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Part 1

Measure and Integration Theory



Chapter 1

Lebesgue Measure Theory

1.1 Why Riemann Theory is Not Enough?

1.1.1 Brief Review of Riemann Integration

Let f : I — R be a real valued function defined on a real interval I = [a,b]. A partition P of I is defined
by P=a=1ty <ty <...<t,=0b A choice function ¢ is a function that chooses a point from each small
intervals in the partition: £(P) = (¢],¢5,...,t}), s.t. tF € [ti,ti41]Vi = 1,...,n. Then, we can define a sum
to approximate the integral as follows

I(f,P¢) :ZZf(tf)(tiH*ti), (1.1)

where n is the number of paritioned intervals in P.
If the sum defined above converges as the maximum length of the partitioned intervals in P approaches
zero. The limit of the sum is called the Riemann integral of f on I, and f is said to be Riemann integrable.
Formally, a real valued function f is said to be integrable on I if there exists v € R such that

Ve > 0,36 > 0, s.t.VP V¢, s.t. max [t; —tj—1| <6, |I(f,P,§)—v|<e,
<j<n
then v is called the Riemann integral of f on I, and f is said to be Riemann integrable.

1.1.2 Riemann Theory vs Lebesgue Theory

1. “Riemann integration mainly works for continuous functions”. An example that is not Riemann inte-
grable is the Dirichlet function defined by

1 €
D)= *€Q
0 2¢Q
While, “Lebesgue integration works for every function that you can imagine”.

2. Lebesgue theory readily answers a series of important questions, especially the convergence of integra-
tion. Does f,, — fimply [ f,, — [ f?

3. Lebesgue theory is the foundation of many modern mathematical branches, including modern probability
theory and functional analysis.

1.1.3 The Basic Idea of Lebesgue Integration

The theoretical development of the Lebesgue integration in a rigorous manner is very technical, however, the
basic idea behind is pretty simple.
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“In doing Riemann integration, we divide the domain of a function, while in Lebesque integration, we try
to divide its range.”

/f: Z r-sizeof{z|f(x) =r}.

rergnf

The key question here is that how to define the size of a set, which leads to the study of measure.

1.2 Generic Measure Space

1.2.1 A Naive Approach

We intend to assign a nonnegative value to each subset to measure its size. This can be defined as a function
from subsets to nonnegative real values:
e 28 — [0, oc], (1.2)

where 2R refers to the set of all subsets of R.
We hope that the function p satisfies the following properties:

o u(0) =0.

o u(R) = 0.

o (countable additivity) (| ey Ai) = sen (As)-
o u(fa,b)) =b—a, ¥b>acR

(monotonicity) AC B = u(A) < u(B)
e (translation invariance) u(A +y) = u(A), Vy € R.

Then we can construct approximation to the integration by the following series.

o0

LN=Y senleli@ el

k=—o00

kokt1
PACRIIAC

I} (1.3)

we can see that this way of construction actually divides the range into intervals of length 1/2". As n
approches infinity, we are expecting that I,, approches the integral.

The Bad news is that “there is no such function p defined on 2% that simultaneously satisfies all conditions
above.” More strictly, simultaneous satisfaction of (@) = 0, u([a,b]) = b — a and countable additivity is
impossible for p : 2% — [0, oc].

Clearly we want too much. To address this issue, we try to construct a function defined on only a
reasonable subset of 2R that satisfies all the above conditions, rather than making it defined on the entire 2%,
which is too big.

1.2.2 o-algebra

To construct such a “reasonable collection of subsets”, we introduce an algebraic system of subsets called
o-algebra.

Definition 1.1 (c-algebra). A o-algebra over a set X is a non-empty class F of subsets of X that includes
the empty set and is closed under complementation and countable unions. Formally, we have

1. 0eF

2. Ace F=>A°e F

3. VieN A, e F= U, Ai e F.

Given any non-empty set X, it is easy to verify that the following are o-algebras:

1. 2%
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2. {0, X}

3. Given any A C X, {0, A, A°, X}. This o-algebra is the smallest o-algebra that contains A, denoted by

o({A}).

Proposition 1.1 (Properties of o-algebra). For any o-algebra F over a non-empty set X, we have

~

. (inclusion of X) X € F

2. (closed under intersection and union) A, Be F = ANBeF, and A\Be€ F
3. (closed under countable intersection) Vi e NJA, e F = (., A; € F
4

. (closed under finite union and intersection)Vi=1,...,n,A; € F =, Ai € F, and (i_, A; €
F.

Proof. 1. X € F follows from the fact that () € F and X = (.
2. ABeF=A°ce F,B°e€ F,hence ANB = (A°UB°)° € F and AA\B=ANB° € F.
3. Vie N, A, € F = VieN, Af € F. Hence,

8

2

A; = (G Ag) €F.
1 =1

4. Given A; € F,i=1,...n, we can augment the finite collection of subsets to an countable collection by
letting A; = (), Vi > n. Clearly, all sets in the augmented collection are in F. Then,

OA,’ = GA, e F.
=1 =1

The closeness of finite intersection immediately follows from that of finite union, as
n n ¢
A = (U A;) €F
i=1 i=1

1.2.3 Measurable and Measure Spaces

Definition 1.2 (Measurable space). A non-empty set X together with a o-algebra F defined over it is called
a measurable space, denoted by (X,F).
Elements of F are said to be F-measurable, or simply measurable if F is clear from contert.

Definition 1.3 (Measure). A measure of a measurable space (X,F) is a map pn: F — [0,00] such that
1. pu(0) = 0;
2. (countable additivity) p(| |72, A;) =Y oo, u(Ai) for disjoint sets Ay, Aa, ... in F.

Note that the first condition is required to prevent the trivial construction that assigns infinity to every
set in F.
Any measurable space admits a measure. A trivial example is to let u(A) = 0 for each A € F.

Definition 1.4 (Measure space). A measurable space (X, F) together with a measure p is called a measure
space, denoted by (X, F, ).

Proposition 1.2 (Properties of measure space). Given a measure space (X, F, ), the measure p satisfies
the following statements:

1. (finite additivity) Given n disjoint sets Ay,..., A, in F, p(L7_y 4i) = >, u(A;).



1.2. GENERIC MEASURE SPACE CHAPTER 1. LEBESGUE MEASURE THEORY

2. (monotonicity) VA, B € F s.t.AC B, u(A) < pu(B).
3. (measure of difference set) VA,B € F st.A C B, u(A) < oo, u(B\A) = p(B) — u(A).
4. (inclusion-exclusion principle) VA, B € F s.t.u(ANB) < 400, p(AUB) = pu(A)+u(B)—u(ANB).

Proof. 1. Augment the finite collection of subsets to a countable collection by letting A; = () for all ¢ > n.
It is obvious that the subsets in the augmented collection are all in F and mutually disjoint, thus
countable additivity can be applied as follows,

H <|_| Ai) =p <|_| Ai) = ZN(Ai) = ZN(Ai)~
i=1 i=1 i=1 i=1

The last equality is from the fact that u(4;) = u(0) = 0,Vi > n.

2. We can write B as B = AU (B\A), where B\A € F because A,B € F. From the finite additivity
proved above, we have

1(B) = pu(A) + n(B\A) = u(A),

by nonnegativity of measure.

3. From the formula above, we have
1(B\A) = p(B) — p(A)
whenever p(A) < co. Note that p(A) < oo is indispensable as co — oo is undefined in the extended real
system.

4. Rewrite AU B as
AUB =AU (B\A) =AU (B\(ANB)).

Clearly, B\(AN B) € F and it has no overlap with A. By finite additivity and the measure of difference
set proved above, we have

#(AUB) = u(A) + n(B\(AN B)) = u(A) + u(B) — p(AN B).

Here, the condition that u(A N B) < co is necessary due to the reason given above.

1.2.4 Continuity of Measure
To study the continuity of a measure, we first define the monotonical sequences of sets.

Definition 1.5 (Monotonical sequence of sets). A sequence of sets (E,)22 , is said to increases to E if
Vi e N,E; C E;11, and \J;o, E; = E, denoted by E; T E. A sequence of sets (E,,)2%, is said to decreases
to E ifVie N,E; D E;y1, and (\ioy E; = E, denoted by E; | E.

Lemma 1.1 (Continuity of measure). Given a measure space (X, F, 1), let (E;)2, be a sequence of sets in
F, then

1. E, T E = p(E) = limy, oo u(En);
2. E, | E, and 3E; s.t. u(E;) < oo = p(E) = limy, o u(E,)

Proof. 1. This statement is proved by three steps: express the limit set as a disjoint union — write its
union as a series by countable additivity — prove the convergence of the series.

(a) First, we prove that
E=|JE =EU <|_| Ei+1\E1;> (1.4)
i=1 i=1

For conciseness, we denote the set defined in the right hand by E. To establish the equality, we
show both £ C F and F C E. The former follows directly from the fact that £; C E and
Ei\Ei—l Q Ez Q FE for all 1 = 1,2, e
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()

Now, we prove the other direction. For arbitrary « € F, there exists E; such that x € F;. Let k be
the minimum integer such that x € Ey. If kK =1, then = € F;, otherwise k > 1 and z € E&\Ek,l.
In both cases, it is obvious that z € E. As x is arbitrarily choosen from E, we have E C E.

Furthermore, we need to verify that the sets in the right hand side are disjoint. For each positive
integer 7, we have F1 C Fj;, it follows that

Ein (Ei+1\Ei) = (E1 N EZC) NEi4 = 0N Ei1 = 0.
In addition, for any i < j € nsp, we have E; C F;1, C F;, and thus
(Ei+1\Ei) N (Ej+1\Ej) = Ef N (Eip1 N ES) N Ejp = EFNON Ej = 0.

Therefore, the sets {F1, E;+1\F;, Vi € N} are mutually disjoint.
Based on (1.4), we have the following by countable additivity

wE) = p(Er) + ZM(EiH\Ei) (1.5)
i=1

On the other hand, it can be easily shown by induction that

k—1
Ep = FEy U (U E¢+1\Ei> . (1.6)
i=1
by finite additivity, we have
k-1
p(Ex) = p(Br) + Y w(Bipa\Ey). (1.7)

i=1
Comparing (1.5) and (1.7), we can see that p(E}y) is a finite partial sum of the series u(E).

When p(E) < 400, the series (1.4) is absolutely convergent (due to nonnegativity of measure), it
follows that limg_,oo (Ex) — p(E). Otherwise, u(E) — oo, then given any v > 0, there is k € N
such that the partial sum in (1.7) is larger than v. Hence, limg_, o p(E)) = 00 = pu(E).

2. Because E; O E; 1, Vi, it can be easily shown that for any k,

E=(E =

1 i

E;.

e
DX

k

3

Since there exists ko such that p(Ey,) < oo and thus p(F;) < oo for all i > kg, we can express the
intersection of any sequence of the given condition as the intersection of sequence of finite-measure sets.
Hence, we assume p(E7) < oo without lossing generality.

(a)

First of all, we prove the following identity

E=EnN (ﬂ(Ei\EiH)C) = E1\ (U(Ei\Ei+1)> :

=1 i=1

We only need to prove the first equality, while the second one immediately follows.

Let G = ;21 (E:\Eit1)¢, then E C E; NG follows from the fact that £ C Ey and E C E;1; C
(E;\E;;+1)¢. Now, we prove the other direction. For arbitrary z € Ey NG, we have z € E; and
x € E;\E;4+1 for all i € N. It can be easily shown by induction that

k—1
E,=E N <ﬂ (Ei\EiH)C) . (1.8)

=1

Hence, z € Ej, for all k € N. As a result, z € E = (-, E;, and thus 4 NG C E.
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In addition, for all ¢ < j € N we have (E;\E;y1) N (E;\E;+1) due to E; C E;;,. Hence, the sets
in form of E;\E;;; are disjoint. Furthermore, |J;=,(E;\Ei+1) C E;1 due to E\E;41 C E; C E;.
Therefore, (1.8) can be rewritten as

E\E = | |(B\Ei). (1.9)
i=1
And from (1.8), we have
k—1
E\Ey = | |(E\Eis1). (1.10)
=1

From (1.9) and (1.10), we have (E1\Ex) T (E1\E). Applying the conclusion for increasing sequence
sets that we have just proved, we get

W(ENE) = lim p(E\E,). (1.11)

As EC FEy, E, C E; for all n € Njand p(F7) < oo, the measure of F and E,,, Vn are finite. Then,

the above formula can be further written into

p(Er) — p(E) = lim (u(Er) — p(En)) = p(Er) — lim p(E,) (1.12)

It immediately leads to pu(E) = limy, 00 pt(Er).
O

It is important to note that the existence of a finite-measure set F; is crucial for the second statement in
the above lemma. Here, I give an example. Consider the sequence of sets (E;)°; with E; = (i,00). Clearly,
w(E;) = oo for each i € N, however, this sequences obviously decreases to E = (), and thus u(E) = 0, which
is not the limit of u(E;).

1.3 Lebesgue Measure

In the following, we are trying to construct a measure on R, which is called the Lebesgue measure, denoted
by m. The goal is that Lebesgue measure should satisfy the following properties

1. m(interval) = len(interval);

2. translation invariance: m(z + A) = m(A);

3. o-additivity.

The plan of constructing Lebesgue measure comprises three stages:

1.

2.

define the measure m on some simple sets, i.e. intervals;

extend the definition to all reasonable sets by approximating them with finite or countable union of
intervals;

restrict to a certain o-algebra to achieve o-additivity.

1.3.1 The Measure of Intervals

Definition 1.6 (Semi-algebra). A collection of subsets S C 2% is called a semi-algebra over X if it satisfies

1.0eSand X € S;

2. closed under intersection: A, Be€ S=ANBeS;
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3. if A€ S, then A° can be expressed as finite union of sets in S, as

N
X\A4 = U B;

i=1
where B; € S,¥i=1,...,N.
Consider the set of all intervals in R, which is defined as
Int = {I is in form of (a, b)|a,b € [—00, 0], a < b}.
Here, we say that a set I C R is form of (a,b) if I is either of the following: [a,b], (a,b], [a,d) or (a,b).
Proposition 1.3. The set of intervals Int is a semi-algebra.
Proof. 1. § = (a,a) for arbitrary a € R, thus @) € Int, and R = (—o0, +00) € Int.

2. Given arbitrarily two intervals respectively in form of (a1,b1) and {(as,bs), let ' = max(aj,az) and
b = min(by, be. If @’ < ¥, their intersection is in form of (a’,b’), otherwise their intersection is §). In
both cases, the intersection is in Int, thus Int is closed under intersection.

3. For I = [a,b] € Int, we have I = (—o00,a) U (b,00) € Int. Similar argument shows that the third
condition also applies to other interval forms: [a,b), (a,b] and (a,b).
O

We define the length of an interval by I({a,b)) = b — a.
Lemma 1.2. The length of intervals defined over Int satisfies o-additivity, that is if I € Int and I, Is, ... €

Int, and {I;}32, are disjoint, then
I=| | L= UI) =) UI). (1.13)
k=1 k=1
Proof. 1. First of all, we proof that the length satisfies finite additivity, that is
N N
VI Iz €S, IT=||I=11)=> 1)
k=1 k=1
Let I be in form of {(a,b) with a < b and I be in form of {(a,bx) with ar < bg. In the case where
I =0UN I =0, we must have I = () and Iy = 0,Vk = 1,...,N. Then, {(I) = 0 and Zivzll(fk) =
ZkN:1 0 = 0. The statement holds. In the following, we assume I # 0, and I}, # () for all k =1,..., N.

(If there are some empty sets in {I, k}ivzl we can simply remove them without affecting the equality as
the length of empty sets are zeros.)

We rearrange I in the order of a; such that a1 < ay < -+ < any. Now we show that this ordered
sequence of intervals satisfies the following properties.

(a) a1 = a. If a1 < a, then for any « € (a1,a), x € I; but « ¢ I; if a1 > a, then for any x € (a,ay),
x €Ibutxé¢ I, Vk=1,...,N, and thus z is not in their union. Hence, for I = |_|fj:1 Iy, it is
necessary that a; = a.

(b) by = b. The proof of this is similar to above. If by < b, then for any = € (byn,b), x € I but
x ¢ [_|£]:1 Ii; or if by > b, then for any x € (b,by), x € I, but = ¢ I.

(¢) by = agqq for all k =1,...,N — 1. If by < agy1, then for any = € (bg,ar+1), it has a = a1 <
ar < by < < apy1 <ay < by =0, thus z € I, but it is clear that z is not in I} for any k.
If by > agy1, then the set (agy1,br), which is contained in both I, and Ijy1, is not empty. This
violates the condition that I} and Ij4q are disjoint.

Based on the three properties, we have

N

N—-1
lek = (e —ar) =—ar+ Y (bk — ars1) + by =by —ar =b—a =1(I). (1.14)
=1 k=1

Hence, the finite additivity is established.

10
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2. Then, we prove countable sub-additivity.That is to prove

VI Iy € Int, [ = | | I = 1(1) = I(Ix
k=1 k=1

In doing this, we first prove it for closed and bounded interval I = [a,b]. Let I be in form of (a, bx)
with ay < by.. Given arbitrary e > 0, we set I}, = (a},,b},) with a}, = ax —2~* e and b), = by, +2~F+ e,
Clearly, Ij, C I}, and thus I C ﬂkzl I.

The collection {I},}?° , constitutes a open cover of I. And since I = [a,b] is closed and bounded, there
is an finite sub-cover of I due to Heine-Borel theorem. For convenience of notation, we denote the sets
in this finite sub-cover by {Jj}1_,, which are respectively (cy, d).

Then for any = € I, there exists some 1 < k < N such that x € J;. From the finite sub-cover, we
construct a sub collection as follows. In the first step, we choose k; such that a € Ji,. The selection
procedure continues as follows, after selecting Jg,, if di, > b then it is done, otherwise we select k;y1
such that dy, € Jy,,,. As the sub-cover is finite, this procedure can be finished with finite steps. It is
easy to see that the selected collection has: cx, < a, ¢, < ¢, <di,,Vi=1,...,N' =1, and dy,, > b,
where N’ is the number of the selected sets. So, we have

141

N’ N'—1
Zl Jk Z dk1 — Cki) = —Ck, + Z (dk — Ck+1) + de, > de, — Cky > b—a= l([b, a]) (115)
i=1 i=1

On the other hand,

N’ N oo o [
Zl Ti) S UTR) <Y UI) =D (U(Ix) +27F (Zl([k)> +e. (1.16)
=1 k=1 k=1 k=1

Combining the above two inequalities, we have

< <§: l(]k)> + €. (1.17)

k=1

This holds for arbitrary positive number ¢, hence

< izak). (1.18)

k=1

Now, the sub-additivity is established for any close interval [a,b]. we then continue to show this for
other forms of intervals.

For I = [a,b) = ||y~ I), and consider a family of close sets A, = [a,b — €] where 0 < e < b—a. It is
easy to see that |_|,;“;1 I, covers A, defined above. Since A is a close interval, from the sub-additivity
for close interval proved above, we have

b—a—e=1(A) <> I(I), Vest.0<e<b—a (1.19)
k=1
thus -
> Uk = b—a=1(). (1.20)
k=1

With similar argument, we can as well establish sub-additivity for (a,b] and (a,b).

3. We finally prove inequality in opposite direction, that is

VI I, €t I = | | I = 1(1) > 1(Iy).
k=1 i=1

11
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First of all, we show that for any N > 0, I can be written as

I= <|i| Ik> | | (ﬁ! Jl-) (1.21)

k=1
for some disjoint intervals Ji,. ..,y € Int. From De-Morgan’s rule,
N N ¢ N
I\<Ufk>:m<UIk> :Im(ﬂl,g). (1.22)
k=1 k=1 k=1

As Int is a semi-algebra, for each I we have
ng
I = || Brss
j=1

for some disjoint intervals By, ; € Int, and thus

N

N N ni nnN
NE=N{UBwi|=U " U BijynBajn---NBujy) (1.23)
k=1 k=1

=1 =1 gn=1

For two distinct terms in this union, Bj, N---N B;, and By N---N B, , there exists [ such that j; # J,
thus By j, N By j = (), and these two distinct terms are disjoint. Hence, we can write this union by
rearranging tht terms

N M
N =L]c¢- (1.24)
k=1 =1

Here, M = niny---ny. C; are derived by reindexing the terms in (1.23), and thus they are disjoint.
Pluging this back into (1.22), we have

N M M M
I\<U1k>—lm<|_|ci>—|_|(IﬂCl-)—|_|JZ- (1.25)

k=1 i=1 =1 i=1

where J; = INC; € Int for i = 1,..., M. Note that I} are mutually disjoint, and from (1.25), UM, J;
are contained in I and disjoint from Llfcvzlf &, SO

I= (gl Ik> | ] (C! Ji> , (1.26)

where J; € Int for ¢ = 1,..., M. The identity of (1.21) is established. Then, from finite additivity
proved above, we have

N M N
) =D UI) + > 10Jk) = > UI). (1.27)
i=1 j=1 i=1
Note that this holds for any N > 0. Taking the limit as N — oo, we get
N e}
> i = . .
I(I) = ]\}gnm;l(fk) ’;Z(Ik) (1.28)

Now, both direction of the inequality has been proved, as a result, the countable additivity of length in
Int is thus established.
O

Corollary 1.1. Let I € Int be an interval, and {J;}32, with J; € Int for all i € N be a cover of I, i.e.
I CUZ, Ji, then
I(I) < ZZ<J1')'

=1

12
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Proof. Let K1 = J; and K; = J;\J;—1 for i > 2. It is easy to see that the sets in {K;}3°, are disjoint. And,
since Int is a semi-algebra, each K; can be written into a finite disjoint union of intervals as

K; = |_| Lij. (1.29)
j=1
We extend the definition of length to finite disjoint union of intervals by I(| |;_; Ix) = >_p_; (1), then
IK) = 1(Lij). (1.30)
j=1

On the other hand, J; = (J; N J;—1) U K;, and J; N J;—1 € Int, thus by additivity of length,

1(J;) = 1(J; N Jiy) + 1(K;) > 1(Kq). (1.31)
Now, as I C | |2, K;, we can write
I=||ank)=|][|UunLiy. (1.32)
i=1 i=1j=1

Here, I N L; ; are intervals, then by o-additivity of lengths, we have

W) =D > MINLij) <> ULij) = 1K) <> 10). (1.33)

i=1 j=1 i=1 j=1 i=1 i=1

1.3.2 Owuter Measure

Definition 1.7 (Outer measure). A function u* : 2% — [0, 00] is said to be an outer measure over X if it
satisfies

1. p*(0) = 0;
2. w*(A) < p*(B) whenever A C B;
3. (sub-additivity) p* (U, Ai) < >oioy 1 (4y).

Definition 1.8 (Lebesgue’s outer measure). Lebesgue’s outer measure is a function m* : 2% — [0, 0]

given by
m*(A) = inf{Zl(Ik) |AC | InIn € Int}.
k=1

i=1
Proposition 1.4. Lebesgue’s outer measure is an outer measure over R.

Proof. We proof Lebesgue’s outer measure satisfies the three conditions of outer measure.

1. First of all, Lebesgue’s outer measure is non-negative, which follows from the non-negativity of interval
length. For any a € R, we can write

(Z) — U Aia
i=1
with 4; = (a,a). Then,
m*(0) < U(A) =) 0=0.
i=1 i=1

So, m*(0) = 0.

2. When A C B, any cover of B is also a cover of A, then based on the definition of m* as an infimium,
m*(A) < m*(B) directly follows.
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3. Given arbitrary € > 0, for any ¢ € N, there exists Il-(j) C X forall j =1,...,00 such that

o0
AcJ1?,
j=1
and
> ; €
>omt () <m(A) + 5
j=1
Hence,
o0 o0 o0
Uacyyr”,
i=1 i=1j=1
and

E:E:mﬂﬁﬂ)<§:cﬁﬁﬁy+;)ZE:mWA0+e
=1

i=1 j=1 i=1

Note that countable union of countable set is countable, then from the definition of m*, we have

m* (U Ai> < Zm*(A )+e
i=1 i=1
for arbitrary € > 0. Hence,

e ([‘j Ai) S A

O
The following lemma shows that the definition of outer measure is consistent with the length of intervals.

Lemma 1.3. Let A = U° I}, where Ij, € Int for all k € N, then m*(A) = 32, I(Iy). In particular, for each
interval I € Int, we have m*(I) = I(I).

Proof. First, m*(A) < 72, I(Ix) immediately follows from the definition of outer measure. So, to establish
the equality, it suffices to show
A) > UL,
i=1

For arbitrary e > 0, there exists a cover of of A by {J;}3°, with J; € Int, Vi € N, such that

il(Ji) <m” (El Ik> +e (1.34)
i=1

k=1

Since A = U I C Ufil Ji, we have I}, C Ufil J; N I.. Note here that each J; N I is also an interval, hence
<> UJiN 1), VkeN. (1.35)
i=1
It follows that

isz giiumk :iiumk (1.36)
k=1

k=11=1 i=1 k=1

(TODO: the exchange of summation order need to be justified).
Note that J; 2 | y—, (J; N Ii), we have

>3 1N I). (1.37)
k=1

14
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Combining (1.36), (1.37), and (1.34), we get

S UL <Y UT) < m? <|_| Ik> +e. (1.38)
As e > 0 is arbitrary,

izuk) <m* <|j| 1k> = m*(A). (1.39)
O

Proposition 1.5 (Translation-Invariance of m*). The Lebesque’s outer measure m* is translation invariant,
i.e. for any E CR and any v € R, m*(E) = m*(E + z).

Proof. Note that fact that {I;}72, is a cover of E C R, if and only if {I + 2}}2, is a cover of E + z. In
addition, length of intervals is translation invariant, i.e. I(I + ) = {(I) for any I € Int and zinR. Then, we
have for any = € R,

m*(E) = inf {il(Ik)E - G Ika-[k € Int}

k=1 k=1

1nf{ZZIk |E+zC U1k+x) IkeInt}
k=1

{Z Ik+x|E+xCU (I, + ), Ikelnt}
k_

—m*(E+z (1.40)

Proposition 1.6. The Lebesgue’s outer measure of countable set in R is 0.

Proof. Let A = {x1,22,...} € R be a countable set, given arbitrary € > 0, we can construct a collection
of intervals that cover A as follows. Let C. = {I;} with I} = (z) — 2 %e, 2 + 27%¢). It is obvious that
AC U;il I,. The total length of this collection is

> UIk) =2) 27 =2e. (1.41)
i=1 i=1

Hence, m*(A) < 2¢ for any € > 0, as a result, m*(A) = 0. O

As immediate corollary of this proposition, we have m*(Q) = 0 and the outer measure of countable union
of countable sets is zero.

Proposition 1.7. The Lebesgue’s measure of Cantor set is zero.

Proof. Here gives a brief sketch of the proof. Consider the construction of Cantor set as an infinite refinement
process. At the k-step, it ends up with 2* intervals with total length (%)k The intervals derived after any

finite steps form a cover of the Cantor set. Therefore, by the definition of m*, we have m*(C) < (%)k for any
k € N, where C denotes the Cantor set. Taking k — oo results in m*(C) = 0.

1.3.3 From Outer Measure to Lebesgue Measure

We have defined an outer measure and shown its consistency with the definition of length on intervals. In the
final step, we are going to restrict the domain of the outer measure to achieve g-additivity, which eventually
leads to the Lebesgue measure on R.

The restricted domain is characterized by the following criterion.

15
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Definition 1.9 (Lebesgue measurable set). A subset E C R is said to be Lebesgue measurable if it satisfies
the Carathéodory’s condition given by

VT CR, m*(T)=m"(TNE)+m*(TnE°).

In the following, we use By to denote the collection of all Lebesgue measurable sets for conciseness. And,
we denote the restriction of the outer measure to By by m, i.e. m = m*|g,. We will show later that By is a
o-algebra, and m is a measure over Bj.

Theorem 1.1 (Properties of Lebesgue measurable sets). The Lebesque measurable sets defined above have
1. §,R € By with m(@) =0 and m(R) = cc.
2. EeBy= E°eBy.

3. Er,Ey € By = Ey U Es, EyN Ey € By, which immediately follows that E1\Ey € By. By induction, we
further have By is closed under finite intersection and finite union.

4. Let {E;}N.| C By be disjoint, then m* (Tﬂ |_|f\i1 El) = Zi\;l m*(T N E;). This is a generalization of
the Carathéodory’s condition.

5. m is translation invariant, i.e. E € By = m(E + z) = m(E), Vz € R.

6. By is closed under countable union and intersection. {E;}52, C By = Uiey Ei, ey Ei € Bo.

7. m is countable additive. m (|2, B;) =Y .0 m(E;) for any disjoint collection of E; in By.

The properties given above immediately leads to the definition of Lebesgue measure.

Definition 1.10 (Lebesgue measure). The collection By of all Lebesque measurable sets is a o-algebra, and
m defined above is a measure over By, called the Lebesgue measure. The triple (R, By, m) is called the
Lebesgue measure space on R.

Now, we prove the theorem.

Proof. Let By be Lebesgue measurable sets, i.e. the sets satisfying the Caratheodory’s condition, and m be
the restriction of outer measure to By.

1. For any T' C R,
m*(TN0)+m* (T NH) =m*0) +m*(T) =m*(T), (1.42)

and
m* (T NR) + m* (T NR®) = m*(T) + m*(0) = m*(T). (1.43)

So, #,R € By, and thus m(@) = m*(0) = 0 and m(R) = m*(R) = co.
2. For any T C R, and F € By,
m (TNE)+m*(TN(E))=m*"(TNE)+m*(TNE)=m"(T), (1.44)
so E° € By.
3. For any T' C R, and F1, Es, € By, We first prove that £ U E5 € By. Note that
TN(E1UEy)=TN(EL1U(E2NEY))=(TNE)U(TNE]{NE,). (1.45)
By sub-additivity of m*, we have
m* (TN (ELUEy)) <m™(TNED)+m"(TNE]N Ey). (1.46)
On the other hand, that Fy € By results in

m* (T NE{NEy)+m*(TNE{NE;) =m"(TNEY). (1.47)

16
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Combining (1.46) and (1.47), and considering E; € By, we have

m* (TN (E1UEy))+m"(T'N(Ey U Ey)°)

=m*(T' N (Ey U Ey))+m* (T NEfNES3)
<m*(T'NEy)+m"(TNE{NEy)+m*(TNE{NES)
=m*(T'N Ey) +m*(T N EY)

=m*(T). (1.48)

The opposite direction of the inequality, that is
m*(T) <m™(T N (Ey U Es)) +m*(T N (E; UE)),

directly follows from sub-additivity of m*. Hence, the equality is established, and Fy U Ey € By.

While the closeness under intersection can be directly obtained based on that of set complement and
union. The argument is briefly given as follows. Since Ey,Es € By, EY,ES € By, then E; N Ey =
(E$UES)° € By.

4. We prove this property by induction. When N = 1, the equality trivially holds. Suppose the property
holds for N = k, then we show that it holds for N = k + 1. For conciseness, we let G, = |_|f=1 E;. As
Ey11 € By,

m* (TN Gry1) =m" (TN Grg1 N Epyr) +m (TN Grp1 NEL). (1.49)

Here,
Gri1iNEpy1 = Epp1,  and  Grpi NER = Gy

Then, we have
m*(TﬂGk+1) :m*(TﬁGk)+m*(TﬂEk+1) (150)

Due to the induction assumption,

(TN Gy) Zm (T NE;) (1.51)
Combining (1.50) and (1.51) leads to
k+1
m*(T N Ghp1) = Zm (TN E) (1.52)

To sum up, this property holds for all N € N.

5. We first prove several identities for set translation,

(A+z)N(B+z)=(ANB)+z. (1.53)
(A+x2)¢= A+ . (1.54)
(A+z)N(B+1x)°=(ANB°) +x. (1.55)
This can be shown by
EA+z)N(B+z)ep—rx€eANB&pe ANB+u. (1.56)
and
peE(A+z)eopé¢A+reop—r¢Asp—axcASpe A+ . (1.57)

The third identity immediately follows the first two.
Then, we have for any E,T € 28,

TN(E4+z)=(T—-z2)+x)N(E+z)=(T—-z)NE)+=x. (1.58)

17
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and similarly, we have

TNE+z)=(T-z)NE)+=z (1.59)
Due to the translation invariance of m*, we have
m (TN(E+z)=m"(T—z)NE)+2)=m"(T—-—2)NE) (1.60)
and likewise
m (T N(E+2z)°) =m"((T —z)N E°). (1.61)

Whenever E € By, we have for any T,
m* (TN(E+x)+m* (TN(E+z)°) =m*"(T—-2)NE)+m*(T—2)NE®) =m*(T—z) = m*(T). (1.62)

This shows that F +x € By. Because m is a restriction of m* and m* is translation-invariant, it follows
directly that

m(E +z)=m*(E+x) =m*(E) =m(E). (1.63)

6. Given {E;}2,, let By = Ey and B; = E;\ (Uz ! E) for i > 2, then it is easy to see that {B;}2; is

disjoint, and
o0

Ue- L.

As By is closed under union and set difference, B; € By for all i € N.

In the following, we are going to show that the right hand side is Lebesgue measurable, that is to show

for any T C R,
m*(T) =m* <Tﬂ (I_I Bz>> +m* (T\ <|_| Bi>> . (1.64)

The inequality (<) directly follows from o-sub- addltwlty of m*. To establish the equality, it suffices to
show the other direction (>). For any k € N, |_|7 1 Bi € By, then
i=1

(el
| ))
BZ-)). (1.65)

=1
(i

k

> Zm*(Tﬁ B;)+m* (
i=1

Here, the first equality is due to the 4th property proved above, while the second inequality is due to

monotonicity of m*. Since (1.65) holds for every k € N, taking k — oo, we get

T) > im*(TﬂBi) +m* <T\ <|j B¢>>

=1 =1

e <Tm <|j B>> s <T\ (|j B>> | (1.66)

7. First, m (L;2, Ei) < > i, m(E;) directly follows the o-sub-additivity of m*. For the other direction of
inequality, we have for arbitrary N > 0,

) N N
m <|_| E) >m <|_| E) = Zm(Ei). (1.67)

i=1 i=1

~
—

~
—
O EE»

Here, the first inequality is due to the monotonicity of m*, while the second equality follows from the
4th property proved above by letting 7" = R.
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Taking N — oo, we get

m <|_| Ei> = Zm(Ei). (1.68)

O
Proposition 1.8. Intervals are Lebesque measurable, i.e. Int C By.
Proof. Here, we need to prove that given I € Int, for any T C R, m*(T) = m*(T N I) +m*(T NI°).
First, given arbitrary ¢ > 0, there exist {Ij : I, € Int}?° | that covers T sucht that
m*(T) = I(Ix) —e=Y_ m*(I) — e (1.69)
k=1 k=1
AsTNICU,,(IyNI),
m (TNI) <Y m* (N I). (1.70)
k=1
Likewise,
m (T NI%) <Y m* (I NI°). (1.71)
k=1
Combining (1.70) and (1.71),
m* (T NI) +m*(TNI) <> (m* (LN I)+m* (I, N1°). (1.72)
k=1

Note that I NI € Int for any k € N, and due to that Int is a semi-algebra, we can write I, N I¢ = |_|?:’“1 Jhi
with Ji; € Int for any k,i. Then,

nk
m*(Ie N ) +m* (L NI = m* (LN 1) + Y m* (I, 0 Js)

=1

ng
=1(IxN1I)+ Zl(Ik N Jki)
i=1

(aone(go)

Plugging (1.73) into (1.72) and (1.69), we have
m*(T N I)+m*(TNI° Z m*(T) + e. (1.74)
As e > 0 is arbitrary, it is necessary that
m*(TNI)+m*(T NI >m"(T). (1.75)
The other direction of the inequality follows directly from m*’s o-sub-additivity. O

Definition 1.11 (Borel algebra). The Borel algebra on R is the smallest sigma-algebra that includes all open
subsets of R, denoted by B(R).

Proposition 1.9. All sets in Borel algebra of R are Lebesgue measurable, i.e. B(R) C By.
To prove this proposition, we make use of the Lindel6f’s Lemma.
Lemma 1.4 (Lindel6f’s Lemma). Fvery open subset of R is a countable union of open intervals.

Proof. Since By is a g-algebra over R, it suffices to prove that every open set is in R. From Lindel6f’s Lemma,
each open set can be written as countable union of open intervals, and open intervals are in By, so each open
set is in By. O

Corollary 1.2. All open and closed sets in R is Lebesque measurable.
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1.3.4 Existence of Mon-measurable Sets

Though By is a very large collection, but it does not contain everything, i.e. By # 2K.
To “construct” a non-measurable set, we need Aziom of Choice, which has many equivalent form.

Theorem 1.2 (Axiom of Choice (AoC)). For any collection C of non-empty sets, there exists a set that
contains exactly one element from each set in C.

Equivalently, for any collection of C of non-empty sets, there exists a “choice function” f defined on C,
such that for any A € C, f(A) € A.

Equivalently, for any collection of C of non-empty sets, the Cartesian product [] .. A is not empty.

Theorem 1.3 (Existence of non-measurable sets). There exists a set E C R such that E ¢ By.

Proof. First, we define an equivalence relation on R by
r~y & rz—yeQ, Va,yeR.

It is trivial to verify that ~ defined above is really an equivalence relation. Let [z] denote the equivalence
class containing € R. Then, [z] N (0,1) # 0, due to the obvious fact that there exist rationales in (z — 1, x)
for any = € R.

Let E C [0,1] be a set with a single representative from every equivalence class defined above. By axiom
of choice, such a set exists. In the following, we show that it is non-measurable.

Note that
R=||(E+7).
reQ

As Q is countable. Assume F is measurable, by countable additivity and translation invariance of m, we have

oo =m(R)=m |_|(E—|—r) =m |_|E , (1.76)
reQ reQ

which follows that m(FE) > 0. On the other hand, let

F= |_| (E+r),

reQn(0,1)
then F' C [0,2], and thus
2>m(F)> > m(E)=oc. (1.77)
reQN(0,1)
Hence, F is not measurable. O

1.4 Borel Measurable Functions

1.4.1 Borel Algebra

Lemma 1.5. Let S a collection of o-algebra over X, then (g M is also a o-algebra over X.
Proof. Let M* = ,cg M, then
L0, XeMIMeS=0XeM =yecsM;
2. Ae M*=>Ae MYMeS = A°e M,\YM e S = A° € M*;
3o A}, C M = {AR, CMIYMeS = U, A CMIMeS=J2, A C M~
O

Lemma 1.6 (o-algebra generated by F). Given a set X and any collection of subset F C 2% there exists a
smallest o-algebra that contains F, which is called the o-algebra generated by F, and denoted by o(F).
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Here, when we say M™ is a “smallest o-algebra”, it means that if M is also a o-algebra satisying the same
condition, then M* C M. Hence, we can see that if such a “smallest o-algebra” exists, it must be unique.

Proof. Let S be the class of all o-algebra that contains F. First of all S is not empty, for any non-emtpy set
X and collection F C 2% it is easy to see that 2¥ is a o-algebra over X that contains F.
Define M* = (1, (g M, we are going to show that M* is the smallest o-algebra that is desired.

L FCM =NpyegM,as FCM, YMcS.
2. VM € S, M* C M by its definition.

3. As M™* is an intersection of o-algebras over X, by the lemma above, it is itself a o-algebra.

Together, they imply that M* is the smallest o-algebra containing F. O

Definition 1.12 (Borel o-algebra). Let (X,7) be a topological space, then o(T), the o-algebra over X
generated by the topology T, is called the Borel o-algebra of the topological space.

Conventionally, if the topology of a space is implicit, we use B(X) to denote the Borel o-algebra over the
default topological space of X.
The following are some examples of Borel o-algebras for different topological space.

1. For the indiscrete topology 7 = {0, X}, o(7) = {0, X };
2. For the discrete topology 7 = 2%, o(7T) = 2¥.
3. For the topology 7 = {0,U, X}, o(7) = {0,U,U*, X }.

4. For the topology 7 = {@, Ui,Us, X}, such with U; C Us, O'(T) = {@, Ui,U2,Uf,Us, Ug\Ul, (UQ\Ul)C}
(You can derive this set by constructing with union, intersection, and complement, and carefully remove
the identical sets)

5. B(R) and B(R™) are respectively borel algebra over real field and real vector spaces, which contains all
open and closed sets, and all countable unions of closed sets F,, and all countable intersections of open
sets G5, and so on. Note that the sets in the borel algebra are not restricted to those can be expressed
in these ways.

Proposition 1.10. Let T = {(—o0,a) : a € R}, then o(Z) = B(R).

Proof. Tt is obvious that Z € B(R), which immediately follows that o(Z) C B(R). Then, we are going to prove
the inclusion in other direction.

1. For each a € R, [a, +00) = (—00, )¢ € 0(Z);
2. For each a < B € R, [a, 8) = (=00, ) N [, 00) € o(T);
3. Thus, (o, 8) = U, —;la+1/n,B) € o(Z).

While, in R all open sets are countable union of open intervals, so all open sets are in o(Z), which leads to
that the natural topology of R is contained in ¢(Z), and hence B(R) C o(Z). O

1.4.2 Measurable Functions

Before going into the definition, we first show two useful propositions in the following lemma.

Lemma 1.7. Let (X, Fx) and (Y, Fy) be two measurable spaces, and f: X — Y be any function, then
1. Gx = {f~HA)|A € Fy) is a o-algebra over X;
2. Gy ={ACY|f 1 (A) € Fx} is a o-algebra over Y.

Proof. The verification of these statements are trivial by noting that f='(0) = 0, f~(X) = X, and f~!
preserves basic set operations including arbitrary union, arbitrary intersection, and set complement. O
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Definition 1.13 ((Generic) Measurable function). Let (X, Fx) and (Y,Fy) be measurable spaces, then a
function f : X — Y is called a measurable function if A € Fy = f~1(A) € Fx, in other words, the
pre-image of any measurable set is measurable.

Definition 1.14 ((Borel) Measurable function). Let (X, F) be a measurable space, and (Y, T) be a topological
space, then a function f: X — Y is called a (Borel) measurable function when it is measurable in generic
sense for'Y endowed with the Borel o-algebra o(T).

The borel measurability of a function can be equivalently defined as follows.

Let (X, F) be a measurable space, and (Y,T) be a topological space a function f : X — Y is called a
(Borel) measurable function if for any open set ACY, f~1(A) is measurable.

The following lemma shows that the two definitions of “borel measurable function” are indeed equivalent.

Lemma 1.8. Let (X,F) be a measurable space, and (Y,T) be a topological space endowed with a Borel
o-algebra B(T), give a function f: X — Y, f7YA) € F, VA€ o(T) iff f 1 (A) € F, VAeT.

Proof. Tt is trivial to see that f~1(A) € F, VA € B(T) = fY(A) € F, VA€ T as T C B(T). In the
following, we show the converse.

Suppose, f has f~1(A) € F for all open set Ain Y. Let G = {A C Y|f~1(A) € F}, then by the lemma
above, G is a o-algebra over Y. Clearly, all open sets are in G, in other words, 7 C G, thus B(Y) =0(7) C G,
which implies that for each A € o(T), f~1(A) € F. O

Proposition 1.11. Let (X, F) be a measurable space, and f : X — R be a function satisfying f 1 ((—o0,a)) €
F for all a € R, then f is a borel measurable.

Proof. We have shown in previous section that any open set in R can be derived from set complement,
intersection, and countable union of sets in form of (—oo,a), which follows that for any open set A C R, its
preimage f~'(A) can be expressed in form of the countable union, intersection, and set complements of the
sets in form of f~1((—o0o,a)) which are measurable. Hence, the preimage of any open set in R is measurable
in (X, F), thus f is borel measurable. O

Proposition 1.12. Let X andY be topological spaces, then any continuous function f : X — Y is measurable.

Proof. This immediately follows from the fact that in a topological space (by convention endowed with Borel
o-algebra), any open set is measurable. O

Proposition 1.13. Let X be a measurable space, Y and Z be topological spaces. Given any function f: X —
Y and continuous function g : Y — Z, we have

1. if f is continous then g o f is continuous;
2. if f is borel measurable then g o f is borel measurable.

Proof. Given any open set V C Z, g~ (V) is open due to the continuity of g. Note that (go f)~1(V) =
g~ (V)), so if f is continuous, then f=(g=1(V)) is open, thus g o f is continous; or if f is measurable,
then f~1(g=1(V)) is measurable, thus g o f is measurable. O

Lemma 1.9. Let X be a measurable space, and Y be a topological space. Let u : X — R andv: X — R
be measurable functions, and ¢ : R — Y be continuous functions. Then, h : X?> — Y defined by h(x,y) =
d(u(z),v(y)) is measurable.

Proof. We define f : X2 — R? by f(z,y) = (u(x),v(y)), then h = ¢ o f. Since ¢ is continuous, from the
proposition above, we can see that it suffices to show that f is measurable.

Given any open box in form of V = I} x I, C R? with I; and I, being open intervals in R, then
f~YV) =utI)Nv=(ly), where u=1(I;) and v~!(I3) are both measurable due to the measurability of u
and v, thus f~(V) is measurable.

Since open boxes constitute basis of the standard topology of R?, and R? is second countable under
this topology, we can see that any open set U C R2 can be written as countable union of open boxes as
U=U;2, Vi, then f~HU) =2, f~1(V;) is measurable. O

Theorem 1.4. For measurable functions, we have
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1. Let u and v be real measurable functions, then f = u + iv is complex measurable.

2. Let f =u+iv be complex measurable function, then u, v, |f| are real measurable.

3. Let f,g be real (complex) measurable functions, then f + g and fg are real (complex) measurable.
4. Let E be a measurable set, then its indicator function x g is measurable.

Proof. These statements are immediate corollaries of the above propositions.

1. We can write f(z) = ¢(u(x),v(x)) with ¢ : R? — C given by ¢(u,v) = u+ i *v which is continuous and
thus measurable.

2. This follows from the fact that taking real or imaginary part, or taking magnitude, are all continuous
and thus measurable functions.

3. We can write (f 4+ g)(z) = ¢4+ (f(x),g(x)) with ¢4 (u,v) = u+ v and (fg)(x) = ¢ (f(2),g(z)) with
@ (u,v) = uv. Both ¢ and ¢ are continuous and thus measurable.

4. The pre-image of Xgl can only be either one of the following: (), F, E°, and X, which are all measurable
whenever E' is measurable.

O

Theorem 1.5. Let (X, F) be a measurable space, and f, : X — R be a sequence of Borel measurable
functions, then sup,, fn, inf, f,, limsup,, f, and liminf, f, are all Borel measurable.

Proof. We first look at sup,, f,. We claim that for each a € R,

—1 o0
(sup fn) (0, +00)) = | £ ((a, +00). (1.78)
n n=1
This can be shown as follows

-1
S (sup fn> ((a,4+00)) = sup fn(z) >a=3ImeN, f,(z) > a

S e i ((a,+00)) € fj 17 (0, +00)); (179
and 7
ve U £ (e +90) = 3m e Nw € f1((a,+00))
- s fule) > = s £y () > 0
Sac (S?Lp fn> (0 400)). (1.80)

The claim is shown, which readily leads to the conclusion that sup,, f, is borel measurable.
Similar argument shows that inf,, f, is also borel measurable. While, limsup,, f,, = inf;, sup,, f» and
liminf,, f, = sup,, infy>y fr, so they are also borel measurable. O]
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Chapter 2

Integration Theory

2.1 Lebesgue Integration

2.1.1 Simple Functions

Definition 2.1 (Simple function). A function s : X — R is called a simple function if s(X) is finite.
A simple function s can be uniquely written as

n
s = E Qi X A;
=1

where a; € R and A; = s7 (o) = {x € X|s(x) = o }.
Proposition 2.1. A simple function s given by s = Z?:l a;X 4, s measurable iff A; is measurable for all
1=1,...,n.

Proof. 1. Given any set of B € R, we have

@ (0eA;and 1€ A;)
A, (0¢ A and 1€ A;), (2.1)
(0 A;and 1 ¢ A)),
(0e A;and 1 € A;).

Hence, if A; is measurable, then x4, is measurable. As a finite sum of measurable function, s is
measurable.

2. Since s is measurable, A; = s~ ({«;}) is measurable.

O
Definition 2.2 (Monotonical function sequence). Let fi, fa, ... be a sequence of real valued functions defined
on X, such that for every x € X, fi(z), fa(x),... is an increasing sequence, then f1, fo,... is called an

increasing sequence of functions.
Similarly, we can define decreasing sequence of functions.

Theorem 2.1. Fach non-negative measurable function can be approrimated (pointwisely) by an increasing
sequence of simple measurable functions.
Formally, let f : X — [0,400] be a measurable function, then there exists a increasing sequence of simple

measurable functions s1 < so < -+, such that

lim s,(z) = f(z), VrelX.

n—oo
Proof. We construct a function ¥, : [0,4+00] — [0,400] in as follows. First, we partition [0,n] into n2"
intervals of length §,, = 27™. Then for each ¢t > 0, there exists a unique k; such that k9, <t < (k+ 1)d,.
We then define
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Note that ¥,, is a simple Borel measurable function as it can only take integer values from between 0 and
n2™, and ¥y, ¥,, ... is an increasing sequence of functions.
In addition, V¢ € [0, 4+00], t — 0, < ¥, () < t, hence U, (¢) converges to ¢ pointwisely as n — +oo.
Define s,, = ¥,, o f. Note that s, is a simple measurable function, as both ¥,, and f are measurable,
and VU, is a simple function. Then (s,)$2 is an increasing sequence of simple measurable functions that
converges to f pointwisely. O

In the following, we use the term positive measure to refer to a measure p : M — [0,400] such that
there exists a nonempty set A € M with p(A) < +o0.

2.1.2 Lebesgue Integral
We first define the Lebesgue integral on simple functions, and then extend it to all measurable functions.

Definition 2.3 (Lebesgue Integral). Given a measure space (X, M, p), and a simple measurable function
s: X — [0,+00]. Note that s can be uniquely written as s = Y .| a;xa, with Aq,..., A, being mutually
disjoint. Then, its Lebesgue integral on a measurable set E € M, denoted by fE sdp is defined by

/ sdp = Zam(E NA4;).
E :

Let f : X — [0, +00] be non-negative measurable function, then its Lebesgue integral is given by

/fd,u—sup{/ sdu

Proposition 2.2. Given a measure space (X, M, 1), non-negative measurable functions f,g: X — [0, +00],
measurable sets E, A, B € M, and ¢ € [0, 00|, then we have

f<g= [ fdu < [ 9dp;

ACB= [, fdu < [ fdu;

el = ¢ i F

fle=0= [, fdu =0 (This holds even when p(E) = +00);

s is simple measurable, and 0 < s < f}.

~

p(E) =0= [, fdu =0 (This holds even when f|p = +00);

fEfduifXfod:u-

Proof. We prove these properties respectively. For convenience, we denote

SN

Sy = {s |s is simple measurable, and 0 < s < f}.
Then,
fd,u = sup / sdp. (2.2)

SESy

1. As f <g,s < f=s<g,it means that Sy C S,;, which follows that

/fduf sup/sdug sup/ sdu:/gd,u. (2.3)
SESy s€Sy JE E

2. Let s =" | a;Xxc, be a non-negative simple measurable function. When A C B,

/ sdp = Z a;u(ANC;) < Z%’M(B NG = / sdy. (2.4)
A i=1 i=1 B
Hence,

fd,u— sup/sdug sup/ sdu:/ fdpu. (2.5)
B B

sESy s€Sy
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. Let s = "I | auixc; be a non-negative simple measurable function, then when ¢ > 0, cs = >, (ca;)xc;

is also a non-negative simple measurable function, which has

/ csdp =Y (coi)u(Ci) = ¢ a;p(Cy) = C/ sdp. (2.6)
E i=1 i=1 E
In addition, we note that s < f < ¢s < ¢f, which means S,y = {cs|s € Sy}. Hence,
/cfd,u: sup / sdy = sup / csdy = ¢ - sup / sd,u:c/ fdu. (2.7)
FE s€Scy JE se€Sy JE s€Sy JE E

. For each s € Sy, 0 < s(z) < f(x),Vox € X, hence, when f(z) =0,Vz € E C X, s(z) =0,Vz € E. For

each s satisfying the above condition, we have

/ sdp=0-p(ENs(0)) = 0. (2.8)
E
As a result,
/ fdp = sup / sdp = sup 0 = 0. (2.9)
E s€Sy JE sESy

. For each s € Sy, write it in form of s = > | a;x4,. And, note that p(E) = 0, and thus pu(E N A;) =

0,vi=1,...,n, then

/Sd,u ZaluEﬂA Zai-OZO. (2.10)
E i=1

i=1

Hence,
/ fdp = sup / sdp = sup 0 = 0. (2.11)
E s€ssety J B sESy
. Let s =" | a;xa, be a simple non-negative measurable function. We note that
XES =) _ iXEnA,- (2.12)
i=1
It follows that .
/ XESdp = Zam(E NA;) = / sdp. (2.13)
X P E

In addition, s < f = xgs < xgf, in other words, s € Sy = xgs € Sy, r

/fd,u- sup/sdu: sup/ xesdy < sup /s'du:/ xefdu. (2.14)
sESy s€SyJX S/GSXEf X X

On the other hand, for every s € Sy, r, we have s(z) = 0,Vz € E°. Write s into s =" | a;Xc;,, then
a; >0=C; € E< C;NE = (;, therefore,

/sd,u Zalu Zal,uC NE)= /Esdu. (2.15)

i=1

Hence,
/ xefdp = sup / sdy = sup / sdu z/ xefdu. (2.16)
X SESXEf X SESXEf E E
Note that xgf < f, by monotonicity shown above
/ xefdu < / fdpu. (2.17)
E E
As a result,
/ xefdu < / fdp. (2.18)
X E
O
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2.1.3 Additivity, Monotone Convergence Theorem, and Induced Measure

We first prove finite additivity of simple functions, and then generalize it to countable additivity of generic
measurable functions.

Lemma 2.1. Fach non-negative simple measurable function induces a measure.
Formally, let s be a non-negative simple measurable function defined in a measure space (X, M, u), and
define ¥ : M — [0, 4+o00] by

U(E) = /Esdu, VE € M,
then U is a measure.
Proof. We show that W satisfies the condition of a measure.
L w(0) = [,sdu =0 due to u(0) = 0.

2. We write s = Z?:l a;xa,; Let B, By, ... be disjoint measurable sets, and let £ = |_|z°:1 Ey, then

V(E) = ZaiM(EﬂAi) = Zaiu <<|_| Ek) ﬁAi) = Zaiu <|_| (Ex ﬂAi)>

— k=1 k=1
= Zai (Z /J,(Ek N Az)> = Z Zai,u(Ek N Az)
i=1 k=1 k=1i=1
_ s = S U(Ey). (2.19)

O

Proposition 2.3. Lebesgue Integral is additive on simple measurable functions.
Formally, let s and t be two non-negative simple measurable functions defined in a measure space (X, M, ),

then
/(s—i—t)d,u:/ sdu+/ tdp.
X X X

As an immediate corollary, we have for each measurable set E € M,

/(s+t)du=/(XEs+XEt)du=/ XESd,u—f—/ XEtd,u:/ sdu—i—/ tdu.
E X X X E E

Proof. We define for each E € M, U (E) = [,(s+ t)dp, U (E) = [ sdu, W(E) = [, tdu, then the
functions Wy, ¥, and U, are all measures. Let s = > x4, and ¢ = E?Zl BixB,, such that | |" A; =

|_|;1=1 Bj=X. Let Bjj =A;NBjfori=1,...,mand j - 1,...,n. It is obvious that E;; are measurable and
mutually disjoint, and they have
X = | ] Eij.

1<i<m, 1<n<n

We note

/ (s+t)dp = (ay; + Bj)M(Eij) = Oéip,(Eij) + ﬁju(Eij) = / sdp + / tdu. (2.20)
E E E

ij ij ij
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In addition,

:ZZ/ (s+t)du = / sd,u—i—/ tdu)
i=1 j=1"Fij i=1j=1 \" Fij Eij
m n m n
=D D UA(EG) + Y W(Ey) = || By |+ || By
=1 j=1 1=15=1 1,9 1,7
= W (X) + T, (X) = / sdu+ | tdp. (2.21)
b'e X

O

Before generalizing the additivity to generic measurable functions, we still need to prove the following
theorem, namely the Lebesgue Monotone Convergence Theorem, which in itself is a very important theorem
in integration theory.

Theorem 2.2 (Montotone Convergence Theorem (MCT)). Let fi, fa,... be an increasing sequence of non-
negative measurable functions defined on a measure space (X, M, ), assume that it converges pointwisely to
a function f, i.e

lim f,(x) = f(z), Vo € X,

n—o0

/ fdp = / lim fdp.= lim / frndu.
Proof. By monotonicity of the Lebesgue integral, we have fX fidp < fX fir1dp for all i € N due to f; < fit1.

Hence, the real value sequence ( f X fndp)zo:l is an increasing sequence, and thus have a unique limit « € [0, 00].

then f is measurable and

1. As (fn)$2, is increasing, we have f,, < f, which follows that

/ fnd,ug/ fdp, Vn eN. (2.22)
b'e X
Take the limit for left hand side, we get
a = lim fndu < / fdu. (2.23)
n—oeJx X

2. Let s be a simple measurable function satisfying 0 < s < f, and ¢ be any real value with 0 < ¢ < 1.
Define ¥ : M — [0,400] : E + [, sdu, then ¥ is a measure.

On the other hand, let E, = {z € X : f,(r) > cs(z)}, then it is easy to see that E, is measurable
(note E,, = (fn — cs)71[0,00]). In addition, f,(z) > es(z) = faor1(z) > cs(z), it follows that By C
Ey C ---. Furthermore, we claim that Uf;l FE, = X. This claim is briefly shown as follows. First,
E, C X = ,_, E, C X. In showing the other direction, for each x € X, if f(z) = 0, then s(z) = 0,
thus it is obvious that z € F,,,Vn € N. Otherwise, f(x) > cs(x), as fn(x) T f(x), there exists n such
that f(z) — fn(z) < f(x) —es(x), i.e fu(x) > es(z), thus x € E,. The claim is proved.

By continuity of measure, we have
lim ¥(E,)=Y(F) < lim sdp :/ sdje. (2.24)
n—oo n—oo En X

From the basic property of Lebesgue integral, we have

/fnd,uz/ fnd[LZ/ csdu:c/ sdjs. (2.25)
b's En En E

n
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Take the limit as n — oo for both sides, then

a= lim frndp > ¢ lim / sdy = c/ sdj. (2.26)
This holds for any 0 < ¢ < 1, which follows that
a = lim fndp > / sdjs. (2.27)

O

Theorem 2.3 (Countable Additivity of Lebesgue Integral). Let fi, fa,... of non-negative measurable func-
tions on a measure space (X, M, ), and define f : X — [0, 4+00] by

fl@)=> falz), Vz € X,

n=1
then - -
fin= [ Y fudu=Y" [ fudn.
/‘;( Xn:l n=1 X
Proof. 1. We first prove for the sum of two functions. Let f and g be two non-negative measurable

functions, then there exist increasing sequences of non-negative simple measurable functions (s;)2; 1 f
and (¢;)$2, T g, then (s; +1;)2, T f + g. Based on the additivity proved on simple functions, we have

/ (si +ti)dp = / sidu—k/ t;dpu. (2.28)
X b's X
By MCT, we get

/(erg)du:/_lim (si+t;)dp = lim [ (s;+t;)dp = lim / sidp+ lim tidp:/ fd,u+/ gdp.
X l,l*?OO 11— 00 X 11— 00 X 11— 00 X X X
(2.29)

2. By induction, we can show the finite additivity as

/Xifidu— i/}(ﬁdu- (2.30)

3. Let g, = Y1, fi, then g,, 1 goo = f. By finite additivity and MCT,

Z/ fidp = lim Z/ fidp = lim / Zfid,u: lim / gndpz/ lim gnd,u:/ fdpu.
i—1 X n—0o0 i—1 X n—0o0 X =1 n—o0 X X n—oo X
(2.31)
O

As an immediate corollary, we can show that the order of infinite sum can be exchanged for non-negative
terms.

Corollary 2.1. Consider a non-negative function a : N x N — [0, +00], we have
D> alig) =" alij).
i=1j=1 j=1i=1

Proof. Suppose we are working with a measure space on N with counting measure y. Define a sequence of

non-negative function fi, fo,... by f;(¢) = a(4,j),Vi,j € N. Then f; are measurable functions, hence
oo oo o0 (oo} oo oo (o] (oo} oo oo
DD ali) =) > fili)= / > fidn= Z/ Fidp =Y fi@) =) > alij). (2.32)
i=1 j=1 i=1 j=1 Nj=1 j=1N j=11i=1 j=11i=1

O
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The following lemma states the relation between lim inf and Lebesgue integral, which has important utility.

Lemma 2.2 (Fatou’s Lemma). Let fi1, fa,... be a sequence of non-negative measurable functions defined on
a measure space (X, M, ), then

n—oo

/ liminf f,dy < hmlnf/ fndu.
X

Proof. For each k € N, define g5, : X — [0,400] by gx(z) = inf;> fi(z). Then, g1, ga2,... is an increasing
sequence of non-negative measurable functions, and it has

lim_gi(x) = sup gi(x) = sup inf fi(x) = lim inf f, (z). (2.33)
k—o00 keN keN > n— o0
By MCT, we have
lim gkd,u:/ lim gkdu:/ lim inf f,,du. (2.34)
k—oo [x x k—oo n— oo

In addition, by definition, g, < f,, thus by monotonicity,

/Xgndué/xfndu. (2.35)

Taking lim inf as n — oo of both sides, we get

/ liminf f,dy = hm / gkd,u—hmlnf/ gnd,u<hm1nf/ fndp. (2.36)

O

Theorem 2.4. Given a measure space (X, M, ), every non-negative measurable function f : X — [0, +00]
defines a measure v : M — [0, +00] by

:/fdu, VE € M.
E

And, for each measurable function g : X — [0, +00|, we have

/X gdv = /X gfdu.

This equation can be summarized as the rule dv = fdu.

Proof. 1. We first prove that v is a measure, by showing that it satisfies the conditions of a measure.

(a) v(0) = f(z) fdu=0.
(b) Let {E }52, be a sequence of pairwisely disjoint measurable sets, and let E = (i, E;. Note that

xef =Y xof- (2.37)

=1

Then by countable additivity of Lebesgue integral, we get

=[Efduz/Xfoduz/Ximfduzi/xmfduzi/& fduif;u(E(Z). |
2.38

2. Then, we prove the second statement, namely dv = fdu.

We first show that this holds for each characteristic functions of measurable set E.
/ XEdv =v(E) = / fdp = / xefdpu. (2.39)
X E X
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Then for each non-negative simple measurable function s = Y | a;x4,. Then by additivity,

sduz/ ;XA dv = ai/ XA, dv = ai/ XAifd,u:/ aiXAifdp:/ sfdpu.
/X X; ) ; x ; X X; X

(2.40)
Finally, for arbitrary non-negative measurable function g, there exists an increasing sequence of non-
negative simple measurable functions (s1, so,...) such that s, T g (pointwisely). It follows that (s, f) 1
gf. Then, by MCT

/gdu:/ lim s,dv = lim Spdy = lim snfd,u:/ lim snfd,u:/ gfd. (2.41)
X X n—oo n—oo X n—oo X X n—oo X

O

2.1.4 Lebesgue Integration of Complex Functions

In the following, we generalize the concept of Lebesgue integral from non-negative real functions to generic
complex functions.

Definition 2.4 (L' functions). Given a measure space (X, M, ), we denote
LY X, p) = {f X — (C‘ f is measurable, and / [fldu < +oo}.
X

FEach function in L*(X, i) is called an L' function. In other words, an L' function is a measurable function
f such that | f| has finite Lebesgue integral.

LY (X, i) is sometimes written as L*(X) or L' (u), when the underlying measure or the universe is clear
from context.

Definition 2.5 (Lebesgue integral of complex functions). Let f = u+iv be a complexr measurable function
defined on a measure space (X, M, u), where u and v are respectively the real and imaginary part of f, such
that u,v are measurable, and f € LY(X, ). Then for each E € M, we define

/Efdu:/Eud,u—l—i/Evdu:(/Eu+du—/Eu_du)+i</Ev+du—/Ev_du),

where u™ = max(u,0), u~ = min(u, 0), v = max(v,0), and v~ = min(v,0).
(Note that as |u™| < |u| < |f| and |vF| < |v| < |f|, hence u* and v* are all non-negative L' -functions.)

The following proposition states that Lebesgue integration is a linear functional acting on a L! function.

Proposition 2.4 (Linearity of Lebesgue integration). Given a measure space (X, M, u). Let f,g € LY(X, ),
and o, 3 € C, then af + g € LY (X, ) and

/}{(af+6g)du:a/){fdu+ﬁfxgdu.

To prove the linearity, we first note the following simple fact

Lemma 2.3. Given a measure space (X, M,u) and let f,g, f',g' be non-negative L' functions such that

f—g=Ff -4, then
/fdu—/ gduz/ f’dﬂ—/ g'dp.
X X X X

Proof. This can be shown by addivitity of Lebesgue integral of non-negative functions, as

f—g9=1~-gd=f+d=f+g
:>/X(f+g’)du:/X(f’Jrg)dué/dewr/xg’du:/xf’dwr/xgdu

i/xfduf/xgdu:/xf’du*/)(g’du- (2.42)
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Now we come back to prove the linearity.

Proof. We first show [, (f + g)du = [ fdu+ [y gdp, and then show [, afdy = o [y fdu, then linearity
immediately follows from these two properties.

1. The statement that f+g is an L! function follows from the fact that | f +g| < |f|+|g| and monotonicity
of Lebesgue integral.

Decompose f and g into real and imaginary parts as f = uy + tvy and g = ug + vy, then f 4+ g =
(uf +ug)+i(vy +vg), where ug 4+ uy and vy +v, are respectively the real and imaginary parts of f + g.

Then we have

/X(f+9)dﬂ = (/X(Uf + ug) T dp — /X(uf +ug)d,u> +i (/X(vf +vg)Tdp — /X(vf +vg)du> .

(2.43)
Note that

(s +11g)* = (s +11y)” = Re(f) +Re(g) = (uf —uj) + (uf —uy) = (uf +u) — (uf +uy);

(vf +0g)" = (v + )™ =TIm(f) +Im(g) = (v} —v}) + (v

Q

Then, by the lemma above,

Likewise, we have

/ (vy +vg)+du—/ (vf +vy) du = (/ vj[d,u—/ vfdu> + </ v;du—/ vg_du) . (2.47)
X X X X X X
Combining the results above, we get
/ (f+9)du = (/ u}'du—/ u}d,u) +1 (/ v}'du—/ v;du)
X X X X X
+ (/ u;‘du—/ ug_du) +1 (/ v;d,u—/ vg_du)
X X X X
2/ fdu—|—/ gdu. (2.48)
X X

2. The statement that af is an L' function follows from the fact of |af| < |a||f]. Let f = u + iv, where
u = Re(f) and v = Im(f).

If « € R and a > 0, then (au)® = au® and (aw)* = av®, thus

/Xafd,u:/X(au+iav)d,u: (/X<au>+dﬂ—/x(au)—du> —i(/)((av)+du—/)((av)_du)
([ o)A )

bl
za/de,u. (2.49)
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In addition, we claim fX(—f)du = — fX fdp. Combining the result above and this claim leads to that
Jxafdp =« [ fdu for all € R. This claim is briefly shown below

Jenau=( [ oran= [ ora) vi( [ ot [ o)
_ (/Xu—du_/xwdu)+¢</Xu—du—/xv+du)
— ([~ )i [oran- [oan)) == [ gan s

Now we generalize the conclusion from the case with a € R to a € C. Write a = a + @b, then
af = (au — bv) + i(bu + av). Hence,

/afduz/(au—bv)du+i/ (bu—l—av)d,u:/ audu—l—/(—b)vdu—l—i/ budu—i—i/ avdp
X X X X X X X

za/ ud,u—b/ vdu—l—ib/ ud,u—l—ia/ vdu
X X X X

:(a-i—ib)(/xudu—l—/xvdu):oz/xfdu. (2.51)

O

By linearity, we can extend the monotonicity of Lebesgue integral from non-negative functions to all
real-valued L' functions.

Proposition 2.5. Given a measure space (X, M,p) and f,g: X — R € LY (X, p), then

Vo e X d du.
f(z) <g(z), Vx € =>/Xfu§/Xgu
Proof.
- dy — dy = — f)d d du. .
f<g=g f20:>/Xgu /Xfu /X(g f)uzoﬁ/xfuﬁfxgu (2.52)
O

Proposition 2.6. Given a measure space (X, M,p) and f € L' (X, u), then

‘/deu‘é/xfldu-

Proof. Let z = fX fdu. It is obvious that fX |fldp > 0, hence if z = 0, the statement trivially holds. Now
we consider the case in which z # 0. Let o = Z/|z|, then |a| = 1 and az = |z|. Thus,

‘/ fd,u‘ :a/ fdu:/ afdu. (2.53)
X X X
Write af = uq + ivq, then |uq(2)| < |af(z)| = |f(x)], Vo € X. By definition,
|z :/ afdu:/ uad,u—i—i/ vodp. (2.54)
X X X
since |z| € R, [y vqodp = 0. Then by monotonicity,
‘ / fdu' —lel = [ wadu< [ |fla (2.55)
'S b's X
O
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2.1.5 Dominated Convergence Theorem

Dominated Convergence Theorem (DCT) introduced below is one of the most important theorem in measure
and integration theory, which establishes a widely applicable condition under which the order of limit and
integration can be exchanged.

Theorem 2.5 (Dominated Convergence Theorem (DCT)). Let ()22, be a sequence of complex measurable
function defined in a measure space (X, M, ) and f is a complex function satisfying

fx) = lim f,(z),Vz e X.

n—oo

If there ezists a positive function g € L'(u), such that |fn(x)| < g(x),Vx € X, then f € L*(u) and

lim [ [f— faldu=0,
X

n—oo

thus
/ fdpu = lim frndp.
X n—oo X
Proof. 1. We first show that f is integrable, i.e f € L'(u). Since |fn(x)| < g(z), Vo € X, Vn € N,
|f (@)] = Timp o0 [ fn(2)] < g(z), hence

/ | fldp S/ gdp < oo, (2.56)
X X

which implies that f € L(u).

2. Note that |f,(x) — f(z)| < 2¢(z), we define a real valued function h, : X — R for each n € N by
hn(z) = 2g(x) — |fo(x) — f(x)|. Tt is clear that h, is positive function for each n. In addition, as
lim, .o frn = f, lim, o hy = 2g. Then, we have

[ 20dn= [ tim (29~ 1~ fdn = [ timinc(2g - 11, ~ 7
X X n—oo X n—oo
<liminf(2g — |fn — f])du  (by Fatou’s Lemma)

:/ 2gdp + lim inf (—/ |fn—f|du>
X n—eo X

:/ ngu—limsup/ | fro = fldp. (2.57)
X n— oo X
Since g € L*(p), fX 2gdy < +00, hence it is necessary that
limsup/ |fn — fldp = lim / |frn — flduw = 0. (2.58)
n— o0 X n—oo Jx
3. Finally, we have for each n,
lim ‘ [ gau- [ fndu’ < Jim [ 17~ fuldn =0 (2.59)
It follows that
/ fdp = lim fndp. (2.60)
X n—oo X
O
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2.2 Null Sets and Almost Everywhere

2.2.1 Null Sets and Complete Measure

Definition 2.6 (Null set). Let (X, M, ) be a measure space, a set A C X is called a null set, or zero
measure set, if it is contained in a set with measure zero, i.e there exists B € M such that (B) = 0 and
ACB.

Definition 2.7 (Complete measure). Let (X, M, 1) be a measure space, i is said to be a complete measure
if for every E € M with u(E) =0, one has AC E = Ae M.

In other words, a measure is complete if every null set is measurable.
Theorem 2.6 (Completion of a measure). Given a measure space (X, M, ), define M = {EFC X|3A,B €

M,A C E C B, and u(B\A) = 0}, and fi : M — [0,+0c], such that for each E € M as defined above,
a(E) = fi(A). Then, M is a o-algebra over X, and fi is well-defined and it is a complete measure.

Proof. 1. First of all, we show that Misa o-algebra.
Note that M C Mv, since for each E € M, we can choose A = E/ and B = F, which have AC E C B
and B\A = 0 (thus u(B\A) = 0). Hence, E € M. Then, we verify that M satisfies the three conditions
of a o-algebra.
(a) € M C M.
(b) Suppose E € M, there exists A, B € M such that A C E C B and u(B\A) = 0. Then for E° we
have B¢ C E¢ C A€, where both A° and B¢ are in M. In addition, A°\B¢ = A°N B = B\A, thus
#(A\B®) = 0. Hence, E° € M.
(¢) Suppose {E,}°; C M, there exists, A1, As,... € M and By, Bs,... € M such that A, C E,, C
B,, and u(B,\A,) =0 for each n € N. Then for |, E,, we have

Janc ) zc s (2:61)

(G 5, \(fj An> c UJBaan). (262
It implies that

" ((U Bn> \ (U A)) < n(Ba\Ay) =0. (2.63)
Therefore, | J2°, E, € M.

2. We then show that fi is well defined.
Formally, this is equivalent to the following statement: Given E € M , and there exists Ay, By, As, By €
M such that Ay C E C By, Ay C E C By, and u(B1\A1) = u(B2\A2) =0, then p(A1) = p(Asz).

Note that As C Bj, then we have As\A; C B1\A4j, hence p(A2\A1) < u(B1\A41) = 0. Consequently,
p(As) < p(Ar) + p(Ax\Ay) = pu(A4y), likewise, we have p(A;) < p(Az). It follows that pu(A;) = p(Asz).

3. In the following, we continue to show that fi is a measure of the measurable space (X, Mv)

(a) For (), we can choose A = B = (), thus () = u(0) = 0.

(b) Let {E,}32, C M be a countable collection of disjoint sets which are measurable w.r.t .//\/lv7 and let
E =, E,. Then we can find Ay, As,... € M and By, Bs,... € M such that 4, C E, C B,
and p(B,\A,) =0 for each n € N. Let A =J,—, A4, and B = J.—, B,. We have shown above
that A C F C B and p(B\A) = 0. Hence, i(E) = pu(A), and a(E,) = p(Ap).

{E,}55, are disjoint and A,, C E,,, it follows that {A,,}°2 , are disjoint, hence p(A) = >0 | pu(Ay).
As aresult, A(E) = >07 i(Ey).
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4. Finally, we show that u is complete.

Let E C X such that there exists B € M such that E C B and u(B) = 0, then E € M, which

immediately follows from the definition of M by choosing A = ().
O

2.2.2 Almost Everywhere

Definition 2.8 (Almost everywhere). Let (X, M, u) be a measure space, and P be a property of X, then we
say that P holds almost everywhere with respect to p if there exists N € M with u(N) = 0 such that P
holds for each © € X\N. This is notated by P holds a.e.[u]. Here, [p] can be omitted if the measure is clear
from context.

In other words, P holds almost everywhere, if it holds over the entire X except for a null set.

Definition 2.9 (Almost everywhere equality). Let f and g be two measurable functions defined on a measure
space (X, M, ), we say that f equals g almost everywhere if u{z|f(x) # g(x)} = 0, notated by f = g, a.e.[u].

Proposition 2.7. Almost everywhere equality is an equivalence relation between measurable functions.
It is trivial to check this.

Theorem 2.7. Let (X, M, ) be a measure space, [ and g be two measurable functions, then

f=g el = [ fin= [ gin

Proof. Let N = {z|f(z) # g(x)}. If N =0, then f is the same as g, then [, fdu = [, gdp trivially holds.
Otherwise, we have [, fdu = fX\N fdp+ [y fdu. Since u(N) =0, [ fdu =0, thus [, fdu = fX\N fdu.
Likewise, [y gdu = fX\N gdu. And f equals g on X\N, we thus have fX\N fdp = fX\N gdu. Hence, the
equality is established. O

In the following, we extend the concept of measurable function to those defined almost everywhere (but
not necessarily the entire space).

Definition 2.10 (measurable function (defined almost everywhere)). Let (X, M,u) be a measure space,
E € M and u(E°) =0, Y be a topological space, a function f: E — Y is said to be measurable on X if
Y (V)N E is measurable for each open set V CY.

In addition, we define its Lebesgue integral over X by

/X fdu = /E fdy

and we say f € L™(X, pu) if [5|fldp < +o0.

Lemma 2.4. Integrable function is finite almost everywhere. Formally, let (X, M, ) be a measure space,
and f € L*(u), then
|f(@)] < 400, a.e.u].

Proof. Let S, = {x € X||f(x)| > n}, and M = [, |f|dp, since f € L' (), M < +oc. Then, we have

M= /X Fldu > /S I /S = np(5,). (2.64)

Hence, u(Sy,) < M/n, thus lim, o p(Sn) = 0. Let R = {z € X||f(z)| = +o0}, then R C S,,, ¥n € N, it
follows that p(R) < u(Sy), Vn € N, therefore, pu(R) = 0. O

The following theorem states some important facts about infinite series of integrable functions.

Theorem 2.8. Let ()52, be a sequence of measurable functions defined almost everywhere on a measure
space (X, M, ), such that 30" | [\ | faldp < 400 then. we have

1. f(z) =Y0" fo(z) converges almost everywhere w.r.t p;
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2. f is integrable, i.e f € L*(X,p);
8. [x fau =322, [ fadp.

Note that even when each of f,, is defined on the entire X, their sum converges almost everywhere (not
necessarily the entire X).

Proof. Let S, is the domain of f,,, in which f,, is defined, then p(SS) = 0. Let S = N3, S, it is easy to see
that 14(S¢) = 0. We define ¢ : S — [0, +oc] by ¢(z) = >0_, | fu(x)|, then by MCT,

Joan= [ AEDS J Ul <400 (2.65)

Hence, ¢ € L' (u). Let E = {z € S|¢(z) < 400}, by the lemma above, u(E¢) = 0. Note that f is absolutely
convergent on E and |f(z)|leg(z), Yz € E, therefore, f € L'(u).

Let g, = Zf\; fi(z), then |g,(z)| < ¢(z), Vo € E. By definition of infinite series, lim, . gn(z) =
f(x), Yz € E. Hence, by DCT (g, is dominated by ¢ € L' (1)),

[ gdn= i [ o= tim > /| =3 | fuin (2.66)
O
Proposition 2.8. Let (X, M, ) be a measure space, then
1. If f: X — [0, 400] is measurable such that [, fdu =0 for E € M, then f =0, a.e.[u] on E.
2. Let f € L'(p), such that [, fdu=0,YE € M, then f =0, a.e.[u] on X.
3. Let f € L' (), such that | [ fdu| = [ |f|du, then there exists o € C such that oof = |f], a.e. on X.
Proof. 1. Let A, = {z € E|f(z) > 1/n}, then

1 1
0= /E fdu > /A fdp > /A dp = p(Ay). (2.67)

n n

Hence, u(A4,) = 0. Let S = {z € E|f(x) > 0}, note that S =J., A,. As a result,

n=1

p(8) < 3" u(An) = 0. (2.68)

It means that f(z) =0, a.e.[u] on E.

2. Decompose f into f = (u™ —u~) + i(vT —v7), since f is measurable, u*,u™, v, v~ are measurable.
Let A= (u™)71((0,400]). And, we have

0= Re /A Fdp = /A wtdp (2.69)

By the statement shown above, u™ = 0 almost every on A, thus pu(A) = 0. Likewise, the measure of
(u™) 710, +00)), (vT)71((0, +0o0]), and (v~)~1((0, +o0]) are all zeros. Note that
FTHRV0}) € ()71 (0, +00]) U (w™) TH((0, +o00]) U (™) TH((0, +oc]) U (u) TH((0, +00]).  (2.70)
Hence, p(f~1(R\{0}) = 0, which means that f =0, a.e.[z] on X.
3. Let z = [ fdu, and choose a = Z/|z|, then az = |z| € [0, +-00]. Then

o] = /X o fdy = /X fldu (2.71)

Note that |a|] = 1, |alphaf| = |f|, thus Re(af) < |f| on X, i.e Re(|f| —af) > 0on X, let h = |f| — af,
we can write h = u™ 4 4v, since v~ = 0 on X. From (2.71), [, hdp = 0, it follows that [, u™du =0,
thus u™ =0, a.e. on X, i.e |f| = Re(af), a.e. on X, thus |f| = af, a.e. on X.

O
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Theorem 2.9. Let (X, M, ) be a measure space with locally finite measure, f € L'(u), and S be a closed
subset of C, if for each E € M with 0 < u(E) < +00, one has

1
AE(f)—M(E)/EdeE&

then f(z) € S, a.e.[u] on X.

Proof. Since S is closed, S€ is open. If, S¢ = (), then we are done. Otherwise, for each ¢ € S¢, there exists
r > 0 such that B,(c) C S, where B,(c) is the open ball of radius r centered at c.

Note that we need prove f~1(S5¢) has zero measure, and f~!(S5¢) is countable union of the sets in form of
f~Y(B,(c) with B,.(c) C S¢. Hence, it is enough to show that u(f~1(B,(c))) = 0 for each B,(c) C S°.

By contradition, we assume that there exists B,.(c) C S¢ such that u(E) > 0 where E = f~1(B,(c)). (If
w(E) = 400, we can find any finite-measure subset in it. This can be done since p is locally finite.) Then,
we have

IAE(f)C—'M(lE)/Efdu@Lcdu'S@LIfCIduﬁl@/lzrdﬂ—r~ (2.72)

Since, Ag(f) € S, and B,(c) C S, hence Vx € S, |z — ¢| > r, thus Ag(f) > r, leading to contradition. [

(Note that in the lecture, the condition is given as pu(X) < 400, actually, as we have seen that this can
be relaxed to a mild condition, namely local finiteness, such that it applies to more cases.)

Theorem 2.10. Let {E,}22, be a collection of measurable sets in a measure space (X, M, un) such that
S0 L (Ey) < +oo, then almost every x € X is covered by at most finitely many E,.

Proof. Let A = {z € X|z is in infinitely many E, }, we need show u(A) = 0. Define, g = > 77 | xg,, then it
is equivalent to proving g < 400, a.c. on X as x € A < g(x) = +oo. This readily follows from

/ gdp = / ZXEndN = Z/ XE, dp = Z,u(En) < +o0. (2.73)
X X p=1 n=1"% n=1

O

Note that in this proof, A can be formally written as A = (", Up=,, En-

Remark: it is claimed in the lecture that p(A) =0 < >, w(E,) < +o0o when p(X) < 4o00. I notice
that this claim is not necessarily true.

2.3 Riesz Representation Theorem

Definition 2.11 (positive linear functional). A positive linear functional defined on a function space is
a linear functional that yields non-negative value for each non-negative function.

Definition 2.12 (Regular measure). Let X be a topological space, and M is a o-algebra over X, then a
measure j : M — [0,400] is called a regular measure, if it satisfies

1. (outer regularity)
w(E) =inf{u(V)|E CV, V is open}, VE € M;

2. (inner regularity)
w(E) =sup{u(K)|K C E, K is compact}, VE € M.

In particular, we say that u satisifies outer regularity at E if u(F) = inf{u(V)|E C V, V is open}, and
that is satisfies inner regularity at K if u(E) = sup{u(K)|K C E, K is compact}.

Theorem 2.11 (Riesz representation theorem in a o-compact space). Let X be a Hausdorff, locally compact,
and o-compact topological space, A is a positive linear functional on Cc(X), then there exists a unique reqular
Borel measure j such that Af = fX fdu, ¥Vf € C.(X).
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A more general version of Resiz representation theorem (without the requirement of o-compactness) is

Theorem 2.12 (Riesz representation theorem). Let X be a Hausdorff, locally compact topological space, A
be a positive linear functional on Co(X), then there exists a o-algebra M that contains the Borel o-algebra,
and there exists a unique positive measure p on M such that it satisfies the following five conditions:

C.1: Nf = [ fdu, Vf € Ce(X);
C.2: u(K) < 400 for each compact set K ;
C.3: (outer regularity) p(E) = inf{u(V)|E CV, V is open} for all E € M;

C.4: ((semi) inner regularity) p(E) = sup{u(K)|K C E, K is compact} for all E € M with u(E) < 400 or
FE is open;

C.5: (completeness) p is a complete measure, i.e. W(E) =0 = Ae M, VACE.

We divide the proof into two parts: the first part is to show the existence of such p; the second part is to
show that the measure p that satisfies all the properties is unique.

In addition, for conciseness, we introduce the following notations to represent the relation between a
function f: X — [0,1] € C.(X) and a set A. f < A means suppf C A; while f = V means supp(l—f) C A,
ie. f(x)=1, Vz € A.

Proof of Existence. We first construct the o-algebra M and the measure p explicitly, and then prove that the
constructed objects satisfy the required conditions.

First of all, we define a non-negative real valued function p : 2% — [0, +-00] as follows. For each open set
v,

po(V) = sup{Af|f <V},
and then it can be extended to each subset F of X as
w(E) = inf{uo(V)|E CV, V is open}.

Actually, p as defined above is an outer measure that on which we are going to construct the o-algebra and

derive the measure by restriction.

Claim (1) p is an outer measure on X with u(E) = uo(F) when F is open, i.e. u is an extension of ug.
Proof of Claim (1). The proof takes several steps,
1. First of all, we show that ug satisfies the following three conditions.
(a) (uo(@) = 0) Tt is easy to see that the only function f that has f < 0 is the zero function, thus
Af =0, and po(0) = 0.
(b) (monotonicity) Given two open sets Vi C Vo, f < Vi = f < Vi, and thus uo(Vi) < po(V2) by
definition, as Vo may admit a larger set of functions whose supports contained in it.
(¢) (sub-additivity) We first show that po(Vi U Va) < uo(V1) + po(V2) for any two open sets Vi, Va,
and then extend it to finite sub-additivity.

Consider any function g < V4 U Vs, by partition of unity, there exist hy and hs such that hy < V7,
ho < Vo and hy(z) 4+ hao(z) = 1, Vo € supp g. As a result, h1g < Vi, hag < Vo, and h1g+ hag = g.
By linearity of A,

Ag = A(h1g + hag) = A(h1g) + A(hag) < po(Va) + po(Va), (2.74)

This holds for any g < V1 U V,, consequently,

po(ViuVa) = sup Ag < po(Vi) + po(Va). (2.75)
g=ViUVs
By induction, this results can be generalized to finite sub-additivity as for any open sets Vi,...,V,,

Ho (U Vi) <> (Vi) (2.76)
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2. Then, we show that p is an outer measure based on the results above.
(a) (u(0) =0) The smallest open set that contains an empty set is obviously an empty set. Thus, by
definition, we have u(0) = 0.

(b) (monotonicity) Given any subsets E; and Eo of X with Ey C Es, it is clearly that E; C V =
E, C V. It follows that u(E1) < u(E3) by definition.

(¢) (countable sub-additivity) Consider a countable collection of sets {E;}52,, and let E = ;2 E;.
We assume that u(E;) < +oo for all i, otherwise, the sub-additivity trivially holds as both sides
are infinity. By definition of p(E), given any e > 0, for each 4, there is an open set V; with E; C V;
such that po(V;) < u(E;)+27%. Let f: X — [0,1] € C.(X) have f < E. Then, {V;}3°, is an open
cover of supp f, which is a compact set, hence there is a finite number N such that f < Uf\il V;.

It follows that v
Af < o <U w) <> n0(Vi) <D p(E) + e (2.77)
=1

=1 i=1

As this holds for all open sets V 2 [J;2, E; and all f <V, we have

p(E) =sup{Af|f <V 2 E} <> u(E)+e. (2.78)

i=1
Since it holds for any € > 0, the sub-additivity is established.

3. Finally, we show that p and po agrees on open sets. Note that when E is open, the smallest open set
that contains F is itself. By monotonicity of pg, we have

w(E) =inf{ue(V)|E CV, V is open} = po(E). (2.79)

The claim (1) is finally proved. O

For the convenience of discussing inner and outer regularity, we define
i (E) = sup{u(K)|K C E, K is compact}, and p*(E)=inf{u(V)|E CV, V is open}.

Hence, p(FE) satisfies outer regularity at E when u(E) = p*(E), and satisfies inner regularity when u(E) =
w«(E). We can see that p is inherently outer regular by its definition. (C.3 automatically holds)
Then, we define
My = {E|u(E) < +o0 and u(E) = pu.(E)},

and
M={E|KNE € Mp, YK compact}.

We are going to show that M is an o-algebra with p being a measure over it. To this end, we first establish
several important results about Mpg.

Claim (2) if K is compact, then K € Mg and pu(K) = inf{Af|K < f}.
Claim (3) if V is open, then u(V) = u.(V), i.e. u(V) < 400 =V € Mp.
We note that C.4 is established when these two claims are proved.

Proof of Claim (2). First, it immediately follows from the monotonicity of u that for each compact set K,
u(K) = sup{u(K')|K' C K, K’ is compact}. (2.80)

Therefore, K € Mp. In the following, we will show the identity that u(K) = inf{Af|f > K}.

For a given compact set K, let f : X — [0,1] € C.(X) satisfy f = K and 0 < a < 1, we define
Vo = (e, +00)), which is open due to the continuity of f. We note that K C V,, for any « € (0,1) and
ag < f, Vg < V,. By claim (1), we have

p(K) < p(Va) = sup Ag < a™'Af, (2.81)
g=<Va
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this holds any f = K and any a € (0,1), thus p(K) < inf{Af|K < f}, since Af < 400 for all f € C.(f)
(why?), u(K) < +00. On the other hand, by definition of  and claim (1), given ¢ > 0, there is an open set V
with K C V such that u(V) < pu(K) 4 €. By Urysohn lemma, there is a f € Co(X) with K < f <V, hence,

Af <u(V) < p(K) +e. (2.82)
As this holds for any e > 0, we have u(K) > infs g Af, and thus p(K) = inf{Af|K < f}. O

Proof of Claim (3). Given any open set V, first of all u(V') > u.(V'), which directly follows from the mono-
tonicity of p and the definition of p*. For the other direction, we need to show that for any open set V,

sup{Af[f < V} < sup{u(K)|K CV}. (2.83)

It suffices to show that for each f <V, there exists a compact set K C V such that Af < p(K). To show
this, we let K = supp f, clearly, K C V due to f < V. And, for each f’ = K, we have Af < Af’, due to
positiveness of A, thus Af < u(K) = inf{Af’|f" = K} (the last equality is due to claim (2)). O

An important property with Mg is that p satisfies countable additivity on Mpg. This property will be
used in proving other claims.

Claim (4) Let {E;}32, be a countable collection of disjoint sets in Mg, let E = | |2 E;, then u(E) =
Yoo 1(E;). In addition, if pu(E) < +o0, E € Mp.

Proof. We first show that for any two compact sets K7 and Ks, we have u(K; U Ks) = p(Kq) 4+ p(K2). From
claim (1), we immediately have p(K1 U Ks) < pu(K;) 4+ p(K3) due to sub-additivity. Hence, it suffices to show
the inequality in the other direction, i.e. u(K; U Ko) > pu(Ky) + p(Ks).

First, by Urysohn lemma, there exist f : X — [0,1] € C.(X) such that f(z) = 1,Vz € K; and f(z) =
0,Vz € K. On the other hand, from claim (2), given any € > 0, there is a g : X — [0,1] € C.(X) such that
Ky UKy <gand Ag < u(K; U Ks) + €. As a result,

w(Ky) + p(K2) < A(fg) + A((1— f)g) = Ag < u(K1 U K3) +e (2.84)

As this holds for any € > 0, pu(K1) + p(K2) < p(K; U Ky), thus p(Ky U Ks) = pu(K1) + p(K2). By induction,
this generalizes to any finite union of compact sets.

Then, we consider a countable collection {E;}$2, C Mp where E; are disjoint. Let E = | |2, E;, Likewise,
it is enough to prove u(E) > >, u(E;). Given € > 0, for each i, since E; € Mp, there exists a compact
set H; C E; such that pu(H;) > p(E;) — 2 %. Let G,, = ||\, H;, then G,, is a compact set for each n, and
wW(Gy) = >, (H;) due to the conclusion shown right above.

n

p(E) > u(Gn) = > p(Hi) > pioyu(By) — e. (2.85)
i=1

As this holds for any n € N and € > 0, take n — oo, we have u(E) > >0 | u(E;). O

We have shown that compact sets and open sets with finite p are all in Mp. Actually, we will show that
any set in Mg can be approximated by compact sets from below, and by open sets from above.

Claim (5) If E € Mp, for any € > 0, there exist a compact set K and an open set V such that K CECV
and p(V\K) <e.

Proof of Claim (5). By definition of Mg, p, and p*, for each E € Mg, there exist K and V, such that
€ €
wV) =5 <ulB) <puV) + 5. (2.86)

Note that V\K is open, and u(V) < pu(K) + € < 400, by claim (3), V\K € Mp. On the other hand, by
claim (4), p(V) = p(K) + p(V\K), thus p(V\K) < e. O

Now, we have sufficiently characterize what are in Mp.
Claim (6) Let A,B € Mp, then AUB, AN B, A\B € Mp.

41



2.3. RIESZ REPRESENTATION THEOREM CHAPTER 2. INTEGRATION THEORY

Proof of Claim (6). From the definition of Mp and monotonicity of y, we can see that to show F € Mp, it
suffices to show there exists a compact set K C E such that u(E) < u(K) + € for any given € > 0.

Let A,B € Mp, then there exist K1, K5, V7 and V5 with K1 € A C Vi and K C B C V5 such that
w(VA\K;) < e for any given € > 0, according to claim (5).

1. (AUB € Mp). Clearly, K1 UKy C AUB C V4 UV, Ky U K> is compact, and V3 UV, is open. In
addition, we have
(Vi U\ (K1 UKy) C (VI\K7) U (VL\K>). (2.87)

As p is an outer measure,

p(Vi UV2)\(K1 U K3)) < p(Vi\KY) + p(V2\K3) < 26 (2.88)

2. (ANB e Mp). Clearly, KN Ky CANB CViNVa, K1 N K> is compact, and V4 N V5 is open. And,
VAV (K M) = VinVan(KSUKS) = (VinKS V) U(VNTBNES) © (VKL U(V\K), (2:89)
WV N Va\ (1K) < n(VA\K) + (Va\K) < 2. (2.90)

3. (A\B € Mp). Note that
A\B ViV, € (K U (Ki\Va) U (13\Ko), (2.91)

thus
HA\B) < ju(E0\Va) + 2¢. (2.92)

where K1\V3 is compact set contained in A\ B.
To sum up, Mg is closed under finite union, finite intersection, and set difference. O]

By extending Mp to M ={E|KNE € Mp,VK compact}, we obtain an o-algebra.

Claim (7) M is a o-algebra that contains the Borel o-algebra.
Proof of Claim (7). We first show that M is a o-algebra.
1. B € M, because 0 N K = () € M for every compact set K.

2. Let A € M, i.e. for each compact set K, ANK € Mg, thus ANK = K\(ANK) € Mp,as K € Mg
and M is closed under set difference. Therefore, A° € M.

3. Let {4;}2, € M, then for for any compact set K, A; N K € Mp for each . Let By = A NK
and Bpy1 = (Apgy1 N K')\U?=1 B; for each n > 1. It is easy to see that B, € My for each n due
to the fact that Mg is closed under union and set difference. We note that AN K = |_|Z°:1 B,,, and
p(ANK) < p(K) < 400, by claim (4), AN K € Mp. As this holds for any compact set K, A € M.

Now, we can conclude that M is a o-algebra. In the following, we show that it contains the Borel o-algebra.
It suffices to show that it contains every closed set. For each closed set C', and any compact set K, C' N K is
compact, and thus C N K € Mp, which follows that C € M. O

Claim (8) Mp = {A € M|u(4) < +o0},ie. A€ Mp if and only if A € M and p(A) < +oo.
Proof of Claim (8). The proof is conducted in two directions respectively.

1. Ae Mp = Ae Mand u(A) < 4o00. Let A € Mp, then for any compact set K, K € Mg by claim
(2), and ANK € Mg by claim (6), thus A € M. The statement u(A) < 4oo is directly from the
definition of Mg.
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2. Ae M and u(A) < +o0 = A € Mp. It suffices to show that given any € > 0, there exists a compact
set K C A such that p(A4) < u(K) +e.

As p(A) = inf{u(V)|A C V and V is open}, fix ¢ > 0, there exists an open set V' O A such that
u(V) < +oo, by claim (5), there exists an open set K C V such that p(V\K) < €/2. As A € M,
ANK € Mp, then there exists another compact set K’ such that K’ C ANK and u((ANK)\K') < ¢/2.
Due to the sub-additivity of u, we have

H(A) < p(K7) + (A\K"), (2.93)

where

A\K' C (ANKNK')U(A\K) € (ANK)\K") U (V\K) < ¢/2+¢/2 = e. (2.94)

Hence, we can conclude that A € Mp.

Claim (9) The restriction of u to M is a complete measure.

Proof. We have shown in claim (1) that u(0)) = 0, thus we only need to show p satisfies o-additivity on M.

Let {E;}22, be a collection of disjoint sets in M, and let E = | |2, E;. If there exist ¢ with p(E;) = 400,
then by monotonicity u(E) = 400, and the countability of u trivially holds in this case. Assume u(E;) < 400
for each i, then every E; is in M by claim (8). The countable additivity in this case has been established by
claim (4).

Finally, we show that u is complete. Let A € M with pu(A) =0, and B C A. By claim (8), A € M. To
show that B is also in Mg, it is enough to show that for every compact set K with K C B, u(K) = 0, this
directly follows from the monotonicity of p. O

Claim (10) Af = [ fdu, Yf € C.(X). (This corresponds to C.1)

Proof. First of all we prove that for any real valued function f: X — R € C.(X), we have Af = fx fdu.
Let K = supp f. Since f is continuous, f(K) is compact, and thus there exists a closed interval [a, b]
with f(X) C [a,b]. Given any € > 0, choose a finite sequence of values yg, y1, ..., ¥y, such that yo < a <y; <
-+ <y, = bsuch that y;41 —y; <efori=0,...,n—1. Define E; = f~*((y;_1,v:]) N K, then E,..., E, are
a collection of disjoint Borel sets, with |_|?:1 E; = K. Therefore, for each i, there exists an open set V; with
E; CV; such that u(V;) < w(E;) +¢/n, and f(z) <y; +¢, forallr € V;. Then {V;}?_, form a open cover of
K, by partition of unity, For V;, there is h; < V;, such that Y . | h;(z) = 1,Vz € K. Hence, f = > I h;f.

Note that
u(K) < A (Z h) =3 Ak, (2.95)
i=1 i=1

and h;f < (y; + €)h;, thus

AF <D AMRS) <D A+ hs) = Y (v + )AD

i=1 i=1 i=1
= Z(W +yi + €)Ah; — [a ZAhi (2.96)
i=1 i=1

Here, for each i, Ah; < (Vi) < p(E;) + €/n, as h; < Vi, and Y| Ah; > mu(K), we then have
Af <> (lal +yi + ) (u(E:) + ¢/n) — |alp(K). (2.97)
i=1

Note pu(K) = Y7, w(E;), we further have

AF < 3 (i = p(E:) + 2en(K) + =3 (] + i + ). (2.98)
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Here, 257"  y; < [b], and Y7, (i — €)u(E;) < [y fdp (by monotonicity of Lebesgue integral), thus

Af < /X Fdu+ eu(K) + a] + [b] + ). (2.99)

As this holds for any € > 0, Af < [, fdu. From this, we also have A(—f) < [, (—f)du, leading to the
inequality in opposite direction, and resulting in the equality Af = [ « fdp for any real valued function f.
It is not straightforward to extend this equality to general complex functions with compact supports, by
respectively considering the real and imaginary parts. O

Up to here, the proof of existence is completed, in the following, we will prove the uniqueness. O

Proof of Uniqueness. Suppose M is a o-algebra, and p1, uo are two measures on M that satisfy the conditions
C.1 to C.5. Since they both satisfy C.4, if they agree on compact sets, then they are identical, thus it suffices
to prove py = pe for each compact set.

For each compact set K, given € > 0, by C.3, there is an open set V with u; (V) < p;(K) + € for i = 1,2.
By Urysohn lemma, there is f : X — [0,1] € C.(X) with K < f <V, then

wK) = [ odin < [ g =07 = [ s < [ s = (V) < () + (2.100)

As this holds for arbitrary € > 0, 1 (K) < pa(K), likewise, pz(K) < pq(K), thus pui(K) = pe(K). O
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2.4 Principles of Measure Theory

There are four important results in measure theory, which we call the principles of measure theory, whose
proofs will be given in later lectures.
Let (X, M, 1) be a measure space, then

1. Every measurable set is nearly Borel. For each measurable set A, there exist F,,Gs and N such
that A = F, UN = G5UN, where F, is a countable union of closed sets, G is a countable intersection
of open sets, and N is a null set.

2. FEvery measurable set is nearly open. For each measurable set A, given € > 0, there is an open set
U with A C U such that u(U) < u(A4) +e.

3. Every measurable function is nearly continuous. This is Lusin’s theorem.

4. Every pointwise convergent sequence of measurable function is nearly uniform convergent.
This is Egorov’s theorem.
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Chapter 3

Introduction to LP Spaces

3.1 Important Inequalities

3.1.1 Convex Sets and Convex Functions

Definition 3.1 (Convex set). Let C be a subset of a complex vector space X, then C is called a convex set
ife,ye C=(1—-XNz+IyeC, VAe|[0,1].

Definition 3.2 (Convex function). Let f : X — R be a real valued function defined on a complex vector space
X, then f is called a convex function if f((1 — XNz + Ay) < (1 —N)f(x)+ Mf(y), Ve,y € X, A€ 0,1]. In
particular, if the equality holds iff x =y, then f is said to be strictly conver.

Some important convex functions defined on R include (—log), exp, and = — |z|* with a > 1.
Proposition 3.1. Fach seminorm is convex. In particular, each norm is convex.
Proof. Let X be a vector space with a seminorm p defined on it. Given z,y € X, then when X\ € [0,1],
p((1 =Nz + Ay) < (1 —=N)p(x) + Ap(y), which directly follows from the definition of seminorm. O

3.1.2 Jensen’s Inequality
In the following, we introduce several important inequalities.

Theorem 3.1 (Jensen’s Inequality). Let (X, M, ) be a probability space (a measure space with u(X) =1),
f: X —ReLY(X,p), and ¢ : R — R be a convex function, then

w(/xfdu) S/X(wf)du-

Proof. Since ¢ is convex, at each zy € R, there exist a,b € R such that ¢(z¢) = axo + b and ¢(x) >
ax + b, Yz € R, (here, y = ax + b defines a supporting plane of the epigraph of ¢ at xg). Let z¢ = fX fdu,
then we have

@(/deu) :w(xo):azo+b:a/deu+b:/(af+b)du§/(¢Of)du~ (3.1)

The proof is completed. O
By considering measure on finite sets, we immediately derive the following finite form of the inequality.

Corollary 3.1 (Jensen’s Inequality in finite form). Let g : X — R be a convex function on wvector space,
z1,...,2n € X, and aq,...,ay € [0,1] with > a; =1, then

g (Z OéiCEi) < Zaig(mi)~
i=1 i=1
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3.1.3 Holder’s Inequality

Definition 3.3 (Holder’s conjugate pair). Let p,q € [1,+00], they are said to be conjugate if 1/p+1/q = 1.
In particular, p = 2 is self-conjugate, and (1,+00) is a conjugate-pair.

Definition 3.4 (Essential supremum). Let f : X — R be a real valued measurable function defined on a
measure space (X, M, 1), then the essential supremum of f on a measurable subset S of X is

ess;upf =inf{a € R: p({z: f(x) > a}) = 0}.

In particular, when S = X, we denote esssupy f by esssup f, which is called the essential supremum of f.

Definition 3.5 (|| -||, function). Let (X, M, p) be a measure space, let p € [0, +00], we define || ||, : X — R
as follows: when p < 400,
1/p
It = ( [ 1rran)
b's

£ loc = esssup|[f].
X

and when p = 400,

Theorem 3.2 (Holder’s Inequality). Let (X, M, u) be a measure space, p,q € [1,+00] be Holder conjugate
(i.e. 1/p+1/q=1), and f,g9: X — C be measurable functions,

Fglly < [1£1lpllgllq-

In particular, if p,q < +00, it can be written as

1/p 1/q
d Pd q4d .
/legu§</X|f| u> (/X|g| u)

Proof. We first consider the case where p,q¢ < +00. Let a = ||f]|, and b = ||g||4, if either @ or b is infinite,
then we are done. Hence, it suffices to assume that a,b < +o0o. In addition, without losing generality, we
assume that fg # 0, a.e.[u]. (otherwise, we can just consider the subset within which this is satisfied). Let
f'=f/aand ¢’ = g/a, then

[ Arpan=vand [ 1gpdn=1 (3.2)
X X

Note that 0 < |f/(z)] < +oo, a.e.[u] and so is g. For each z satisfying this condition, let s(z) = plog|f’(x)]
and t(z) = qlog |¢'(x)|, which are defined almost everywhere. Then

s(x t(x
Pl =ew (1) el wa i@l =ew ("), ael (33)
Note that exp is convex, and 1/p+ 1/q = 1, we have
s(z)  t(z) es@ etln) 1 1,
f(2)g (x exp<+>§+ =—|f' ()P + =|g'(x)|?. 3.4
|/ (x)g' ()] ) p 5 . pl()l q\()| (3.4)
Taking integration of both sides, we have
! 7 1 ! 1 / 1
\fgldp < — | [fldp+— | |¢'ldp=—+1g=1. (3.5)
X pJx qJx p
As a result,
fslh = [ 1fldn < ab =17l lglo (36)

When p =1 and g = co. Let a = ||f||1 and b = ||g||,, then |g(z)| < ¢,a.e.[u]. Assume that b < 400, otherwise
we are done. As a result,

fgll = /X Faldp < /X bl fldps = b /X | Fldp = llglloclIf111- (3.7)

The proof is completed. O
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3.1.4 Minkowski’s Inequality

Theorem 3.3 (Minkowski’s Inequality). Let (X, M, pu) be a measure space, f,g : X — C be measurable
functions, and p € [1,+00], then
LS+ gllp < 11f1lp + [lgllp-

In particular, when p < +o00, it can be written as

1/p 1/p 1/p
P — P P )
(/X|f+g| du) (/X|f du) +(/X|g| du)

Proof. It suffices to assume that ||f||, < +oo and ||g||, < +o0 and ||f + g||, > 0, otherwise we are done.
When p < 400, we have

1f +gllE = /X 1+ glPdu < /X (f] + gD If + g~y = /X I+ glP N+ /X gllf + gl i (3.8)

With Hoélder’s inequality, let ¢ = p/(p — 1), we have

1/p 1/q 1/p 1-1/p
p—1 P (r—1)/q — P p
[ 1+ du<</X|f) (/Xf+g| ) </X|f) (/Xf+g|>

= I£lIpllf +gll5™" (3.9)
Likewise, we have
[ talls + ol < gl + gl (3.10)
Hence,
1+ glls < (1f1lp + gl f + gll5™" (3.11)
thus
Hf"’QHPSHpr"’Hng' (3.12)

When p = 400, let a = ||f|loc = esssup|f|, and b = ||g|lcc = esssup|g|, then given € > 0, u{z||f(z)| >
a+e/2} =0, and p{x||g(x)| > b+€/2} = 0. Since | f(z)+g(z)| > a+b+e = |f(x)] > at+e€/2, or |g(z)| > b+e/2,

plellf(@) + 9@)| > at b+ e} < plallf@)] > o+ e/2hulallg(@)] > b+ e/2} 0. (3.13)
Hence, a + b + € is an essential upper bound of |f + g|. This holds for all € > 0, thus
Ilf + gllc = esssup[f + g <a+b=|fllc + [|9]l- (3.14)

O

3.2 LP Spaces

3.2.1 From L? space to LP space
Definition 3.6 (LP space). Let (X, M, u) be a measure space, and

L2 X, M,pu)={f: X — C| f is measurable, and ||f||, < +o0},

by linearity of Lebesgue integration and Minkowski’s inequality, we can see that when p € [1, +00], LP(X, M, )
is a vector space with seminorm ||-||p, called the LP space. When the measure space is clear from the conteat,
the following simplified notations are often used: LP(X, u), LP(X), LP(u), or LP.

By Holder’s inequality, we immediately have

Proposition 3.2. Let p,q € [1,+00] be Holder conjugate (i.e. 1/p+1/qg=1), if f € LP and g € L, then
fge Lt
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Proposition 3.3. Let f,g : X — C are both measurable functions defined on a measure space (X, M, ),
then ||f — gllp = 0 if and only if f = g a.e.[u].

Proof. 1. (f = g a.e.u] = IIf = gll, = 0).
This direction is proved as follows: when p < +o0,

f=gaely=|f—gP =0acly=|If - g} = /X f — glPdy = 0. (3.15)

When p = +o0, f =g a.e.[u] = esssup|f —g| =0.

2. (Ilf =gllp=0=f =g ae.u]).
When p < +o0, let S, = {z[|f(z) — g(x)|P > a}, it is easy to see that ||f — g[|} > au(Ss), thus

1(Sa) = 0. Let S = {z|f(z) # g(z)}. We note that S = (J,—, S1/n, thus p(S) < S, 1(S1/m) =0,
which follows that f = g a.e.[u].

When p = +o0, esssup |f —g|=0=|f —g| =0 a.e.[u] = f =g a.e.[u].
O

According to quotient space theorem, we can derive a normed space from (L7, || - ||,) by merging the
equivalent functions.

Definition 3.7 (L? space). Let (X, M, u) be a measure space, p € [1,+00], and ~ be a relation in LP(X, M, u)
with f ~g < ||f —gllp =0< f =g aely], then LP(X, M, pn) =A{[f] | f € LP(X, M, )} together with the
norm || - ||, given by ||[f1ll, = || fllp constitute a normed space, called the LP space, denoted by LP(X, M, u).
The simplified notation LP(X,u), LP(X), LP(u), and LP are often used when the measure is clear in context.

For L? spaces, we have the following remarks
1. The elements in LP are equivalence classes, but not functions.

2. It is meaningless to evaluate point-values of elements in LP, given any = € X, as different functions in
the same equivalence class may yield different values at that point.

3. We can take Lebesgue integration of the elements of LP, as different functions in the same equivalence
class yield the same integral value.

3.2.2 [L? Convergence and Completeness

Definition 3.8 (L convergence). Let (X, M, u) be a measure space, and (f,)52, be a sequence of functions
in LP(X, M, ), then we say (f,) converges to [ in LP-norm when lim, . ||fn — f|| = 0, denoted by

L
fn — f
Proposition 3.4. L* convergence is equivalent to uniform convergence on X except for a null set.

We note that L, convergence is neither a sufficient condition nor a necessary condition of almost every-
where convergence. We give two examples to show this (under Lebesgue measure space of R)c.

1. Let f, : R — R be defined by f, = X[n,nt1, then for every p € [1,+oc0], f, € LP(R,B,m), and f, — 0
everywhere, but ||f,||, = 1 for each n.

2. Consider the following sequence of functions: f10, f1,1, f2,00--+,f2,3:- -+, fk,05 fo2n—1,. .. With fr =
X[n/2%,(n+1)/2%], then their Lebesgue integration converges to zero, but they converge nowhere.

Definition 3.9 (o-finite measure). A measure u defined on a measurable space (X, M) is called a o-finite
measure, if X is a countable union of measurable sets with finite measure. In this case, (X, M, p) is called
a o-finite measure space.

Lemma 3.1. Every Cauchy sequence (fn)52; in LP has a subsequence (fn, )7, that converges to a function
f € LP almost everywhere.
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Proof. First, we consider the case with p < +oo. Since (f,)2, is LP-Cauchy, we can choose (nx)g>, such
that || frn, = fareallp < 27F, we claim this sequence converges to a function f € £ almost everywhere. Let
Gm = |frr] + > peo | frn — fre_. |, then for each m, g,, € LP as it is a finite sum of £? functions. By Fatou’s

lemma
P
| lim g2 = / (1 gm) du= / lim g7,du < lim / ghdp= lim |lgnl[2.  (3.16)
Hence,
| "}i_{noogmﬂp < mlgnoo gmllp < [ faillp + Z 1 fan = freillp < 1 fnallp + 1. (3.17)
k=2

It implies that (g.,) is a non-decreasing sequence of non-negative functons that is bounded above almost
everywhere. Let g = lim;, 00 gm, then g is defined almost everywhere, and g € LP. Define h,,(x) =
fon (@) + it (frr (@) = fap_i(2)), then (hp,(z))S5_, is Cauchy almost everywhere, by completeness of C,
it converges almost everywhere, let f(z) = lim,— oo hm(2), then f is defined almost everywhere. Note that
him = fn,,, thus limg_,o fn, = f, a.e.[p].

In addition,

17l = [ 1fPdn= [ Jim (Pl < imint [ 15, Pdu= fim 155 < g€ £ (39
X Xk—»oo k—oo X k—o00

Thus f € LP.

When p = 400, L*°-Cauchy implies uniform Cauchy on X except for a null set. Thus, f,(z) is Cauchy
sequence almost everywhere, and thus f, converges almost everywhere. In addition, uniform Cauchy implies
uniform boundedness, thus f(z) = lim, o fn(2) has || f||ec < +o0. O

Theorem 3.4 (Riesz-Fisher Theorem). For p € [1,+00], LP spaces are complete.

Proof. For each Cauchy sequence (f,,)%; in £P, we choose a subsequence (fy,, )3, with || fn, — fr._, || < 27F.
From the proof of the above lemma, we know that f,, converges to some f € L£P almost everywhere. It remains

to show that f, L, f. To this end, it suffices to show that f,, L, f (Cauchy sequence with convergent
subsequence converges),

1 = bl = [ 18 = Pl = [ i Ufo = fo Pl < Yinint [ 1, = Fo Pl =t 1y = Fo I
X X — 00 — 00 X — 00

(3.19)
which converges to 0 as m — oco. O

3.3 Important Theorems

3.3.1 Lusin’s Theorem

Lusin’s theorem states that every measurable function is nearly continuous, or more exactly, every measurable
function with finite measure support is continuous on nearly all its domain.

Theorem 3.5 (Lusin’s theorem). Let v be a regular Borel measure on a locally compact Hausdorff space X
such that u(K) < 400 for each compact subset K. Suppose f : X — C is a complex measurable function
with finite measure support (i.e. p(suppf) < 4+00), then for each € > 0, there exists a function with compact

support g € Co(X) such that p({z|f(z) # g(x)}) < e.

Proof. We start from a simple case where f is a non-negative function bounded above by 1 and with compact
support, and then generalize the conclusion to a wider family of functions.

The basic idea is to decompose f into a series of attenuating differences, approximate each of term by a
continuous function using Urysohn lemma, and construct a uniformly convergent series with them.

Assume that f: X — R be a measurable function with compact support A = supp f (note u(A) < 400),
and f(X) C[0,1]. Then, we can construct an increasing sequence of non-negative simple functions (s, )22,
such that s, T f, and s, — sp,—1 = 27 "x1, where T,, is measurable for each n.

Let t1 = s1, tn = Sp — Sp—1 for n > 1, then we have f = 220:1 tn. Since X is locally compact Hausdorff,
and the support A is compact, there exists an open set U D A such that U is compact. By regularity of p, for
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each n there is a compact set K,,, and an open set V;, such that K,, C A C V,, C U and p(V,\K,) < 27 "e.
By Urysohn lemma, we can choose h,, € C.(X) such that K, < h, < V,.

Then, we define g,,, =Y., 2~ "h,,. For g,, we have the following two claims:

1. gm converges uniformly on X. Given & > 0, choose an integer N with N > log, e+1, then ZZO:NH 27 "h,,
EEO:NH 27" < £ Hence, gy, converges uniformly. Let ¢ = limy,— o0 gm = Y pey 27 "hy. By uniform
convergence theorem, g is a continuous function.

2. g has a compact support, since supp g C V, which is compact. Hence, g € C.(X).
3. Note that 27 "h,, = t,, on K,,. Hence, f(z) = g(z) except on S = |, —,(V,\K,), which has

u(S) < Z w(Vu\K,) < Z 27"e=e. (3.20)
n=1 n=1

From these claims we can conclude that the theorem holds for any non-negative functions bounded above by
1 and has compact support.
We then generalize this conclusion through several steps.

1. Let f be a bounded non-negative function with compact support with an upper bound M. Then f/M
is bounded above by 1, which can be approximated by g € C.(X), then f can be approximated by Mg.

2. Let f be a bounded complex function with compact support, we can write f = (vt —u™) +i(vT —v7)
where ut,u~,v", v~ are all bounded non-negative functions with compact support. Thus, we can
approximate them respectively by g7, 9., .7, 9, , and hence f can be approximated by g = (g;" — g, ) +
i(gy — 95

3. Let f be a bounded complex function with a finite measure support A which is not necessarily compact.
Then, by regularity of measure, we can find a compact set K C A such that u(A\K) < €/2. In addition,
we can approximate the restrction f|x which is a bounded function with compact support by g € C.(X)

such that ¢ differs from f|x in a set S with u(S) < €/2. Hence, g differs from f in the set S U (A\K)
whose measure is less than e.

4. If f has a finite measure support, but is not necessarily bounded. Let B,, = {x||f(z)| > n}, Then (B,)
is a non-increasing sequence of sets, with () ~_, B,, = 0. Since p(B1) < u(A) < +o0, thus by continuity
of p, limy, o p(By) = 0. We can choose N such that u(By) < €/2, then f' = (1 — xpy)f is bounded
above by N and has a finite measure support, thus we can find g to approximate f’ such that g differs
from [’ in a set S with u(S) < ¢/2. As a result, g differs from f in the set S U By whose measure is
less than e.

The proof of the theorem is completed. O
Based on Lusin’s theorem, we can derive the following important result.

Theorem 3.6. Let X be a locally compact Hausdor(f space, u be a regular Borel measure on X with u(K) <
+oo for every compact set K, then C.(X) is dense in LP(X, u), when 1 < p < +oo.c

In other words, given any f € LP(X, ), there exists a sequence of functions (gn)o>, in Co(X) such that
gn converges to f in LP-norm, i.e. lim,_,o0 ||f — gnllp = 0.

Proof. The proof is conducted in two stages. First, we approach f by a sequence of functions with finite
measure support, and then approximate them with compactly supported functions by Lusin’s theorem.
Let S be the set of all measurable functions with finite measure support, i.e.

S ={s: X — C|s is measurable, and p({z|s(x) # 0}) < +o0}.

We first claim that S is dense in LP(X,p). This is shown as follows. For each f € LP that is non-
negative, we can choose an increasing sequence of simple measurable functions (s,,)52 ; such that s, 1 f, a.e..
Obviously, s,, € LP for each n. An integrable simple function must have finite measure support, thus s, € S
for each n. In addition, |f — s, [P < |f[P and |f|P € L, by dominated convergence theorem, we have

T 17 = sllp = i [ 17 s, pda = [t 1f = sldn = 0. (3.21)
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Since z +— P is a continuous function when p € [1,00), thus lim, . || f — sn||, = 0.
While when f complex measurable function in L, we can approximate each component (positive/negative
parts or the real/imaginary parts) respectively. To sum up, S is dense in L?, and thus the claim is proved.
We then claim that C.(X) is dense in S. This is shown as follows. For every s € S, by Lusin’s lemma,
we can find g € C.(X) such that |g| < ||s||e, and g differs from s on a set with measure less than e for any
given € > 0. As a result,

1/p
llg — sll, = (/X lg — Slpdu> < (2l]s][2.e)"P = /P (2]|s][2) P (3.22)

It implies that for each s we can find g € C.(X) such that ||g — s||, can be arbitrarily small, which follows
that C.(X) is dense in S.

Combining the two claims above, we can conclude that C.(X) is dense in S. (Let A D B D C be in a
metric space, such that B is dense in A, and C' is dense in B, then C' is dense in A). O

Remarks:

1. When p = +o00, C.(X) is not dense in L*>(X). Because convergence in L>-norm implies uniform con-
vergence, we can immediately see that any non-continuous function cannot be approached by continuous
functions in L>°-norm (due to uniform convergence theorem).

2. The completion of (C.(X),|| - ||co) is the space of all continuous functions on X such that for every
€ > 0, there exists a compact set K C X with |f(z)] < e on X\ K.

3.3.2 Egoroff’s Theorem and Convergence in measure

The Egoroft’s theorem states that pointwise convergent sequence of measurable functions in a finite measure
space is nearly uniformly convergent.

Theorem 3.7 (Egoroff’s theorem). Let (X, M, u) be a measure space with u(X) < +o0, and (fn)5>; be a
sequence of measurable functions that converges almost everywhere to f. Then, for every e > 0, there exists
a subset E C X with u(X\E) < € such that (f,) converges uniformly on E.

Proof. Let Y C X be the set of all points at which f,(z) converges to f(x), then u(Y¢) =0, and let

S(n, k) = {xl[fi(z) = fi(x)| <1/k, Vi,j > n}.

It is easy to see that we have S(n,k) C S(n + 1,k) for each n, and thus (S(n,k)) is an increasing sequence
for each given k. In addition, for each x € Y, lim,, . fn(z) = f(x), thus there exists an integer N such that
|fi(z) — fj(z)| < 1/k when i,j > N, therefore, x € S(N, k). This follows that Y C (J;~, S(n, k) for each k.
By continuity of the measure p, we have

p(X) = p(Y) < lim u(S(n,k)) < p(X). (3.23)

n—oo

Then, for each k, we can choose ny, such that |u(X) — p(S(n, k)| < 27%e. Let E ==, S(ng, k). Then, we
have the following two claims

1. u(X\E) < ¢, this can be seen by

W(X\E) < i (X\S(ny, k) < e. (3.24)

2. (fn) converges to f uniformly on E. For each § > 0, we can find k > 1/4, then for every x € S(ng, k),
we have |f;(z) — f;(x)| < 1/k < 0 when i,j > nj by definition. And, note that E C S(ng, k). This
claim is proved.

Combining the two claims above, we can see that F is the set that we desire. The proof is completed. O
It is important to note that p(X) < 400 is necessary. If u is not a finite measure, then f, = X[n,n41] is @

pointwise convergent sequence that is clearly not uniformly convergent.
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Definition 3.10 (Convergence in measure). Let (X, M, pu) be a measure space, f, f1, fo,... be measurable
functions on X, then we say f, converges to f in measure if

ve> 0, lim p({a]lfu(@) — f(x)] > h) =0,

or equivalently,
Ve >0, AN € N s.t. p({z||fn(z) — f(2)] > €}) <€, ¥n > N.

As an important corollary of Egoroff’s theorem, in a finite measure space, almost everywhere convergence
implies convergence in measure.

Proposition 3.5. Let (X, M, u) be a measure space with p(X) < 400, and (f,)52, be a sequence of mea-
surable functions that converges almost everywhere to f, then f, converges to f in measure.

Proof. By Egoroft’s theorem, we can find a subset E with pu(X\E) < € for any given € > 0 such that f,
converges to f uniformly on E. Hence, we can find N, such that |f,(z) — f(z)] <=€on E when n > N. It
follows that

p({x]|fn(x) = f(2)] > €}) < p(X\E) <e. (3.25)
The proposition is proved. O

Note that the converse is in general NOT true. However, we have the following “weak” converse.

Proposition 3.6. Let (X, M, pu) be a measure space with p(X) < +oo, and (f,)22; be a sequence of mea-
surable functions that converges to a measurable function f in measure. Then, there exists a subsequence
(fr )22 such that f,, converges to f almost everywhere.

Proof. We choose ny such that

p{al|f (@) = fa ()] > 27F}) <27 (3.26)
Let By, = {x||f(z) — fau(x)] > 27%}. Then if x ¢ (2, E;, then |fn,(z) — f(z)| < 277 for every i > k.
Thus f,,(z) — f(z) when i — co. Let A = (oo, Uiey Eis if ¢ A, then © ¢ ;2 E; for some k, then
fni(x) — f(x) when i — co. It means that f,, converges to f on X\ A. And, by continuity of u, we have

p(A) < lim p (U E> = khiﬂoz 27 = Jim 27kl — . (3.27)
i=k i=k
Hence, (fn,) converges to f almost everywhere. O

Dominated convergence theorem holds when the condition of almost everywhere convergence is replaced
by convergence in measure.

Theorem 3.8 (Dominated convergence theorem with convergence in measure condition). Let (f,)52, be
a sequence of measurable functions defined on a o-finite measure space (X, M, u) with |f,| < g for some
g € LY(u). If f,, converges to f in measure, then f € L*(u) and

/fdu: lim/fndu.
X n—eeJx

Proof. Let A C X be a measurable subset with u(A) < 400, then we claim that fA fdp =lim, fA fndu.
Since f, converges to f in measure, it is easy to see that f,|a converges to f|4 in measure, therefore, any
subsequence of f,|4 converges to f|4 in measure. By the proposition above, we can choose a subsequenc
for each subsequence of f,,|4 such that the chosen subsequence converges to f|4 almost everywhere, by the
standard form of DCT, we can conclude that the integral of the chosen subsequence converges to [ 4 fap.
From the above argument, we can see that every subsequence of the sequence ([ 4 fndp) in itself contains a
subsequence that converges to fA fdu, thus (fA fndp) — fA fdu when n — oo. The claim is proved.

If u(X) < 400, then we are done. If not, since X is o-finite, we can find a countable collection of disjoint
finite measure sets {A;}7° ; such that X = | |2, Aj. Then,

/fd,u:Z/ fd,u:Z lim/ fondp = lim Z fondp = lim / fndu. (3.28)
X Pt Ay kzln—wo Ap n—»ookzl A n—oo [y

Since both f and each f, are dominated by some g € L', thus all series in above formula is absolutely
convergent, and thus the operations are valid. O
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Chapter 4

Product Measure

4.1 Product Measure Space

4.1.1 Product Measurable Space

Definition 4.1 (Product measurable space). Let (X, M) and (Y,N) be two measurable spaces, and denote
by M x N the o-algebra generated by the subsets of form A x B with A € M and B € N (i.e. the smallest
o-algebra that contains the sets of form A x B). Then we call (X x Y, M x N) be the product measurable
space.

Definition 4.2 (Sections of a set). Let E C X x Y, then E, = {y|(z,y) € E} CY is called a x-section of
E; EY = {z|(z,y) € E} C X is called a y-section of E.

Proposition 4.1. Let (X, M) and (Y,N) be two measurable spaces, and E be measurable in their product
measurable space, (i.e. E € M x N ), then E, e NVr € X and EY e N Vy €Y.

Important strategy of proof: Before the proof, we first note an important strategy that will be repeatedly
used in proving a series of propositions. Let M be a o-algebra generated by a S, (i.e. M is the smallest
o-algebra containing S), then to prove some statement P holds for every measurable set in M, it suffices
to show that all sets for which P holds constitute a o-algebra that contains S. Typically, it comprises the
following steps:

1. show that P holds for every set in S;
2. define C to be the collection of all sets for which P holds
show that & C C, which is equivalent to showing that P holds for every set in S;

show that C is a g-algebra by verifying the three conditions;

ook W

finally, we can conclude that M C C, which means that P holds for every set in M.

Proof. Let C be the collection of all sets that satisfy E, € N’ Vz € X and EY € M Vy € Y. It suffices to
prove that C is a o-algebra that contains the sets of the form A x B with A € M and B € NV.

First, it is easy to show that E = A x B € C when A € M and B € N. In this case, E, is either () or B,
and EY is either ) or A, which are all measurable sets.

Then, we show that C defined above is a o-algebra.

1.0=0x0eC.
2. Let E € C. For E¢, we have (E°), = (E;)° € N and (E°)Y = (EY)¢ € M, thus E° € C.

3. Let E =J,-, B, with E, € C, for each n. Then, E, = J;—,(En)s €N, and EY = J,~,(E,)Y € M,
thus E € C.

Hence, we can conclude that C is a o-algebra that contains M. O
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Definition 4.3 (Sections of a function). Given a function f : X xY — Z, then f, : Y — Z defined by
f=(v) = f(z,y) is called a x-section of f; f¥: X — Z defined by f¥(x) = f(x,y) is called a y-section of f.

Proposition 4.2. Let (X, M) and (Y,N) be two measurable spaces, and Z be a topological space, f: (X X
Y, M x N) — Z be a measurable function, then f, : Y — Z is measurable on (Y,N), and f¥ : X — Z is
measurable on (X, M).

Proof. Let A be a measurable set in Z, and E = f~1(A) then for any = € X, (f,)"1(2) = {y|f(x,y) € A} =
E,. since f is measurable, thus £ € M x N, and thus E, € N. Therefore, f, is measurable. Likewise, we
can show the measurability of fY. O

4.1.2 Measure by Extension: Hahn-Kolmogorov theorem

Before deriving the concept of product measure, we first introduce the following important theorem about
extending a function to a measure.

Theorem 4.1 (Hahn-Kolmogorov theorem). Let X be a non-empty set, A be an algebra of subsets of X
(i.e. closed under set difference, finite union and finite intersection), then any countable additive function
to : A — [0, +00] extends to a measure p on M = o(A) (the o-algebra generated by aset). If g is o-finite,
then the extension is unique.

Proof. The proof proceeds by a series of claims.
Claim 1: Define u* : 2% — [0, +00] by

n=1

p*(E) = inf { > no(An)

EC UAn, AneAVneN+}.

then p* is an outer measure on X.
Proof of Claim 1. 1. We consider ) as being covered by an empty collection, thus p*(@) = 0.
2. The monotonicity of u* follows from that p* is defined as an infimum.

3. For sub-additivity, let E = |J,__, E,,, then given € > 0, for each E,,, we can choose a cover {A,;}32, such

that -7, po(Ani) < p*(E) + 27" Then all Ap; form a countable cover of E, with 37 . pio(Ani) <

S 1w (En) + e Hence, p*(E) < 307 w*(Ey).
Then, we can conclude that p* is an outer measure. O

Claim 2: p* extends g, i.e. p*(A) = po(A) for every A € A.

Proof of Claim 2. Let A € A. Clearlyy AC AUDU@GU---, which follows that u*(A) < pg(A). For the other
direction (po(A4) < p*(A)), it suffices to assume that p*(A) < +oo, otherwise we are done. given € > 0,
choose {A,}52; that covers A and Y~ | jio(A,) < p*(A) + e By = ANA; and B, = AN (4A,\ U<, Ai),
then {B,}52 are in A and they form a partition of A. By countable addivitity and monotonicity of ug in
A, we have

to(A) = po (U Bn) = Z fo(Bn) < ZNO(AH) <p'(A) +e (4.1)
n=1 n=1 n=1
As this holds for every € > 0, pug(A4) < p*(A4). O

Claim 3: Let M be the collection of all sets satisfying the Carathéodory condition, i.e. E € M iff
w*(S)=p*(SNE)+p (SN E), VS C X. Then, M is a o-algebra.

Proof of Claim 3. 1. When E = 0, for each S, p*(SNE) = p*(0) =0, and p*(S\E) = p*(S). Hence, the
condition trivially holds.

2. Let E € M, then E¢ € M. This can be easily seen by noting the symmetry in Carathéodory condition.
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3. Let F1,Ey € M, and E = E1 U FE5. Then,

WS N (B U Ey)) + p* (S0 (ES N ES)) < 1" (SN Ey) + (SN ES N Ey) + (S N ES N ES)
= p" (SN E) +p* (SN EY) = p*(S). (4.2)

Combining this with sub-addivitity of u*, we derive the Carathéodory condition. Thus F; U Ey € M.

4. Note that F; N Ey = (E{U ES)¢ and Ey\E; = Eq N ES, we immediately obtain that M is closed under
finite union and intersection as well as set differences. In other words, M is an algebra of subsets of X.

5. It remains to show that M is closed under countable union. Let F = UZO=1 E,, with E,, € M for each
n € NT. Due to sub-additivity of p*, it suffices to show that given any € > 0, u*(SN E) + u*(S\E) <
1*(S) 4+ €. We can assume here that p*(S) < 400, otherwise we are done.

Let B, = E,\U,., Es, then B, € M for each n, since M is an algebra. And, £ = LI>", By. Let
= Ui, By, then {G,,}5>,; € M, and hence Given € > 0 and S C X, by sub-additivity of u*, we

have -
“(SNE) <Y p(SNBy) (4.3)
n=1
Hence, we can find N such that
N
p(SNE) <Y p*(SNBy) +e. (4.4)
n=1

By induction from Carathéodory condition, it is easy to show that
"(SNGN) = ZN (SN B,) (4.5)

Note that G satisfies Carathéodory condition, hence,
pwW(SNE)+u* (SNES) < (SNGN)+ 1" (SNGY) +e=p*(S) +e (4.6)
Now, we can conclude that M is a o-algebra. O
Claim 4: A C M, i.e. Carathéodory condition holds for every A € A.

Proof of Claim 4. Tt suffices to show that for each A € A, S C X, and € > 0, p*(E N A) + p*(EN A°) <
p*(E) + €. We can assume that p*(F) < +oo, otherwise we are done. By definition of p*, we can choose
{An} >, C A covering A such that > > | po(A,) < p*(E) + €. Then

pHENA) +p*(ENAY) <Y (1 (An N A) + p* (A, 0 A%)) Z 1 (B) +e. (4.7)
n=1 n=1
Hence, A € M. O

Claim 5: Define p: M — [0, +00] by u = p*| s, then p is a measure on M.

Proof of Claim 5. From claim 1, we directly know that u(@) = 0. It remains to show the o-additivity. Let
{E,}22, € M be disjoint and E = | |, E,, and Gy = LN, E,. It suffices to show that p*(E) >

n=1

>0 w*(Ey). By induction from Carathéodory induction, it is easy to show that

N
W(E) = p*(Gh) =) i (En) (4.8)
n=1
Take the limit as N — oo, we get
N
pH(E) > (). (4.9)
n=1
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We can conclude the existence of p from the claims above. In the following, we continue to show the
uniqueness when pg is o-finite, which is summarized by the following claim.
Claim 6: Given any measure v defined on M that agrees with g on A, v = u*.
Proof of Claim 6. First, we can see that v < p* which immediately follows from monotonicity of v. Let
E € M, it suffices to show that given € > 0, v(E) > p*(F) — e. Assume that p*(E) < 400, we will generalize
it later. > >° | uo(A,) < p*(E)—€/2, and let G,, = JI-, Ap, and G = |J;2, A,,. It has G D E. Since G € M,
we have

W(G\E) = (@) - *(E) < 5. (4.10)

On the other hand, lim, . p*(G) = pu(G) > p(E), hence, there exists N such that p*(Gy) > p*(E) —€/2.
Since G can be expressed as finite union of disjoint sets in A, we can derive that v(Gn) = p*(Gy), since
they are both measures agreeing on A. Consequently,

v(E) =v(G) —v(G\E) > v(GN) —Vv(G\E) = u*(Gn) —v(G\E) > u*(E) —€¢/2 —€¢/2 = pu*(E) —e. (4.11)

We then consider the case where p*(E) = 400, due to o-finiteness, we can find a {A4,}52, in A that cover E
and p*(An) = po(An) < +o0. Let G, = J;; An, then G, € A, and p*(G,,) < +o0, and thus

v(ENG,) =p (ENG,). (4.12)

Since p*(E) = 400, given any M > 0, we can find an N, such that p*(E) > M and thus v(E) > M. Tt
implies that v(E) also equals co. O
The proof of the entire theorem is completed. O

4.1.3 Monotone Class

Definition 4.4 (Monotone class). A collection of sets M is called a monotone class if it is closed under
monotonical limit,

1. let By, By, ...€ M, if Ey C Ey C -, then U2, E; € M;
2. let Ey,Fs,...€ M, if By D Ey D -+, then ;2| E; € M.
It is trivial to see that
Proposition 4.3. Fvery o-algebra is a monotone class.
Proposition 4.4. Arbitrary intersection of monotone classes is a monotone class.

Then “the smallest monotone class” containing some collection C is defined to be the intersection of all
monotone classes that contain C. The following lemma is important in establishing the product measure.

Lemma 4.1. Let A be an algebra of subsets of X, then the smallest monotone class containing A is precisely
the o-algebra generated by A.

Proof. Let M denote the smallest monotone class containing 4. Then, we are to show M = o(A). Since
o(A) is a monotone class, we have M C o(A). For the other direction, it is enough to show that M is a
o-algebra.

1.0e AcCM,

2. Let N ={F € M|E° € M}. By definition N' C M, and it is easy to verify that N is a monotone class
containing A, since M is the smallest M C N. Thus M = N, which follows that M is closed under
set complement.

3. Let F € M, and Dp = {F|FNE € M}. It is easy to verify that Dp is a monotone class, thus M C Dp
for each F' € M. It implies that M is closed under finite intersection. Note that Fy U Es = (E{ N E%)C,
therefore, M is also closed under finite union. As a result, we can conclude that M is a algebra.

It is easy to see from definition that, being both a monotone class and an algebra of subsets, M is a o-
algebra. O
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4.1.4 Product Measure
Proposition 4.5. Let (X, M) and (Y,N) be two measurable space, and define

i=1

A;eM, B;eN, {A; x B}, are disjount}

Then, A is the smallest algebra of subsets that contains all sets of the form A x B with A€ M and B e N.

Proof. Denote by A* the smallest algebra of subsets that contains {A x B|[A € M, B € N'}. We are to show
that A = A*. One direction A C A* is trivial, which is directly from the fact that A* is closed under finite
union. For the other direction, it suffices to show that A is in itself an algebra, i.e. it is closed under set
complement, finite union and intersection. Verification of this is lengthy but not difficult, and the details are
omitted here. O

Proposition 4.6. Let (X, M, u) and (Y,N,v) be two measure spaces, and A be the smallest algebra contain-
ing {Ax B|[A € M, B €N}, then for each E € A, we can write E = | |!_, A; x B; with A; € M and B; € N
for each i. Define py : A — [0,+00] by po(E) = > p(A;)v(B;), then po is well defined and is countable
additive on A.

Proof. Given E = | |I"_ | A; x B;, then for each x € X, E, = |_|i:m€Ai B;, which is clearly measurable in Y.
Define ¢ : X — [0, +00] by ¢(z) = v(E;), then ¢(z) = >, v(B;)x4,, which is clearly a measurable function.
We then define A : A — [0, +00] by

AME) = / od.
X
Then, we have

NE) = [ odn=3 [ vBIxadu =3 u(A(B) = m(E). (113)

This shows that no matter how you partition F into disjoint union of A; x B;, po(E) will be evaluated to
A(E), thus it is well defined.

By monotone convergence theorem, we can immediately see that A satisfies countable additivity, so does
po since it is identical to . O

Let (X, M,u) and (Y,N,v) be two o-finite measure spaces, and A be the smallest algebra containing
{Ax B|Ae M, BeN}. Let pg: A — [0,+00] be defined by po (LI, A; x B;) = >0 u(A;)v(B;), then
po is countably additive on A. By Hahn-Kolmogorov theorem, pg uniquely extends to a measure on M x A

The following theorem gives an constructive description of the measure.

Theorem 4.2. Let (X, M, u) and (Y,N,v) be two o-finite measure spaces, and given a measurable set
Ee MXxN, let opp : X — [0,400] be defined by ¢p(z) = v(FE,) and ¥g : Y — [0,+00] be defined by
YE(y) = w(EY), then ¢ and Yg are measurable, and

/X by = /Y bidv.

In particular, when E = | |\, A; x B; with A; € M and B; € N, then the integral equals Y ., p1(A;)v(B;).
Proof. Let D be all the subsets of X x Y for which the stated condition holds,

p—{z

It suffices to show that D contains an o-algebra that contains all sets in form of A x B with A € M and
BeN.

Let A be the smallest algebra of subsets that contains every A x B with A € M and B € M. Given E € A,
we can write £ = | |_, A; x B; with A; € M and B; € N for each i = 1,...,n. Then ¢ = ., v(B;)xa,
and Y = > | u(A;)xp,. It is easy to verify that E € D, i.e. the stated conditions holds for E.

Due to lemma 4.1, to complete the proof, it suffices to show that D is a monotone class. (If this is true,
then D contains the smallest monotone class which is precisely M x N.)

¢p,YE are measurable, and / opdu :/ z/JEdV}.
X Y
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Let {E,}>2, C D with By C E5 C -+, and E = [J;_, E,,. Then, for each 2 € X, E,, 1 E, and
for each y € Y, EY 1 E,. Due to monotonicity and continuity of measure, we have v(E, ;) T v(E;), and

w(EY) T u(EY). Hence, (bE and g are measurable. By monotone convergence theorem,
/ ¢pdu = lim / ¢p, dp = lim / Vg, dv :/ Ypdy. (4.14)

Hence, the stated condition holds for F, and thus £ € D. We can show that £ € D when F,, | F in a similar
way and using o-finiteness. The above argument shows that D is a monotone class, thus it contains M x N
by lemma 4.1. It follows that the stated condition holds for every measurable set in M x N.

Note that the given integral is precisely the A\ defined in the proof of proposition 4.6, hence it equals
Yoy u(Aj)v(B;) when E = || | A; x B; with A; € M and B; € N. O

Definition 4.5 (Product measure). Let (X, M, ) and (Y,N,v) be two o-finite measure spaces, and given a
measurable set E € M X N, let ¢pp : X — [0,400] be defined by ¢pp(x) = v(E;) and g : Y — [0,400] be
defined by g (y) = u(EY), then the product measure p x v: M — [0, +0o0] is defined by

(ux (E) = [ v(Ea)du= [ u(Eriv
X Y
From theorem 4.2, we know that p x v is well defined on M x N'. While the o-additivity follows from the
properties of Lebesgue integration and monotone convergence theorem.

Definition 4.6 (Product measure space). Let (X, M,u) and (Y,N,v) be two o-finite measure spaces, then
(X xY,M x N, x v) is called the product measure space.

4.2 Fubini’s theorem

Fubini’s theorem is an important theorem related to Lebesgue integration on measure product spaces.

Theorem 4.3 (Fubini’s theorem). Let (X, M, u) and (Y,N,v) be two measure spaces, f : X x Y — C be
M x N -measurable function, then

1. If f(x) is a non-negative function, i.e. f(X) C [0, +oc], and let

7) = /Y L)y and  w(y / e

then ¢ : X — [0,400] and ¢ : Y — [0,400] are measurable, and

/ fd(p xv) :/ odp :/ Wdv. (4.15)
XxY X Y
This can be written as follows

[ e /(/f:z:ydy ) /</fl,ydﬂ > . s)

2. If f is a complex function and

/)((Lf(x,y)|dv(y)>du(x)<+w or /(/ \f (2, ) dpa( )> V() < oo,

then f € L*(p x v).

3. If f € LY(uxv), then f, € LY(Y,v) for almost every x € X, and f¥ € LY (X, u) for almost everyy € Y,
and ¢ € L*(p) and ¢ € LY (v), and Eq.(4.16) holds.

Proof. Here just gives a very brief sketch. The product measure theorem has essentially established a restricted
Fubini’s theorem on characteristic functions of measurable sets. This can be readily extended to all non-
negative simple functions. By monotone convegence theorem, we can further generalize the results to general
non-negative measurable functions, and then to complex integrable functions. O
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We note that o-finiteness is required here, without which the theorem is not true in general. Here gives an
example. Let X =Y = [0,1] and (X, M, p) is Lebesgue measure space, and (Y, N,r) be counting measure
space. Define f(z,y) = d,,, which is the characteristic function of the measurable set {(z,y) € X xY |z = y}.

We can see that on one hand
J ([ st ) ante) = [ 1aute) = )

[ ([ st aut)) vt = [ oavto) o ws)

Exchanging the order of integration gives rise to different results.

on the other hand,
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Chapter 5

Complex Measures

5.1 The Space of Complex Measures

Definition 5.1 (Complex measure). Let (X, M) be a measurable space, then i : M — C is called a complex
measure, if it satisfies the following conditions

1. p(@) =0;
2. if E =12, E; with E; € M for each i and E; N Ej = 0 when i # j, then p(E) =Y .2, p(E;).

To make the distinction clear, the measure defined previously whose range is in [0, +00] is called positive
measure. A complex measure whose range lies in R is called a real measure or a signed measure.

Definition 5.2 (Total variation). Let u be a complex measure on a measurable space (X, M), then its total
variation |u| : M — [0, +o0] is defined by

Iul(E) = sup > I(E

EceE
Here, £ is a countable partition of E comprised of measurable sets.

Proposition 5.1. Let u be a complex measure on a measurable space (X, M), then its total variation |p| is
a positive measure on (X, M).

Proof. Tt is trivial to see that |u|(0) = 0, just by considering a collection of all emptysets as a partition of an
emptyset. The important part is to show that |u| satisfies o-additivity on M.

Let {4,}22, C M be a collection of disjoint measurable sets and A = | |7 ; A,,. By definition, given
e > 0, for each A,,, we can find a countable partition {E,;}5°, where A,, = | |2, Em and E,; € M, Vn,i, such
that 21:1 |(Eni)| > |u|(An) — 27 ™€, Gathering all E,,; together, we form a collection {E,;,n € Nt i € Nt}
which is obviously a countable partition of A. Hence, by definition of |u|, we have

() = D0 > (B Z ul(An) —27"€) = (Z Iul(An)> —€ (5.1)

As this holds for every € > 0,
|l (A Z (5.2)

For the other direction, let {E;}7° ; be a countable partition of A, where each Ej, is measurable. Hence, the
collection {Ej N A, }32, forms a countable partition of A,,. By defnition, we have

D (BN Ay)| < [ul(4y). (5-3)
k=1
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On the other hand, {E; N A, }2°; is a partition of Ey. Consequently, by additivity of complex measure,

S (Bl = 30 |3 a1 An)| < 30 (B0 A = 303 uBen Al £ 3D (4w, (54)
k=1 k=1 |n=1 k=1n=1 =1k=1 n=1

Here, the exchange of the sum order is justified by the fact that |u(E; N A,)| are non-negative. Since this
holds for every partition {FEj} of A, it holds for their supremium, as a result

|ul(A Z (5.5)

Hence, the o-additivity of || is established, and we can conclude that |u| is a positive measure. O
Proposition 5.2. Let (X, M) be a measurable space, then

1. all complex measures on (X, M) forms a vector space;

2. all real measures on (X, M) forms a vector space;

3. if p1, po are positive measures, then uy + ps and apy with o > 0 are positive measures.

It is trivial to verify this proposition.
Theorem 5.1 (Hahn-Jordan decomposition). Let p be a real measure on a measurable space (X, M), then

we can write p = pt — p~ with

1
pt = Skl + )

_ 1
po= 5l =)
Then both u* and p~ are positive measures on (X, M). The decomposition given above is called the Hahn-

Jordan decomposition of L.

Proof. Since |p| and p are real measures, thus g™ and p~ are also real measures. The non-negativeness of
put and p~ readily follows from the definition of |u|. O

5.2 Lebesgue Decomposition of Measures

5.2.1 Absolute continuity and Singularity

Definition 5.3 (Absolute continuity). Let p and X\ respectively be positive and complex measures on a mea-
surable space (X, M). X is said to be absolutely continuous w.r.t u, denoted by A < p if VE € M, p(E) =
0=XE)=0

The following proposition gives an equivalent characterization of absolute continuity in € — § language.

Proposition 5.3. Let p and X\ respectively be positive and complex measures on a measurable space (X, M),
then A < p if and only if Ve > 0, 36 >0, VE e M, pu(E) <d = |MN(E) <e.

Definition 5.4 (Measure support). Let A be a complex measure on a measurable space (X, M) and A € M,
we say A is supported in A if VE € M, \(E) = ENA).

Definition 5.5 (Singularity). Let u and A respectively be positive and complex measures on a measurable
space (X, M). X is said to be singular w.r.t u, denoted by A L u, if there is A € M such that \ is supported
on A and p(A) =0.

Definition 5.6 (Mutual singularity). Let A1, A2 be complex measures on a measurable space (X, M), we say
A1 and Ao are mutually singular, denoted by \y L \o, if there exist two disjoint measurable sets A and B
such that A1 and Ay are respectively supported on A and B.
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The following proposition shows that the definitions of singularity and mutual singularity are consistent.

Proposition 5.4. Let u and \ respectively be positive and complex measures on a measurable space (X, M)
then X is singular w.r.t p if and only of X and p are mutually singular.

Proof. If X\ is singular w.r.t. p, then we can find A such that X is supported in A and u(A) = 0, as a result,
for every E € M, we have
w(ENAS) = p(E) — p(ENA) = u(E). (5.6)

Hence, p is supported in A°, which is a measurable set disjoint from A. Hence, p and A are mutually singular.
For the other direction, we assume that A and p are mutually singular, then we have two disjoint measurable
sets A and B such that A and p are respectively supported in A and B. As a result,

u(A) = p(AN B) = u(0) = 0. (5.7)
Hence, A is singular w.r.t. p. O

Proposition 5.5. Let u be a (complex/real/positive) measure on a measurable space (X, M) that is supported
i Ae M, and B be a measurable set with A C B, then X is also supported on B.

Proof. For each E € M, we have u(ENA°) = u(E)—u(ENA) = 0. Thus u(EN(B\A)) = p(EN(B\A)NA®) =
0. Asaresult, y(ENB)=pu(ENA)+u(EN(B\A)) = u(ENA) = u(E). Hence, p is supported on B. O

Proposition 5.6. Let p be a positive measure, and A1, A2 be complex measures on a measurable space (X, M).
Then,

1. if A1, Ao are supported in A € M, so is a1 A1 + az\s for each aq,aq € C;
2. if M < poand Ay < i, then ag A1 + asha < p for each aq,as € C;
3. if M1 L pand Ao L p, then az A + ashg L p for each oy, a9 € C;
Proof. 1. For each E € M, we have
(1M1 Fag ) (ENA) = a1 M (ENA)+as a(ENA) = a1\ (E) + ae(E) = (a1 A1 + az)2)(E) (5.8)
Hence, a3\ + as s is supported in A.
2. For each E with u(F) = 0, we have
(a1 X1 + a2 X2)(E) = a1 M (E) + agha(E) = a1 -0+ a2 - 0=0. (5.9)
Hence, aj A\ + as Ao < .

3. We can find A; and As respectively for A\; and Ay such that A\; and Ay are respectively supported in
A; and As, and p(A;) = 0, and p(As) = 0. Then A; and Ay are both supported in A; U As, and
(A1 U As) = 0. In addition, by the first statement, we know a;A; + aa A is supported in Ay U As.

O
Proposition 5.7. Let A be a complex measure on a measurable space (X, M), then A < |A|.
Proof. For each E € M with |A|(x) = 0, by definition of |A|, we have
IAME)] < [AI(E) = 0. (5.10)
Hence A(E) = 0. Therefore, A < |A|. O

Proposition 5.8. Let u and A be a respective positive and complex measure on a measurable space (X, M),
then

1. if X is supported in A € M, so is |A|;
2. if A< p, sois |Al;
3. if AL, sois|A|.
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Proof. 1. If X is supported in A, then we have for each E € M,
IA(E _mm§jm Dl =sup > IMENA)| = A(ENA). (5.11)
Bee € pee

Here & represents a countable partition of F, and thus {ENA|E € £} is a countable partition of EN A.
Hence, we can conclude that |A| is supported in A.

2. Assume A < p. For each A € M with u(A) = 0, we have u(E) = 0 and thus A(E) = 0 for every
measurable set ¥ C A. Hence, for each countable partition £ of A, we have

> INE) =0. (5.12)
Ecg
By definition, we have [\|(4) = 0. Hence, |\| < p.

3. Assume A L u. Then we can find A € M such that A is supported in A, and p(A) = 0. By the first
statement, we know that |A| is also supported on A. Hence, |A| L p.
O

Corollary 5.1. Let Ay and Ay be complex measures on a measurable space (X, M) with A\ L Ao, then
[A1] L Aol

Proof. Since A1 L Ao, we can find two disjoint measurable sets A and B such that Aj, Ao are respectively
supported in A and B. Then |A1| and |Az] are also respectively supported in A and B, thus [A] L [As]. O

Proposition 5.9. Let i be a positive measure and A1, Ao be complex measures on a measurable space (X, M),
with A\ < p and Ay L p, then \y L Aa. In particular, if Ay = Ao = A, then A = 0.

Proof. Since Ay L pu, there are two disjoint measurable sets A and B such that p and Ao are respectively
supported in A and B. As a result, \; is supported in A, thus Ay L Ay. If Ay = Ay = A, then for each £ € M,

we have
ME)=XENA) =XENANB) =X =0. (5.13)

Hence A = 0. O

5.2.2 Lebesgue Decomposition Theorem and Radon-Nikodym Theorem

Proposition 5.10. Let pu be a positive measure on a measurable space (X, M), and h € L'(u), define
A M —C by

NE) = [ hd
E
then X is absolutely continuous w.r.t. u, v.e. A < p.

Proof. This immediately follows from the fact that integration on a null set is zero. O

Lemma 5.1. Let (X, M,u) be a o-finite positive measure space, then there exists f € L*(u) such that
0< f<1.

Proof. Since p is o-finite, we can write X = (J;~; E, with pu(E,) < 4+oco. Let
2777.

= — 5.14
Let f =37 gn. We can see that for each z € X,
0< f(z }: (5.15)

And by monotone convergence theorem,
2—77
d nd —_— ) < 27" 5.16
/ fu }:/ﬁiu T (s E: (5.16)
Hence, f € L*(p). O
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Theorem 5.2 (Lebesgue Decomposition Theorem). Let p be a o-finite positive measure on a measurable
space (X, M), and X be a o-finite complex measure on (X, M), then there are unique complex measures A,
and Ag such that A = Mg + As, Ag < 1, and As L p.

Theorem 5.3 (Radon-Nikodym Theorem). Let (X, M, u) be a o-finite measure space, and \ be a finite
measure that is absolutely continuous w.r.t. u, then there is h € L*(u) such that d\ = hdp, i.e.

VE e M, A(E):/ hdj.
E

Here, h is called the Radon-Nikodym derivative of A\ w.r.t p, and is written as h = d\/dpu.
These two theorems are proved together in the following.

Proof. First of all, we assume A be positive and finite. The conclusion will be generalized later.
By previous lemma, we can choose w € L'(u) with 0 < w < 1. Define ¢ : M — [0, +-00] by

w(E) = AE) +/Ewdu. (5.17)

We can write this as dp = d\ + wdp for short. It is easy to verify that ¢ is a positive and finite measure on
(X, M), and A < ¢. Note that L?(X, M, ¢) is a Hilbert space. Consider the functional given by f — [, fd.
Then we have

' / fdA'S / |l < / Fldo = (F11) < [1f]]2 - [1Lll2 = [1F]]2(0(3)) 2. (5.18)
X X X

Since ¢(X) < 400, thus the functional defined above is a bounded linear functional. By Riesz representation
theorem, we there exists a unique g € L?(¢) such that

[ sax=tr.9)= [ fode, vre 1), (5.19)
X X
This can be written as dA = gdp. Hence, for each measurable set F, we have
A(E) = / gde, (5.20)
X
and thus the average of g on F has
1 AME)
Agp(g) = 7/ gdp = ——== € 0,1]. (5.21)
e(E) Jx o(E)
Hence, we can conclude that g(z) € [0, 1], a.e.[¢]. Without losing generality, we can assume that 0 < glel.
Moreover, we have
/ fdx = / fgdp = / fgdX —|—/ fowdp. (5.22)
X X X X
This can be rewritten as
/ f(1—g)dx :/ fowdp. (5.23)
X b'e

Let A=g¢71[0,1), and B = g~ {1}, then X = AU B (due to 0 < glel). Define A4, As : M — [0, +0c0] by
Aa(E) :=AMENA) and N, (E):=AENB). (5.24)

It is easy to verify that A, and A are both positive measures and A = A\, + As. From Eq.(5.23), we have

/wdu=/gwdu/ ngwdu=/ xB(l—g)du=/ 0dp = 0. (5.25)
B B X X B

Since 0 < w < 1, from this we can conclude that wu(B) = 0; while it is obvious that A is supported in B, thus
As L p. For Ay, we let f, = (1+ .1, ¢")xe. Again, by Eq.(5.23), we have

_ n+1 _ o _ w — n . .
/E<1 g )d /an(l g)dA /ang dx [Eg<1+g+ 4 g™)dA (5.26)
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As n — oo, we have 1 — g"*1 1 chis and g(1 + g+ -+ g™)w T h where h is some non-negative measurable
function. By monotone convergence theorem, we have x ad\ = hdu.

)\a(E):)\(EmA):/EXAd)\:/Ehd,u. (5.27)

Hence, A\, < . Recall our assumption that ) is a finite measure, hence h € L' ().

Note that up to now we have prove Radon-Nikodym theorem for the case with A being a positive measure.
If X is a finite complex measure, we can decompose it into real and imaginary, positive and negative parts
(Hahn-Jordan decomposition), and find the Radon-Nikodym derivatives for each of this part.

For Lebesgue decomposition theorem, we can decompose the space into disjoint union of finite measure
sets. And perform the decomposition within each set respectively.

In the following we show that the Lebesgue decomposition is unique. Suppose A = A\, + ;s = A, + A, with
Ao, A, < pand Ag, X, L p. Then, we have

N = Ao = Ay — AL (5.28)

While N, — Ay < pand Ay — Ns L p, thus A, = A\, and A, = ;.
The uniqueness of the Radon-Nikodym derivative (up to almost everywhere equality) follows readily from
the fact that

/ hdp = / WduVE € M= h="h a.e.|u]. (5.29)
E E
O

Theorem 5.4 (Polar decomposition). Let u be a complex measure on a measurable space (X, M), then there
exists a complex measurable function h with |h(x)] =1 Vo € X, such that du = hd|pl, i.e.

w(E) :/ hd|p|, VE € M.
E
Proof. Since 1 < |p|, by Radon-Nikodym theorem, there exists a complex measurable function h such that

@ = hd|p|. In the following, we show that |h(x)| = 1 almost everywhere w.r.t. |u|. Let A, = {z € X :
|h(z)] < r}. Let {E, ;}; be partition of A,.
/ hd|p
B,

Z lu(Er ;)| = Z

This follows that |u|(A4,) < r|u|(A,), implying that |u|(A,) = 0. As this holds for any 0 < r < 1, we know
that |h(z)] > 1, a.e.[u]. For any F € M with |u|(E) > 0, we have

Therefore, |h(z)] <1, a.e.[u]. Then, we can conclude that |h(z)| =1, a.e.[u]. Choose an b’ = h, a.e.[u] and
R (x) =1, Yz € X, then we are done. O

<Y () = Ay, (5.30)

[W(E))|
B < 1. (5.31)
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Chapter 6

Review of Linear Algebra

6.1 Vector Spaces

First, we review several key concepts in linear algebra, including vector space, linear functional, linear trans-
form, subspaces, and quotient spaces. It is important to note that the definitions of some concepts are given
in a generalized way that is different from the one in an elementary linear algebra textbook, such as linear
span, basis, etc.

Definition 6.1 (Vector space). A vector space is a set X over a field F is a set X together with an addtion
+: X X X — X and a scalar multiplication - : F x X — X, which satisfy the following axioms

1. (commutativity of addition) Vr,y € X z+y=1y+ z;
2. (associativity of addition) Vx,y,z € X (x+y)+z=x+ (y+ 2);
3. (identity element of addition) 30 € X Vo € X 4+ 0 = x;

. (inverse element of addition) Vo € X I(—x) = + (—x) = 0;

4

5. (identity of scalar multiplication) Vo lx = x;

6. (distributivity of scalar multiplication over vector addition) Va € F,z,y € X a(z +y) = az + ay;
. (distributivity of scalar multiplication over field addition) Vo, € F,xz € X (a+ B)x = ax + fz;

8. (compatibility of scalar multiplication and field multiplication) Vo, 8 € F,xz € X a(fz) = (af)z.

For conciseness of notation, one typically writes x —y to represent v + (—y). When F is R, it is called a real
vector space; when F is C, it is called a complex vector space.

Definition 6.2 (Linear independence). Let S be a subset of a vector space X over field F, if there exists a
finite subset x1,...,x, € S and ay,...,a, € F which are not all zeros, such that Z?:l a;x; =0, then S is
called linearly dependent; otherwise it is called linear independent.

Definition 6.3 (Linear span). Let S be a subset of a vector space X, the linear span of X, denoted by
span S is defined to be the set of all linear combinations of finitely many vectors in S,

n
span S = {Zaixi
i=1

If span S = X, we say that S spans X.

T1y..., Ty €8S, al,...,aneF}

Definition 6.4 (Basis). A basis of a vector space X is a linearly independent set that spans X.

Definition 6.5 (Dimension). If a vector space X admits a finite basis, then all basis in X is finite, and they
have the same cardinality called the dimension of X, denoted by dim X. Then such a vector space is called
a finite dimensional vector space. Otherwise (X admits no finite basis), then it is called an infinite
dimensional vector space, and we write dim X = +o0 in this case.

68



6.2. SUBSPACES CHAPTER 6. REVIEW OF LINEAR ALGEBRA

Note that the notion of basis introduced above works well in finite dimensional spaces, but there are
several subtly different ways in generalizing it to infinite dimensional spaces. We will discuss a generalized
notion of basis later (when introducing normed spaces).

6.2 Subspaces

Definition 6.6 (Subspace). Let X be a vector space over the field F, and Y C X, if Y together with the
addition and scalar multiplication inherited from X forms a vector space over F, then Y is called a subspace
of X

Proposition 6.1. Let Y be a subset of a vector space X over field F, then Y is a subspace of X if and only
if 0 €Y andY is closed under linear operations i.e. v,y €Y =>x+yecY andz €Y, acF=azecY.

Proposition 6.2. Intersection of subspaces of a vector space is also a subspace.
Proof. Let U be a collection of subspaces, denote V' = [, U.
1. Since every U € U is a subspace, 0 € U, YU € U, thus 0 € V.

2. Let z,y € V and o, € F, then z,y € U, YU € U, thus ax + By € U, YU € U, which means that
ax + By € V. Hence, V is closed under linear operations.

To conclude, V is a subspace. O

Proposition 6.3 (Direct sum of subapces). Let X be a vector space over the field F, U and V be subspaces
of X, then denote
U+V={u+vjuel, veV},

then U4V is also a subspace of X. In particular, UNV = {0} if and only if every x € U+V can be uniquely
expressed as x = u + v with u € U and v € V. In this case, U +V s called a direct sum of U and V,
denoted by U ¢ V.

Proof. We first show that U +V is a subspace of X. Let 1,25 € U + V, then we can write 1 = u; +wv; and
To = Ug + vo, With uy,us € U and vy,v9 € V. Hence, for any ay,as € F, we have

1T —+ 9 = al(ul —+ 1)1) =+ 042(11,2 =+ Ug) = (a1u1 =+ OLQUQ) + (Otl’Ul =+ 0521}2) € U + V (61)

It follows that U + V is a subspace of X, soisU ® V.

Then, we show that U NV = {0} if and only if the decomposition of x into u + v with u € U and v € V
is unique. For one direction, we assume that U NV = {0}, and then show the uniqueness of the expression.
Suppose z = u+v = v’ + v with u,u’ € U and v,v’ € V. Hence, u —u’ = v — v’ which are in both U and V/,
thus u — v’ = v — v’ = 0, and therefore u = v’ and v = v’. For the other direction, we assume the uniqueness
and prove that U NV = {0}. If there is non-zero vector x € U NV, then —z € U NV, and we can write
0=0+0and 0 =z + (—x), contradicting the uniqueness of expression. O

Proposition 6.4. Let X be a vector space and U be its subspace, then there is a subspace V' of X such that
X =U®V. (Note that V is generally not unique).

Proposition 6.5. Let U and V' be subspaces of vector X over the field F, then
dim(U + V) +dim(U NV) = dim(U) + dim(V),

In particular,
dim(U ® V) = dim(U) + dim(V).
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6.3 Linear Maps

Definition 6.7 (Linear map). Let X and Y be vector spaces over field F, a map T : X — Y is called a
linear map if it preserves linear operations, i.e.

T(ax + By) = oT'(x) + BT (y), Yo,y € X, o, B €F.
A linear map is also called a linear transform, or a linear operator. We often write Tx instead of T'(x).

Definition 6.8 (Domain and Range of linear map). Let T : X — Y be a linear map, the set {T'(z)|x € X} is
called the range or the image of T, denoted by ImT. And X is called the domain of T, denoted by DomT'.

Proposition 6.6. Let T : X — Y be a linear map, then ImT is subspace of Y.

Proof. Let y1,y2 € ImT, then there are 1,22 € X such that y; = Tx; and y» = Tx,. Hence, for any
aq,as € F, we have
a1y1 + aays = ayTxy + asTas = T(121 + aszs) € Im T (6.2)

Hence Im T is a subspace of Y. O

Definition 6.9 (Kernel(Null space)). Let T : X — Y be a linear map, the set {x € X|T(x) = 0}, denoted by
kerT', is called the kernel or null space of f.

Proposition 6.7. Let T : X — Y be a linear map, then ker T is a subspace of X.

Proof. Let x1,25 € ker T, then for any a1, s € F, we have T(a121 + agxs) = a1Txy + asTxe = 0, which
follows that ajx; + aszs € kerT'. Hence, ker T is a subspace of X. O

Proposition 6.8. Let T : X — Y be a bijective linear map, then the inverse map T~ is also linear.

Proof. Let y1,y2 € Y, then since T is bijective, there exist unique zi,22 € X such that Txy = y; and
Txo =y, ie. 1 = T 'y; and x9 = T~ 'yo. Then, for any o1, g € F, we have T(a121 +asxe) = a1y1 +aays,
thus T~ (aqy1 + agye) = a121 + aows = a; T~ oy + asT~1as. It means that T~! is linear. O

Definition 6.10 (Linear isomorphism). Let X and Y be two vector spaces, a bijective linear map T : X — Y
(there exists an inverse map) is called a linear isomorphism. X andY are said to be linearly isomorphic
if there is a linear isomorphism between them.

Proposition 6.9. Let T : X — Y be a linear map, then
1. T is injective if and only if Te = 0= 2 =0, i.e. kerT = {0};
2. T is surjective if and only if InT =Y;
3. T is bijective (isomorphism) if and only if ker T = {0} and ImT =Y.

Proof. 1. First, we assume that T is injective. Then there is a unique = such that Tx = 0. And we know
T0 =0, thus Tz = 0 = x = 0. For the other direction, we assume that Tz = 0 = x = 0. Then for
x1,x2 € X with x1 # 9, we have Txy — Taxo = T(x1 — x2) # 0, i.e. Tay # Tao, thus T is injective.

2. This is just a re-statement of the definition of a surjective map.

3. This immediately follows from the above two points.
O

The following proposition tells us that the characteristics of a linear map can be determined from its
behavior on the basis.

Proposition 6.10. Let B be a basis of a vector space X, and T : X — 'Y be a linear map, and TB = {Te|e €
B},

1. if T is injective, then TB is linearly independent;

2. if T is surjective, then TB spans Y ;
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3. if T is bijective (isomorphism), then TB is a basis of Y.
Proof. We only need to prove the first two points, while the third one is an immediate corollary of them.

1. Suppose T is injective and T'B is linearly dependent, then there exists e1,...,e, € B, and aq,...,a, € F
such that Y | o;Te; =0, thus T' (3", a;e;) = 0. Because T is injective, > ., aze; = 0, contradicting
the assumption that B is a basis.

2. When T is surjective, for each y € Y, we have y = Tz for some x € X. Since B is a basis of X, we can
write x = Y1 | aze; with e; € B for each i. As aresult, y => ", ;Te;, thus y € span(TB).

O
Theorem 6.1. Let T : X — Y be a linear transform, then
dim(X) = dim(Im T) + dim(ker T").

Proof. Choose a subspace V of X such that X = ker T @ V, then dim(X) = dim(ker T') + dim (V). It suffices
to show that V and Im T is isomorphic. Let 77 : V' — ImT be the restriction of T', we are going to show that
T’ is an isomorphism.

Given z € V with T2 = 0, then Tz = 0, thus # € kerT. Note that V NkerT = {0}, thus 2 = 0.
Hence, T" is injective. For each y € ImT, then there exists x € X such that y = Tx. On the other hand,
X =kerT @&V, hence there is u € kerT and v € V such that + = u + v. Therefore, y = Tu + Tv, and
Tu = 0, thus y = Tv = T'v. Hence, T is surjective. To conclude, T’ is an linear isomorphism, thus
dim(ImT") = dim(V). O

Definition 6.11 (Rank of linear transform). Let T' be a linear transform, then dim(ImT') is called the rank
of T, denoted by rank T'.

6.4 Quotient Spaces

Proposition 6.11. Let X be a vector space and E be its subspace, then the relation x ~ y defined by xt—y € F
is an equivalence relation, and the equivalence class containing x is given by [z] = x + E = {x + v|v € E},
which is called a coset of E.

Definition 6.12 (Quotient space). Let X be a vector space over field F and E be its subspace, then the
equivalence relation x ~ y defined by © —y € E induces the quotient set Q = {[z]|lx € E}, on which we can
define addition as

[] + [y] = [z + 9.
and scalar multiplication as

alz] = [ax].

These operations are well defined (independent from the choice of representatives). Hence, Q together with
the these linear operations forms a vector space over field F, called the quotient space, denoted by X/E.

The following proof verifies that the linear operations defined on the quotient space are well defined.

Proof. For addition, we are to show z ~ ', y ~ 3y = x+y ~ 2’43, which can be seen from (z'+y")—(z+y) =
(' — )+ (v — y) € E. For scalar multiplication, we are to show x ~ 2’ = ax ~ az’, Va € F, which can be
seen from az’ — ar = a2’ — ) € E. O

Proposition 6.12. Let X be a vector space, and E be its subspace, let Y = X/E, and define T : X —Y by
Tx = [z], then T is a linear map, and ker T = E.

Proof. Let x,y € X, then for any «a, 8 € F, we have

T(ox + By) = [ax + By] = [azx] + [By] = afz] + Bly] = aTz + Ty (6.3)

Hence, T is linear. And
Tr=0&[z]=02x~0&zcE. (6.4)
This implies that ker T' = E. O
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Theorem 6.2. Let T : X — Y be a linear map then X/kerT is a isomorphic to ImT, in particular, the map
T : X/kerT — ImT given by T'[x] = Tx is a well defined linear isomorphism.

Proof. To show that T” is well defined, it is equivalent to showing that given z,y € X with z ~ y, we have
Tx = Ty, this can be seen from
Te—Ty=T(x—y)=0, (6.5)

the last equality is due to that x — y € ker T'. Then, we show that 7’ is an isomorphism. First, given x with
T'[z] = 0, then Tz = 0, thus = € ker T, i.e. [z] = [0]. Hence, T is injective. Second, for each y € ImT', we
can find € X with Tz = y, and thus T'[z] = y. Hence, T is surjective. O

Proposition 6.13 (Codimension). Let X be a vector space over field F, and E be a subspace of X, then the
dimension of the quotient space dim(X/E) is called the codimension of E in X, denoted by codim E.

Proposition 6.14. Let X be a vector space, U and V be its subspaces with X = U @&V, then X/U is
isomorphic to V, in particular, T : V' — X /U defined by v — [v] to V is an isomorphism.

Proof. Suppose Tv = [0], then v € U, since U NV = {0}, thus v = 0. Hence, T is injective. Given any
[x] € X/U, we can write ¢ = u + v, thus x —v € U, i.e. © ~v. As a result, Tv = [v] = [z]. It follows that T
is surjective. O

Corollary 6.1. Let X be a vector space over field F, and E be a subspace of X, then

dim(E) + codim(F) = dim(F) 4+ dim(X/FE) = dim(X).
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Chapter 7

Normed and Banach Spaces

7.1 Metric Spaces

7.1.1 Metric and Metric Spaces

Definition 7.1 (Metric (distance)). Let X be a set, then d : X x X — R is called a metric or o distance
on X if it satisfies

1. (positiveness) d(xz,y) >0, Yo,y € X, and d(z,y) =0z =y;
2. (symmetry) d(z,y) = d(y,z), Yx,y € X;
3. (triangle inequality) d(x, z) < d(z,y) + d(y, z), Vx,y,z € X.

Definition 7.2 (Metric space). A set X together with a metric d defined thereon is called a metric space,
denoted by (X, d).

Proposition 7.1. Fach metric space induces a topology, which is generated by the topological basis { B(x,r)|x €
X, r > 0}, where B(z,r) = {y € X|d(y,z) < r}. Being a topological space with the induced topology, a metric
space is Hausdorff.

Definition 7.3 (Open ball, Closed ball, and Sphere). Let (X, d) be a metric space, then
1. B(xg,r) = {z € X|d(x,z0) <} is called the open ball centered at xo with radius r;
2. B(zo,r) = {x € X|d(x,x¢) <1} is called the closed ball centered at xo with radius r;
3. S(xo,r) ={x € X|d(x,x0) =} is called the sphere centered at xo with radius .

It is easy to see that open balls are open sets, closed balls and spheres are closed sets.

7.1.2 Convergence in Metric Spaces

Definition 7.4 (Convergence in metric space). Let (X,d) be a metric space, a sequence ()2, is said to
converges to x € X, if d(xp,x) — 0, and x is called the limit of (x,,), denoted by lim, . x, = x or z, — x.

Definition 7.5 (Bounded set). A subset A of a metric space (X,d) is said to be bounded, if there exists
M > 0 such that d(z,y) < M, Vz,y € A.

Definition 7.6 (Cauchy sequence). Let (X,d) be a metric space, a sequence (x,)22, is called a Cauchy
sequence for every € > 0, there exists N such that d(x,,,x,) <€, YVm,n > N.

The relations between convergence, boundedness and Cauchy sequence are summarized by the following
proposition.

Proposition 7.2. Let (X,d) be a metric space, and (x,)52, be a sequence in X, then

1. if (zy) is a Cauchy sequence, then (xy) is bounded;
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2. if (z,) is convergent, then (x,) is a Cauchy sequence;

3. if (xn) is a Cauchy sequence and has a convergent subsequence that converges to x, then (x,) converges
to x;

4. if every subsequence of (x,) has a subsequence that converges to the same limit z, then (x,) converges
to x.

Proof. 1. Since (z,,) is Cauchy, we can find N, such that d(xy,z,,) < € for some € > 0 and every m > N.
Let D = maxd(z1,7n),--.,d(xN_1,ZN), €, then for any 7,7 € N, we have

d(,Ti,,Tj) < d(fL‘i,.I'N) + d(l‘j,mN) <2D. (71)
Hence, (x,,) is bounded.

2. Let (x,) converge to z, then for any ¢ > 0, there exists N such that d(z,,z) < ¢/2 for any n > N.
Hence, for any m,n > N, we have d(zp,2n) < d(@m,z) + d(xn,z) < €, which means that (z,) is
Cauchy.

3. Let (z,,) be a Cauchy sequence with a convergent subsequence (z,, ) that converges to . Then, given
e > 0, we can find N such that d(z,,,z) < €¢/2 when ny > N, and d(2,,z;,) < €/2 when n,m > N,
thus for every n > N, we can find a ng > n, and d(x,,z) < d(zn, Ty ) + d(Tn,, ) < €. Hence (z,,)
converges to x.

4. Suppose (z,,) does not converge to x, we can find a subsequence of (zy,, ) such that d(z,, ,x) > ¢,Vk € N*
for some € > 0. It is easy to see that every subsequence of (z,,) does not converge to x, violating the
assumption that every subsequence has a subsequence that converges to x.

O

Definition 7.7 (Dense set). Let X be a topological space, and A C X is called dense in X, if its closure
A=X.

There are several equivalent statements in testing whether a set is dense.
Proposition 7.3. Let X be a metric space, A be a subset of X then the following statements are equivalent
1. A is dense;
2. for every x € X, there is a sequence (a,)22, in A such that a, — x;
3. every open ball in X contains some point in A.

Proof. 1. (1) = (2). This immediately follows from the fact in topology that every point of A is either in
A or a limit point of A;

2. (2) = (3). Given x € X, we find (a,) in A that converges to x. For any € > 0, there exists N € NT
such that d(a,,z) < € i.e. a, € B(z,¢) for every n > N. Hence, B(z,¢e) N A # (.

3. (3) = (1). If statment (3) does not hold, then we can find a non-empty open ball U with U N A = 0,
which implies that A C U¢. Since U°€ is closed. A C U€, thus A # X.
O

Definition 7.8 (Separable metric space). A metric space X is said to be separable if there exists a countable
dense set in X.

Definition 7.9 (Complete metric space). A metric space X is said to be complete if every Cauchy sequence
i X s convergent.
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7.2 Normed Spaces

7.2.1 Norm and Normed Spaces
In the following discusssion, the field F is either R or C.

Definition 7.10. Let X be a vector space over the field F, a norm on X is a real-valued function || - || on
X that satisfies

1.Vee X ||z]| >0 and ||z]| =0z =0;
2. Ve € X,a € F ||ax|| = |o||]z||;
3. v,y € X, |lz +yl| < e[ + [yl

Definition 7.11 (Normed space). A (real or complex) vector space X together with a norm || - || defined
thereon is called a normed space, denoted by (X,||-|]).

Proposition 7.4. Let (X,||-||) be a normed space, then d : X x X — R defined by d(z,y) = ||z — yl|| is
a metric on X, which is called the induced metric. Hence, every normed space is considered as a metric
space with with the induced normed.

Proposition 7.5. Let (X, || ||) be a normed space, then the norm x — ||z|| is a continuous function.
Proof. When z,, — x, by definition of convergence in metric space, it has ||z, — || — 0, hence |||z,|| —||z]|| <
||y, — x|| — 0, which implies that || - || is continuous. O

Proposition 7.6. The addition (z,y) — x +y and scalar multiplication (o, ) — ax in a normed space is
continuous.

Proof. Let (z,) — z, (yn) — vy, and (a,) — «. Then,
Iz +y) = (@ +yn)ll = (@ —2n) + (Y —ya)ll = lle = 2ull + [ly = yull = 0 (7.2)

And, since (z,,) is convergent, thus it is bounded, and there is M such that ||z, || < M for every n, and thus

|onzn — az|| < [|lanzn — axy|| + |lox, — az|| < M||an — o[ + [|af| - [Jzn — 2] — 0. (7.3)
The two equations above respectively show the continuity of addition and scalar multiplication. O
Definition 7.12 (Equivalent norms). Let X be a vector space, || - ||1 and || - ||2 be two norms defined on X

if there are a,b > 0 such that
allzlly < [lzfl2 < bl|zl|1, YV € X,

then || - ||1 and || - ||2 are said to be equivalent norms. It is easy to verify that that this is an equivalence
relation between norms on X.

Theorem 7.1. Let X be a vector space, || -||1 and ||-||2 be two norms on X, then they are equivalent norms
if and only if they induce the same topology of X .

Proof. First we show that equivalent norms induce the same topology. Suppose there are a,b > 0 such that
allzlly < |lz|l2 < bl|z|l1, Yo € X. Let 7; and 73 be the topologies respectively induced by || - |1 and || - ||2.
Given A € Ty, then for every a € A, we can find an r > 0 such that {z|||z — a|l1 < r} C A, and hence
{z|||x — a|]2 < br} C A, thus A € T5. Likewise, we can show A € T = A € T;. As aresult, 7; = To.

Then we show that the norms that induce the same topology are equivalent. Suppose both || - || and
[| - ||z induce the topology 7, then within {z|||z||y < 1}, we can find {z|||z||2 < a} for some a > 0, and in
{z|||z||2 < 1} we can find C = {z|||z||1 < b} for some b > 0, hence we have ||z|]2 = a = ||z||1 < 1 and
[lz||1 = b= ||z||2 < 1, therefore, (1/b)||z||1 < ||z||2 < al|z||1 for every x, which implies that || - || and || - ||2
are equivalent norms. O

Theorem 7.2. All norms defined on a finite dimensional vector space are equivalent.
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Proof. Let X be an n-dimensional vector spaces with a basis {ej,...,e,}. Then any vector z € X can be
uniquely written as @ = Y., aze;. We define ||z][; = Y[, |, then it is easy to verify that || -||; is a norm
on X. It suffices to show that every norm on X is equivalent to || - ||1.
Let || - || be a norm on X. Then for every x = Y., aze; € X, we have
n n
n n
2/l < > laillleql] < (mlxlesl]) D las] = (wiax flesll) Il (7.4)
i=1 B i=1 B
Let S = {z|||z|| = 1}, which is a closed set due to the continuity of norm, thus || -||; attains the minimum

value on S, i.e. there exists z* € S with ||z*|[1 = mingeg ||x|]1. Since z* # 0, thus ||z*||; > 0. Hence, for
every x # 0 we have

[l = Il - [[C /2l DI[e = [l]] - "] (7.5)

Combining the results above, we can conclude that || - || is equivalent to || - ||1. O

7.2.2 Seminorm and Norm of Quotient Spaces

Definition 7.13 (Seminorm). Let X be a vector space over the field F, a seminorm on X is a real-valued
function p on X that satisfies

1. Vz e X p(x) > 0;
2. Vx € X,a € F plax) = |a|p(z);
3. Vo,y € X, plx+y) < plx) + p(y).
In particular, a seminorm p is a norm if it satisfies p(x) = 0=z = 0.

Theorem 7.3. Let E be a subspace of a vector space X, and p : X — R be a seminorm on X, then the
function p' : X/E — R given by p'([x]) = infycp p(z — y) is a well defined seminorm. In particular, if p is a
norm on X, and E is closed (w.r.t the topology induced by p), then p' is a norm on X/E.

Proof. 1. First of all, we need to show that the given construction is well defined, i.e. when z ~ 2/, we
have inf,cx, p(z —y) = infycx, p(z’ — ).
Given z,2’ € X withx ~ 2/, i.e. x—z’ € E. Let d = inf, e x, p(x—y), we can find (y, )52, in E such that
p(x —ypn) — d. Then for 2/, we let y], = 2’ — x +yn, then y/, € E for each n, and p(z' —y,,) = p(x —yn),
as a result, p(x’ —y!,) — d. Hence,

inf p(z’ —y') <infp(z' —y,) =d = inf p(z —y). .
Jnf p(2" —y) < infp(a” —y,) Inf p(z —y) (7.6)

Likewise, we have infycp p(z — y) < infyecpp(2’ —y'). Hence, the equality holds, implying that the
construction is well defined.

2. Then, we need to show that the defined function is a seminorm.

(a) p([z]) is non-negative for each z € X, which directly inherits from the non-negativity of p. In
particular, when [z] = [0], since z € E, we have p/([z]) < rho(z — z) = p(0) = 0.

(b) Consider p(afz]). If & =0,

p'(alz]) = p'([ox]) = p'([0]) = 0 = |alp’([z]). (7.7)

If a # 0, let (y,) be a sequence in E that has ||z — yn|| — p'([z]). Then (ay,) is also a sequence
in F, and it has p(axz — ay,) = |a|p(z — y,). Hence by definition, we have

plafe]) = p'(foa]) = inf plaz —y) < infp(oz —ayn) = |a] - inf p(z —ya) = |a] - p'([2]). (7.8)

On the other hand, we note that £ = o 'ax. Applying the above conclusion, we have

P ([z]) = p'(a” az]) < |o| 71 p/([az]). (7.9)
which implies that p'([az]) > |a|p/([z]). Combining the above two results, we obtain p'(afz]) =
lal - p'([2]).
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(c) Let z,y € X, then there exists sequences (u,)22; and (v,)22; in E such that p(z — u,) — p'([z])
and p(y — v,) — p'([y]), let wy, = wy + vy, then (wy,) is also a sequence in E, and we have

Plal + 1)) =p'fe+y) = imf plz+y—w) <infple+y—w)
= inf p((@ = un) + (y = va)) £ i p(w = up) + ply = va) = o/ ([2]) + o' ([y]). (7.10)
The triangle inequality is thus established.

Therefore, the function defined by p([z]) = inf,c x, p(x — y) is a well-defined seminorm on X/Xj.

3. Finally, we show that when p is a norm, p’ is a norm on X/E. Suppose p'([z]) = 0, then there exists a
sequence (y,) in E such that p(z,y,) — 0, which means that y,, — x. Since F is closed, it contains all
its limit points, thus « € E, i.e.  ~ 0 or equivalently [x] = [0]. Hence p’ is a norm.

O

Theorem 7.4. Let X be a (complex or real) vector space, and p be a seminorm on X, then E = {z|p(z) = 0}
is a subspace of X. On the quotient space X/E, the function given by ||[x]|| = infyer p(x —y) is a norm, and

it has [2]]| = p(a).

Proof. We first show that F is a closed subspace. Let z,y € E, and «, 8 € F, then by sub-additivity, we have
plax + By) < ap(z) + Bp(y) = 0, thus ax + By € E.

By theorem 7.3, we know that || - || as defined above is a seminorm. To show that it is a norm, it suffices
to show that ||[z]|] = 0 = a € E. By definition, there is a sequence (y,) in E such that p(z,y,) — 0.
By sub-additivity of p, we have p(x) < p(x,yn) + p(yn) = p(2,yn), which can be arbitrarily small. Hence,
p(x) =0, thus z € E. Then, we can conclude that || - || is a norm on X E.

Finally, we show the equality ||[z]|| = p(z). For each y € E, we have p(z) < p(x,y) + p(y) = p(x,y),
hence p(z) < infycg p(z,y) = ||[z]||. On the other hand, p(z) = p(z — 0) > inf,cg p(x,y). Together, we have

2]l = o). 0

7.3 Banach Spaces

Recall that a complete metric space is a space in which every Cauchy sequence converges.
Definition 7.14 (Banach space). A complete normed space is called a Banach space.
Proposition 7.7. A subspace Y of a Banach space X is complete if and only if it is closed.

Proof. First, suppose Y is complete. Given a sequence in Y that converges to some point = € X, then it is
Cauchy, and by completeness of Y, it converges in Y, thus z € Y, which implies that Y contains all its limit
points, thus Y is closed. Second, suppose Y is closed. Given a Cauchy sequence in Y, it must converge to
some point x € X due to completeness of X, and thus by closedness of Y, we have x € Y, which implies that
Y is complete. O

Definition 7.15 (Isometry). Let X and Y be normed spaces, then T : X — Y is called a isometry if it is
an isomorphism and preserves norm, i.e. ||Tz|| = |[z|[, Vx € X. X and Y are said to be isometric if there
is an isometry between them.

Theorem 7.5 (Existence of completion of normed space). Let E' be a normed vector space, then there exists
a complete normed space E and a linear transform T such that ||Tz|| = z, Vo € E, and TE is dense in E.

Here, E is called a completion of E.

Proof. The basic idea is that we start from the vector space of Cauchy sequences and then derive a quotient
space by combining the ones that are equivalent (we will define the equivalence later during the construction).
Let C(E) be the set of all Cauchy sequences of E.

Claim 1 C(E) is a vector space, i.e. it is closed under addition and scalar multiplication.
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Proof of Claim 1. Let x,y € C(E), then given € > 0, there exists sufficiently large N such that ||z, — .|| <
€/2 and ||ym — yn|| < €/2 when m,n > N. Hence,

@+ y)m = (& +Y)all = [[(@m = 20) + (Ym = ya)l| < [[2m — 2]l + [lym —ynll < e (7.11)

Thus, x+y € C(E). Given a € C, if a = 0, then for any sequence x, cux is the zero sequence, which is obviously
Cauchy and thus in C(E). If a # 0, given x € C(F) and € > 0, there exists M such that ||z, — z,|| < €/|a|.
As a result,

(@) — (az)ul| = [[a(@m — zn)[| = |af - [|zm — 20| <e (7.12)

Hence, ax € C(E). Then, we can conclude that C(FE) is a vector space. O

Given z,y € C(E), we define the following relation
z~y< lim ||z, —yn|| =0.

Claim 2 The relation defined above is an equivalence relation.

Proof of Claim 2. First, x ~ x is obvious, since ||z, — x,|| = 0, Vn, its limit must be zero. Second, z ~
y = y ~ x follows from the fact that ||z, — ynl|| = [|yn — zn||- Third, if z ~ y and y ~ z, then by triangle
inequality, ||zn, — zn|| < ||Tn — Ynll + |lyn — 2n]| — 0, thus z ~ 2. O

In this sense, we call x and y equivalent Cauchy sequences if x ~ y, and we use [z] to denote all the Cauchy
sequences that are equivalent to x.

Claim 3 Based on the equivalence relation defined above, [0] is a subspace of C(E).

Proof of Claim 3. Given x,y € C(E) with z ~ 0 and y ~ 0, and «, 8 € C, then

Tim_fla, + Byall < Tim (fal - ]l + 181 lyal) = o] lim [lza|+18] lim flgal[ 0. (7.13)
Hence, ax,, + By, ~ 0, implying that [0] is a subspace. O

Hence, we can define the quotient space E = C(E)/[0] with [z] + [y] = [z 4+ y] and [az] = afz]. (It is a
well known result in linear algebra that the operations in quotient space are well defined).

Claim 4 The vector space E defined above can be equipped with a norm ||-|| defined by ||[z]|| = limy— oo ||2n]|-

Proof of Claim 4. First of all, we need to verify that such a definition is well defined, ie. = ~ y =

limy, o0 ||Zn|| = limy,— o0 ||yn||. This is briefly shown below.
lim ||z, || = limn—oo|lyn + (20 — yo)|| < Im [ly,|[ + lim ||z, —yul| = lm [[y,]], (7.14)
n—oo n—oo n—oo n—oo

likewise, we can get lim, oo ||yn|| < lim, oo |[2,]]. Then, the equality is established. In the following, we
show that this real valued function is a norm on E.

1. ||[z]|| is non-negative, which follows from the fact that ||x,|| is non-negative. And, when [z] = [0], i.e.
x ~ 0, then by definition of the equivalence relation, we have

H[:Z:]H:0<i>nlirrgo||xn||:OHx~O<i>[x}:[0]. (7.15)

2. Given z € C(E) and « € C, we have

o fa]l| = llloc- || = lim_[Jocza]| = lim Ja] - |foall = Jo| - i [laall =Jol-[[[2)].  (716)

3. Given z,y € C(E), we have

izl + Bl = e +lll = Y [z + gl < Timn (faall+llynll) = i [laal |+ i {lyal| = lz]ll+ ][]
(7.17)
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Hence, we can conclude that || - || is a well-defined norm on E. O
Claim 5 The normed space (E, || - ||) defined above is complete, i.e. it is a Banach space.
Proof of Claim 5. Let ([z1], [x2],...) be a Cauchy sequence in E. Note that each element in this sequence is

in itself an equivalence class of Cauchy sequences. We use x;; to denote the j-th element in z;. To show that
E is complete, it suffices to show that there is [y] € E such that lim, .o ||[z, — y]|| = 0.

We define y by y; = z;; (take the j-th vector in the sequence z; to be the j-th vector in the sequence y).
First, we need to show that y € C(F), i.e. it is a Cauchy sequence. We do this as follows.

Since ([z,]) is Cauchy, given € > 0, we can find Ny such that ||[2.,] — [€n]]| = Umg— oo ||Zmr — Tnk|] < €/3
when m,n > Nj. Then, we can choose N3, such that when k > Na, ||Zmi — Tni|| < €/3. Hence, when
m,n,q > max(Ny, Na), we have ||Tmm — Tem|| < €/3, and ||zgn — Znn|| < €/3. On the other hand, we fix some
g > max(Ny, Ny), since z, is Cauchy, we can choose N3 such that when m,n > N3, we have ||zgm —2qn|| < €/3.
Together, for every m,n > max(Ny, Na, N3), we have

Ym — Ynl|| = [|Tmm — Tnn|| S || Tmm — Tgm LTagm — Lgn Lagn — Tnn € € €/3 =¢€. .
| =1l 1<l gml| + [|zq anll + 1lzq || <e/3+€/3+¢€/3 (7.18)

It follows that y is a Cauchy sequence.

Then, we show that ([z,]) converges to [y]. Given € > 0, we can choose M, such that ||[z, — zi]|| < €
for each n, k < €, meaning lim;_, ||zn; — zki|| < €, so when k is sufficiently large ||z, — zki|| < €, which
follows that limg_, o0 ||Znk — k|| < €. By definition, it means that ||[z,] — [y]|| < €, Vn > M. As we can find
such M for arbitrarily small e > 0, we can conclude that lim, ., ||[z,] — [y]|| = 0, in other words, [z,] — [y].
Therefore, E is complete. O

We use & = (x,x,...) to denote a constant sequence (which is clearly Cauchy), and define T : E — E by
Tz = [Z].
Claim 6 The T defined above is an injective linear map with ||Txz|| = ||z||, Vz € E.
Proof of Claim 6. The linearity of T can be seen from below. Given x,y € E and «, 3 € C, we have
T(ox + By) = [ + By) = [ + 5] = ald] + Blj] = oTx + ATy, (7.19)

Then we show that it preserves norm as follows.

Tl = [l[Z]Il = T [[Z,]] = [|=[]- (7.20)
Since T preserves norm, Tax = 0 = ||z|| = ||Tz|| = 0 = x = 0, thus T is injective. O

Claim 7 TE is dense in E, i.e. TE = E.

Proof of Claim 7. Tt suffices to prove that given any [y] € E, there is a sequence of (z,,)22, in E such that
Tz — [yl .
Given [y] € E, we define z,, = y,,, then since y is a Cauchy sequence.

i ] = Tl = Jin (1] = )=t ((Jim s~ @nall) =t Jim [l il =0 (720
It means that Tz, — y, and therefore, we can conclude that TFE is dense in E. O
The entire proof of existence is completed. O

Theorem 7.6 (Uniqueness of completion of normed space). Let E1 and Es be two completion of E, then they
are isometric. Formally, if E1 and Es are complete normed spaces, and there are linear maps Ty : E — Fy
and Ty : E — Ey which satisfy T,E = E and ||Tiz|| = ||z|| YV € E for each i = 1,2, then there is an isometry
T : El — EQ.

79



7.3. BANACH SPACES CHAPTER 7. NORMED AND BANACH SPACES

Proof. We have shown above that 77 and T, are both injective. By restricting their target spaces, we get
T : E— T\FE and Ty : E — Ty E, which are both isomorphisms. Define T = T} o T{f1 : TWE — TyE. Then
T is an isomorphism between T1 F and ToF.

Based on T, we define T - El — Eg as follows. Given y; € E‘l, since T1 F is dense in El, we can
choose a sequence (x,) in E such that (Tyx,) converges to y;. Because T} preserves norm, we know that
[|Zm — zn|| = ||T1%m — Thi2n]|, and note that (Thz,) is Cauchy (due to convergence), hence (z,,) is Cauchy.
And, since Ty also preserves norm, we can see that the sequence (Thz,) in E, is also a Cauchy sequence. By
completeness of Eg, Tsx,, converges to a unique element yo € FE5. The map T is defined to be Y1 > Y2, Where
yo is found as described above.

Claim 1 The map T is well-defined.

Proof of Claim 1. We need to prove that ys is independent from the choice of the intermediate Cauchy
sequence (z,,) in E. Let x and 2’ be two sequences in E such that Thz, — v and Tix), — yi, hence
Ty (xy — x),) — 0, which follows that ||z, — || = ||T1(xn — 2},)|| — 0. Note that T, also preserves norm,
thus ||Tex,, — Toxl || — 0, implying that Tz, and Toa!, converges to the same limit. Therefore, y chosen by
the described process is unique for each y;, meaning that T is well defined. O

Claim 2 T is a linear map with ||Tx|| = ||z|| for every x € Ej.

Proof of Claim 2. Let z1,y1 € E; and o, 3 € C, we choose two sequences (up) and (vy,) in E with Tyu, — 1
and Tyv, — y;. Let zo = Txy = limy,_, o0 Thu, and Yo = Tyl = lim,,_ o0 T2v,. (We have shown above that
x9 and yo are well defined and independent from the choice of (u,) and (v,)). Then, it is easy to see that
Ty (auy, + Pu,) — (axy + Py1), hence

T(ole + By1) = lim Thr(au, + Bu,) = a lim Thu, + 6 lim Thu, = aTzi + BT zs. (7.22)

Hence, T is a linear map.
In addition, by continuity of norm and the assumption that 77 and T5 preserve norms, we have

HTle = || im Thu,|| = lim ||[Tou,|| = Um ||uy|| = lm ||Thu,]| =] lim Thu|l = ||21]|- (7.23)
n—oo n—oo n—oo n—oo n—oo
Hence, T preserves norm. O

Claim 3 T is a linear isomorphism.
Proof of Claim 3. It suffices to show that T is bijective. First, since T preserves norm, thus
Te=0=|Tz||=0=|lz]|=0= 2z =0. (7.24)

Hence, T is injective. Then we show that it is also surjective. Given y» € E5, we can find a sequence (zn) in
FE with Tyx,, — y2, and hence z,, is a Cauchy sequence, thus Tjx,, converges to an element in El, denoted by
y1. According to the construction process described above, we know Tyl = yo. Therefore, we can conclude
that T is a linear isomorphism. O

To sum up, T is an isometry. The proof of the theorem of uniqueness is completed. O
Proposition 7.8. Fvery finite dimensional normed space is a Banach space.

Proof. Let X be a normed space with a basis {e1,...,e,}. Given a Cachy sequence (z;)2; in X. Let
T = Z?:l a;;ej. Note that all norms are equivalent in finite dimensional space, thus (z;) is Cachy in terms
of the norm defined by |[|z||1 = 3°7_, [a;| where z = 37", aje;. From this, we can readily see that (cvi;)72;
is Cachy for each j, hence it is convergent (due to completeness of R and C) Define 8; = lim;_. a;;, and
x = 2?21 Bje;. Then

i = @[] < laij = 651 - llesll — 0. (7.25)
j=1
Hence z; — x by definition. Therefore, we can conclude that X is a Banach space. O

Corollary 7.1. Ewvery finite dimensional subspace of a normed space is closed.
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Chapter 8

Hilbert Spaces

8.1 Inner Product and Inner Product Spaces

Definition 8.1 (Inner product). Let H be a complex vector space, then a bineary operation (-,-) : Hx H — C
is called an inner product if it satisfies

1. (linearity w.r.t the first argument) Vx,y,z € H, o, € C {ax + By, z) = oz, 2) + 8{y, 2);
2. (conjugate symmetry) Ve, y € H (z,y) = (y,x);
3. (positiveness) Vx € H (z,x) > 0 and (z,x) =0 < z = 0.

Definition 8.2 (Inner product space). A wector space H together with an inner product defined thereon is
called an inner product space.

Theorem 8.1 (Cauchy-Schwartz inequality). Let H be an inner product space and x,y € H, then

[z, 9)] < (@,2) 2 (y,9)"2,
and the equality holds if and only if x and y are linearly dependent.
Proof. Without losing generality, we assume y # 0 through the entire proof.

0< (z =Xy, —\y) = (z,2) + [A*(y, ) — 2Re(\z,y)) (8.1)
Let A = (z,y)/(y,y), then we have
[z, 9> @yl
T, x) + -2 > 0. 8.2
@2} (v, ) (v, ) (82)
It follows that
[z, 9)* < (z,2){y, y)- (8.3)
The inequality is derived. Suppose x and y are linearly independent, we can write x = Ay. then
[z, 9> = [y, ) = My, ) (8.4)
and
(x,2)(y,y) = Ay, Ay)(y. ) = (AP (y,9)? (8.5)

Combining them, we get the equality. For the other direction, we assume that the equality holds, then

[, )* [y
2+ Wy (8.6)

by letting A = (z,y)/(y,y), the equality can be written into
) )l

(v, y) (v, y)
It implies that z — Ay = 0. O

={(zx— Ay, z— Ay) =0. (8.7)
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Proposition 8.1. Let H be an inner product space and, then || - || : H — R given by ||z|| = (x,z)*/? defines
a norm on H, hence an inner product space can be considered as a normed space with the induced norm.

Proof. The positiveness of || - || follows from the positiveness of inner product, while the ||az|| = |a] - ||z|]
follows from the linearity and conjuate symmetry. It remains to show the triangle inequality.

lz+y|>=(x+y,2x+y)? = (z,2) + (y,9) + 2Re(z,y) = ||z||> + ||y||* + 2Re(z, y). (8.8)

By Cauchy-Schwartz’s inequality

Re(z,y) < [(z,9)] < (@, 2)"2(y,9)'* = ||| - |lyl. (8.9)

Hence,
e+ yl1* < ] + [yl* + 2ll2]] - llyll = (]l + llyl)?>. (8.10)
The triangle inequality is derived. O

The following are some typical examples of Hilbert space.
L C™ (z,y) = X0, ©ilis
2. 1% (z,y) = Yoo @il
3. L*(X,pm): (f,9) = [x fgdu.
Proposition 8.2. The inner product is a continuous function of both arguments.

Proof. Consider an inner product space H, let (x,)%2; be a sequence converging to x € H, and (y,)%2; be
a sequence converging to y € H, it suffices to show that (., y,) — (z,y). This can be seen from

({2, yn) = (&9 < (@, yn) = (@, u0)| + (2, 90) = (2, 9)]
(zn =2, un) + (2, (s yn = 9)| < lwn — @[] - lyall + ll2]] - [lyn —yll = 0. (8.11)

Note that in the above deduction, we made use of the fact that ||y, || is bounded. O

We have seen that every inner product space is a normed space (every inner product induces a norm), but
the converse is in general not true, namely not every normed space can be an inner product space (not every
norm can be induced by an inner product). The following theorem specifies the condition when the converse
can be true.

Theorem 8.2. Let (X,||-||) be a complex normed space, then || - || can be induced by an inner product if and
only if it satisfies the parallelogram law as follows

llz +yll* + [le =yl = 2(Jl* + llyl]*), Yo,y € X.

under such condition, the inner product satisfies the following polarization identity.
1 . . . .
(.y) = 5 (le+yll® = lle = ylI* +ille +iyl]* = illz —y|]*) .

Proof. For one direction, we assume that || - || is induced by an inner product, i.e. ||z|| = (x,z)'/? for every
x € X, and then prove the parallelogram law as follows.

lz+ylP+llz—ylP=(x+y,z+y) +{z—yz—y)
= ||=|* + [|y||* + 2Re(z,y) + ||z||* + ||y||* — 2Re(z, y)
=2(||z|* + I|yl|*)- (8.12)

In addition, we have

llz +yl* =l = ylI* = (2]]* + [lyl]* + 2Re(z, y)) — ([[]|* + [lyl|* — 2Re(z, y)) = 4Re(z,y), (8.13)
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and
(Ilz + iyll® — ||z — iyl *) = (|l2|I* + ||ylI* + 2Re(z, iy)) — ([z][* + [|y||* — 2Re(z, iy)) = 4Im(z,y). (8.14)

Hence, the polarization identity is established.
For the other direction, the parallelogram law is assumed, we construct an inner product that induces the
given norm. We define (-, ) by

1 : . : ,
{w,y) =7 (llz +yl* = llz = yII* +illz + yll* - ille — iyl *) . (8.15)

One can verify that such a construction is an inner product. O
Corollary 8.1. An isometry T between Hilbert spaces preserves inner product, i.e. (Txz,Ty) = (x,y).

Proposition 8.3. From theorem 8.2, we know that the inner product is uniquely determined by the norm,
since an isometry preserves the norm, it also preserves the inner product.

8.2 Orthogonality

Definition 8.3 (Orthogonality). Let H be an inner product space and x,y € H, then x and y are said to be
orthogonal if (x,y) =0, denoted by x L y.

We notation is often used for sets. Let A, B be subsets of H, and € H, then x 1 Ameansz | y, Yy € A,
and A Ll Bmeansz Ly, Vx€ Ay € B.

Definition 8.4 (Orthonormal set). Let H be an inner product space and S C H, then S is called an
orthogonal set if the elements in S are mutually orthogonal, i.e. x L y, Yx,y € S, x # y. Particularly, if
[lz|| =1, Vx € S, S is called an orthonormal set, or an orthonormal system.

Theorem 8.3 (Pythagorean theorem). Let H be an inner product space, and x1,...,x, € H be mutually
orthogonal, then
lzn+ -zl = ||z |+ [zl

Proof. The proof is simply done by expanding the inner product in the left hand side, and then applying the

orthogonal condition to eliminate the mutual terms. O
Corollary 8.2. Let H be an inner product space, and {e1,...,e,} be an orthonormal set in H, then for any
at,...,a, € C, we have

2 n

-3 o

=1

n
E ;€5
i=1

Proposition 8.4. A orthogonal set of non-zero vectors is linearly independent.

Proof. Let H be an inner product space, and S C H be an orthogonal set. Then it is obvious that any finite
subset {z1,...,2,} C S is orthogonal. Given ay,...,a, € C with >, ayx; = 0, then by Pythagorean, we

have
n n
Zaixi = Z|O¢i|2”l‘i||2 :0, (816)
i=1 i=1
implying that a; = 0 for each ¢ = 1,...,n. Hence, z1,...,z, are linearly independent. As the linear
independence holds for any finite subset of S, .S is linearly independent. O

Theorem 8.4 (Bessel’s Inequality). Let (e,)52, be an orthonormal sequence in an inner product space H,
then for any x € H, we have

>l en)® < 2l (8.17)
n=1

(Remark: this inequality also holds for finite sequence).
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Proof. Let y, =Y (z,€i)e;, and 2, =  — y,,. Then ||y||* = 37", [{z,e;)|>. In addition, we for each i < n
we have

n

(2n,€i) = (z,e;) — Z((x,e]))ejei = (z,e;) — (x,e5) =0, (8.18)
j=1

thus e; L z,, which follows that ¥, 1 z,, and hence by Pythagorean, we have

n

DKz en)l? = llyall® = llel® = |l2all* < [|]. (8.19)

i=1
As this holds for any n € N* we can conclude that
o0
lim Y |(z, e;)]* < [J]|*. (8.20)
1—00 i—1
O

Theorem 8.5 (Gram-Schmidt orthonormalization). Let {x,}22 ; be a linearly independent subset of an inner
product space H, then we let

L1
e = ——
|1 ]
n—1
Tn = Tn — Z<xnaei>ei7 Vn > 1
i=1
T'n
en = ——
[l
Then {e,}>2, be an orthonormal set, and for each m, span{e;}?; = span{x;}" ,, and span{e;}$2; =

span{x;}52,. In particular if {x,}>2, is a basis of H, then {e;}52, is also a basis of H.

Proof. We first need to show that the procedure is well defined, i.e. 7, # 0 for each n > 1, which directly
follows the linear independence assumption. And, ||e,|| = 1, Vn directly follows from the normalization steps.
To show that {e,} is orthogonal, it suffices to show that (r,,e;) = 0 for every ¢ < n. This can be seen from

n—1

(rn,€i) = (Tn,€i) — Z(mn,ei>(ej,ei> = (X, e;) — (T, e;) = 0. (8.21)

Jj=1

Subsequently, we show that span{e;}™ ; = span{z;}? ;. This can be easily shown by induction and the
construction rules. When this is proved, span{e; }$2; = span{z;}$2, immediately follows due to the definition
of span. O

8.3 Hilbert Spaces and Closed Subspaces

Definition 8.5 (Hilbert space). A complete inner product space is called o Hilbert space.

Theorem 8.6 (Projection theorem). Let H be a Hilbert space, and E be a closed convex subset of H, then
for every x € H, there exists a unique y € E such that

—y|| = inf ||z — z|.
le = yll = inf [lz — 2|

Here, y is called the projection of x onto E, denoted by y = Pgx. In particular, if C is a closed subspace of
H (C is obviously convex), then x — Pgx L E. Conversely, if there is a point y € E such that vt —y L F,
then y is unique and is given by y = Pgx.

Proof. Given z and E, let d = inf ¢ ||z — z||. Then, we can find a sequence (z,)52; such that ||z — z,|| — d.
We claim that (z,) is a Cauchy sequence, which is shown as follows. Given € > 0, we can find N such that
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l|z — zn||* < d® — €/2 for any n > N. Let m,n > N and v = (2, + 2,)/2, by convexity of E, v € E, thus
||z —v|| > d. According to parallelogram law, we have

1Zm — 2al? = 2(||12 = 2m||* + || — 24| ?) — 4]|z — v||* < 4d® + € — 4d® = . (8.22)

It implies that (z,) is a Cauchy sequence, and since FE is closed in a complete space, z, converges to some
y € E, thus ||z — y|| = d.

In the following, we show that such y is unique. Let y1,y2 € E with || — y1]| = || — y2|| = d, we have
v = (y1 +y2)/2 € E by convexity of E. Hence, by parallelogram, we have

llyr = well? = 2(||lz — w1 |* + [l — gol]*) — 4l]e — v|]* < 4d* — 4d* = 0. (8.23)

Hence y; = y2. The uniqueness is shown.
Let F be a closed subspace, and x € F and y = Pgx, if t —y L E does NOT hold, then we can find v € E
such that (x — y,v) # 0. Choose o = <I”;ﬂ’2”>, then we have

le = (y + av)[? = |lz = ylI* — |o*|{z — . 0)[* < ||z — yl|*. (8.24)

Note that y + av € E, this result contradicts the assumption that ||z — y|| attains the minimum. Hence, we
can conclude that x —y 1 E.

Finally, we prove that the y € E that satisfies  — y 1 F must have y = Pgx. For such a y we on one
hand have ||z — y|| > ||z — Pgrz||, and on the other hand, by Pythagorean

llz = yl* = [lo — Ppal|* — [|Ppa — ylI%, (8.25)
hence the only possibility is that ||Pgz — y|| = 0, thus y = Pgz. O
Proposition 8.5. Let E be a closed subspace of a Hilbert space H, then the following conditions are equivalent
1. ze E;
2. x = Pgx;
3. |[al[? = (@, Pea);
4 Nzl = [|Ppxl].

Proof. 1. (1) & (2). Since x € E, it is obvious that inf,c g ||z — z|| attains minium at z = x, thus Ppz = z.
Since Pgx € E, the other direction is obvious.

2. (2) = (3).
(x,2) = (x, Pgx + (x — Pga)) = (z, Ppx) + (x,2 — Pgx) = (x, Ppx). (8.26)

3. (3) = (4).
|z — Pga||* = ||| |* + || Ppa||* — 2Re(w, Ppz) = |l2||* + || Ppa|* - 2[|z|* = || Ppz|* - ||z[|* > 0. (8.27)
Hence ||z||?> = || Pgx||*.
4. (4) = (1),(2). By Pythagorean and projection theorem, we have
|z|[* = [|Ppal|* + |la — Ppa|l?, (8.:28)

hence ||z — Pgz|| = 0, which implies (2), and equivalently (1).
O

Proposition 8.6. Let H be an inner product space, and S C H be any subset, define St = {y|y L x,Vx € S}.
Then S+ is a closed subspace. And S C (S+)*.
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Proof. Let x,y € S*, a, 3 € C, then for every z € S, we have
(ax + By, z) = alz, z) + Bly, z) = 0, (8.29)

which implies that az + By € S+, hence S+ is a subspace of H. In addition, let (z,,) be a sequence in S+
that converges to z € H, then for every y € S, by continuity of inner product,

(z,y) = lim (z,,y) = lim 0=0, (8.30)

n n—oo

which follows that S is closed. On the other hand,
reS=zlyVyeSt=uac(SHt (8.31)
thus S C (S+)*. O

Theorem 8.7 (Orthogonal complement). Let E be a closed subspace of a Hilbert space H, and E+ = {yly L
x Vx € E}, then

1. H=E®FE*;
2. (EH)t =E.
Here, E* is called the orthogonal complement of E in H.

Proof. 1. (H=E@E"). Given z € EN E*, by definition, | x, hence x = 0, which implies that
ENE+ ={0}. Let z € H, then by projection theorem, we can write * = Pgx + (v — Pgz), in which
Ppzx € E and  — Pz € E+, hence we can conclude that H = E @ E+.

2. ((E+)* = E). From proposition 8.6, we know that E C (E+)L. For the other direction, let x € (E+)*.
Note that x — Pgz € E+, then (v,2 — Ppx) = 0, implying that ||z||?> = (z, Pgz), hence x € E.
O

Proposition 8.7. Let E; and Eo be two subspaces of H, then By C Ey = Ey C Ei-. In particular, when
both E1 and Ey are closed, then the converse also holds, i.e. 1 C Fy < Ej - Ef-

Proof. For one direction, if F4 C Es, theny | z,Vxr € Fy = y L x,Vax € Eq, then E2L - ElL For the other
direction, when F; and FE5 are both closed, we have E; = Ef- and By = Eﬁ-, hence

Ey C B = (BE{)* C (Bf)' = E1 C Bs. (8.32)

O

8.4 Complete Orthonormal Systems

Definition 8.6 (Convergent series). Let X be a normed space and (x;)$2, be a sequence in X, then the
partial sum of (x;) is defined by s, = Y ., x;. If the sequence of partial sums (s,) converges to s € X,
then we say that the infinite series > .- x; converges to s. This can be written as

oo
s = Z ZTi.
i=1
Definition 8.7 (Absolute convergence). Let X be a normed space and (z;)32, be a sequence in X, then the

infinite series Y .o, x; is said to be absolutely convergent if the infinite series Y .-, ||z;|| converges.

The following theorem states the relation between absolute convergence and convergence of an infinite
series.

Theorem 8.8. Let X be a normed space and (x;)52, be a sequence in X, then if the infinite series Y .o, x;
is absolutely convergent, then its partial sum is a Cauchy sequence. In paricular, if X is a Banach space, then
it converges.
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Proof. Suppose Y .-, z; is absolutely convergent. Let a, = > ., ||z;||, then a, is a bounded monotone
sequence, and thus it converges to some a € [0,+00). Given € > 0, we can find N such that a — a,, =
Yoo llzill < € ¥n > N. Let s, = > /" x; be the partial sum of the given sequence. Then, for any
m >n > N, we have

m m
lsm = sull = || D @il| < D sl a—an <e, (8.33)
1=n+1 1=n+1
which implies that (s,) is a Cachy sequence. When X is complete, it converges. O

Theorem 8.9. Let H be a Hilbert product space, and (e;)$2, be an orthonormal sequence in H, then

n 00 1/2
e = (zaf) |
=1 =1

if the right hand side is finite, then the infinite series Y .o, a;e; converges and

- 1/2
= (Z |ai|2> .
i=1

2

i=1

lim
n—oo

o0
E ;€5
i=1

Proof. By Pythagorean theorem, we have

n
E Q€4
i=1

Both hand side are increasing sequences, thus

n
g ;€5
i=1

2 n
= lim Y fouf” (8.35)
i=1

lim
n—oo

By continuity z — 2/2 for z > 0, we have

n n 1/2 0o 1/2

> aie; :<1im§ |a,»|2> :<§ |ai|2> : (8.36)
n—oo

i=1 i=1

i=1
If the right hand side is finite, then the infinite series Y ;" | a;e; is absolutely convergent, there is s € H with
s =Y 2, a;e;. By continuity of norm, we have

lim
n—oo

o 1/2
sl = || lim_s,|| = lim_||s,|| = (Daﬁ) : (8.37)

i=1
O

Definition 8.8 (Complete system). Let X be a normed space, then a subset S is called a complete system
if span S = X.

We give several examples of complete systems in Hilbert spaces
1. {x — a"}2, is a complete system in (C[0,1],|| - ||«) and in L]0, 1].
2. {z— 1} U {x — cos(nz)} cup{x — sin(nx)}; is a complete system in L?[—, 7).

Definition 8.9 (Complete orthonormal system). An orthonormal set in a Hilbert space that is also a complete
system is called a complete orthonormal system.

Theorem 8.10. Let S be a subset of Hilbert space H, then S is a complete system if and only if v L S (i.e.
x Ly Yy eS)impliesx =0.
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Proof. For one direction, we assume that S is a complete system in H. and « 1 y,Vy € S. Since spanS = H,
we can find a sequence (z,) in span S such that z,, — z. By continuity of inner product and the fact that
x | s for every s € span.S, then

(z,z) = lim {(x,,z) = lim 0 =0. (8.38)

It follows that = = 0.
For the other direction, let F = span S, it suffices to show that H C E. Let « € H, then © = Pgx + (x —
Pgzx). Clearly, x — Pgx L S, hence x — Pgpx = 0, thus « = Pgx € E, implying that H C E. O

In discussing infinite dimensional normed spaces, we use the following notion of basis, which is a general-
ization of the basis in finite dimensional space.

Definition 8.10 (Basis in normed space). Let X be a (infinite dimensional) normed space, then {e;}52,
is called a basis of X if for each x € X, there exists a unique sequence ()2, in C such that such that

T=3 0 e

Theorem 8.11. A complete orthonormal system of a Hilbert space is a basis. Concretely, let H be a Hilbert
space with a complete orthonormal system {e;}3°,, then for each x € H, there is a unique sequence (;)$2, € 12
such that x = Zfil aje;, and a; = (x,e;). The result can be written as

o0

T = Z(m,ez)ei.

i=1

Proof. From Bessel’s inequality, we know that for each x € H

Z (@, e)* < || (8.39)

hence the infinite series > .=, (z,€;)e; is absolutely convergent and thus converges. Let y = > .2 (x,¢e;)e;,
then y — « L e; for each e;. Since {e;}$2; is a complete system, by theorem 8.10, we have y — 2 = 0, thus
y = x. This shows that every x € H can be expressed in form of the given infinite series.

In the following, we show that such an expression is unique. Suppose x = Z?; «;e;, then we have

oo

z = Z(O‘i —(x,e;))e; =0. (8.40)

i=1

and for each 1,
a; — (z,e;) = (z,€;). (8.41)

Combining the above two leads to «; = (z,e;) for each i. O

Theorem 8.12 (Parseval’s identity). Let {e;}?, be an orthonormal set in a Hilbert space H, then it is
complete if and only if the following Parseval’s identity is satisfied for every x € H

oo
el = e eq) .
i=1

Proof. If {e;}$2, is complete, then it is a basis, and thus for each x € H, we have

o0

x = Z(x,el)ei. (8.42)

i=1

By theorem 8.9, we get
]| =D [, e (8.43)
i=1

The parseval’s identity is thus established. For the other direction, the parseval’s identity is assumed. let
E = span{e; }5°,, then given x € H, by Pythagorean, we have

llo — Ppall = ||z||* — || Ppall* = [l]]* - [|=|* = 0. (8.44)

It implies that x = Pgrax € E. Hence, the given set is a complete system. O
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Up to now, we have derived several theorems in characterizing a complete orthonormal system. They are
summarized by the following theorem.

Theorem 8.13 (Characterization of complete orthonormal system). Let {e;}5°, be an orthonormal set in a
Hilbert space H, then the following statements are equivalent:

1. {e;}2, is a complete system (i.e. {e;}5°, = H);

2. (x,e;) =0Vi=2=0;

3. {e;i}52, is a basis of H (i.e. Ve € H x =Y = (x,e;)e;);

4. parseval’s identity is satisfied (i.e. Yz € H ||z||* =Y oo, (@, €:)]?).

Not every Hilbert space admits a complete orthonormal sequence, the following proposition gives an
equivalent condition.

Proposition 8.8. A Hibert space has a complete orthonormal sequence if and only if it is separable (i.e. it
has a countable dense set).

Proof. Let H be a Hilbert space, then if H has a complete orthonormal sequence (e;)2;, we let S, =
{30 | asei|o; € Q}, then it is easy to show that |J)—, S, is a dense set in H.

For the other direction, if H is separable, there is a countable dense, denoted by S = s;{2,, from which
we can select a maximal linearly independent subset by induction, and by applying Gram-Schmidt orthonor-
malization to this subset, we can obtain a complete orthonormal system. O

Theorem 8.14. Every infinite dimensional separable Hilbert spaces are isometric. In particular, every infinite
dimensional separable Hilbert space is isometric to 2.

Proof. Let H be an infinite dimensional separable Hilbert space, we can choose an orthonormal basis {e;}52;.
Then we can define T : H — 12 by Tx = ((z,¢;))2,. By theorem 8.9(for showing onto) 8.11(for showing
one-to-one) and parseval’s identity (for showing norm-perserving), we can prove that T is an isometry. Hence
H is isometric to [2. Therefore, all infinite dimensional separable Hilbert spaces are isometric. O
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Chapter 9

Linear Functionals

9.1 The Space of Linear Functionals

All vector spaces in this notes are real or complex vector spaces.

Definition 9.1 (Linear functional). Let X be a vector space over the field F (F is either R or C), then a
linear map f: X — F is called a linear functional.
In other words, a linear functional is a linear map whose range is in R or C.

Definition 9.2 (The space of linear functionals). All linear functionals defined on a vector space X forms a
vector space, called the space of linear functionals, denoted by X#. The addition and scalar multiplication
are defined as

(f+9)(@) = fx) +g(x)  and  (af)(z) = af(2).
The following are two examples of linear functionals:
1. Given f € C[0,1], F': C[0,1] — R defined by F(z) = fol x(t) f(t)dt is a linear functional;

2. Let H be a inner product space, given y € H, then f : H — C defined by f(x) = (z,y) is a linear
functional.

Lemma 9.1. Let f # 0 be a linear functional on X, then and xo € X satisfy f(xg) # 0. Then for each
x € X, it can be uniquely written into © = y + Axg, where y € ker f. In other words, X = ker f & span{xo}.

Proof. Since f # 0, there is v € X such that f(z¢) # 0. Then, we can write

_ _ (. S f(@)
z = (z— f(z)xo) + f(x)zo = (x f(:ﬂo)%) + f(xo)xo' (9.1)
Note that fz) fa)
x x
(o= L5500 = 1)~ L st 0. 92)
For uniqueness, if there are y1,y2 € ker f and A\, Ay € F with y; + Aixg = y2 + Aexg, then (A — A2)zg =
ya — y1 € ker f, thus f((A1 — A2)xg) = 0, since f(xp) # 0, we have A\; = Ay, as a result, y1 = yo. O

Corollary 9.1. Let f be a non-zero linear functional on X, then
codim(ker f) = 1.

Corollary 9.2. Let f,g be non-zero linear functionals on X, then ker f = kerg if and only if f = \g for
some A # 0.

Proof. First, assume f = A\g for some A # 0. Then f(z) = 0 & g(z) = 0, it implies that ker f = kerg.
For the other direction, assume ker f = kerg = E. We can choose xy € E. By the lemma above, we know
that for each € X, we can write x = y + yxo with y € E. Then, f(z) = vf(zo) and g(x) = vg(zg). Let
A= f(z0)/g9(x0), we know f(x) = Ag(x). Note that A is a constant independent of z. O
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9.2 Dual Spaces

9.2.1 Bounded Linear Functionals

Definition 9.3 (Bounded linear functional). Let X be a normed space, then a linear functional f on X is
called a bounded linear functional if there exists ¢ > 0 such that |f(z)| < c||z||, Vz € X.

Lemma 9.2. Let f be a linear functional on a mormed space X, then f is continuous if and only if f is
continuous at 0.

Proof. The “only if” direction is trivial. For “if” part, let x € X, for any sequence (z,) that converges to z,
we have x,, — x converges to 0. Suppose f is continuous at 0, then f(x,) — f(z) = f(z, — z) — 0, implying
that f(z,) — f(z), thus f is continuous on X. O

Theorem 9.1. Let f be a linear functional on a normed space X, then f is continuous if and only if f is
bounded.

Proof. Suppose f is continuous, then there exists § > 0, such that |f(z)| < 1 whenever ||z|| < 6. Then, for
each v € X and x # 0, we let u = H%Hx’ then ||u|| = § and

1) = By < L) (93

Hence, f is bounded. For the other direction, assume there is M > 0 such that |f(z)| < M||z|| for each
x € X. Let (z,) be a sequence that converges to x, then |f(x,) — f(z)| = |f(xn — z)| < M||x, — || — 0,
which means that f(z,) — f(z). O

Proposition 9.1. Let f be a linear functional on a normed space X, then f is bounded if and only if ker f
is closed.

Proof. If f is bounded, then it is continuous, we immediately have ker f = f=1{0} is closed, since {0} is

closed. On the other hand, if f is unbounded. Then we can find a sequence (z,)%2; with [|z,|| = 1 and
f(zyn) > n for each n. Let y,, = z,,/f(zn), then f(y,) =1 and ||y,|| < 1/n. Hence y, — 0. Let 2z, = yn, — y1,
then f(z,) =0, i.e. z, € ker f, and 2z, — —y1, where f(—y1) = —1. It shows that there exists a sequence in
ker f that converges to some point outside ker f. Hence, ker f is not closed. O

Lemma 9.3. Let E be a closed subspace of a normed space X and o € X N E° such that X = E @®span{zg}.
Let d = infycp ||xo — y||, then there exists a bounded linear functional f on E such that ker f = E, ||f|| =1,
and f(zo) = d.

Proof. Since E is closed, E° is open. Hence, there is a open ball B(xg,€) C E° for some € > 0, and thus
d > e >0. Since X = E @ span{xp}, each x € X can be written uniquely as x = y + axg. Then we can
define a functional fp on X by fo(z) := «. Due to the uniqueness of decomposition, fy is well-defined. The
linearity of fy can be seen from

(0433‘1 + 04.1‘2) = al(yl + )\1%0) + ag(yg + )\2.130) = (Oélyl + Oégyg) + (Oél)\l + 012)\2).130 (94)

It means that fo(a1z1 + aexe) = an A1 + asde = ag fo(x1) + aafo(z2). In addition, we can easily see that
folzo) = 1 and fo(y) = 0, Vy € E, implying that ker f = E. In the following, we will show that fy is a
bounded functional with ||fo|| = 1/d. For each € X and x ¢ E, there exists y € F and « # 0 such that

r=y+ary=alry—1y), (9.5)
where y' = —y/a € E. Hence,
||]] 1
= < — < = . 9.6
@l =lol < < S (9.6

In addition, when z € E, f(z) = 0 < (1/d)||z||. The above shows that fy is bounded with ||fo|| < 1/d. To

complete the proof, it remains to show the other direction, namely ||fo|| > 1/d. By definition of d, we can

choose a sequence (y,) in E such that ||zg — yn|| — d. And, it can be readily seen that fo(xg — yn) = 1 for
each n. As a result,

lfoll = sup Doto vl gy L L

nolwo —ynll T n=oeflzo —ynll  d

Take f = dfy, then we are done. O

(9.7)
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Proposition 9.2. Let E be a closed subspace of a normed space X with codim(E) = 1, then there exists a
bounded linear functional f with ker f = E.

Proof. Since codim(FE) = 1, there exists a subspace V with dim(V) = 1 such that X = E @ V. Then, there
exists £p € X N E° such that V = span{zp}. By lemma 9.3, we know there is a bounded linear functional f
on X such that ker f = F. O

To sum up, for a linear functional f on a normed space, the following statements are equivalent:
1. f is bounded;
2. f is continuous;

3. ker f is closed.

9.2.2 Dual Space

Proposition 9.3. All bounded linear functionals on X form a linear subspace of X7 .

Proof. Let f and g be bounded linear functionals on X, and |f(x)| < A||z||, |g(z)| < Bl|z|| for every z € X.
Then, we have for each =

I(f +9)(@)| = |f(z) + g(2)| < [f(2)] + [g(x)] < Allz]| + Bl|z[| = (A + B)||«]] (9-8)

and
[(@f)(@)] = lecf (2)] < (] A)]]]] (9-9)
Hence, f + g and «f are both bounded linear functionals. O
Proposition 9.4. Let ||-|| be a real valued functions defined on all bounded linear functionals, which is given
by
flx
171l = sup T = sup ) el = 1)

Then || - || is a norm on the space of all bounded linear functionals.
Proof. The non-negativeness of || - || directly follows from the definition. And

laf|l = sup{|af(@)] : [J«]| = 1} = sup{la| - [f(2)] : ||z|| = 1} = |afsup{|f(2)] : [[«]| = 1} =[] - [|If]]. (9.10)

For sub-additivity, we have

1+ gll = sup{[ f(2) + g(2)| : [[«]| = 1} < sup{[f ()| + |g(2)] : ||2[| = 1}
= sup{|f(z)| : [|z[| = 1} + sup{lg(2)| : ||=|| = 1}
=711+ 1lgll- (9.11)
In addition, when ||f|| = 0, we have |f(x)| = 0 for all « # 0, hence f = 0. O

Definition 9.4. Let X be a normed vector space. The vector space of all bounded linear functionals on X
endowed with the norm defined above is called the dual space of X, denoted by X*.

Proposition 9.5. Let X be a normed space, and f € X*, then
[f@) < IfI] - lll], Vo € X.

Proposition 9.6. Let X be a normed space, and f € X* with f # 0, then

—_

it (] : £() = 1) = 7
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Proof. For every x with f(x) = 1, we have ||f]|| - ||z|| > |f(x)| = 1, thus ||z|| > 1/||f||, hence

inf{{lz|| : f(x) =1} = /[ f]]. (9.12)

By definition of ||f||, we can choose a sequence (z,) with ||z,|| = 1, Vn and |f(x,)| — [|f]|]- Without
losing generality, we assume f(z,) # 0 for all n. Let y, = z,/f(z,), then f(y,) = 1, Vn. and ||ly,|| =

[lzn|l/|f ()| — 1/||f]|- Hence

inf{[[z]| : f(z) =1} < inf [lyn|| < lim ||yn|| = 1/]|f]] (9.13)
neN+ n—oo
Combining the two inequalities together, we can get the equality. O

Theorem 9.2. Let X be a normed vector space, then its dual space X* is a Banach space.

Proof. Consider a Cauchy sequence (f,,) in X*, then for each z € X, we have ||f,(x) — fi(@)|] < ||fn —
fmll - |z]], hence (fn(x)) is a Cauchy sequence. By completeness of a real field or a complex field, the limit
of (fn(x)) exists. Then we can define a functional f by

fz):= nh_)rgo fn(x).

It is easy to verify that f is linear (due to linearity of limit operation). In addition, since (f,) is Cauchy,
there is N such that ||f, — fm|| < € when n,m > N, thus for each x, and n > N

1@) = Fa@)| = | i fn(@) = fala)| = i [f(@) = ful@)] < i (| = Full- lal] < cllafl. (9.1)
Hence, f — f, € X*, thus f = (f — fn) + fn € X*. Then, we can conclude that X* is complete. O

Proposition 9.7. Let X be a normed space, and (f,) be a sequence in X* that converges to f € X*, then
for each x € X, we have

lim_fo (@) = f(z).
Proof. This can be seen from |f(x) — fo(x)| <||fn — fI| - ||2]] — 0. O

Proposition 9.8. Let X be a normed space, and (f,) be a sequence in X* that converges to f € X*, and
(zn,) be a sequence in X that converges to x € X, then

lim f,(x,) = f(x).
n—oo
Proof. Since (z,,) is convergent, it is bounded. Let M = sup,, ||x,||, then

[f (@) = fa(@n)| < |f(@) = flan)] + 1 (@n) = falza) | < fI] - [lz =zl + || £]]- M — 0. (9.15)
O

9.2.3 Riesz Representation Theorem on Hilbert Space

Theorem 9.3 (Riesz Representation Theorem). Let H be a Hilbert space, and f be a linear functional on
H. Then f € H* if and only if there exists a unique y € H such that f(x) = (z,y), Ve € H. In addition,
A1 = Tyl

Proof. We first show the “if” part. Let f be defined by f(z) = (z,y). By Cauchy-Swartz inequality, we have
for each x, |f(x)| < [l2]| - ||y||, which implies that ||f|| < ||y||. Take z =y, then |[f|| - [ly|l = |f ()| = IlylI*,
hence || f|| > ||y||. Therefore ||f|| = ||y||. Obviously, f € H*.

For the “only if” part, let f € H*. If f =0, then we can take y = 0. In the following, we assume f # 0.
Let L = ker f, then L is a closed subspace of H. with codim(L) = 1. Since H = L& L+, we have dim(L+) = 1.
Hence, L+ = span{yo} for some yo € H. It is easy to see that f(yo) # 0, otherwise yo € L N L+ = {0}. For
each x € H, we can write z = z + \yp with z € L. Then f(z) = Af(yo). Take y = yof(y0)/||vo||?, then

(@, 90/ (o) /1yol1?) = (= + Ayo, yo.f (o) /w0l 1) = Ayo, wof (wo)/llwol?) = Af(wo) = f(=). (9.16)

Hence f = (-, y).
Finally, we show the uniqueness. If f(z) = (z,y1) = (z,y2) for each x, Then (z,y; —y2) =0, Vz € H.
Hence, [|y1 — v2|| = (y1 — y2, 41 — y2) =0, thus y1 = yo. O
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The following is a corollary derived by applying the Riesz representation theorem to Lebesgue measure
theory.

Corollary 9.3. Let (X, M, ) be a measure space, then L*(u) is a Hilbert space. Let X\ : L*(1) — R be a
bounded linear functional, then there exists g € L?(u) such that

A(f) = /X fadp, Vi € IA(u)

and

A
||9H2=/ |g|2du=sup‘ DI,
X 20 || f]l2

9.2.4 Hahn-Banach Theorem

Hahn-Banach theorem is one of the most important theorem in functional analysis. It states that every
bounded linear functional defined on a subspace has a norm-preserving extension.

Theorem 9.4 (Hahn-Banach Theorem). Let X be a normed space, and E be its subspace, then for each
fo € E*, there exists f € X* with flg = fo and ||f]|x = ||fol

E*-

Proposition 9.9. Let X be a normed space, for each o € X, there exists f € X* such that ||f|| =1 and
f(@o) = llzoll.

Proof. Define a linear functional one the subspace span{zg}, by fo(Azo) := A||xo||. It is easy to verify that
this is a linear functional and has norm ||fy|| = 1. By Hahn-Banach theorem, there is an extension f € X*
with || f]| = 1 and f(z0) = fo(zo) = [[zol|. O

Proposition 9.10. Let X be a normed space, then for each x € X, we have

lell= s IOl s @) 11 = 13-
rex=f0 ||l

Proof. First, from |f(x)| <||f|| - ||z]|, we know

sup{|f ()] - [[f]| = 1} < |l=]. (9.17)

On the other hand, for each z, we can find f’ with ||f’|| = 1 and f'(z) = ||=||, hence
sup{|f ()| : [|f|l = 1} > [f'(2)] = [|2]|. (9.18)
Then the equality is established. O

Corollary 9.4. Let X be a normed space, if x € X has f(x) =0, Vf € X*, then x = 0.
Proof. We can choose f € X* such that f(x) = ||z||, by assumption, we have ||z|| = 0, thus z = 0. O

Corollary 9.5. Let X be a normed space, and x1,xo € X have x1 # xo, then there is f € X* such that
f(1) # f(x2).

Proof. We can choose f € X* such that f(x; — x2) = ||x1 — 2|| > 0, then f(x1) # f(x2). O

Proposition 9.11. Let X be a normed vector space and E be a proper closed subspace of X, if xg € X N E*¢
and d = infyc g ||xo — y|| then there exists f € X* such that ||f|| =1, f(y) =0 on E, and f(zo) =d.

Proof. Since E is closed and zg ¢ F, we know that d > 0. Otherwise, we can find a sequence in E that
converges to zg, contradicting the closedness of E. Consider the augmented space BT = E @ span{z}, then
E is a subspace of ET with codim(E) = 1 (note that the codimension is w.r.t ET). By lemma 9.3, there
exists a bounded linear functional fy defined on Et such that ||fo]| = 1, fo = 0 on E and f(z9) = d. By
Hahn-Banach theorem, we can find a norm-preserving extension of fy on X, then we are done. O
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Proposition 9.12. Let X be a normed space, for each subspace L of X we denote
L+ ={feX*|f(z)=0, Vo € L},
and for each subspace F' of X* we denote
Fl ={zeX|f(x)=0, Vf € F}.
Let L be a subspace of X, then
1. L is a closed subspace of X*;
2. LC(LY);
3. If L is closed, then L = (L*) .

Proof. 1. It is easy to verify that L' is a subspace of X*. Let (f,) be a sequence in L' that converges to
f € X*. To prove that L' is closed, It suffices to show that f € L. This can be seen from
f(z) = lim f,(xz)=0. (9.19)
n—oo

2. For each z € L, we have f(z) = 0 for every f € L+, thus z € (L), by definition. It follows that
LC (LL)L.

3. Tt suffices to show that (L+), C L, which equivalent to z ¢ L = 2 ¢ (L*),. Let x ¢ L, then since L
is closed, d = inf ey, ||z — y|| > 0, then there exists f € Lt such that f(z) = d, thus = ¢ (L*),.
O

9.2.5 Second Dual

Definition 9.5 (Second dual). Let X be a normed space, then the dual space of X* is called the second
dual space of X, denoted by X**.

Proposition 9.13. Let X be a normed vector space, for each x € X, we can define a linear functional
Z:X* =T by z(f) = f(x), then & is a bounded linear functional (i.e. g, € X**) with ||Z|| = ||x||. The map
x +— T 1is called the canonical embedding of X into X*™*, which is injective.

Proof. 1. For each z, & is a linear functional on X*, which follows from
Z(af + Bg) = (af + Bg)(z) = af(z) + Bg(z) = az(f) + B(g) (9.20)
2. We then show ||Z|| = ||z|| as follows (
||2[] = sup{z(f) : [|f[| = 1} = sup{|f(2)] : ||fI| = 1} = ||]|. (9.21)

Note that we utilize proposition 9.10.

3. The map z +— Z is linear. This can be seen from

—_~—

(az + By)(f) = flaz + By) = af(z) + Bf(y) = az(f) + By(f)- (9.22)

4. The map z — Z is injective. This can be seen from £ =0 = f(z) =0,Vf € X* = 2 = 0.
O

Definition 9.6 (Reflexivity). A normed space X is said to be reflexive if the canonical embedding of X into
X** is an isomorphism. In other words, for each z € X** we can find x € X such that z(f) = f(x), Vf € X*.

Proposition 9.14. Fvery reflexive normed space is complete.

Proof. If a normed space X is reflexive, then the canonical embedding is an isometry between X and X**.
We know that X** is complete, since it is in itself a dual space. Hence, X is complete. O
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Proposition 9.15 (Dual basis). Let X be an n-dimensional vector space with basis {ey, ..., e,}, then there
exists a unique set of vectors {f1,..., fn} in X* such that
1 i=yj
(e:) = 6:s = )
f'L( .7) ] {0 ’L?é]

And {f1,..., fn} forms a basis of X*, which is called the dual basis of {e1,...,e,}.

Proof. First, we show the existence of {f1,..., f,} by construction. Since {ej,...,e,} is a basis of X, for
each z it can be uniquely written as x = Y | aje; with «; € F. It is easy to check that o; depends linearly
on . We define f; by fi(z) := a;. Then f; is well-defined (due to uniqueness of basis expansion) and is a
linear functional. In addition, since every norm is equivalent for a finite dimensional spaces. There is C, such
that

> el < Cjal. (9.23)
i=1

From this, we can readily see that f; is a bounded functional for each 1.
Then we show that {f1,..., fn} is a basis. Suppose there exists ¢y, ..., ¢, such that > . ¢;f; = 0. Then

for each e, we have
n

Zcifi(ek) = Zciéik =c, =0. (9.24)
=1

i=1

It follows that to make Y1, ¢;f; zero, all its coefficients must be zero. Hence {fi,..., fn} is linearly inde-
pendent.
Given f € X*, for each x € X, it can be written as = Y ., ae;, then we have

f(z)=f (Z ai€i> = Z i f(e:). (9.25)

And let f" =31, f(e;)fi, then

Fl@) = fle)filz) = fleda. (9.26)
i=1 i=1
Clearly f = f" =32, a;f;. Hence, we can conclude that {fi,..., f,} is a basis of X*. O

Proposition 9.16. Fvery finite dimensional space is reflexive.

Proof. Let X be an n-dimensional space, and €& = {ej,...,e,} be its basis. Then, we can get a dual basis
{f1,-.., fu} for X*. To show that the canonical embedding of X into X** is an isomorphism, it suffices to
show that {é1,...,€,} is a dual basis of {f1,..., fn} for X**. This can be seen from

Then we are done. O
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Chapter 10

Linear Operators

10.1 The Space of Linear Operators

In functional analysis, a linear map is also called a linear operator.

Definition 10.1 (Bouned linear operator). Let X and Y be normed vector spaces, a linear operator T : X —
Y is called a bounded linear operator if there exists M > 0 such that

|1 Tz[| < Ml[z]|, V2 € X

The following proposition shows that all bounded linear operators between two given normed spaces
constitute a vector space.

Proposition 10.1. Let 71,75 : X — Y be bounded linear operators, then for any ay,as € C, a1 Ty + axTh is
also a bounded linear operator.

Proof. Since Ty and Ty are bounded, there are M;, My > 0 such that for each x € X, ||Thz|| < M;||z|| and
1 Tyz]| < Myl fz]], thus

[[(1 Ty + aoTo)z|| = |1 Thz + aoToz|| < |ou| - [|[Tyz|] + |aa| - [|[Tox|| < (Jai| My + |ag|Mo)||z]].  (10.1)
Hence, a1T7 + asT5 is also bounded. ]

Definition 10.2 (The normed space of bounded linear operators). Let X and Y be normed vector spaces,
then all bounded linear operators from X to'Y form a vector space, denoted by L(X,Y). In addition, this

space is endowed with a norm || - || : L(X,Y) — R defined by
Tx
711 = sup T2l = supy o ol = 1
a0 |||l

It is easy to verify that the norm defined above is really a norm. In addition, by the definition of operator
norm, we immediately have

Proposition 10.2. Let T : X — 'Y be a bouned linear operator, then we have
[ Txl| < T[] - [J]], Vo € X.

Proposition 10.3. Let X and Y be normed vector spaces, and T : X — Y be a linear operator, then T is
bounded if and only if T is continuous.

Proof. First, assume T is bounded, i.e. there exists M > 0 such that ||Tz|| < M]||z|| for each x € X. Then
for any 29 € X and e > 0, we can choose 6 = ¢/M such that when ||z — 2¢|| < 0, we have ||Tz — Tzo|| <
M|z — xo|| < MJ, thus T is continuous.

For the other direction, we assume T is continuous. Then, there exists § > 0 such that when ||z|| < 4,
[|Tz|| < 1. Then for arbitrary € X, we have

ox

||

el
5 =
Hence, T is bounded. O

[Ta]| = HT el (10.2)
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Corollary 10.1. Let T : X — Y be a bounded linear operator, then for any sequence (x,,) in X that converges
to x, we have Tz, — Tx.

Corollary 10.2. Let T : X — Y be a linear operator between normed spaces X and Y, then T is bounded
then ker T is closed.

Proof. If T is bounded, thus T is continuous, hence ker ' = T~*{0} is closed. O

Proposition 10.4. Let A: X — Y and B : Y — Z be bounded linear operators, then the operator BA : X —
Z is bounded and has
IBA[| < [|A[| - ]| B]].

Proof. For every x € X we have
|BAz|| < [|B| - [|Az|| < [|BI[ - [[Al| - [l]]. (10.3)
O

If T is a linear operator from X to X, then we use the following notation 7" to denote the composition
of n such operator.

Corollary 10.3. Let T : X — X be a bounded linear operator, then
| < [IT|[™.
Theorem 10.1. Let X be any normed space, and Y be a Banach space, then L(X,Y) is a Banach space.

Proof. What we need to show here is that L(X,Y) is complete. Let (4,,) be any Cauchy sequence in L(X,Y).
Then given € > 0, there exists N such that Ym,n > N, [|A, — Anl| <€, thus Vm,n > N, ||Apz — Apz|| <
[|Am — Anl| - |lz]| < €|z|], thus (A,z) is a Cauchy sequence for each € X. Since Y is complete, (A,x)
converges for each z. Then we can define a map A: X — Y by

Az := lim A,x. (10.4)

n—oo

It is trivial to verify that A is a linear map. Since (A,,) is a Cauchy sequence, it is bounded, i.e. sup,, ||4,]| <

+00. Hence, we have
|[Az|| < sup [[Anz|| < sup(||An|] - [[z]]) = (sup [[An][)||2]]. (10.5)

This shows that A € L(X,Y). In addition, given ¢ > 0, there is N € NT such that when m,n > N,
[|[An — Ap|| < €, and thus
Vo ||z|]]| < 1= ||Apz — Apz]| < e (10.6)

Take m — 400, by continuity of norm, we have for each n > N,

[|Apz — Azx|| = ||Apz — lim (Apz)|| = lim ||Apz — Apa|] <e. (10.7)
m— 00 m—0oQ

It follows that ||4, — A|| — 0, i.e. A, — A. O

10.2 Inverse Operators

Definition 10.3 (Inverse operator). Let A : X — Y be a linear operator, if there is a linear operator
B:Y — X such that AB =1dx and BA = Idy then B is called the linear operator of A, denoted by A1,
and A is called invertible.

Proposition 10.5. A linear operator A : X — Y is invertible if and only if it is bijective (one-to-one and
onto).

Proposition 10.6. Let A : X — Y and B :' Y — Z be invertible linear operators, then BA : X — Z is
invertible and (BA)~' = A=1B~1.
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Proof. This can be readily seen from (BA)(A™'B~!) = BldyB~! = BB~! = Idz and (A~'B~!)(BA) =
A_lldyA:A_lA:Idx. O
>

Proposition 10.7. Let T : X — Y be a linear operator onto Y such that there exists b > 0 and ||Tx||
bl|x|| Vx € X, then T is invertible and T~ is a bounded linear operator with ||T~|| < 1/b.

Proof. First, we can see T is injective from
Tx=0=02>b|z||=||z]|=0=2=0. (10.8)
Hence, T is bijective, and thus it is invertible. In addition, we note that x = 77!z, thus
l|z]] = [|TT 2| > b||T  x||, Vo € X (10.9)
Thus ||T~ || < (1/b)||x||, which follows that T~! is bounded and has ||T|| < 1/b. O

Proposition 10.8. Let A: X — X be a bounded linear operator with ||A|| < 1, then I — A is invertible, and

(I—A)" =) A% with [|(I-A)7 <@~ lAD~"

k=0

Proof. Let B =32, A*. First, since ||A|| < 1,

Yo lAIF <= lAp
k=0

It shows that as an infinite series, B converges, and B is a bounded operator with ||B|| < (1 —||A|])~!. Tt
remains to show that B is the inverse of —A. We note that I+AB = I+BA = B, thus [ = B—AB = (I-A)B
and I = B — BA = B(I — A). O

Corollary 10.4. Let A be a bounded linear operator that has a bounded inverse, and B be a linear operator
that satisfies ||A — B|| < 1/||A7Y|, then B is invertible.

Proof. We note that

B=A—-(A-B)=A(I-A"'(A-B)). (10.10)
And

1ATHA = B)|| < [lA7H](A/lIA7Y]) =1 (10.11)
Hence, (I — A=Y(A — B)) is invertible, thus B is invertible. O

This corollary tells us that for each bounded linear operator with bounded inverse, there is a neighborhood
in which the operators possess such properties as well.

In the following, we introduce the Open mapping theorm. It is an important theorem in functional analysis,
which gives a useful sufficient condition to judge whether the inverse of a bounded operator is bounded.

Theorem 10.2 (Open mapping theorem). Let X and Y be Banach spaces, and T : X — Y be a bounded
linear operator, then T is an open mapping, i.e. T sends every open set in X to an open set in'Y .

Corollary 10.5. Let X and Y be Banach spaces, and T : X — 'Y be an invertible bounded linear operator,
then T~ is bounded.

Proof. By open mapping theorem, T is an open mapping. Hence, (T~1)~1(U) = T(U) is open for each open
set U in X, thus 7! is continuous, thus it is bounded. O
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10.3 Dual Operators

Definition 10.4 (Dual operator). Let A : X — Y be a bounded linear operator. Then for each h € Y*,
the linear functional f on X defined by f(x) := h(Azx) is a bounded, i.e. f € X*. This can be seen from
[f(@)] < ||h|] - ||All - l|z]|. Then, we can define an operator A* : Y* — X* by

(A*h)(x) = h(Ax), YheY™
which is called the dual operator of A.

Proposition 10.9. Let A : X — Y be a bounded linear operator, then its dual operator A* : Y* — X* is
also a bounded linear operator, with ||A*|| = ||4]].

Proof. We first show that A* is linear. This can be seen from
(A™(af + Bg))(x) = (af + Bg)(Az) = af (Az) + Bg(Az) = a(A" f)(z) + B(A"g)(x)
= (aA*f + BA*g)(x). (10.12)
In addition, we have for each f € Y*,
(A" ) (@) = | F(Az)] < |IFI]- LA - [l - (10.13)

Hence ||A*f|] <||4]| - || f]], which implies that ||A*|| < ||A]|. On the other hand, from the corollary of Hahn-
Banach theorem, for every x € X, there is g, € Y* with ||g.|| = 1, and g.(Az) = ||Az||. Let f, = A*gy,
then

1Az|| = g2 (Az) = (A%gx)(2) < [|A"ga|| - [J]] < [[A™[] - [lgell - [l]] = [|A"[] - [J]]. (10.14)

Taking supremium of the left hand side, we get ||A|| < ||A*|]. O
Proposition 10.10. Let A,B € L(X,Y), then («¢A + B)* = aA* 4+ BB* for each a, 3 € C.

Proof. For each f € Y* and x € X, we have

((aA+BB) f)(z) = f((eA + BB)(x)) = f(aAx + Bz) = af (Ax) + Bf(Bz)
= a(A"f)(x) + B(B* f)(z) = ((«A" + BB*)(f))(2). (10.15)

Proposition 10.11. Let A € L(X,Y) be invertible, then A* is also invertible, and (A*)~" = (A~1)*.
Proof. For each f € Y* and x € X, we have

(A7) A" f)(z) = (A" f)(A72) = f(AA™ ) = f(a), (10.16)
thus (A=1)*A*f = f, Vf € Y*. Similarly, we can show A*(A~1)*f = f, Vf € X*. O
Proposition 10.12. Let A € L(X,Y) and B € L(Y, Z) then (BA)* = A*B*.
Proof. For each f € Z*, and x € X, we have

(BA)*f)(z) = f(BAz) = (B" f)(Az) = (A*(B"f))(=), (10.17)

hence (BA)* = A*B*. O

10.4 Convergence of Operators

There are several different notions of convergence in regard to linear operators.

Definition 10.5 (Convergence of operators). Let X and Y be normed vector spaces, (A,) be a sequence of
operators in L(X,Y) and A € L(X,Y), then
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1. we say (A,) converges uniformly to A or (A,) converges in norm to A if ||A, — A|| — 0, denoted
by A, — A;

2. we say (A,) converges strongly to A if A,x — Ax, Yo € X, denoted by A, > A;
3. we say (A,) converges weakly to A if f(A,x) — Ax, Vo € X, f € Y*, denoted by A,, ~ A.

Proof. Uniform convergence of operators implies strong convergence; strong convergence implies weak con-
vergence. 0

Proof. 1. (A, — A= A, 5 A). Assume A, — A, for each = € X, we have
[ Anz — Azl| < || A, - Al| - [Jo]] — 0 (10.18)
Hence, A, > A.
2. (A, 5 A= A, % A). This directly follows from the fact that when f is a bounded linear functional,

then z, — = = f(z,) — f(x).
O
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