Measure theory

1.1 Measure and probability

Let S be an arbitrary nonempty set. Recall, a family of S C P(S) is called o—algebra if
i) 0es,
ii) A€ S implies A° € S,
iii) A; € S,7 €N, implies Ui, A4; € S.

If S satisfies 1),ii) and iii’): A; € S, i =1,...,n, implies U ;| A; € S, we say that S is
an algebra.

For a class of sets C C P(S), by o(C) we denote the smallest o—algebra containing
C. Using exercise 1.1, one can check that

O'(C) = mcg]:afa,

where in the intersection above F, is assumed to be an arbitrary o—algebra on S con-
taining C.
Exercise 1.1 Suppose (F,)aecs is an arbitrary collection of o—algebras on the same set
S, then NuerF, is a o—algebra as well.

When S is a metric space (e.g. RY), the most frequently used o-algebra is the Borel
o-algebra generated by the topology, i.e. B = B(S) := o({C : C open set}).
Exercise 1.2 a) For S = R, the Borel o-algebra can be generated as o(C) for the fol-
lowing classes of sets: i) C = {(—o0,z] : * € x € R}), ii) C = {(—o0,x) : x € R}), iii)
C={(z,y):z<yeR}),iv)C={(z,y] : z <y € R}). Can you suggest a countable
class C generating B?

b) In a general separable metric space S Borel o-algebra can be generated by all open
balls, i.e. B=oc({B(z,r):x € S,r > 0}).

Suppose the pair (S, S) denotes a nonempty set and a o—algebra on that set, the pair
is called a measurable space, and a function p: S — [0, 00] = [0,00) U {oo} is called a
measure if it satisfies

i) u®) =0,
ii) for disjoint A; € S, i € N we have

w(UiA;) = Z (A7) -
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The second property above is called o—additivity. If in addition p also satisfies
i) p(S) =1,

we say that u is a probability. The triple (S, S, u) is then called a probability space.
To emphasize the difference with other spaces and measures, the probability space is
often denoted by symbols (2, F,P).

Example 1.1 a) p(A) = 0 is called a trivial measure, it is well defined on P(S) for any

set S.

b) if u is a measure, for ¢ > 0, ¢ p is also a measure.

c) if w;, © € N is a sequence of measures, then u(A) =", ui(A) is also a measure.

d) for a fixed x € S u(A) = 9,(A) = L4(z) is called a Dirac measure concentrated in z,

it is well defined on P(S).

e) for > .a; =1 and (x;) a sequence in S, =), a;0,, is discrete probability measure.

f) on R, R, or [0, 1], it may be useful to construct a measure such that A(a,b] = b — a,

for any a < b, however, it is not clear what one should take as a o-algebra. One of

the basic results of measure theory says that S = P(R) does not work, i.e. there is no

measure on a o—algebra so large, which takes length of intervals as their measure.

Remark 1.1 In the finite or a countable space S = {x; : i € N}, probability measure

on S can be always extended to P(S) and written as (x;), p =), a;0,, with >~ o = 1.
All the properties of the next lemma hold in any probability space (€2, F,P) and are

rather easy to show. Properties a), ¢) and d) also hold for if we substitute P with a
general measure p. The last one holds as well provided that pu(A;) < oco.

Lemma 1.1 (Properties of probability measures).  a) For disjoint Ay,..., A, € S,

b) P(A°) =1—P(A) for each A€ S.
c) For any A; € S, i € N we have p(U;A;) <> . u(4;).

d) For any Ay C Ay C ... € S, and A = U;A; (i.e. A; S A) we have P(A) =
lim,, P(A,).

e) For any Ay 2 Ay O ... € S, and A = N;A; (i.e. A; N A) we have P(A) =
lim,, P(A,).

We say that the property of elements w € A € F holds almost surely (or that A
holds a.s.) if P(A) = 1 or equivalently if P(A°) = 0. For a general measure g and A € S
we say that A is p almost everywhere (p-a.e.) set if u(A°) = 0. In such a case we also
say that the set A° is negligible.

Example 1.2 By finite additivity, for any C' C A, we have P(C) + P(A \ C) = P(A),
ie. P(C)=P(A) —P(A\ C). Also for any A, B measurable, P(AN B) =P(A\ (AN
B)) +P(B\ (AN B))+P(AN B) producing

P(AN B) = P(A) + P(B) — P(AN B).
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Inductively, it follows that for any A, ..., A, measurable, we have inclusion-exclusion
formula

:ipmi)_ Yo OPANA)+ ) PANANA)

1<i<j<n 1<i<j<k<n

— e (D)"TIP(A N AN L N AY).

If a probability (or a measure) P in the triple (€2, F, P) has the property that P(A4) =0
and A’ C A € F imply that A’ € F, we say that the (probability) measure P is complete.
It is not too hard to see that for any (Q, F,P) we can extend P from o-algebra F to a
possibly larger o-algebra F’ so that P in (€2, 7', P) becomes complete. It is sometimes
desirable to extend a probability P defined on a class of sets to the smallest o-algebra
containing that class. If the given class is an algebra, this can be always done and in a
unique way.

Theorem 1.2 (Caratheodory). Assume P is a probability on an algebra F', then there
exists a unique extension of P on o(F').

Idea of the proof. Observe, we actually demand that P is o-additive on F’ and that
P(Q2) = 1. To construct the extension, one can introduce the so-called outer measure on
P(§2) given by

P (A) ACUqA A G.F’ZIP

Note, the unions above are possibly countably infinite, that is &k € No U {00} in general.
Denote by F* a family of the so called P*-measurable sets, that is

Fr={ACQ:P(ANE)+P(A°NE)=P"(E) for every E C Q}.

Clearly (),Q € F*. It is straightforward to show that: P*(0)) = 0; P*(A) > 0 for all A4;
A C B implies P*(A) < P*(B). Moreover, for any A; C Q, P*(U;A4;) < > . P*(4,), ie.
P* is o-subadditive. To show the last claim, observe that for any ¢ > 0 and A; there
exist B;,, Ai C U,B;, and Y. P(B;,) < P*(A4;) + /2. Therefore U;A; C U; U, By

and thus
PH(UiA) < )Y P(Bin) <> PH(A

Since € was arbitrary, the claim follows. Moreover, this implies that P*(ANE)+P*(A°N
E) > P*(FE) for any A and FE, therefore

Ae Frifand only if P*(ANE) +P*(A°NE) < P*(E) for every E. (1.1)
Using this one can show the following facts
i) F* is o-algebra.
i) F* O F
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iii) P* is o-additive on F*, and a measure therefore.
iV) P*’ F = P

The first three properties are subjects of exercises 1.5 and 1.6, they imply that (€2, F*, P*)
is a probability space, and ii) in particular implies F* O o(F’). The last one follows by
the exercise 1.7.

It remains to show that this extension is unique. This will follow from the 7/A—
theorem of the next section. O]

Remark 1.2 In general the o-algebra F* in the proof above is strictly larger that o(F).
Thus (2, F*,P*) and (2, 0(F’),P) are two probability spaces extending [P, in the latter
case we write PP instead of IP*|, ()

Exercise 1.3 Prove that the sets in F* form an algebra. (Hint: to show finite additivity
use (1.1)).

Exercise 1.4 Suppose (A,,) is a finite or countable sequence of disjoint sets in F*. Prove
that for any E C Q we have P*(E N (U;4;)) = >, P*(E N A;). (Hint: subadditivity
helps to show <, for the other direction start with finite unions).

Exercise 1.5 Show that sets in F* form a o-algebra, and P* on F* is o—additive. (Hint:
show first that for disjoint A;’s, U;A; € F*, for the second part use the exercise above).

Exercise 1.6 Show F' C F*.
Exercise 1.7 Show P*(A) = P(A) for each A € F'.

Lebesgue measure

Denote by B’ the family of subsets of (0, 1] of the form U¥_, (a;, b;] where 0 < a; < by <
co.ap < b, <1, k>0. Thus, unless £k = 0, A € B is a finite union of disjoint intervals
of the type I = (a, b]. It is not difficult to see that B’ is an algebra. Moreover, the length
of the interval |I| = b — a allows one to produce a function A : B — [0, 1] such that

k

MU (a5, bi]) =) (b — ai).

=1

It is known that A is o-additive and therefore a probability on B’. This is not too difficult,
but a bit technical to show, see theorems 1.3 and 2.2 in [1]. By previous theorem, it has
a unique extension to a measure on Borel o-algebra B = o(B’).

In the proof of Caratheodory theorem we introduced another o—algebra M = F*
containing B’. We say that it consists of Lebesgue measurable sets. It is known that
BS MG P(S). It turns out that A is not complete on B, and that M is exactly the
completion of B with respect to A. Of course, ((0,1],8,\) and ((0,1], M, \) are both
probability spaces.

Clearly, we can make analogous construction on each interval (k — 1,k|, k € Z,
and obtain Lebesgue measure on the whole real line by summing all the corresponding
measures.



1.2. UNIQUENESS AND 7 /A\-SYSTEMS 3

1.2 Uniqueness and 7/)\-systems

A family of subsets G of 2 is called 7-system if it satisfies
m) A, B € Gimpliess ANB€G.
A family of subsets £ of Q2 is called A-system (or a Dynkin system) if it satisfies
M) QeL,
A2) A € L implies A° € L,
A3) A1, Ay, ... € L disjoint implies U, A,, € L.

Clearly, any o-algebra is A-system and m-system.
Exercise 1.8 Find A-system on {1,2,3,4, } which is not o-algebra.

Exercise 1.9 If a class £ satisfies A1) and A3), then A\g) holds if and only if the following
holds
Ay) A, BeL,AC Bimplies B\ A€ L.

Exercise 1.10 If a class £ satisfies A\; and A}, then A3 holds if and only if the following
holds
;) A} C Ay C...and A, € L for all n, implies U, 4, € L.

Lemma 1.3. Suppose G is a w-system and \-system, then it is also o-algebra.

Proof. Note, G is closed for finite intersections and taking complements. Since AU B =
(A°N B°)¢ it closed for finite unions. It is then also closed for countable unions of A4,, € G,
since for B, = A, \ (A1 U...UA,1)=A,NA{N...NAS_, €3, by A\3) we have

U,A4, =U,B, €G.
O

Theorem 1.4 (Dynkin/Sierpinski). Suppose G is a mw-system and L is a A-system. If
G C L then also 0(G) C L.

Proof. Denote by Lg = N, >gL, with intersection running over all A-systems L, con-
taining G. Clearly, L5 C £ and Lg is A-system. It is sufficient to show it is a 7w-system,
it will follow that it is o-algebra as well.

Take, A, B € Lg, we need to show AN B € Lg. For A C 2 define

EA:{BZAﬂBéﬁg}.

Note first that £, is A-system for A € Lg. Indeed: A\;): Q € L4 is obvious, A)):
Bi1,By € L4, By O By implies AN B;,AN By € Lg, since Lg is A -system, it follows
ANB\(ANBy) = AN (B \ By) € Lg. For \3) take disjoint B,, € L4, thus AN B, are
also disjoint elements of L£g which is a A-system. Thus U, AN B, = AN (U,B,) € Lg,
thus U, B, € Lg.
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By assumption, G is m-system, thus A, B € G implies AN B € G C Lg. In particular
conclude: 1) if A € G, L4 O G and therefore L4 O Lg. Now observe 2) if A € Lg and
B € G, by symmetry AN B € Lg, in other words L4 O G and therefore £, O Lg again.
Therefore, 3) A, B € Lg implies B € L4 (and vice versa, of course), i.e. ANB € Lg.

Hence Lg is a m-system, A-system and therefore o-algebra by the previous lemma.
Hence, it contains o(G). O

Theorem 1.5. Suppose G is a w-system, and Py and Py are two probability measures
on o(G). If Py|g = Py|g then
P1]o(g) = Palog)

Proof. Suppose Py(A) = Py(A) for every A € G. Therefore, £L = {A € 0(G) : P1(A) =
Py(A) O G. Clearly Q € £ and A € L implies A € £. Assume disjoint Ay, Ay, ... € L
then Py (U,A4,) = >, P1(A,) =), Pa(An) = Pa(UyAy). Therefore, £ is A-system. By
the previous theorem £ D o(G). O

Remark 1.3 Theorem above implies uniqueness in Caratheodory theorem 1.2

Exercise 1.11 Suppose that P; and P, are two probability measures on (R, B). a) Show
Pi(A) =Py(A) for A € G = {(—o0, ] : © € R} implies Py = P;. b) Show that the same
holds for G = {(a,b] : a < b € Q}. Hint: recall B = o{(—00,z] : z € R}.

Exercise 1.12 Denote by G = {A C (0,1] : A and (A +r (mod 1)) are both Lebesgue
measurable and A\(A) = MA + r (mod 1)) for all » € (0,1]}, where A\ denotes the
Lebesgue measure on (0,1]. Show that G is a) a A-system and b) it contains all in-
tervals (a,b] C (0,1]. Conclude that G D B.

Exercise 1.13 Consider the following relation on (0,1]: z ~ y if there exists r €
QN (0,1] such that x + r (mod 1) = y. Show that a) this is equivalence relation on
(0,1]; b) if H is a set which consists of exactly one representative z € (0,1] in each
of the equivalence classes, and if r # s, r,s € QN (0,1], then H, N H;, = () where
H, = H 4 r (mod 1); c¢) show finally that (0, 1] = U,cqn(o,11H,-

The set H from the last exercise is called Vitali set. Using the last two exercises we
can conclude that it is not a Borel set. If it was, it would be Lebesgue measurable and
satisfy A(H) = A(H,) for each r € QN (0,1]. In that case, we would have 1 = X(0, 1] =
MUyegn(oa1Hy) = oo - A(H) which is not possible for any value of A(H). One can show
that any Lebesgue measurable set also has the property A(A) = A(A + r (mod 1)),
therefore H is not Lebesgue measurable either.

1.3 Integration

Measurable functions

Suppose (S,S) and (T,7T) are two measurable spaces, a function f : S — T is called
measurable (or §/7T-measurable more precisely) if f~!(A) € S for each A € T. In the
case of real functions f : S — R (or R) we say f is measurable if it is S/B-measurable,
i.e. f71(B) € S for each Borel set B.
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Exercise 1.14 Suppose g : S — T is continuous, and (S,S) and (T, 7)) are such that
S, T are Borel g-algebras on metric spaces S and T. Show that ¢ is measurable as well.

The following lemma is very easy to prove.

Lemma 1.6. Suppose f : Q — S and g : S — T are both measurable, where (2, F),
(S,S) and (T, T) are three measurable spaces, Their composition is go f : Q — T is also
measurable.

Lemma 1.7. Suppose g :S — T and T = o(C) for some class of sets C in T, then g is
measurable if and only if g~1(C) € S for every C € C.

Proof. Necessity is obvious. Suppose g~ 1(C) € S for every C € C, and denote

G={BeT: g '(B)eS}.

By assumption G O C, we need to show G D T. However note: i) g *(T) = S, ii)
g ' (B) € 8 implies g7 *(B¢) = (¢7'(B))¢ € S. And finally iii) ¢~ (U; B;) = Uzg*I(B,-).
Therefore G is o-algebra, and therefore G O T = o(C)

[

Corollary 1.8. A mapping X : (Q, F,P) — (R, B) is a random variable if and only if
X H—o0,c] ={X < ¢} € F for every c € R.

Corollary 1.9. Suppose X : (Q, F,P) — R¥ Y : (Q, F,P) — R are two random
vectors then the same holds for (X,Y) : (Q, F,P) — R¥.

Corollary 1.10. Suppose X : (Q, F,P) — R¥, Y : (Q,F,P) — R! are two random
vectors then the same holds for (X,Y) : (Q, F,P) — R¥.

Corollary 1.11. Suppose X,Y : (0, F,P) — R are random variables, then the same
holds for X - Y, X +Y and cX for any c € R.

Example 1.3 On (S,S), for any A € S, function f(s) = 14(s) is measurable, the same
is true for linear combinations of such functions by the exercise and the lemma above.

Suppose that (S,S) denotes a measurable space and that f : S — R is a function
which has a finite range, i.e. the range f(S) is a set of finite cardinality. Such a function
is called simple. In that case f(S) = {ai,...,a,} for some natural number n, and one
can write f =" a;14, where A; = f~1(a;) € S, and [ is always measurable. Denote
the set of simple functions by Ky = {f : S — R : f measurable and |f(S)| = n € N}.

It turns out that any measurable function f : S — R, can be approximated by a
sequence (f,,) in Ky, so that f, — f in all points of S.

Lemma 1.12. Assume function f :' S — R is measurable. Then there exists a sequence
(fn) in K, such that f,(z) — f(x) for each x € S.



8 CHAPTER 1. MEASURE THEORY

Proof. Fix an integer n € N and let

A = Qn ik = 2—n )
Let

2n
n for x such that f(z) > n.

fulz) = { ar = £ for x such that f(@) € [ag, aps1) , k < 2'n,

Observe (f,(z)) is nondecreasing real sequence for every z. It is smaller or equal than
f(z). On the other hand, if f(z) < n we have |f,(z) — f(z)] < 1/2". If f(x) = o0,
clearly f,(x) =n / oco. Thus f,(z) / f(z)in all z € S. O

Remark 1.4 In particular, the lemma claims that every nonnegative random variable
can be approximated by a sequence of simple simple random variables.

Integrals

Suppose that (S,S, u) denotes a measure space and that f : S — R is a function, we
aim to define [ fdu. Consider first a simple function f € K, since f(S) = {a1,...,a,}
for some n, they have a representation

f N Z ai]lAi
=1

where A; = f~!(a;). When such a function is also nonnegative, i.e. if all a; > 0 above,
we write f € K, and define

/fdu = iam(&) :

To ease the notation, or to specify the space and the variable of integration, we sometimes
write [ fdu = pf = [5 f(s)u(ds). One can show that if f = 37" b;jlp, for some other
choice of values b; and sets Bj, then also Y 31" | a;u(A;) = 770, bju(By), this is very easy
to show if B;’s are disjoint, but holds in general as well. As a consequence, definition of
| fdu does not depend on the representation.

One can further show that this integral has several nice properties, which are useful

in the sequel: suppose f,g € Ky, ¢ > 0then [cfdp=c [ fdu, [(f+ g)du= [ fdu+
J gdu, and

if f < g then /fdu < /gd,u. (1.2)

Moreover, for a fixed f € Ky, a function on § given by

Cw— /fﬂcdu (13)

is a new measure on (S,S).
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Exercise 1.15 Prove that (1.2) holds and that (1.3) defines a measure.
Denote next Ky = {f : S — R, : f measurable}. For f € K, we denote

/fdurzsup{/sodursoGKs+,<p§f}.

Check that the integrals of simple nonnegative functions coincide in two definitions.
Moreover, we again have [ fdu < [gduif f < gand [cfdu=c [ fdu for ¢ > 0.

Theorem 1.13 (Monotone convergence theorem). Suppose f, € K., n € N, if f, /f,

then
/fduzlim/fndu.

Proof. Note, as a limit of nonnegative measurable functions f € K. Clearly [ f,du <
[ fdp, showing [ fdu > lim, [ f,du. Fix now any ¢ € Kyy and a € (0,1), p < f, let
F,={z: fu.(z) > ap(x)}. Note, F,, € S and F,, /'S

/fndu > /fnlandu > a/wllpndu-

By (1.3) a [ plp,du /o [ plsdp = a [ ¢dp. In particular,

n?/ﬁ@za/ﬁm

since a € (0,1) was arbitrary [ fdu <lim, [ f,dpu. O

MCT is useful because it provides a way of calculating integrals if we cannot deter-
mine the supremum in the definition of the integral directly. It also gives the following.

Theorem 1.14. Suppose (f,) is a finite or countable sequence in Ky and f =" f,

then
[ fan=3 [ fudn.

Proof. Take two sequences ¢!, € Koy j = 1,2 such that ¢! 7 f;. By the additivity of
integrals of simple functions and previous theorem

/(f1 + fa)dp = ﬁgln/(wi +h)dp = lipfwiduﬂiin/soidu = /fldwr /fzdu-

Use the induction and > 7 | f, = limy 22;1 frn to finish the proof. O

Proposition 1.15. Suppose f € K. Then [ fdu = 0 if and only if f = 0 p—almost
everywhere.
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Proof. Recall f = 0 p-a.e. means pu{z : f(x) # 0} = 0. For f = > .a;14, € Kgy,
[ fdp=0=">3",a;u(4;) if and only if a;u(A;) = 0 for every i, which gives the claim.
Sufficiency: suppose f = 0 p a.e., then for any ¢ € Ky, ¢ < f also ¢ = 0 p-a.e.

Thus [ fdu = SUp,,< ¢ [ pdu = 0.
Necessity: Let F,, = {z : f(z) > 1/n} NF ={x: f(z) >0} = U,F,. If u(F) >0
then also p(F),) > 0 for some n. However, then

[ fdnz a0
n

giving a contradiction.

Corollary 1.16. Suppose f,g € Ky satisfy f = g p-a.e. then [ fdu= [ gdpu.

Proof. Note E = {x : f(z) # g(x)} € S, and f = flg + flge, where both summands
are in K;,. By theorem 1.14 and the proposition above

[ tan= [ siodu+ [ prdn= [ gred= [ gan

O
Lemma 1.17 (Fatou). Suppose (f,) is a sequence in K then [liminf, f,dp <liminf, [ f,dpu.

Proof. Recall, for a nonnegative sequence (a,) we have liminf, a, = sup,, infy>, ar =
lim,, infy>,, ax. Observe, infy>,, fi < f; for every 5 > n and thus finsz” frdp < ffjd,u

for such j. Therefore
. < A
/ 1122 frdp < ]1_12175 / fidp

Using MCT, this yields
/hn}]mf fndp = /hin élzlﬁ fedp = hTILn/]iIZlfL fedp

< limlil>1f /fkdu = liminf/fndp

]

Exercise 1.16 Suppose that p and v are two measures on (S,S), we have seen that
p+ v is also a measure. If f € K, show in detail that [ fd(p+v) = [ fdu+ [ fdv.
Exercise 1.17 Suppose f € Ky and [ fdu < oo, then p{z : f(z) = oo} = 0 and
p{x : f(x) > 1/n} < oo for any n € N.
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Take now an arbitrary function f : S — R, if it is measurable, the same holds for
ff=fvoand f- = (—f) V0. Clearly f = f* — f~ and |f| = fT + f~. Observe,
integrals [ fTdp and [ f~dp are always well defined. Provided that at least one of them

is finite, we define
[ tin= [ st~ [ an

They are both finite if and only if [ |f|du < oo, denote the class of such functions by
L'=LYS,S,u) = {f : S — R measurable : /|f|du < oo}

Proposition 1.18. The set L' is a real vector space with the standard addition and
scalar multiplication. Moreover, [(af+bg)dp=a [ fdu+0b [ gdu, for all f,g € L' and
all a,b € R.

Proof. Homogeneity of the integral is clear from our earlier arguments. To show addi-
tivity, note h = f + g satisfies h =hT™ —h™ = ft — fT+g" —g ,sohT™ + f~ +g =
h™ + f* + ¢g*, with all six functions in K, therefore we can apply the integrals and
rearrange them again to get [htdpu— [h~dp= [ ftdp— [ f~du+ [ gtdu— [ g dp. O

It fe L', then | [ fdu| = | [ frdu—[ f~dul < [ frdu+[ f~dp = [|f|du, yielding.
Lemma 1.19. If f € L' then | [ fdu| < [|f|dpu.

Exercise 1.18 For f € L', we can write {x : f(x) # 0} = U,,B,, with u(B,,) < oo (hint:
By = {x: [f(x)| > 1/n}).

Proposition 1.20. Suppose f,g € L', then the following three claims are equivalent: 1)
S fdp = [, gdp for all E € S; ii) [, |f — gldp =0 and i) f = g p-a.e.

Proof. Equivalence between ii) and iii) is a consequence of Proposition 1.15. To show
ii) implies 1), note

/Efdu—/Egdu‘: /E(f—g)du’S/E\f—g\dMS/lf—g!du:o.

Finally, to prove i) implies iii) suppose f = g p—a.e. does not hold. Denote u = f — g,
then for some F, u(E) > 0, u™ > 0 and v~ = 0 on E, or vice versa. Assume the first
case (without loss of generality), then

/E(f—g)duzf(f—g)ﬂEdu:/Efdu—/Egdu>o

which is a contradiction with i).

A particularly useful result of the integration theory is the following.
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Theorem 1.21 (Dominated convergence theorem). Suppose that for (f,) € L' and
some measurable function f we have: a) f, — f p—a.e. and b) there exists g > 0 € L
such that | f,| < g u—a.e. for alln € N, then f € L' and

/ fdy = lim / jm

Proof. Check that the assumption b) implies that there exists £ with pu(Ef) = 0 such
that |f,| < g on E for all n € N simultaneously. Also, there exists Ey with u(ES) =0
and f, — f on Ey. Observe that £ = E; N E; satisfies u(E°) = 0 as well. On E,
g+ f, and g — f,, are both nonnegative. By the last proposition above, Fatou lemma
and linearity of the integral on L*

/(g + fldp = /(9 + f)lpdp < li%inf/(g + fa)ledu
= liminf/(g + fo)dp = /gdu+liminf/fndu.

Thus [ fdu < liminf, [ f,dp. Applying the same reasoning on (g — f), we obtain the
second inequality below

liminf/fndu > /fd,uz limsup/fndu,

to end the argument. O
Exercise 1.19 Consider measurable space ((0, 1], B((0,1]),A) and functions X,,(u) =
n 11(0,7]( u). Determine X (u) = lim,, o X,(u) for all u € (0,1] together with values

fXd/\ and lim,,_, and)\.

Exercise 1.20 Provided that a measure p is complete on the space (S,S), one can
remove the requirement that f is measurable in the theorem above.

Recall the notion of Lebesgue measure A on R or (0, 1] say. There are two o—algebras
we introduced in that setting: B, consisting of Borel sets or M, consisting of Lebesgue
measurable sets. It is known that B G M G P(S). Furthermore, X is not complete
on the first one, and not well defined on the last one. It turns out that M is exactly
the completion of B with respect to A. For nice bounded functions f : [a,b] — R we
are familiar with the notion of Riemann integral, it is interesting that whenever such an
integral exists it coincides with Lebesgue integral thus we write

/[a,b] fdx = /ab f(z)dz

The equality of two integrals stems from the fact that the so-called Darboux sums in
the definition of the Riemann integral can be viewed as integrals of simple functions with
respect to the Lebesgue measure. For a precise proof: assume f : [a, b] — R is a bounded,
Riemann integrable function. Then there exists a sequence of finite nested partitions
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{tr} C {t71} of [a,b] such that max; [t —t7 | — 0, a =t§ <1} < ... <" =b, so that
for [JTL = (t7,t7,,] and my; = inf;ﬂn I, ]\/[J" = Supn f

s'=Y mI|| AT and ST =) MIITINJ,
J J

where J = fabf(s)ds in the Riemann sense, and |I| = A(I) denotes the length of the
corresponding partition interval. In the standard definition, one typically takes mj
and M} to be infimum and supremum of f over the closure of I;. However, such
infimum /supremum can be only smaller/larger, and since they converge to J, the same
holds for the sequences (s,), (S,) above.

Consider now
g =) milp < f<GT =) M, (1.4)
J J

as functions on the complete measure space ((a,b], F*,\). By the boundedness and
monotonicity, at a fixed point = € (a,b], both ¢"(z) and G™(x) converge to limits,
denote them by ¢g(z) and G(z). By the DCT

/GdA:lim/G”d)\:th":J:hms”:lim/g"d)\:/gd)\

In particular [(G — g)dA = 0, since G > g, we have A\(E) =0 for £ = {z : G(z) >
g(x)}. Since g < f < G, f = G on E° because A is complete on F*, f] (4 is measurable,
and therefore the same holds for f : [a,b] — R. Finally by (1.4)

s)A(ds) = ds =J=
g = [ g / f(

Example 1.4 Recall f = 1g is bounded nonnegative, but not Riemann integrable on
[0, 1], still it is equal to 0 A—a.e., so its Lebesgue integral exists and is equal to 0 as well.

Exercise 1.21 Think of a function on [0, c0) whose (improper) Riemann integral [~ f(x)dax
exists, but f[o 00) fdX\ does not.

Expectations

Suppose X : (2, F,P) — (R,B) is a random variable (i.e. measurable function). For
Xt =XV0and X~ = (=X) V0, the following integrals

/X+dIP’ and /X_d]P’

are well defined. If at least one of them is finite, we define the expectation (or mean) of

e EX = /X(w)lP(dw) = /X*dIP’— /X—dIP.

Note, X is integrable if both summands above are finite, or if E|X| = [ | X (w)|P(dw)
fX+dIP’+fX dP < oo.
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Exercise 1.22 Suppose X : Q — R, is a random variable such that EX < oo, then
X < oo almost surely, see Exercise 1.17.

Exercise 1.23 Suppose X1, Xo,...:  — R, are random variables, then X = YonXn
is also a random variable. Moreover EY" X, =" EX,.

Exercise 1.24 Suppose X, Xs,...: Q — R, are random variables such that Y. EX, <
00, then the random series ) X, < oo almost surely.

Exercise 1.25 Suppose X, X, ... : Q — R are random variables such that sup,, E|X,,| =
M < oo, and suppose || < 1, then the random series ) | 0" X, converges almost surely.

Change of variable and change of measure

Suppose (S,S) and (T, T) are two measurable spaces, and g : S — T is a measurable
function. Together with a measure p on (S,S), g induces a measure on (T,7) as in

1g(B) = u(g~'(B)).

Example 1.5 (Distribution) If ¢ = X : Q — R is a random variable on (2, F,P) then
the relation
Px(B) =P(X~!(B)) =P(X € B)

induces a probability measure on (R, B), which we sometimes call the distribution (or
law) of X.

Note now, if we have induced measure p, and a measurable function f : T — R we
can try to calculate two integrals [(f o g)du and [ fdu,.

Lemma 1.22. For any measurable f, g as above

(o9 = [ i,

Observe, the lemma also claims that if one of the integrals above is well defined, then
the same holds for the other one.

Proof. Set f =14, for A € T. Clearly

u(laog) = / 140 g(s)u(ds) = / 110y (8)a(ds) = (g™ (A)) = / L gty ()

S S

Thus, the integrals coincide for all simple functions f, and therefore for all nonnegative
functions (by the MCT) and finally for all measurable functions by definition. O

Example 1.6 Consider g = X : Q@ — R, and f(z) = x, from the lemma above we get

EX:/XdIP:/sdPX(S).
Q R

For the same reason, with ¢ = X and f(z) = |z|?, we have for any p > 0

E]X|p:/XdIP’:/|s\deX(s).
Q R
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Check that: if f: S — R, is measurable on (S, S, i), then

fop(A) = / fLady

defines a new measure on (S,S). We write v; := f - u and say that v/ is constructed
by the change of measure. Suppose that some other measure v satisfies v = f - u, show
that the function f is p-a.e. unique. In such a case, we have

u(A) =0 implies v(A)=0 forallAeS. (1.5)

Whenever measures p and v satisfy (1.5) we say that v is absolutely continuous with
respect to p and write v < p.

Example 1.7 (Change of probability measure) Suppose X : Q — R, is a random
variable such that EX = 1. Then vx(A) = E(X14) for A € F, defines a new probability
on (£, F).

If one can find a set A € S such that u(A) =0 and v(A°) = 0, we say that p and v
are mutually singular and write v L p.

Recall now that a measure p on (S,S) is o-finite, if there is a sequence (B;) in S,
such that UB; = S and u(B;) < oo for each 1.

Theorem 1.23 (Lebesgue/Radon-Nikodym). Suppose that measures u and v on (S,S)
are o-finite, then there exist measures v, and vy such that

i) v <
i) vs L p,
iii) v = v, + Vs.
Moreover, for some p-a.e. unique measurable function f:S — R we have v, = f - p.

In the case v < u, one can take vy = 0 in the statement of the previous theorem. In
that case, one can sometimes refer to f of the theorem as a density or derivative of v
with respect to pu, so we also write f = dv/dpu.

Suppose X : Q — R? is a random vector, whose distribution Py is absolutely con-
tinuous with respect to the Lebesgue measure, i.e. it has a density fx say, then we call
X a continuous random vector (or variable).

1.4 Product measures and Fubini theorem

Suppose (S, S) and (T, T) are two measurable spaces, on S x T we introduce the following
o-algebra generated by rectangles

SxT=0{BxC:BeS, CeT}.

We say that that f:S x T — R, is measurable if it is S x T /B measurable.
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Lemma 1.24. Suppose that a measure p on (S,S) is o-finite, and that f : Sx T — Ry
1s measurable, then

i) s+ f(s,t) is S measurable function from S — R, for every fized t.
i) t— [, f(s.t)u(ds) is T measurable function from T — R,.

Proof. Suppose p is finite (without loss of generality, otherwise, we repeat the argument
on each set B; such that UB; = S and pu(B;) < oo for each i). Suppose f = Ipxc,
clearly: i) f(s,t) = 1p(s)1e(t), thus for t € C, f(s,t) = 1p(s), otherwise f(s,t) =0, in
either case s — f(s,t) is measurable. To show ii) note [ 1p(s)Lc(t)u(ds) = La(t)u(B)
which is measurable as a function of ¢. Thus, i) and ii) hold for simple functions which
are constant on rectangles, adapting the proof of Lemma 1.12, one can show that any
nonnegative functions can be approximated by such simple functions. Therefore i) and
ii) hold for all nonnegative functions. O

Theorem 1.25 (Lebesgue/Fubini/Tonelli). Suppose that measures 1 and v in (S, S, i)
and (T,T,v) are o-finite, then

i) There exists a unique measure i X v on (S X T,S8 x T) such that p x v(B x C) =
uw(B)v(C) forallBe S, CeT.

ii) For every measurable f:S x T — R,
pcutf) = [ utas) [ is.owian = [ vtan [ fe.ouds. 10

iii) Suppose f:S x T — R is measureble and u x v|f| < oo, then (1.6) still holds.

Note formula (1.6) claims that all three integrals therein are actually equal, we
typically use the equality of the second and the third.

Proof. 1) Define for an arbitrary A € S x T,

pxv(A) = /Su(ds)/TILA(s,t)u(dt) (1.7)

This is well defined measure, that satisfies property i) in the statement of the theorem.
Suppose p and v are finite, observe that rectangles B x C' form a mw-system, there could
be only one measure satisfying this property (otherwise, since the measures are o-finite,
we can write S = US;, u(5;) < oo and T = UT;, v(T;) < 00, S x T = U, ;S; x T; we can
repeat the argument for the sets S; x Tj).

ii) By (1.7) and the linearity of integral, equality in (1.6) holds for all simple func-
tions constant on rectangles, and since any measurable nonnegative function can be
approximated by such simple functions as in Lemma 1.12, the MCT yields (1.6) for all
nonnegative functions too.
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iii) In general, if u x v|f] < oo, then

[ ity = [ i~ [ 5o
/ ds/f+st (dt) / ds/f (s,t)v(dt)
= [ utas) [ s twian

if we interpret the integral at the end as the difference of the previous two integrals.
Observe, the integrals [ fT(s,t)v(dt) and [ f~(s,t)v(dt) can be simultaneously inﬁnite
for some s. However, u X v|f] < oo implies ,u{s Jp (s, tv(dt) = [L [~ (dt) =
oo} = p{s: [p [T (s, t)v(dt) + [, f~(s,t)v(dt) = oo} = ,u(NS) = 0 Therefore the final
integral in our calculation one could and should read as [y, st g M (ds) [1 f( (dt)

[

Exercise 1.26 Suppose that S = §' = (0,1] and § = & = B. Assume that pu =
Lebesgue measure and that v(-) = card(-) represents the counting measure. Consider
the diagonal set D = {(s,s) : s € S}. Show that D is measurable) and that for the
indicator function f(s,t) = 1p(s,t) all three integrals in (1.6) take different value.

Exercise 1.27 Suppose that S = §' = N and § = & = P(N). Assume that p = v
are both counting measures. Consider the function: f(i,7) = 1if i = j; f(¢,5) = —1if
i =7+ 1; and f(i,7j) = 0 otherwise. Show that p x v|f| = 400, moreover the second
and the third integral in (1.6) both exist, but are not equal.
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