN MEASURABLE SETS IN R

11. We investigate the question of assigning a “length” to a subset A C R. As and when we
define the length, it will be denoted A(A).

12. We agree that an interval I = [a, b] (or for that matter I = (a,b) or I = [a,b) or I = (a,b])
must be assigned length |I| := b —a. If I1, ..., I} are pairwise disjoint intervals, we also agree that
A = I, U...U I must be assigned length |I1| + ... + |I;|. Actually a little care is needed to see
that this is well-defined, since a given set may have multiple representations as a finite union of
intervals (for example, [0, 2] can also be written as [0, 1) U [1,2]). For the moment let us assume

that it is not an issue, and proceed.

13. To proceed, we need to be more explicit about what properties we require of any notion of
length. No one will dispute that it must have monotonicity under inclusion: If A C B, then A

cannot have more length than B. This is satisfied when A, B are elementary sets as above.

14. Now for a general A C R, taking inspiration from Riemann integration theory (where we
sandwich the region under the graph of a function between graphs of step functions), define

M (A) = inf{|| + ...+ |Ix| : k > 0, ; are p.w. disjoint intervals such that I; U...U I}, D A},

Ay (A) =sup{|l1| + ... + |Ix| : k > 0, I; are p.w. disjoint intervals such that I; U... U I}, C A}.
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The monotonicity principle tells us that any number we assign as the length of A must be between
Ay (A) and A\# (A). Hence, if Ay (A) = A\#(A), we have no ambiguity and call this common number
the length of A and denote it by A(A). Such sets are said to be Jordan measurable.

15. An equivalent way to state Jordan measurability is: Given ¢ > 0, there exists elementary sets
(i.e., a set that is a finite union of p.w. disjoint intervals) E; C A C Ej such that A\(E3) — A\(E) < e.

16. Intervals are Jordan measurable and A\(I) = |I| (this needs proof!). But Q is not Jordan
measurable, indeed, /\#(Q) = oo and A4(Q) = 0. The Cantor set K is Jordan measurable and
A(K) = 0. Indeed, the 2" intervals of length 37" each that form the nth stage of the construction
give a cover for K proving that A (K) < 2"37". As this is true for all n, we get A# (K) = 0. Also,
K contains no open interval, showing that A4 (K) = 0. Construct other Cantor-like sets (deleting
a different proportion in the middle of each interval at stage n) and show that there are some that

are Jordan measurable, some that are not.

17. Overall, many sets are not Jordan measurable and we have not assigned a length to such
sets. Can we not simply take A (A) to be the definition of the length of a set A? That would define
length for all sets, agrees with A\(A) for Jordan measurable A (in particular for elementary sets),

and clearly has monotonicity under inclusion.

18. But it misses out on another property of lengths that we implicitly carry in our minds, finite
additivity: If A and B are disjoint then A\(AU B) = A(A) + A(B) (at least if all three lengths are well-
defined). Observe that this property (together with positivity of lengths) subsumes monotonicity,
since A C B means that A= B (A \ B).

19. Finite additivity is violated by \#. Indeed, if A = QN [0,1] and B = Q¢ N [0,1], then
AUB = [0,1], but \¥(A) = \¥(B) = A#([0,1]) = 1. Hence it appears inevitable that we must give
up the idea of defining length for all sets. Even accepting that, we shall now see a more general
notion by which a much larger class of sets can be assigned lengths. For instance, in this new
notion, Q will have a length, so will all Cantor-like sets, and in fact it will take some effort to show

that there is a set that does not!

3. LEBESGUE OUTER MEASURE

20. Define the Lebesgue outer measure of a set A C R by

A*(A) = inf {Z |Ii| : Iy, is of the form (ag, bg] and UIk D A} .
k=1 k

21. We allow countable covers in defining \* as opposed to only finite covers in defining A\*.

To see the difference this makes, enumerate rationals as 71, 7, . . ., and use the intervals I, = (ry —
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2772 1 + €27572) to get \*(Q) < e. Hence A\*(Q) = 0. Contrast with A#(Q) = co. Countability

is a running theme in the whole subject of measure theory.

22. There are also some unimportant differences, for example I, need not be pairwise disjoint
(one can remove that condition in the definition of A# too). Another difference is the use of lorc
(left-open, right-closed) intervals. It makes no difference if we allow all intervals (or restrict to
such intervals in the definition of A# too). The collection of lorc intervals will be technically more

convenient later, hence we introduced them now.

23. The outer measure does have some desirable properties.

(1) (Monotonicity) \*(A) < X*(B)if A C B.
(2) (Countable subadditivity) \*(|J,, An) < >, A*(4,) for any A,,.

(3) (Outer regularity) Given A C R and ¢ > 0, there is an open set U such that \*(U) <
A (A) +e.

Monotonicity is trivial. Countable subadditivity follows from the fact that if {1, ; : j > 1} isa
countable cover for A4, then {I,, ; : n,j > 1} is a countable cover for U,, A,,. To see outer regularity,
get a countable cover {(a;,b;]} such that > ;(b; — a;) < A*(A) + ¢/2 and then observe that U =

Uj(aj,b; +€27771)} does the needful.

24. Still, A* does not solve all our problems. For example, there still exists (for now, accept
this without proof) a set A C [0, 1] such that A*(4) = A*([0,1] \ A) = 1, which contradicts finite
additivity since A*([0, 1]) < 1 (equality holds as shown later). How is this better than \* - there
the same violation was achieved by A = QN [0, 1]? The difference is that the violating set A is so
much harder to construct and so pathological, that we won’t mind not assigning it any length.

25. Construction of A: Regard ([0, 1), +) as a group where “+” denotes addition modulo 1. Let

« = 1/4/2 (or any irrational number) and consider the cyclic subgroup G = Za and H = 2Z« and
H' =H+a=(2Z+1)a. Then, G,H, H' are all dense in [0,1) and G = H U H'.

But G has uncountable index in [0, 1), and we “construct” (invoke axiom of choice, to be precise)
aset B C [0,1) that has exactly one element from each coset of G. Let A= B+ H ={b+h:b¢c
B, h € H} so that A° = B + H'. We claim that \*(A) = M\ (A¢) = 1. Proof of this claim is
postponed.

26. Note that A and A€ in this example are closely enmeshed. That is actually necessary. In fact,
if A and B are at positive distance (i.e., |t —y| > d forallz € Aand y € B), then \*(AU B) =
A*(A) + X*(B). To see this, observe that in the definition of outer measure, we may restrict to

countable covers by intervals of length less than ¢/3 (why?). Then, if {I,} is such a cover, we
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can split it into disjoint collections {I,, : I, N A = (0} and {I,, : I,, N B = (}} that cover B and A4,
respectively. From this, deduce that \*(A + B) > A\*(A4) + A*(B).
27. The upshot of all this is that A* does not behave like “length” should. But it looks really close

to behaving like one. The way out is to restrict the class of subsets for which we define length.

28. We have seen that A\# and \* both fail to assign length to all subsets of R, although we have
asserted that \* is better and acceptable. Instead of taking special candidates like, wouldn't it be
more logical to ask if there is any AT : 28 s [0,00] such that AT(A U B) = Af(A) + \T(B) and
M(I) = |I]? In fact we can even ask for translation invariance, \f(A 4+ z) = Af(A) forall A C R

and = € R. The answer is yes, there exists such a function!

29. Why don’t we use it then? The problem is when we go to higher dimensions. Even on
subsets of R2, there is a finitely additive function AT that has translation and rotation invariance
and assigns area | 1| x |I2] to I x I. But for d > 3, there is no such function on subsets of R% This
makes it undesirable, for lengths, areas, volumes are not unrelated concepts living in different

dimensions, but very closely connected to one another. For example, we would like the volume of
A x I to be mbarea(A) x length(I).

30. The fact that there is no (non-zero) finitely additive, translation invariant notion of vo-
Carathéodorylume on R? is due the Banach-Tarski paradox. It asserts that there are sets Ay, ..., A5 C
R3 and Euclidean motions 77, ..., Ts : R? — R3 (translations and rotations, i.e., T(z) = Ax + b for
some orthogonal matrix A and b € R3) such that with B; = T7(A;), wehave A;LI...LU A5 = B(0,1)
and By U...U Bs = B(0, 2). If there was translation-invariant, finitely additive notion of volume
AT, when we would get AT(B(0,1)) = AT(B(0,2)).

4. LEBESGUE MEASURABLE SETS AND LEBESGUE MEASURE

31. Definition: A set A C R is said to be Lebesgue measurable if it satisfies the Carathéodory cut
condition: \X*(AN E) + X*(A°N E) = A (E) for all E C R. The length (or Lebesgue measure) of a

Lebesgue measurable set is defined to be its outer measure.

32. The definition is not very intuitive. One may think of it as the minimal fix to the problem
that \* is not finitely additive. Here are other equivalent ways of defining Lebesgue measurable
sets (the equivalence is not obvious and we must prove it later, but let us put them out there so
that you can build the right mental picture from the start) that may look better motivated. Here A
is assumed to be bounded.

(1) Say that A is measurable if it satisfies the cut-condition for an intervals E that contains A.

(2) Say that A is measurable if given € > 0, there is an elementary set A, (i.e., a finite disjoint
union of intervals) such that \*(AAA,) < e.

(3) Say that A is measurable if given € > 0, there is an open set U D A such that \*(U \ 4) < e.
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A general A is then said to be measurable if A N [—n,n| is measurable for all n

33. It is also to be noted that to show that A is Lebesgue measurable, it suffices to show that
N(ANE)+ X (A°NE) < X(E) forall E C R. The other way is obvious by subadditivity of outer

measure.

34. Let us analyse the class of all Lebesgue measurable sets, after which various sets of interest
will be easily seen to be included. There is no alternate characterization of Lebesgue measurable
sets. What we can do best is to know that many basic sets like intervals are in this collection and
that the entire collection is closed under many set operations. To state the conclusions, we first

introduce two of the fundamental notions in measure theory: sigma-algebra and measure.

35. Sigma algebra: A collection F of subsets of a non-empty set X is said to be a sigma-algebra

if it contains the empty set, is closed under complements and countable unions.

36. Measure: Let (X, F) be a measurable space (i.e., F is a sigma-algebra of subsets of X). Then
p: F — [0,00] is called a measure if it is countably additive: p(lJ,, 4n) = >, 11(An) whenever A,
are pairwise disjoint elements of F.

37. Simple examples of sigma-algebas: Let X be any non-empty set and let ¥ = {0, X} and
G = 2%. Both F and G are sigma-algebras. Another one is # = {A C X : A or A°is countable}.
Of course, if X is countable H = G, but not so if X is uncountable.

38. Examples of measures (on the above three sigma-algebras): Any p : F +— [0, 00| is a mea-
sure on F. On G it is hard to define any interesting measure, but here is a class of them: Let
{z1,22,...} C X be a countable set and let o : N - [0, oc] be any function. Set pi(A) = 3"y . 4 k-
On #H, there is a measure that gives 0 to all countable sets and 1 to all sets whose complement is

countable.

39. The examples of sigma-algebras given above are either too small (F and #) or too big (G).
Real examples that actually are used fall in between and are almost never very explicit. And
measures on these sigma-algebras are not given - they have to be constructed with some effort.

40. Since sigma-algebras are defined by closure properties, arbitrary intersections of sigma-
algebras are sigma-algebras. Therefore, for any S C 2%, there is a smallest sigma-algebra that

contains S (namely the intersection of all sigma-algebras containing it). It is denotes o(S) and is
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called the sigma-algebra generated by S. Caution: There is no simple way to write an element in
o(5) in terms of elements of S using countable set operations.

41. If X is a metric space, the sigma-algebra generated by the collection of open sets is called
the Borel sigma-algebra of X and denoted Bx. On R, check that the sigma-algebra generated by all

lorc intervals is the same as Bp.

42. Theorem (Lebesgue). The collection £ of Lebesgue measurable sets in R forms a sigma-
algebra that contains the Borel sigma-algebra 5. The outer measure \* is a measure when re-
stricted to L.

43. The restriction of A* to £ (or to B) will be denoted A and it is called Lebesgue measure. Later
when we construct it on R%, we include a subscript d when there is danger of ambiguity. The

existence of Lebesgue measure is the starting point of measure theory.

44. Why did we ask for countable additivity of measures? Would it not have been sufficient
and natural to ask for finite additivity? Indeed, there is no motivation I can give now to justify the
demand (it is not intuitive to me at all). But we shall give a sort of justification later. For now, let us
only say that a rich theory is obtained by asking for countable additivity. Many mathematicians
have tried to stay with finite additivity, but a century of experience has not turned up anything
that is comparable in richness to the theory with countable additivity.

5. PROOF OF THE EXISTENCE OF LEBESGUE MEASURE

45. The proof of Lebesgue’s theorem is carried out in several steps, with the proofs of the two

claims (that £ is a sigma algebra and that A* is a measure on £) closely intertwined.
46. L is closed under complements: From the symmetry of A and A€ in the cut condition.
47. L is closed under finite intersections: Indeed, if A, B € £ and E C R, then
AN(E)> X (ENA)+ A (ENAY) > X (ENANB)+ AN (ENAN B + X" (EnN A9).
By subadditivity, the last two add to at least \*(E N (A N B)°)), since (AN B¢) U A° = (AN B).
Therefore, \*(E) > N*(EN(ANB))+ X (EN(ANB)¢). Thus AN B € L.
48. L is closed under finite unions: AU B = (A°N B¢)°.

49. X\* is finitely additive on £: If A, B € L are disjoint and £ C R, then thet cut condition
for EN (AU B) shows that \*(EN (AU B)) = A*(ENA) + A(EN B). When E = (), this says
A*(AU B) = A*(B), which is finite additivity on £. But the statement with general E (which need
not be in £) is stronger and used below.

50. Suppose Aj,As,... € Land B, = A1 U...UA,. Then B, € Land B,, T B = U,A,. If
E C R, then \*(E) > M (E N By,) + X*(E N B;) for every n. As B O B¢, we have \*(E) >

MN(E N B¢ + X*(E N By). Thus it suffices to show that lim,_,., A*(E N B,) > A*(E N B). By
7



monotonicity, the limit on the left exists and does not exceed the right side. But the stronger form
of finite additivity shown above implies that \*(ENB,,) = > ;_; A*(EN(Ax\ Ax—1)) where 4y = 0.
Therefore limy, 00 A*(E N By) > > 451 A*(E N (Ag \ Ax-1)). But countable subadditivity shows
that the right hand side is at least \*(E N B). Thus, B € L.

51. If A € L are pairwise disjoint and A = LA, the previous step shows (as A, \ Ar—1 = Ax)
that A\*(E) = X (E N A°) + 35 A"(E N Ag) for any E C R. In particular, take £ = A to get
countable additivity of \* on L.

52. To summarize, we have shown that £ is a sigma-algebra and that \* is a measure on it. For
all we know, £ could be the trivial sigma algebra {0, R}! We next show that £ contains intervals,

and hence it is at least as large as the Borel sigma algebra.

53. L contains intervals: For definiteness, let I = [a,b] (all other cases are similar) and let
Is =[a—6,b+6]ford > 0.If E C R, then ENI and ENI§ are at positive distance from each other,
hence with Es = (ENI)U(ENI§), wehave \*(Es) = X*(ENI)+ *(ENIf). But EAE;s is contained
inside [a —d, a]U[b, b+ d] and hence \*(E) > X\*(Es) — 26 and similarly \*(ENI§) > X (ENI¢)—26.
Therefore, \*(E) > N*(EN 1)+ X (ENI¢ —44. As § is arbitrary, I € L.

54. \*(I) = |I|: Again, let us take a closed interval I = [a, b], for definiteness. If {I,,} is an open
cover by lorcintervals so that ) °, |I,,| < A*(I)+¢, then enlarge I,, by €271 to an open interval J,,.
By compactness of I, choose a finite subcover Ji, ..., J,,, where J; = (a;, b;) are ordered without

loss of generality so that a; < a2 < ... < a;,. Then b; < a;4+1 and hence

m m—1
A(I) > Z|Jk| —3e> by, —am + Z(ak+1—ak)—3€:bm—a1 — 3¢
k=1 k=1

which is more than |I| — 3¢ (since a; < a and by, > b). Thus \*(I) > b — a, the other way inequality

being obvious (take the cover with I} = I and I,, = () for n > 2).
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6. EXTENSION OF MEASURE FROM ALGEBRA TO SIGMA-ALGEBRA

55. We try to understand the structure of the proof of existence of Lebesgue measure and trans-

fer it to a more abstract setting without distracting features.

56. Question. Let X be a non-empty set and let S be a collection of subsets of X that generates
the sigma-algebra . Given a function p : S — [0, o0], does it extend to a measure on F? Is the

extension unique?

57. Clearly, this is the prototype of the problem of Lebesgue measure - where we knew what

the length of intervals must be, and we extended it to the Lebesgue sigma-algebra.

58. In general, one may expect that extension requires some consistency conditions. For exam-
ple., if there are A, B € Ssuchthat AN B =(and AUB € S, but (AU B) # u(A) + p(B), then

there is no way to extend x as a measure to F.

59. Perhaps surprisingly, even uniqueness is false! Let X = {1,2,3} and S = {{1,2},{2,3}}
and 1({1,2}) = u({2,3}) = 1. There are two measures v and ¢ that extend p to F = 2% defined by
I/(A) =151+ 1453 and 9(14) = 1459.

Contrast this with the fact that if two linear functionals on a vector space agree on a generat-
ing set, then must be equal. The difference is another reminder that the word ‘generated sigma-
algebra” has only an external definition, not an internal one (Note: If S is a collection of vectors in
a vector space V, then span(S) can be described externally as the intersection of all subspaces that

contain S or internally as the collection of all finite linear combinations of elements of 5).

60. To understand this and answer the question positively, various kinds of collections of sub-
sets of X are used. We shall probably only use the following (in addition to sigma algebras,
which are more restrictive than all these): (I) Algebra: Closed under complements, finite unions.
(IT) Monotone class: Closed under increasing unions and decreasing intersections. (III) T-system:

Closed under intersections. (IV) A-system: Closed under increasing unions, proper differences.

61. Algebras, monotone classes, 7 and \ systems, rings, etc., are defined by closure properties,
and hence arbitrary intersections of these are collections of the same kind. Hence, we can talk

about the algebra (or monotone class or ...) generated by a collection of subsets of X.

62. Monotone class theorem. The monotone class generated by an algebra is a sigma-algebra.
Hence o(A) = M(.A) for any algebra A.

63. Proof of the monotone class theorem: Let M be the monotone class generated by an algebra
A. Let My = {A € M : A° € M}. Then M is a monotone class (if My > A, T Athen A €¢ M
and Mg > A | A°, hence A € M,, similarly for decreasing limits). Also My 2 A (as A is closed
under complements), hence M = M showing that M is closed under complements.

Now fix A € Aand let My = {B € M : AU B € M}. Argue that M4 is a monotone class that

contains A, hence equal to M. Thusif A € Aand B € M, then AU B € M. Next fix A € M and
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consider M 4 defined exactly the same way. By what we have shown, M 4 contains .A and by the
same proof as before, M 4 is a monotone class. Thus, M4 = M for A € M, implying that M is

closed under finite unions.

If A, € M, then B,, = A;U...UA, arein M and increase to U, 4,,. By monotone class property,
UnA, € M. Thus M is closed under countable unions. This completes the proof that M is a

sigma-algebra.

64. The point of monotone classes is that measures behave well under monotone limits, but
not under arbitrary countable unions/intersections. Indeed, if (X, F, ;1) is a measure space, then
countable additivity is equivalent to the statement that if A,, T A (all in F), then pu(Ay) 1T p(A).

Measures also behave well under decreasing intersections, but with a caveat. If 4, | A and
u(Ay) < oo for some n, then ((Ay,) | 1(A). To see the necessity of the condition of finiteness, let 4
be counting measure on Z and A,, = {n,n+1,...} | 0. Then pu(A,) = oo for all n and p(A) = 0.

65. As an application, we prove that if 4, v are finite measures on a sigma-algebra F generated

by an algebra A, then pn = v.

Indeed, the collection {A € F : u(A) = v(A)} is easily seen to be a monotone class (finiteness of
the measures is used to get closure under decreasing intersections) and contains .4 by assumption,

hence equal to o(A) = F.

66. As in this example, finite measures often have special properties. Quite often they can be
extended to sigma-finite measures. ;. on (X, F) is said to be sigma-finite if there exist X,, € F such
that LI, X,, = X and u(X,,) < oo for all n.

67. As an exercise, show that if ;, v are two sigma-finite measures on F = o(A) where A is an

algebra, then if 11, v agree on A4, they agree on F (Caution: It is not given that the sets X, are in A).

68. Instead of algebras and monotone classes, one can work with 7 and A systems. In this course

you may entirely avoid the latter.

69. Sierpinski-Dynkin m — A theorem. The \-system generated by a m-system is the same as
the sigma-algebra generated by the 7-system.

70. Corollary. If S is an m-system and generates the sigma-agebra 7, then any two measures on

F that agree on S, are equal. In particular, this is true if S is an algebra.
71. We omit the proofs as exercises (arguments similar to the proof of monotone class theorem).
72. Now we come to the existence question. Suppose i : S — [0, 0] is given. To be able to

extend it as a measure to F = o(S), clearly it must be countably additive on S. That is, if 4, € S
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are pairwise disjoint and it so happens that U, A, € S, then p(U,A,) = >, n(A4,). It turns out

that when S is an algebra, this consistency condition is also sufficient to guarantee extension!

73. Carathéodory’s extension theorem. Let 7 be a sigma-algebra that is generated by an algebra
A If - A — [0, 00] is countably additive on A4, then it extends to a measure on F in a unique way:.

74. The earlier extension theorem that we gave is a special case of this, where A = {I; U ... Ll
It : k > 0,1, are lorc intervals} and A : A — [0, oo] is defiined by A(I1U. . .UI) = A(L1)+. . .+A(Ig).
In the earlier proof, we did not explicitly check countable additivity of A on A, but what we did
can be rephrased that way (and we shall do this checking later).

75. One might notice that in that extension theorem, the measure extended to £, a larger sigma-
algebra than 7 = o(A) (in that example 7 = B(R)). In fact the proof given next shows that it
is also true in general. But we are often happy enough to restrict the measure to . It has the

advantage that 7 depends only on A4, but the larger sigma algebra depends on y too.

7. PROOF OF THE CARATHEODORY EXTENSION THEOREM

76. Let A C 2% and pu : A+ [0, 00] and F = o(A). At the moment, no assumptions on A or .

77. Define the outer measure ;i* : 2% — [0, 00| by

p*(A) = inf {Z 1(An) : Ap € A, UnAy 2 A} :
n=1

It satisfies (1) Monotonicity: p*(A4) < p*(B) if A C B, (2) Countable subadditivity: p*(U,A4,) <
S (Ar), 3) w* (@) = 0. In general, an outer measure is a non-negative function on 2% satisfying

these three properties. It need not arise from a y as here.

78. The key step is Carathéodory’s cut condition: Let £, be the collection of all A C X for
which p*(E) = p*(ANE) + p*(A°N E) forall E C X. Sets in £+ are said to be p*-measurable.
The non-trivial part of the cut condition is p*(E) > p*(ENA)+p*(ENAS), the other way inequality

follows from subadditivity.

79. The proof of Carathéodory’s extension theorem can be broken into two parts.

(1) If p* is any outer measure, then £~ is a sigma algebra and ;* is a measure on it.

(2) If p* arises from a countably additive ;. on an algebra A, then * = pon . Aand £« O A.

80. For a proof of the first statement, Paragraphs 46-51 can be copied verbatim, with £,,- in place
of £ and p* in place of \*. Steps 46-49 show that L is an algebra on which 4 is finitely additive, and
the next two steps upgrade algebra to sigma-algebra and finite additivity to countably additivity.

81. To prove the second statement, we fist prove that ©* = p on A. Let A € A. Clearly

w*(A) < u(A) as the singleton {A} is a cover for A. To see equality, consider any countable cover
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{A,} for A with 4,, € A. Let B, := (A, N A) \ U}Z{(Ax N A). Then B, are pairwise disjoint,
B, € Aand U,B,, = A. Hence ), u(By) = p(Bi U...U By) 1T u(A) by countable additivity
of 1 on A. Therefore u(A) = >, u(By). But pu(By) < p(Ay) for all n, from which it follows that
Yo i(An) > pu(A). As this is true for any cover, *(A) > p(A).

82. It only remains to show that A C £~ . Let A € Aand F C X. Let {B,} € Abea
cover for E satisfying > u(B,) < p*(E) + €. As p is finitely additive on A, we see that ;(B),) =
w(Bp N A) + (B, N A°). When summed over n, the left side is bounded above by ;*(E) + € while
countable subaditivity implies that the two sums on the right side are bounded below by p*(ENA)
and p*(E N A°), respectively. Thus, u*(E) +€ > p*(ENA) + p*(ENA°). As eis arbitrary, A € L~

8. CHECKING COUNTABLE ADDITIVITY ON AN ALGEBRA

83. If 1 : A — [0, 00] is finitely additive and finite (11(X) < 00), then the condition of countable
additivity is equivalent to showing that u(4,) | 0if A, € Aand A,, | 0.

If 1 is sigma-finite in the sense that there are X,, € A such that X = U, X,, and pu(X,) < oo,
then we can restrict to any X, with A4, = {AN X, : A € A} and p,, = 4. and apply the above
criterion. It may also be noted that 0(A) = {A = U, A, : 4, € 0(A,)}.

84. Even this appears complicated to check. For example, in the standard example of the algebra
generated by lorc intervals in R, we need to take A, = I, U ... U I, that decreases to ) (as
R is sigma finite, as explained earlier, we may assume A,, C [—M, M] for some M for all n). The
number of intervals (m,,) can increase without bound. A more convenient way to check countable

additivity would be nice.

85. Claim: Let A be an algebra of subsets of a metric space X. Let pu : A — [0, o0] be finitely
additive. Assume: (1) For any A € A and € > 0, there exists C' € A and compact K such that
CCKCAand p(C) > u(A) —e. (2) For A € Awith u(A) = oo, there exist A 5 C,, C A such that
00 > ((Cyp) 1 00. Then 1 is countably additive on A.

86. It would have been simpler to say that there must be a compact K C A such that p(K) >
1(A) — ¢, but in standard examples like the algebra of lorc intervals on R, compact sets are not in

the algebra.

Those who care about generalities may observe that the proof below works just as well if the
class of compact sets is replaced by a compact class (recall: K is a compact class if A, € K and
Np Ay, =0, then N,<y A, = 0 for some N).

87. Proof of the claim: Let A,,, A € Aand A, T A. Let B, = A\ A, sothat A > B, | 0.
If u(A) < oo, find compact K, and C,, € Asuch that C,, C K, C B, and p(Cy) > pu(Br) — -

Let K/, = Ki1N...NK, and C}, = C; N...N C,, so that we still have K|, compact, C], € A and

Cy, € K, C By. Further, (B, \ C},) < Y70 u(By \ Cj) < 70, w(B; \ Cj) < ¢, which means
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that p(By,) < u(CJ) + €. But B, | 0, hence K], | ) and by finite intersection property, K/, = () for
large n which also forces C;, = () for large n. Thus, limsup p(B,,) < ¢, i.e., u(By) | 0. Equivalently,
H(An) 1 ().

If 4(A) = oo, then find A 5 Cy, C A such that p(Cy) < oo and p(Cy) 1 oo. Then A,, N Cy 1 C for
any k, as n — oo. Therefore, (A, N Cy) T u(Ck) as n — oo. This shows that liminf p(A,,) > p(Ck)
for any k, which implies that ;(A,,) T cc.

88. Recall that from any outer measure ;/* one gets a measure on £,-. The whole point of the
countable additivity of 1 on an algebra A was to ensure that £« is not too small (and that ;*

equals p on A). Here is another way to ensure this. Observe that the condition is on p*.

89. Claim: Suppose (X, d) is a metric space and let y* be an outer measure on 2%. Suppose we
have the additivity property p*(A U B) = p*(A) + p*(B) whenever d(A, B) := inf{d(z,y) : x €
A, y € B} > 0. Then, £, O B(X).

90. To prove the claim, it suffices to show that any closed A C X satisfies the cut condition.

For fixed E C X we wish to check that p*(E) > p*(E N A) + p*(E N A°). Assume p*(E) < oo,
otherwise this is trivially true.

The idea is to write A® = U,>0B,, where B,, = {z € X : %H <d(z,A) < %} (an “annulus”).
Let C), = BoU...U By,_1. Then d(Cy,, A) > £, hence p*(E) > p*(E N A) + p*(E N Cy). If we can

argue that *(E N Cy) 1 w*(E N A°), then the cut condition is verified.
By subadditivity, u*(ENA¢) — p*(ENC)) is bounded from above by p*(EN (B, UBp+1U...)) <

>_jsn W (E N Bj). The tail of a convergent series converges to 0, hence it suffices to show that

> (BN Bj) < co. Now, d(Bj, Bjt2) > % — ]% > 0 (this does not work for B; and Bj1).

Hence, by the metric property of i*, for any m > 1 we have

> W (EN Byj) = p*(EN(BaUByU...UByy)) < p*(E)
j=1

which is finite. Therefore, }; u*(E N By;) < oc. Similarly, > .-, p*(E'N Baj—1) < oco.
91. The metric condition of an outer measure is often quite easy to check, and quickly gives a

Borel measure. Two books that take this approach are of Stein and Shakarchi and of Wheeden and

Zygmund. Bogachev’s book has the criterion with compact classes and much more.

9. LEBESGUE MEASURE ON R¢

92. Now consider R? with the 7-system S of lorc rectangles R = I x ... x I; where I, are lorc

intervals in R and set |R| = |I;| x ... x |I4|, which agrees with our usual notion of volume.

93. The algebra generated by Sis A = {Ry U...URy : k > 0, R; € S} and we naturally extend

the notion of volume to A by defining A(R; U ... U Rg) = A(R1) + ... + A(Rg). One must check
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that this is a legitimate definition, since there are multiple ways to write a set as a union of disjoint
rectangles. For example, (0, 1] x (0,2] = (0, 1] x (0, 1] u (0, 1] x (1,2].

94.1f A= RjU...UR;, and A = Ry U...UR,, then R} = U}_, (R;N R;) for any i < m. Therefore
to show that 3" | |R;| = >°7_, [R)], it suffices to show that [R]| = > ", [R; N R;|. In words, if
an lorc rectangle is a union of disjoint lorc rectangles, then its area is the sum of the areas of the

smaller rectangles. We refer to Stein and Shakarchi, Lemma 1.1 for a proof.

95. Finite additivity of A on A follows easily: f A= Ry U...UR,and B=R| U...UR/, and
ANB=0,thenAUB=R U...UR,UR{U...UR},.

96. Thus, to check countable additivity on the algebra, we only need to check the conditions
in the previous section. Let R = xgzl(aq, bg). If R has an infinite side, then we may take C,, =
RN(—n,n]? € Ato getoo > u(Cy,) 1 oo. If R has finite sides, we may take C' = xgzl(aq +0,bg) € A
and K = xgzl[aq + 6,by] compact. Then C C K C A and if § is small enough, we also have

A(C) > A(A) — e. This verifies the conditions for a single rectangle. For a general element in the

algebra, write it as a finite union of rectangles and do the same inside each component rectangle.

97. Conclusion: There exists a sigma-algebra £; 2 B(R?) on R? on which there is a measure A,
that satisfies \y(R) = |R| for any rectangle R. This is known as the Lebesgue measure on R? and

elements of £, are said to be Lebesgue measurable.

10. REGULARITY OF LEBESGUE MEASURE AND RELATED MATTERS

98. Let \; (we drop the subscript often) denote the Lebesgue measure on the Lebesgue sigma-
algebra £, that is larger than the Borel sigma-algebra B(RY). What are the relationships between

these sigma-algebras? How do we understand the sets in them if they are not explicitly described?
99. Outer regularity: \;(A4) = inf{\4(G) : A C G open} forany A € L.

Trivially A\g(A) < Ai(G) for any G O A. To see the inequality the other way, if A\g(A) < oo
(otherwise take G = R), find a countable covering of A by lorc rectangles so that ) |R,| <
Aa(A) + e. Enlarge each R,, to an open rectangle R, so that |R,| < |R,| + €2~ Then G := UR,, is
open, contains A and A\g(G) <3, |Ru| < 32, |Rn| + € < Aa(A) + 2e.

100. Inner regularity: A\g(A) = sup{\s(K) : A D K compact} forany A € L.
Let Q, = [-n,n]% As \(A N Qn) T Ma(A), we only need to show this for bounded A. If

A C @Qn, use outer regularity to find an open set G O Qn \ A such that A\g(G) < M\g(Qn \ A) + €
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which is \i(Qn) — Ai(A) + €. Then K := Qn \ G is a compact set contained inside A. Further,
Ai(K) = X(Qn) — Aa(G) > Ag(A) —e.

101. The cardinality of B(R?) is the same as R while the cardinality of £, is that of 28. We do
not justify the first statement here, but the second one easily follows from the next point. For now,
note the consequence, B, is strictly smaller than £;.

102. If A*(A) = 0, we claim that A € £;. As a consequence, all subsets of A are also measurable.
If Ais the standard Cantor set (which has zero measure), then A has the same cardinality as R and
hence the collection of subsets of A is itself equinumerous with 2%. Of course £4 C 2%, hence the

other way is clear. This shows that £, has the same cardinality as 2%.

To justify the claim, let £ C RY. Then \*(ANE) = 0 while \*(A°N E) < A\*(E), by monotonicity.
Therefore, \* (AN E) + X\*(A° N E) < X\*(E), showing that A satisfies the cut-condition.

103. Relationship between Lebesgue and Borel sigma-algebras: Let A C R%. Then A € £, if and
only if there are B, C € B(R?) such that B C A C C and \4(B) = \g(C).

If there are such Borel sets B, C, then \(C' \ B) = A\(C) — A\(B) = 0. Hence, A \ B (a subset of
C'\ B) is also measurable and sois A = BL (A \ B).

Conversely, if A € L4, then using regularity, find K,, C A C G, such that G,, is open, K, is
compact and A\(Gp) | A(A) and A\(K,,) T A(A). Now set B = U, K, and C = N,G),. Clearly
B C A C Cand B, C are Borel sets. Further, \(K,,) < A(B) < A(A) < A\(C) < A(C,) for all n. Let
n — oo to see that A\(C') = A\(B).

104. Another way to say this is that given a measurable set A, there is a Borel set B such that

AAAB) = 0. In that sense, there is no big loss in working with Borel sets than measurable sets.

105. Ultimately one only understands intervals/rectangles. To understand Borel sets, one must

relate them to rectangles. Here are three connections that are useful in different ways.

(1) If A e L;zand A\y(A) < oo, then for any € > 0 there is an elementary set B = R; U ... UR,
such that A\(AAB,) < e.

(2) If A € L5 and A\y(A) > 0, then for any € > 0 there is a rectangle R such that \;(AN R) >
(1 —e)Ag(R).

(3) If Ae L;and \j(A) > 0, then A — A contains a neighbourhood of the origin.

106. To prove the first statement, find a covering of A by lorc rectangles { R, } so that >, |R,| <

A(A)+e. Find large enough N sothat ) | [R,| < eand set B = R1U...URy. Then A\(AAB) < 2¢
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and B is an elementary set (even if the R; are not disjoint, we can find a different set of pairwise

disjoint rectangles by taking intersections).

107. For the second statement, again find a covering {R,,} for Asothat > |R,| < (1—¢)"1A(A)
(valid even if A\(A) = 00). But then A(4) = > A(AN R,), which forces that there must be at least
one n for which |R,| < (1 — )" !A(ANR,).

108. The third statement is known as Steinhaus’ lemma. Observe that z € A — A if and only
if AN (A+ z) # 0. A set cannot be empty if it has positive measure. To show that AN A + z
has positive emasure (if = is close enough to the origin), find R as in the second step so that
A(A') > 0.9|R| where A’ = AN R. Butthen A(A'N (A" + 1)) > MA) + MNA' +z) = NA'U (A +2))
which is at least 1.8| R| — |R U (R + z)|. But if R has sides ¢, ...¢4, then R U (R + x) is contained
in a rectangle of lengths ¢; + z;. Hence if z is small enough, |[R U (R + z)| < 1.1 x |R|. Therefore,
for such z, A(A' N (A’ + z)) > 0, showing that AN (A + x) # 0.

11. NON-MEASURABLE SETS

109. For the purposes of the course, it suffices to read the first construction.

110. Non-measurable set: Consider the group G = [0,1) with addition modulo 1 (thus 0.3 +
0.8 = 0.1). Consider the subgroup H = QN [0, 1) and create a set A having one element from each

coset of H in G. This is possible if one assumes the axiom of choice, as we do.
111. We claim that U,cg (A +7) = [0, 1).

Ifre (A+r)N(A+s), thenx—r € Aand x —s € A, but z —r and x — s are in the same coset of
H (since their difference is r — s which is in H). Hence we must have x —r = = — s or equivalently
that 7 = s. This shows that (A +7) N (A + s) = 0 for r # s.

Next, if z € [0, 1), there is some a € A in the same coset of H as x, which means that z = a + r
for some r € H. Thus, the union of A + r, r € H, is the whole of [0, 1).

112. Now if A is measurable, then so is A + r and A\(A + r) = A(A) (observe that this is true
despite the meaning of ‘+” as addition modulo 1). But then either A\(A) > 0 or A(A) = 0. In either
case, countable additivity requirement A([0,1)) = > .5 A(A + r) is violated. The contradiction

shows that A cannot be measurable.

113. We now show the stronger statement that there is some A, B such that AL B = [0,1) and
such that A*(A) = A*(B) = 1. This of course shows that A and B must be non-measurable, but
more strongly it shows that \* is not even finitely additive (a claim we had made but not justified
so far).

114. The proof is similar to the previous one, except that we change the sub-group to H =

{na :n € Z}, where «a is a fixed irrational, e.g., « = 1/ V2. Here again na is interpreted modulo
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1. We leave it as an exercise to check that H is dense in [0, 1), and that na # nf (mod 1) if n # m.
Because of this, the map n — na is an isomorphism from Z onto H.

115. The difference from rationals is that this subgroup has finite index subgroups. In particular,
let H = {2na : n € Z}. Then H' is a subgroup of H with two cosets, H' and H” = H'+ «. Observe
that both H' and H” are dense in [0, 1) (for similar reasons why H is).

116. As before, create a set A by picking one element from each coset of H in G. Then [0,1) =
Ureg(A+7r) = BUC where B = U.cg/(A+ 1) and C = U,cgr (A + r). We claim that A\*(B) =
A*(C') = 1, which finishes the proof.

117. Any element of B — B is of the form z = a +r — a’ — s where a,a’ € Aand r,s € H'. If
a = d, then this element is  — s which is in H' (as H') is a subgroup and in particular, = ¢ H".
Butifa # d/, thena —d’ ¢ H and r — s € H’, hence again z ¢ H” (in fact z ¢ H). In short, we
have proved that (B — B) N H” = (. As H"” is dense, this shows that B — B does not contain any

interval. Similarly C' — C also does not contain any interval.

118. Now if A*(B) < 1, then find intervals {/,} such that U,I,, O B and ), |I,| < 1. Then
X = (Uplp)¢ (complement inside [0, 1)) is a measurable set of positive measure and further, X C
C. But then C — C O X — X, and by Steinhaus’ lemma the latter contains an interval around

0, contradicting that C' — C' does not contain any interval. Thus we must have \*(B) = 1 and
similarly \*(C) = 1.

119. A third construction of a nonmeasurable set due to Sierpinski is outlined in the problem
set. There, the idea is to (a) regard R as a vector space over Q, (b) pick a basis B that is contained
inside the standard Cantor set, (c) define Ey = BU (—B)U{0}and E,, = E,,—1 — E,,—1 forn > 1.

Then argue that there is a first n for which \*(E,,) > 0 and show that this particular E,, is not

measurable (again using Steinhaus’ lemma).

12. RADON MEASURES ON R¢

120. What about other Borel measures on R? For simplicity let us consider a finite measure ;; on
(R4, B(R?)). Then we can associate to x a function F), : R? — R by defining F},(z) = pu(R,) where

Ry = (—00,x1] X ... X (—00,x4]. It is called the cumulative distribution function of p.

121. F), is (A) increasing in each co-ordinate, (B) is right-continuous, (C) F,(z) — p(R?) if

min{xy,...,zq} = oo and F,(z) — 0if min{xy,..., 24} — —o0.

These properties follow from the definition of a measure. For example, if z,, — = from the

right (meaning that each co-ordinate of x,, decreases to the corresponding co-ordinate of ), then
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R;, | Ry. Therefore, u(R,) | 1(R;) (as we assumed that (4 is a finite measure). This shows that

F, is continuous from the right. Other properties are similar and left as exercise.

122. Conversely let F' : R? — [0,00) be any function that is increasing in each co-ordinate, is
right-continuous, F,(x) — 0if min{xz,...,2q} — —ooand lim F},(z) < co as min{xy,..., x4} T 0.

Then we claim that F' = F), for a unique finite Borel measure . on R%.

123. The uniqueness is clear from the fact that rectangles form a m-system that generates the
Borel sigma-algebra, hence two measures that agree on rectangles must be equal. For existence,
start by defining the measure of any lorc rectangle using F' (explained below) and extend it natu-
rally to the algebra A. This function has countable additivity (needs checking, the compact class
criterion that we gave earlier helps in reducing the work involved in checking), and therefore

extends to a measure p on B(R?). Of course F is the cumulative distribution function of .

124. How to define ;1 on rectangles? In one dimension, if R = (a,b], then we define u(R) =
F(b) — F(a). Ind = 2,if R = (a1, b1] x (az, ba], we define u(R) = F(b1,b2) — F(a1,b2) — F(b1,a2) +
F(a1, a). Similarly, in higher dimensions, the formula (coming from inclusion-exclusion) is F'(R) =
S +F(af,...aF) where R = (a7, a]] x ... x (aj,a}] and the sum is over all 2 choices of +, and

the sign in front of F(a{',...aJ') is negative is the product of €y, .. ., 4.

125. Thus finite Borel measures on R?% and cumulative distribution functions are in one-one

correspondence with each other. As CDFs are easier to understand, this gives us a good under-

standing of the collection of all finite Borel measures on RY. One can extend the notion of CDF to
infinite measures too, provided they are Radon (i.e., (k) < oo for all compact K'), but we do not
bother about that here (just as one example, we can take the function F'(x) = x on R as the CDF of

Lebesgue measure, since p(a,b] = F(b) — F(a) for all a < b). Instead let us see a few examples.

126. Suppose F(z) = 0forz <0, F(z) =z for0 <z < 1and F(z) = 1 for x > 1. Itis easy to

see that the corresponding measure is 11 = A| 0,1]7 Lebesgue measure restricted to [0, 1]. By this we

just mean that (A) = A(AN 0, 1]) for A € Bg.

127. Let S = {ai, a9, ...} be any countable set and let p; > 0 be such that ), p; < oco. Define
F(x) = > ;.,.<.pi- This is the CDF of the “discrete measure” p = »_; pid,,. Thatis, u(A) =
> i:Asa; Pi- Observe that the CDF here has jumps of magnitude p; at location a;. It is not left

continuous at these points.

128. Let f : R — [0,00) be a continuous (or even piecewise continuous) function such that
[ f(z)dz < co. One example is f(z) = e~*"/2. Then define F(z) = [*_ f(t)dt. Here we are
using that (improper?) Riemann integral. It is easy to see that [ is increasing (because f > 0) and
continuous (in fact, by the fundamental theorem of Calculus, F is differentiable and F’ = f). Also
F(z) - 0as ¢ — —oo and F(z) — [*_ f(t)dt as x — +o0. Thus F is a continuous CDF, and

corresponds to a finite Borel measure .
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This gives us innumerable examples of measures on R.

129. Let K be the standard Cantor set and let K,, be the n-th level (consisting of a union of
2" intervals of length 37" each). Let p, = (3/ 2)”)\] . (the Lebesgue measure on K, rescaled to

have total mass 1). Write down the first few F},, and show that they converge uniformly (this was

Un

done in detail in class) by checking the Cauchy criterion (for example, check that sup,cp | Fj., (z) —
F

Hn+1
and further, F(z) = 0 for z < 0 and F(x) = 1 for x > 1. Thus, there is a finite Borel measure

()] <27™). Let F denote the limiting function. Clearly F' is non-decreasing and continuous,

with CDF F'. The measure p with distribution function F' is called the Cantor measure.

130. The Cantor measure is a somewhat curious object that bears thinking about. Observe that
as F' is continuous, p has no atoms. We now claim that u(K€) = 0, i.e., u “sits on” the Cantor
set. To see this, observe that K¢ = U, K¢ is a disjoint union of the intervals (—o0,0), (1,00), (3, 2),
(3.2), (g, 8),... Take any one of these intervals, say J = ((2k — 1)37",2k37"). Then F,,, is constant
on J for m > n, hence F is constant on J. This shows that p(J) = 0. Thus, x(K¢) = 0 by countable
additivity.

Thus, 1 allows us to measure the relative sizes of sets inside the Cantor set.

131. A remark may clarify some of the above examples. If (X, F, i) is any measure space and
B € F, then we can define a new measure space (B, G, v) by defining G = {A € F: A C B} (we
may also write G = {ANB: A€ F})and v(A) = u(A) for A € G. We leave it as a simple thing
to check that this is indeed a measure space. However, v is a non-trivial measure if and only if

wu(B) > 0. In that case, we say that v is the restriction of ;1 to B and write v = ,u,‘ B

This is what we did to construct Lebesgue measure on [0, 1] and also to define the measures /i,
in the construction of Cantor measure (u,, was just a rescaling of { K. ). However, we cannot define
Cantor measure directly like this, as A(K') = 0, hence the more indirect approach via appropriate
limits. For those with inclination towards probability, this is akin to the difficulty of conditioning
on zero probability events.

13. MEASURABLE FUNCTIONS

132. Let (X, F) and (Y, G) be measurable spaces. A function 7' : X +— Y is said to be measur-
able (w.r.t. F and G, although the sigma algebras will be usually not explicitly mentioned unless
necessary) if T7'B:={z € X : T(x) € B} € F forany B € G.

133. Observe that T~! need not exist as a function. The meaning of T!(B) for B C Y is that

of the inverse-image of B. It is easy to check that T71(B¢) = (T!(B)) (the complements are in
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Y and X, respectively), T~ (U,, B») = U,, T~!(B,). The last point is valid even for uncountable

unions.

134. If (X, F), (Y,G) and (Z,#) are measurable spacesand 7' : X — Y and S : Y — Z are
measurable, then so is S o T': X + Z. This is because (S o T)~1(C) = T~1(S71C).

135. Making F larger makes it easier for T' to be measurable. In particular, if 7 = 2% then
every function 7' : X +— Y is measurable. Similarly, making G smaller helps T" to be measurable.

In particular, if G = {0, Y}, then every T': X — Y is measurable.

136. Let o(T) := {T~'B : B € G}. Then o(T) is a sigma-algebra on X (from the earlier observa-
tion about inverse-images of complements and unions) and is called the sigma algebra generated by
T. In terms of this sigma-algebra, 7" is measurable w.r.t. 7 and G if and only if o(7") C F. In other

words, o(T') is the smallest sigma-algebra on X that makes 7" a measurable function.

137. The collection Gy := {B C Y : T"'B € F} is a sigma-algebra (easy to check) and hence so
isGoNG ={B € G:T 1B e F}. Therefore, if S is a collection (of subsets of Y) that generates G,
and T7'B € F for B € S, then Gy 2 S and hence Gy O G. In other words, to check measurability
of T, it suffices to check the condition 7' B € F only for B € S. This is helpful in practise.

138. Most important for us will be measurable functions into R, in which case the latter is
always assumed to be endowed with the Borel sigma-algebra. In short, 7' : X — R is measurable
if T~'B € F for any B € Br. Observe that if X itself is R, we may take F to be either the Borel or
the Lebesgue sigma-algebra, but on the target space it is always the Borel sigma-algebra.

139. For A C X, itsindicator functionis 14 : X — R definedas14(z) = lifx € Aand 14(x) =0
if x ¢ A. Then, 1, is a measurable function if and only if A is a measurable set (i.e., A € F). Thus,
if we identify sets with their indicator functions, then measurable functions are a generalization
of measurable sets. Another way to say the same is that an indicator function is a binary measure-

ment (an answer to a yes-no question) while a general function is a finer measurement.

140. If T : R ~ R is continuous, then T~1G is open if G is open. As open sets generate the
Borel sigma-algebra, it follows that 7" : R — R is measurable (w.r.t. Borel sigma algebra on both
the domain and co-domain). Same if 7' : X — R if X is a metric space endowed with the Borel

sigma-algebra.

141. Of course, we can take a larger sigma-algebra such as the Lebesgue sigma-algebra on the
domain without losing measurability. However, if we take Lebesgue sigma-algebra on both the
domain and co-domain, then there are continuous functions that are not measurable! This is not
obvious, but an example is the inverse of the strictly increasing function z — (x + F(x))/2 from
[0,1] — [0, 1] (one can extend it to R, but the essence of the matter is the same), where F' is the CDF
of the Cantor measure. We relegate the details to the problem set.

142. As {(—o00, ] : t € R} generates Bg, we see that T : X — R is measurable if and only if {7" <

t} € Fforallt € R. Here {T < t} is a short-form for {z € X : T'(z) < t}. For exactly analogous
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reasons, each of the following conditions is equivalent to measurability of T: (a) {T' < t} € F for
anyt € R, (b) {T'>t} € Fforanyt € R, (c) {T" >t} € Fforanyt € R.

143. It follows immediately from this that if 77 : R — R is increasing, then it is measurable
(with Borel sigma algebra on both domain and co-domain). This is because {7 < t} is necessarily
an interval (of the form (—oo,t] or (—oo,t) or () or R). Of course, decreasing functions are also

measurable.

144. We leave it as an exercise to check that if T' : R — R is left-continuous, then it is mea-
surable (same for right-continuous, of course). Similarly, upper semi-continuous and lower semi-

continuous functions are measurable.

145. If A C R is a non-measurable set, then 14 : R — R is not a measurable function (even
if we take the Lebesgue sigma algebra on the domain). But as the difficulty of constructing
non-measurable sets suggests, it is not easy to construct non-measurable functions. This is fur-
ther demonstrated by the fact that the collection of measurable functions is closed under various

(countable) operations.

146. Let (X, F) be a measurable space. If 7}, : X — R are measurable, then so are

supTy,, infT,, limsupT,, liminfT,, limT,, Z a,T, (where a, € R)
n n n n
n
provided they exist and are finite (otherwise, they are not functions from X to R). Countable

operations include finite ones, hence max{77, 7>}, min{17, 1>}, a1y + a2T>, are measurable.

147. Proofs of the claim: If ' = sup,, T, is finite, then {T" < t} = N, {7, < t} isin F. Thus
sup,, T, is measurable. Similarly {inf, T;, > t} = N, {7, > t}. If T = limsup, T}, then {T" <
t} = Njz1 Up>1 Misn{Tik < t — %} (pay attention to the strict inequality - the equality is false
if we write < t instead of < t) showing that limsup,, T}, is measurable. Similarly lim inf,, T}, is
measurable. If lim,, T, exists, it is same as lim sup,, T}, so it is measurable. We can write > a, T},
as a limit of finite sums, hence it suffices to show that 7} + 75 is measurable. To see that, we write
{Th + 1o <t} =Nyl < s} N{T2 <t — s} (again, the strict inequality is crucial).

148. So far we have not had to bring in measure in discussing measurable functions. When we
are working in a measure space (X, F, u), we shall see that it often does not matter what happens
on a set of zero measure. For example, if sup,, T, () < oo for z € X \ A where ;i(A) =0, then it is

just as good as if sup,, T, () < oo for all z.

149. In fact it is so common that most of our statements look like “Property P holds for a.e. 2”
or “P holds for x a.s. [it]”, where a.e (almost every) and a.s. (almost surely) indicate that the given
property is true for all x outside of a set of zero measure w.r.t. ;. For example, f = g a.e. means
that u{f # g} = 0; f,, — f a.s. means that u{z : f,(x) 4 f(z)asn — oo} = 0 and so on.

150. Returning to the fact that we don’t mind if one of our functions takes infinite values on

zero measure sets, and that does occur often when taking limits or supremum etc., it is convenient
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to consider measurable functions taking values in R = R U {—o0, +0co0}. But what is the Borel
sigma-algebra on R? The metric on R is d(z,y) = |z — y|/(1 + |z — y|) where |z — co| = oo if
x # +oo and |z — (—o0)| = oo if © # —oo and the convention is the co/oco = 1. Another way to
say this is that R is homeomorphic to [—1, 1] with the usual metric (for homeomorphism we have

many choices, e.g., z — x/(1 + |z|) or z — 2 arctan(z) with the obvious definitions for z = +00).

151. The open intervals in R include all open intervals in R as well as the sets [—o0, ) and (¢, o0
and [—o0, oc]. These open intervals generate the Borel sigma-algebra of R. Hence, to check that
T : X — R is measurable, it suffices to check that {T' < t} € F for any t € R. Then {T = —cc} =
Mp{T < —n} and {T = +oo} = (Up{T < n})° are also measurable, and then it is easy to see that
the pre-images of other open sets are measurable too (e.g., { —o0o < T' < t} = {T < t}\{T = —o0}).

Just as with R-valued functions, instead of {T' < t} € F for ¢t € R, one can instead check that
{T <t} e Forthat{T >t} € Forthat{T >t} € F.

152. A function taking values in R can also be viewed as taking values in R, and whether or
not it is measurable does not change which view point we take. Henceforth, whenever we say

real-valued measurable function, we shall mean R-valued measurable function, unless we say

otherwise.

14. PUSH-FORWARD OF MEASURES BY MEASURABLE FUNCTIONS

153. Let T' : X — Y be a measurable function. For this section, the sigma algebra on X,Y, Z
will be F, G, H respectively, and if any of them is a metric space (in particular a subset of R?), then
the corresponding sigma-algebra will be the Borel sigma algebra. So far measures did not enter
the picture.

154. Let u be a measure on (X, F). Then define v : G +— [0,00] by v(B) = u(T~'B). If B,
are pairwise disjoint elements of G, then T-1'B,, are pairwise disjoint and elements of F (as 7" is
measurable), hence v(L,B,,) = u(U,T'B,) = >, w(T7'B,) = >
measure on (Y, G).

» V(Bp), showing that v is a

155. v is called the push-forward of y under T, and denoted v = ji o T~!. In general, there is no
such thing as a pull-back measure. Convince yourself why. If we construct one measure, we can
get many more by pushing it forward under various measurable mappings into various spaces. In
fact, it turns out that pretty much every measure of interest is push-forward of Lebesgue measure
on R.

156. That would mean that there is no need to go through the Carathéodory extension again

and again, it is enough to have done it once to construct Lebesgue measure. This is not entirely
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correct, as it is sometimes not easy to find the measurable function with which to push-forward
A1 to get a specified target measure.

157. Here is an example that may seem surprising. Define B,, : [0,1] — [0,1] by B,(x) =
|2"z| (this is the nth digit in the binary expansion of z, i.e., x = ) B,(x)27"). Then define
Ti(z) = > 51 Bon(2)27" and To(z) = > 51 Bon—1(2)27" and set T'(x) = (T1(z), Ta(z)). Then
T : [0,1] + [0,1]? and we claim that A; o T—! = ), (here \; denotes Lebesgue measure restricted
to [0,1]9). In a very similar way, T : [0,1] + [0,1]¢ defined by T'(z) = (Ti(z),...,Ty(z)) where
Ti(z) = 350 Bnati()27", is measurable and A; o T~ = Ay

158. The point of this example is that dimension is irrelevant in measure theory. All the measure
spaces ([0, 1]4, B([0, 1]%), \4) are isomorphic in the sense that there are measurable transformations
from [0, 1]* to [0, 1]¢ that pushes forward )\, to \,. It is no surprise to anyone for k > ¢, but that it
is true for k < £ is. Contrast it with theorems in Topology/Geometry class that assert that R is not
homeomorphic/diffeomorphic to R? or with the fact that R and R? are not isomorphic as vector

spaces.

159. The proof of the claim above is not difficult. Let us restrict to d = 2. Let B = (k27", (k +
1)27" x (£27", (¢ +1)27"] for some 0 < k, ¢ < 2" — 1. Whatis T-1(B)?

15. LEBESGUE INTEGRATION

160. Let (X, F, 1) be a measure space. The goal is to define a notion of integral for a large class
of functions f : X — R. For the measure space (R, £, \), it will turn out to be a generalisation of
the Riemann integral (i.e., Riemann integrable functions will turn out to be Lebesgue integrable
and the values of the integral in the two notions agree). The Lebesgue integral will turn out to be

good in the sense that we shall never need any more general notion.

161. What are the requirements out of the integral that we are about to construct? The integral
of a I(f) of a real-valued function f (if defined) will be a real number. The association of integral to
a function must be linear (I (af + B8g) = al(f) + B1(g)) and positive (I(f) > 0if f > 0 pointwise).
The dependence of the integral on the measure is captured in the requirement that 7(14) = p(A)
for A e F.

162. We do not make any effort to justify these requirements but mention them to keep the
end-goal in sight. However, note that the Riemann integral also has linearity and positivity. Later
we shall see that in fact any linear and postive functional on a large class of functions is an integral

with respect to a measure!

163. A function f : X — R is said to be simple if it has finite range. If a4,...,a, are the
distinct elements in the range, and Ay = f~!'{ax}, then {4;,..., A,} is a partition of X (i.e.,
X=AUAU...uAy)and f =ajla, +...+aply,. Observe that f is measurable if and only if

A € F for each k.
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It is worth noting that any finite linear combination of indicators, ¢ = b11p, + ... + by 1p,, is
a simple function. Its canonical form as above is g = ) | ¢ agl 4, where the sum is over subsets of
{1,2,...,m}and as = > ;. g b; and Ag = NicsB; Nigs Bf. The empty sum is 0, and the terms with
Ag = () are to be dropped from the sum. For example, if m = 2, then the canonical form of g is
bi1lp,nBs + balpenp, + (b1 + b2)1p,nB, + 01penpe.

164. The definition of integral will proceed in three steps.

(1) If f : X — R4 is non-negative, simple and measurable with canonical representation
f=a1la,+...+ay1y,, thendefine I (f) := a1u(A1)+. . .+anu(4,). Then I (f) € [0, 4+o0].
Note that measures of sets can be infinite, which is why we don’t define for general simple

functions (we may encounter co — 00).

(@) If f : X — Ry is non-negative and measurable, define I5(f) = sup{/i(¢):0 < ¢ <

[, ¢ simple, measurable}.

(B3) If f: X — R is measurable, let fy = fVvOand f- = (—f);+ = —(f A0). Both f; and f_
and non-negative and measurable, f1 — f_ = fand fi + f- = |f|. If Is2(f+) < oo and
I>(f-) < oo, then we say that f is integrable and define I3(f) = I2(f+) — I2(f-).

If exactly one of I>(f}) and I(f-) is equal to +oo, then we define I3(f) to be 00 ac-
cordingly, but we do not say that f is integrable.

If f is non-negative, simple, measurable, then I;(f) = I>(f) = I3(f) and if f is non-negative and
measurable, then I>(f) = I3(f) (this needs justification which will be provided later). Hence it is
legitimate to use a common notation for Iy, I, I3. The standard notation is | + fdu (also written as
[x f(t)du(t) with a dummy variable ¢ that has no meaning) and read as the (Lebesgue) integral of

fw.rt. p. Our first goal is the following theorem.

165. Theorem: The space of integrable functions is a vector space. Further, (1) [ laf+Bg)du =
o [y fdp+ B [y gdp for any f, g integrable and «, 8 € R. (2) [y fdpu > 0if f > 0 pointwise and is

measurable, and the inequality is strict unless f = 0 a.s.[u].
Further, f is integrable if and only if | f| is integrable and then ’ Ix f d,u! < [x |fldp.

In words, the integral is linear and positive. A consequence of these is monotonicity: [y fdu <

|  9du if f < g pointwise and both are integrable.

166. To prove this theorem, we must prove similar properties at each step - for Iy, then for I
and then for I3. The part that is most non-trivial is the additivity f I5: If f, g are non-negative mea-
surable, so if h = f + g. From the definition of I, it is easy to deduce that I5(h) > I2(f)+I2(g). The
other way inequality is what requires work and will also lead us to one of the appealing features

of Lebesgue integration theory, namely the clean limit theorems that allow easy interchange of
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limits and integrals (which leads to similar theorems about interchange of two integrals, of a sum

with an integral, of differentiation under an integral and so on).

167. Proposition 1: Let f, g be non-negative, simple, measurable. Then sois af + g for o, 5 > 0,
and I1 (af + Bg) = ali(f)+ B (g). If f < g pointwise then I (f) < I,(g) with equality if and only
if f=ga.s.[u]

168. Before proving the proposition, it is worth observing that if g = b11p, + ... + by 15,
is a simple function (not necessarily in canonical form), then it is true that I;(g) = biu(B1) +
...+ bpp(Bp,). Indeed, we have seen that the canonical form of g is > ¢ (},c4bi) 144 where
Ag = NiesBi Nigs Bi. Hence,

ILi(g) = Z(Z@) pAs) = Y b > p(As) = Y beu(Bi)
S k=1

1€S k=1 S:S5k

since Lg.s5xAgs = By.

169. Proof of Proposition 1: Therefore, if f = a114,+...4+apl4, and g = b11p,+...+by 1R, Where
A;,Bj € Fand a;,b; > 0,thenaf + Bg = car11a, + ...+ ayly, + Bbilp, + ...+ Bbylp,,. From
the previous step, we can write I1(f), I1(g), I1(h) without having to worry about their canonical

forms and see that I1(h) = a1 (f) + B8I1(g).

Next, if f < g, then we can find a common partition and represent them as f = a11¢, + ... +
aple, and g = Bile, + ... + Bylc,. Then f < g imples that a; < ; for each j. Consequently
Ii(f) = >, 0iu(Cy) <57, Bap(B;) = 11(g). Equality holds if and only if a; = f3; for all i for which
w1(C;) > 0. This is the same as f = g a.s.[u].

170. MCT for simple functions: Suppose ¢, p,, n > 1, are non-negative simple measurable
functions on (X, F, i) such that ¢,, T ¢ pointwise. Then I () T I1(p).

171. Proof: By monotonicity we see that I1(py,) is increasing in n and I1(¢,) < I(p) for all n.
Therefore lim,, I;(p,) exists and is at most I;(y). Let ¢ = apla, + a1la, + ... + apla,, where
{A}} form a measurable partition and a; > 0 for j > 1. Let A,, , = {¢n > (1 —€)ai} for1 <k <n.
As ¢, T ¢, it follows that A, T Ay for each 1 < k& < m and hence p(A, k) T 1(Ax). Then
On > Y = (1 = €)la1la,, + ... + anla,,]. Both ¢, 1, are non-negative simple functions,

hence by monotonicity I1(¢,) > I1i(¢n) = (1 — €)[arpu(An, + ... amp(An,m)] and the right hand
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quantity increases to (1 — €)I1(¢) as n — oo. Thus lim,, I1 (¢,) > (1 — €)I1(p) for any € > 0, hence
limy, I1(¢n) > L1(p). [

172. Proposition 2: Let f, g be non-negative, simple, measurable. Then sois a f +3g for o, 5 > 0,
and Iy(af + Bg) = ala(f) + Bla(g). If f < g point wise then I5(f) < I>(g) with equality if and
only if f = g a.s.[u]. Further, I(f) = I (f) if f is simple, non-negative and measurable.

173. The last part is a direct consequence of monotonicity of I;. Indeed, if f is simple, and
0 < ¢ < f, then I1(¢) < Ii(f), which shows that I5(f) < I;(f). Further, the set of simple

functions over which we take supremum contains f too, hence I;(f) < I»2(f). Thus, Izo(f) = L1 (f).

174. The second part is easy. If f < g, then the supremum in the definition of I5(g) is over a
larger class of non-negative simple measurable functions than the supremum in the definition of
I>(f), hence I>(g) > I>(f). If As = {g > f+ 6} has u(As) > 0, then take any simple, non-negative
measurable ¢ < f and observe that ¢y = ¢ + 614, < g, hence I2(g) > Li(p) + du(As) > LI(f).
Thus, to have I5(f) = I2(g), we must have u(As) = 0 for all § > 0. Take intersection over § = 1/,

j>1,togetu{g> f} =0.-

175. To prove the first part, it is obvious that h = af + (g is non-negative and measurable. Let
0 < ¢ < fand 0 < ¢ < g be simple and measurable such that I;(p) > I2(g9) — € and [;(¢)) >
I5(g) — €. Then, 0 < ap + B¢ < his also simple and measurable, hence I5(h) > I1(ap + B) =
ali() + BLi(¢) > ali(f) + BI11(g) — 2¢ (by Proposition 1). Thus Iz(h) > ali(f) + 811 (g).

To prove the other way inequality suppose we can find simple, non-negative, measurable ¢,
(respectively v,,) that increase to f (respectively g) point wise and set ¢,, = ¢, A and Un = P A
(both are again simple and measurable). Then ¢, 1 ¢ and ¢, 1 ¢ point wise. By the MCT
for simple functions, I;(¢,) 1 I1(p) and I1(¢,) 1 (1) and Ii(a@, + Bin) T Li(ap + Bi) >

(1= O)[L2(f) + BI2(9)]- But agy + By < h, hence Ir(h) > (1 = e)[ali(f) + B11(g)] for any ¢ > 0.
This proves the first part.

176. It still remains to show that for a given measurable f > 0, there exists simple, measurable

¢n > 0 such that ¢, T f point wise. An explicit example is ¢,, = Zzza_l 2%1 ko< fekit +nlysy.

In words, we partition [0, c0) into [0,27"), [27",2 x 27"), ...[n — 27", n) and [n, c0), and if the
value of f falls in an interval, ¢, will take value equal to the lower end-point of that interval.
Observe that each partition is a refinement of the previous one, which ensures that ¢,, < ¢,41.

This works even if f takes the value +ooc.

177. Theorem: The space of integrable functions is a vector space. Further, (1) I3(af + Bg) =

als(f) + BI3(g) for any f, g integrable and «, 3 € R. (2) I3(f) > 01if f > 0 point wise and is
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measurable, and the inequality is strict unless f = 0 a.s.[u]. Further, I3(f) = I2(f) if f is non-

negative and measurable.

178. Proof: The last part is again obvious, since f > 0 implies that f; = f and f- = 0. The
second part is a restatement of the last part of Proposition 2 (after we know that I3(f) = I>(f) for

f=0).

For the remaining part, since |f| = f1 + f_, we see that a measurable f is integrable if and only
if | f| (a non-negative measurable function) has I5(|f|) < oco. Since |af + Bg| < |a||f] + |8]|gl, this
shows that if f and g are integrable, so is af + (g¢.

For the first part, let us first consider scalar multiplication. If & > 0, then (af)+ = af+ while
if @« < 0 then (af)+ = —afy. From this, it is easy to see that I3(af) = alz(f). Now consider
h = f+g. Write I3(f) = I2(f+) — I2(f-) and I3(g) = I2(9+) — I2(g9—) and I3(h) = I2(hy) — Iz(h-).
Rearrange h = f +gas hy + f- +9g- = h_ + f+ + g+ and use Proposition 2 to deduce that
Iy(hy)+ I(f-) + I2(9-) = Ia(h—) + I2(f+) + I2(g+). Rearrange again to get I3(h) = I3(f) + I3(g).
This proves the linearity. |

179. This completes the construction and the most basic properties of Lebesgue integral. Hence-

forth we shall use the notation [y f(t)du(t) or [ fdu. One more property that we have not men-

\/deu\ S/X\fldu~

The proof is that the right side quantity is the sum of two non-negative numbers [ f.du and

tioned is that for integrable f,

[x f-dp, while the left side quantity is the absolute value of the difference between the same

numbers.

16. SOME REMARKS ON LEBESGUE INTEGRAL

180. So far our measurable functions were taking values in R. What if they take values in R.
As remarked already, if f is takes values in [0, 00|, then I5(f) can be defined exactly as before.
But if u{f = +oo} > 0, then necessarily [y fdu = +oo (the converse is not true). If we want a
measurable function to be integrable, then we shall need p{fy = oo} = 0 and p{f- = o0} =0
or equivalently, u{f = +oo} = 0. This is why, even though we allow the values o0, in most
situations we only allow that on a set of zero measure. The convenience is that when we take

limits of functions, we may get infinite values on sets of zero measure.

181. Turning it around, we can say that if a non-negative measurable function is integrable, then
it is finite almost surely. This looks trivial but is useful in situations like the following: Suppose
fn > 0 are measurable and }° [y fudp < oo. Then Y- f, converges to a finite value a.s.[s].

This is because f := ), fn is a non-negative measurable function taking values in [0, +-00] whose
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integral is finite. Hence the sum is finite a.s. (convergence of the series is easy as partial sums are

increasing, finiteness is the question).

In particular, if >, pu(Ar) < oo, then Y, 14, < oo a.s.[u]. But ), 14(z) < oo if and only if =
belongs to only finitely many of the Ays. Hence, p(limsup Aj) = 0, where limsup Ay, = N Up>k Ay
is the set of = that belong to infinitely many of the A,,s. This is known as first Borel-Cantelli lemma.

182. A quantitative extension of the previous remark is the simple but useful Markov inequality:
If f > 0 is measurable, then [y fdu > tu{f > t} for any ¢t > 0. This follows by monotonicity of
the integral applied to f > t1>;.

183. Extending the previous point, if f, g are two measurable functions such that f = g a.s.[y],
then [ | f—g|dp = 0 and in particular, if one is integrable then so is the other and their integrals are
equal. For all intents and purposes, they are the same function. This is made precise by declaring
an equivalence relationship f ~ g if f = g a.s.[u|. That it is reflexive (f ~ f) and symmetric
(f ~g9g = g ~ f)is clear. Transitivity follows because p{f # h} < u{f # g} + p{g # h}. The
equivalence classes are often denoted [f], where f is any representative of the class.

184. The operations of addition, scalar multiplication, product and almost-sure limits along
sequences carry over to the equivalence classes. For this all one needs to check is that if f, ~ g,
then lim,, f,, = lim,, g,, a.s.[u] (if the limits exist almost everywhere), that af; + Sf2 ~ agi + Bg2
a.s.[u] and that f1fo = g1g2 a.s.[u]. Thus, one can write [f] + [g] (same as [f + g]), [f] X [g] (same
as [fg]) and limsup,, [ f,,] and lim inf[f,,] (same as [lim sup f,| and [liminf f,]). But after a while one
gets tired of writing brackets (we tell ourselves that we are picturing them mentally) and we refer

to equivalence classes as functions, choose representatives at abandon and so on.

185. We have only integrated functions over the whole space. If A € F, we define the integral
over A as [ afdp = / + fladp. Itis a good exercise to check that this is the same as integrating
g= f|A over the whole set in the measure space (4,G,v) whereG = {BNA: Be F}andv = /J,|A.

186. An interesting property is that if f > 0, then ps(A) = [, fdu defines a new measure on
(X, F). All one needs to check is countable additivity. But if A, are pairwise disjoint and their
union is A, then 14 = 3~ 14, and by MCT (applied to the sequence of partial sums), [ f1adyu =
>n Jx f1a,dp. This is another way to generate new measures from old. In terminology that we

shall introduce later, y ¢ is absolutely continuous to p with Radon-Nikodym derivative f.

17. LIMIT THEOREMS

187. As remarked earlier, a striking and convenient feature of Lebesgue integration theory is

the ease with which limits and integrals can be interchanged. There are three primary theorems
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that we shall have occasion to use repeatedly. Throughout, we fix a measure space (X, F, 1) and

R-valued functions on it.

188. Monotone convergence theorem (MCT): Suppose f,, f are non-negative measurable func-
tions such that f,, 1 f a.s.[u]. Then [ fndpu 1 [ fdp (valid also when [ fdu = 400).

189. Fatou’s lemma: Suppose f,, are non-negative measurable functions. Then [ (liminf f,,)du <
liminf, [y fndpu.

190. Dominated convergence theorem (DCT): Suppose f, — f a.s.[u] and |f,| < g a.s. for all
n for an integrable g. Then [y |f, — fldu — 0 and [ fodp — [y fdpu.

191. Is non-negativity necessary in MCT? As f,, T f. If f,, 1 f, then g,, = f,, — f1 are non-negative
and increase to g = f — f1. Applying MCT, we get [(fn, — fi1)du T [(f — f1)dp. Using linearity,
[ fodp — [ frdp t [ fdp — [ fidp, which implies that [ f,du T [ fdu. Where is the flaw in this

argument?

There is none, provided [ fidu > —oo, or [ fydp > —oo for some N (then we can start the
sequence at fx). Consider f, = —1, o) which increases to 0 as n — oo, but [ fadX = —oo for all
nand [ fd\ = 0. This shows that MCT can be violated.

192. Is the domination condition necessary in DCT? The example of f, = nly 1) on (R, L, )
(clearly f,, — 0 a.s.[A\]) shows that some condition is needed along with almost sure convergence
to conclude convergence of integrals. This example also helps to avoid the most common mistake
I have seen in applying DCT. All too often someone states that if f,, — f a.s.[u] and f is integrable,
then [ f,du — [ fdp. False!

However, the domination condition is not necessary. In fact, there is a necessary and suf-
ficient condition (finiteness of p needed?) which, together with f,, — f a.s.[u] implies that
[ fndp — [ fdu. That condition is uniform integrability: Given e > 0, there exists M < oo such that
Jx 1fnl1)f,>0mdp < € for all n. Check that the domination condition implies uniform integrability.

Domination is one of the most easily checkable sufficient conditions for uniform integrability.

193. Is non-negativity required in Fatou’s lemma? Again the example of —1, ..y on (R, L, \)
shows that we cannot just omit it. Another point is that strict inequality can hold in the lemma.

The example f,, = n1[07 1 shows this.

194. Proof of MCT: We already know this when f,, and f are simple and convergence happens at

all z. Let us relax this one by one.

First suppose that f,, are simple and convergence happens at all points of X. Then for any non-
negative, simple, measurable ¢ such that 0 < ¢ < f, we have (¢ A f,) T ¢ pointwise and hence

Jx o =limy, o0 [ (@A fr)dp < liminf [ f,du. Take supremum over
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Next suppose that convergence happens at all points of X but no assumption that f,, or f are
simple. Find non-negative simple measurable ¢, ;. that increase to f,, as k 1 oo. Set ¢, = ¢, 1 V

...V @nn- Then 4, are simple and increase to f point wise (why?). Hence, [y f = lim,_o0 [ (@ A
fn)dﬂ < liminf fX fndp

195. Proof of Fatou’s lemma: Let g, = inf, > fn. Then g; are non-negative measurable func-

tions that increase to g = liminf f,. By MCT, [ gpdu t€ gdu. But g < f; for each k, hence
liminfy, [ frdp > [ gdp. |

196. Proof of DCT: g — f, > O and g — f,, — g — f a.s.[u]. By Fatou’s lemma liminf [(g —
fn)dp > [(g — f)dp. Cancel [ gdu on both sides (since it is finite by integrability of g) to get
limsup [ fodp < [ fdp. Similarly from g + f,, (which are non-negative and converge to g + f a.s.)
conclude that liminf [ f,dp < [ fdu. Together these show that [ f,dp — [ fdp.

To get the apparently stronger conclusion that [ |f, — f|du — 0, apply what we have already
proved to the sequence | f,,— f| which converges to 0 a.s.[u] and is dominated by 2¢ (since | f,, — f| <
|fnl +1f] and f,, — f a.s.[u] implies that | f| < g too). [ |

18. COMPLETENESS OF LEBESGUE SPACES

197. Let (X, F, 1) be a measure space. Recall the equivalence relationship f = g a.s.[u] intro-
duced earlier. If f ~ g, then f is integrable if and only if ¢ is, and then their integrals are equal.
Hence we can define an equivalence class to be integrable if one (and hence all) element in it is
integrable. The space of equivalence classes of integrable functions is denoted L'(X,F, p1) - it is

the first Lebesgue space. We may simply write L!(uz) or L' if the setting is clear.

198. As noted earlier, the operations of addition, scalar multiplication, products, almost sure
limits can be naturally defined on the collection of equivalence classes. In particular, L!(y) is a
vector space with the L'-norm ||[f]||1 := [y |f|du (well-defined as the choice of representative does
not change the value of the integral). It is a norm because of homogeneity [ |af|du = |a| [ |f|dp
and triangle inequality [ |f + g|du < [(|f] + |g])dp = [ |f|ldp + [ |g|du. Also, [|f|dp = 0 if and
only if f = 0 a.s.[u], which means that [f] = 0 (this is the reason why we moved to equivalence

classes, otherwise we would only get a pseudo-norm).
199. Completeness of L': The space L!(X, F, i) is complete under the L! norm.

200. Proof: Pick a Cauchy sequence in L' (1) and representatives f,, in them. The Cauchy prop-
erty says that fX |fro — fmldp — 0 as m,n — oo. In particular, we can find N; < Ny < ...
such that [ < | fn = fmldp < 275 if m,n > Nji. As 27% is summable, it follows that the series
vy + (fve — ) + (fng — f,) + ... converges absolutely almost surely. Thus, fy, — f a.s.[u]

for some finite f that is integrable. Further, [y [fn, — fldu < 3o [y [fn; = vy ldp < 278
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Therefore, ||[fn,] — [f]lli — 0. In a Cauchy sequence, if a subsequence converges then the entire

sequence does, thus ||[f.] — [f]|l1 — 0. This shows the completeness of L! (). [ ]

201. Other Lebesgue spaces. For 1 < p < oo, define || f|l, = ([} \f|pdu)1/p and for p = co we
define || f|lco = inf{t > 0: u{f > t} = 0}. Then, for 1 < p < oo, the vector space LP(X, F, j1) :=
{lf] - I flly < oo}. Itis endowed with the LP norm ||[f]||, = || f||, (the choice of representative does
not matter). It is clear that ||a[f]||, = |o|||[f]||, and that ||[f]||, = 0 if and only if [f] = 0. Triangle
inequality is not obvious and will be proved later (Minkowski’s inequality). That is where p > 1 is
required. One example that may already be familiar is when X = N and p is the counting measure
(F is the power set), in which case LP(p) = 7 = {z = (21, 22,...) :zp €R, > |z,P < 00}

202. LP spaces are important, but the most important and intuitive of them are L!, L? and L.
We have already seen L.

203. The space L is easy to work with. The elements are equivalence classes of measurable
that contain a bounded function, with the norm being the smallest of the sup-norms of elements
in the equivalence class. Triangle inequality and completeness of L> are easy to prove (similar to
the way one proves that sup-norm is a complete norm on C[0, 1]).

204. The space L? is the most special of all. Observe that || f||3 = (f, f) where (f,g) := [y fgdp.
This is a (pseudo) inner product, which becomes a genuine inner product at the level of equiva-
lence classes. It is also complete, which makes it a Hilbert space.

205. Assuming that the LP-norm is a norm, let us prove the completeness. Take a Cauchy
sequence of equivalence classes in L”(;) and representatives f,, in them. Then find a subsequence
{Ny.} such that || f, — fullp < 272* for m,n > Nj. Then the set Aj, := {|fn, — fn...| = 27} has
measure p(A;)27F < fX |fne = N [Pdp < 272kP whence p(A;) < 27, As this is summable,
we see that | fy, — fn,.,| > 27" for all large k, for a.e. z [1]. Therefore, fy, + Y kst (PN — )
converges absolutely, a.s.[p]. Call the limit f (at points where the limit does not exist, define
f(xz) = 0) so that fn, — f a.s.[u]. Further, ||f — fnllp < >2i5k [ fn;0 — fiv;[l, which shows that
fn, — fin LP. As the whole sequence is Cauchy in L?, this implies that the sequence converges
in LP to f (more precisely that [f,,] converges to [f] in LP).

206. We are yet to prove Minkowski’s inequality. We first prove Holder’s inequality.

207. Holder’s inequality: Let f,g > 0 be measurable functions on (X, F, x). Then for any
1 < p,q < oo with % + % =1, wehave [ fgdu < ([ fpdu)l/p ([ g%dp) Y4 with equality iff f? = g4
a.s.[u1]. As a corollary’, if f € LP and g € L9, then fg € L' and || fgl|1 < || fllpllgll4-

208. The key inequality is that %p + %q > ab for a,b > 0. Apply this with a = f(z), b = g(z) and
integrate over x w.r.t. i to get S| f|[; + 7llglli = [ fgll1- Replace f by f/||fl, and g by g/lgll, (if

1Stric’cly speaking one should write [f], [g], [fg] in this statement, but it is usual to be loose with language and say

that a function is in L? etc.
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one of || f||, or ||g||q is O or oo, the statement is obvious) to get = 1. This proves

1
1£1lpllgllq a

the first statement. Applying it to | f| and |g| gives the second.

To prove the inequality used, consider the graph y = 27!, which is the same as z = y?},
where z,y > 0. Observe that % is the area of {(z,y) : 0 <2 <a, 0 <y < 2P~} and %q is the area

of {(z,9): 0 <y <b, 0 < <y '}. The union of these regions covers the rectangle 0 < z < a,
0 < y < b, which has area ab.

It is clear that equality holds if and only if b = a?~! or equivalently a = b9~! or equivalently
a? = b9. Thus, in Hoélder’s inequality for non-negative functions, equality holds if and only if
fP = g% a.s.[u]. For general f, g, equality holds if and only if | f|P = |g|? and fg has a constant sign,
a.s.[u]. [ |

209. Minkowski’s inequality: Let f,g > 0 are measurable, then for any 1 < p < oo, we have
f+allp <l fllp + llgllp- In particular, || - ||, defines a norm on LP(u).

210. Proof: The cases p = 1 and p = oo are easy to verify directly. Hence assume 1 < p < oo and
let1 < g < oo be the conjugate exponent satisfying %4—% = 1. Write [(f+g)Pduas [ f(f+g)P tdu+
[g(f + g)P"'du. Apply Holder’s inequality with exponents p and ¢ to the first integral to get

[ F(F+g)P=tdu < (f frdp)s ([ (f+g)Pdu)a. Similarly [ g(f+g)P " du < (f gPdu)» ([ (f+g)Pdp)a.

1

Adding the two, we get [(f + g)Pdu < ([ (f + g)Pdp) ([ fPdu)? + ([ gPdu)7). As 1 - ¢ =1, we

get ([(f+ g)pdu)% <(f fpdu)% +(f gpdu)%). Equality holds if and onlu if f? = (f + g)»~17 and
g7 = (f + g)P~V9 q.5.[u], which is the same as f = g a.s.[u].

All this holds even if the integrals are infinite. Now if f,g € L?, then apply the obtained
inequality to | f| and |g| to get the second statement of the theorem. Equality holds if and only if
|fl = lg| and |f + g| = | f| + |g| a.s.[p], which is the same as saying that f and g are collinear. W

19. MEASURE FROM INTEGRAL

211. Sticking to R, we constructed Lebesgue measure and then Lebesgue integral. It is also
possible to go in the other direction - start with a notion of integral on a large enough class of
functions and then construct the measure. What class of functions? The notion of measurability
depends on the sigma algebra we take, but we probably agree that any notion of integral must
apply to compactly supported continuous functions. Hence let us start with an integral on this
class. But what is an integral? We ask only fo linearity and positivity.

212. The considerations extend to any locally compact Hausdorff space. If not familiar with

general topology, assume that it is a metric space where closed balls are compact. All open sets in
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R? are examples. But C[0, 1] is not a locally compact space (why?). Let C.(X) denote the space of
continuous f : X — R such that f = 0 outside a compact set.

213. Riesz’s representation theorem: Let X be a locally compact Hausdorff space. Let L :
C.(X) — R be a functional that is linear (L(af + 8g) = aL(f) + BL(g) for a, 8 € Rand f,g €
C.(X)) and positive (L(f) > 0if f > 0 point wise). Then, there exists a unique regular Borel
measure £ on (X, Bx) such that L(f) = [ fdu forall f € C.(X).

214. Recall that a Borel measure p is regular if it is Radon (u(K) < oo for all compact K),
outer regular (u(A) = inf{u(G): G O Aisopen} for all A € Bx) and inner regular (u(A) =
sup{u(K) : K C Ais compact} for all A € Bx with u(A) < oo). If X is sigma-compact, then we

may drop the condition of ;1(A) < oo in inner regularity.

215. Riesz’s representation theorem says that an integral is nothing except a positive, linear
functional on C.(X). If X is compact, then C.(X) is just C'(X).

216. When we defined measure as a countably additive function on a sigma-algebra, we never
justified the requirement of countable additivity. Even our intuitive notion of volumes would ask
only for finite additivity. Indeed, countable additivity was initially not universally accepted as the
right framework, especially in probability. However, the theory with countably additivity is far
richer than just finite additivity, and has gradually become the norm.

Riesz’s representation theorem can be seen as a justification for countable additivity. The ques-
tion of what linear functions on C,(R) are positive, has no countability in it. But the answer turns
out to be integration w.r.t. (countably additive) measures. Thus it brings out countable additivity

without secretly putting it into the question itself!

217. Some examples: Let X = R and Ly(f) = [; f(x)dz (Riemann integral, say), Lz(f) = f(1),
L3(f) = > nez wnf(n) where w, > 0forall n. Itis clear that all three are positive linear functionals.
The measure corresponding to them (as per Riesz’s representation theorem) are 111 = A (Lebesgue

measure on R), pp = 61 and pz = Y, .y Wy op.

218. Let us discuss the approach to Riesz’s representation theorem in the context of X = I =

[0,1] and L(f) = fol f(z)dx for f € C(I) (here we may take Riemann integral, to make the point
that this could have been defined before Lebesgue integration theory). The one way to construct
measures that we have seen is to construct an outer measure then use the Carathéodory cut condi-
tion. For Lebesgue measure, we constructed the outer measure starting with lengths of intervals;

now we must do that using integrals of continuous functions.

219. A first thought would be to define y#(A) = inf{L(f): f € C(I), f > 14} for A C I.
But then 47 (Q N [0,1]) = 1,as f > 1 on QN [0,1] and continuity of f force that f > 1 on [0, 1].
But we know that we must get ;1 to be the Lebesgue measure, hence there is a problem with this

approach. This is reminiscent of the problem with Jordan measurable sets. Indeed, it is not hard
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to show that p#(A) = A\#(A) where the outer Jordan measure \#(A) = inf 25:1 |1;], where the

infimum is over all finite covers of A by intervals.

220. Proof that u# = M\#: Given an interval cover Ii,...,I,, of A, pick f; € C(I) such that
fi = 1on I; and f; = 0 outside an e-neigbourhood of I; and 0 < f; < 1 everywhere. Then
f=fi+...+fm>1aand L(f) = L(f1) + ... + L(fm) < |Ii] + ... + | x| + me. Taking infima,
we see that 7 (A) < \#(A).

Conversely, given f € C(I) such that f > 14, observe that {f > 1— e} is a finite union of finitely
many open intervals I, ..., I, (Why?). Then |I;| + ...+ |L,| < (1 — fo x)dz. Again taking
infima, we see that A7 (A) < 7 (A).

221. We now move back to a more general situation but more restricted than in the statement
of Riesz’s theorem. Henceforth, assume that X is a compact metric space. Given L is a positive

linear functional on C'(X), define for A C X.

K (A lnf{Zsz fzec ZfzzlA}

1=1
The choice fi = 1and f; = 0 for i > 2 shows that the infimum is over a non-empty set.

222. Proof that p* is an outer measure: Clearly 0 < p*(A) < L(1). Monotonicity is also obvious:
If A C B then p*(A) < p*(B). To check countable subadditivity, let A, be subsets and A = U, A,,.
Find fy, x, k > 1,suchthat > L(fnx) < p*(An)+€27" and then the whole collection f,, ;, n, k > 1,
satisfies >,  L(fok) < D2, 0" (An) +eand 3, for > 1a. Hence, p*(A4) < e+ >, pn*(An),
showing subadditivity of ;*.

223. Metric property of u*: Let A, B C X with d(A, B) > 0. Consider ¢ (z) := 1—(1d(4,z) A1),
a continuous function that is 1 on A and 0 outside the e-neighbouhood of A and between 0 and
1 everywhere. Given any f > 14,p, let g = fypa and h = fpp where 2¢ < d(A, B). Then
g,h € C(X), have disjoint supports, g > 14 and h > 1. Disjointness of supports shows that
f>g+hhence L(f) = L(g) + L(h) > p*(A) + p*(B). Taking infimum over f we get u* (AU B) >
p*(A) + p*(B). The other way inequality follows from subadditivity. Thus p* is a metric outer
measure.

224,

225. Recall that a metric outer measure is a measure when restricted to the Borel sigma algebra.
Let this measure be denoted p. All that remains is to prove the regularity of p. To see the outer
regularity,let A C X and find f € C(X) such that u(A) > L(f)—e. LetG = {f > 1—¢}, an open set
that contains A. Observe that (1—-8) "' f > 1¢ and hence u(G) < (1-0) " L(f) < (1—6) "1 (u(A)+e).
As e and ¢ are arbitrary positive numbers this shows that inf{;(G) : G O Ais open} < p(A). The

other way inequality is trivially true. Thus p is outer regular. In case of compact space X, by
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going to complements, this also gives inner regularity. This completes the existence part of Riesz’s

representation theorem.

To prove the uniqueness, observe that if A is closed, then the sequence of functions ¢, = 1 —
(Ld(A,z) A1) decrease to 14. Hence, by monotone convergence theorem, (A) = lim L(y,,). Thus,
two measures that represent L must agree on all closed sets. Since they form a 7m-system that

generates the Borel sigma algebra, the measures must be equal. |

226. This completes the proof for compact metric spaces. The metric condition is not too restric-
tive for actual applications, but compactness is. For example, the case of R is not covered. Where
did we use the compactness of X in the proof above? Suppose X is a locally compact metric space,
we may define p* exactly as above, except that the infimum may be over an empty set (which is
defined to be +00). The proof that ;1* is an outer measure goes through. When it comes to the
metric property of u*, the function ¢4 is in C,.(X) only if A is compact. Thus, the metric property
w (AU B) = p*(A) + p*(B) holds when A and B are separated and their closures are compact.
It must be possible to extend this to all sets or may be this suffices to show that x* is a measure
when restricted to Bx. I'll think about this at some point of time and update the notes, but for the

course, we just stay with the proof for the compact metric case.

20. RADON-NIKODYM THEOREM

227. Let (X, F, ;1) be a measure space. If f is a non-negative measurable function on X, then
ve: F > [0,00] defined by v¢(A) = [, fdpu, defines another measure on F (this was an exercise - a
simple application of MCT). When this is the case, we say that f is the Radon-Nikodym derivative
of v with respect to ;. The uniqueness is clear, hence we say “the” derivative. It is customary to
write dv = fdpu.

228. Now we address the converse question: Given a measure v on F, does v have a Radon-

Nikodym derivative w.r.t. p, i.e., is there a function f such that v = v;?

229. A necessary condition: If u(A) = 0 then v;(A) = 0, because f14 = 0 a.s.[u], which implies
that [, fdu = 0. Hence, if there is even a single A € F such that v(A) > 0 = u(A), then v cannot
have a RN-derivative w.r.t. p.

230. Definition: Let p1, v be measures on (X, F). We say that v is absolutely continuous to p and
write v < pif v(A) = 0 whenever p(A) = 0. If v < pand p < v, we say that o and v are mutually
absolutely continuous. We say that v and p are singular and write ;1 L v if there exists a set A € F

such that (A) = 0 and v(A°) = 0. Singularity is a symmetric relationship.

231. Examples: If v is a measure on R? that has an atom then it is not absolutely continuous

to \g. Lebesgue measure on a proper subspace of R? is singular to Lebesgue measure on R
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The Cantor measure and Lebesgue measure on the line are singular to each other. On (R, B), if

W= )\‘ 0.1’ then 1o < A but ) is not absolutely continuous to .

232. The discussion earlier says that if » has a Radon-Nikodym derivative w.r.t. 4, then it is
necessary that v < p. It turns out that this is the only obstacle! Well, we must restrict to sigma-

finite measures though.

233. Radon-Nikodym theorem: Let 1, v be o-finite measures on (X, F). If v < p, then it has a
Radon-Nikodym derivative w.r.t. f.

234. If we prove the theorem for finite measures 1, v, then the result for the sigma-finite case
can be deduced as follows: Find a measurable partition {X,,} of X such that u(X,) < oo and
v(X,) < oco. Consider the finite measures p, = ,u]Xn and v, = y’Xn on (X, F,), where F,, =
{B € F:B C X,}. Then v, < p,, write dv, = f,du,, where f, € L*(X,,, Fn, in). Then define
f:X—Rasf=)> fulx,. Forany A € F, write A = LI,(A N X,,) and hence

v(A) = (AN X,) :Z/X Fadpin :/deu,

showing that dv = fdpu.

235. Proof of RN theorem for finite measures: Consider S := {f : X — R : measurable, [, fdu <
v(A) VA € F}. As S contains the zero function, it is non-empty. Let J(f) := [y fdu for f € S. We
wish to show that J attains its supremum on S. Assuming this, let g € S be a maximiser of J over
S. We claim that g is the RN-derivative of v w.r.t. p. If not, then [ gdu < (1 — €)v(X) for some
e > 0. We make the claim (and this is the one that uses the hypothesis of absolute continuity) that
there exists A € F such that (A) > 0and [, gdp < (1 — €)v(C) for all measurable C' C A. Once
this claim is granted, h = g + €l4 € S and J(h) > J(g), giving a contradiction. Modulo the two

claims, the proof is complete. |

236. Proof that J attains its supremum on S: First we observe that S is closed under taking finite
maxima. Indeed, if fi, fo € S, then partition X into X; = {fi > fo} and Xo = {fo > f1}, so
that [, (f1 V fo)du = fAle fidu + fAmX2 fadp. The summands are bounded by v(A N X;) and

v(AN Xz), because f; € S. Adding up, we see that fA gdp <v(A), forany A € F. Thatis, g € S.

Now find f;, € S such that J(f,) T supg J. Then g, := fiV faV...V f, € S and g, are point-wise
increasing, say to g. By MCT, it follows that g € S and also that J(g) = lim J(g,,) = supg J. [

237. Proof of the existence of the set A: To remove distracting features, define the measures df =
gdp and 7 = (1 — €)v. Now define a; = sup{f(B) — 7(B) : B C X} and observe that a; > 0
since (X) > 7(X) by assumption. Find A; C X such that §(A4;) — 7(A1) > 0.9a;. Then define
ag = sup{f(B) — 7(B) : B C A;} and find A2 C A such that §(Az) — 7(Az) > 0.9a3. Continue

to define a,, and A,, (if a,, = 0 then set Ay = 0 for k£ > n). Then A,, are pairwise disjoint and
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Up,An, € A hence 0.9, a, <> 0(A,) < 1, showing that a,, — 0. Therefore, if B = A\ U, A4,
then for any C' C B, we must have §(C) < 7(C), otherwise, §(C) > 7(C) + a for some a > 0 and
then a,, would have been more than «a for all n. If u(B) = 0, then by absolute continuity we also
have v(B) = 0, which means that #(B) = 7(B) = 0. [

238. Second proof of Radon-Nikodym theorem: Again we assume that 1 and v are finite measures.
Let § = pu + v. Then pu(A) < 0(A) for all A, hence L?(0) C L?(u). Further, the linear functional
L(f) = [y fdu defined on L?(0) is continuous. Hence, there exists g € L?(0) such that [, fdu =

[x fgdo or equivalently, [, f(1—g)du = [y fgdv.
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