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Foreword

One can consider the theory of weights of one’s balls, and deduce (after months of tedious calculations) that
the weight of the balls of the author of this series of notes is not of bounded variation.

1 Introduction

This section serves as a brief display of preliminary materials to a thorough understanding of this course’s
bs material. We briefly introduce the preliminaries to measure theory and integration, strong requisites for
the rest of the course. Note that this section is not part of the course.



1.1 Notation

The Lebesgue measure will be denoted p instead of some sketchy A or m, because I like Greek letters, and
d)\ doesn’t look aesthetic (unless when truly necessary, like in the subsection about BV functions).

C° is the class of continuous functions, C* is the class of functions such that every derivative up to the k-th
derivatives exist and are continuous.

1.2 Measure Theory

Definition 1.1. A measurable space (X, M) is a set X together with a family M of subsets of X, called
a o-algebra or o-field, satisfying the following axioms:

1L.0eM

2. AeM = A°eM

3. if {A; € M}ier is a countable family, then U A;e M

icl

Requiring only finite additivity, we get an algebra or field.
Proposition 1.2. The intersection of an arbitrary collection of o-algebras on a set X is a o-algebra on X.
Corollary 1.3. Given any B C P(X), there exists a least o-algebra containing B.
We will denote this least o-algebra generated by B by o(B).

Definition 1.4. Given 2 measurable spaces (X, Mx) and (Y, My), a function f : Mx — My is said to
be measurable if f~!(B) € Mx whenever B € My

Definition 1.5. Given a family of functions {f, : X — Y },eN, we say that the family converges point-
wise to f if Vo € X, lim, s fn(z) = f(x).

Theorem 1.6. If a family of measurable functions {f,, : X — Y},en converges pointwise to to f, then f
is also measurable.

Definition 1.7. A measurable function is called simple if its range is finite.
For real-valued functions, we have the following very important result:

Theorem 1.8. Let f : X — R be a non-negative measurable function. Then, there exists a family of simple
functions {s;}ien such that Vi € N, s; < s;41 < f and the s; — f pointwise.

We now get to several core definitions.

Definition 1.9. A (positive) measure p on a measurable space (X, M) is a function from M to [0, +o0]
such that if {A;};cs is a countable family of pairwise disjoint sets, then

m (U Ai> = (A

i€l iel
A set equipped with a o-algebra and a measure defined on it is called a measure space. Below are several
properties of measures, namely monotonicity and continuity.
Proposition 1.10.
1. If A C B, then p(A) < u(B).
2. IF {4, } is an increasing sequence of sets, and |J,, A, = A, then lim,— o pu(Ay) = p(A).

3. IF {A,} is a decreasing sequence of sets, and (), A, = A, then lim,— u(A,) = p(A), provided
(A1) < oo.

We now have the notion of a measure completion, given by the following definition and theorem.



Definition 1.11. A measure space (X, M, ;1) is complete if every subset of a negligible set is in M.

Theorem 1.12. (Extension of measure to a complete measure) Given (X, M, ), there is a o-algebra
M’ D M and a measure g/ on M’ such that (X, M’, p') is complete and p(A) = p/(A) for any A € M.

Remark 1.13. The above completion is not unique.

1.3 Integration

We briefly introduce the notion of Lebesgue integration, a ge‘lneralization of Riemann integration. As we
shall see, the real reason for the predominance of the Lebesgue integral is that is has a much smoother theory.
For instance, under some general conditions, one can interchange limits and integration.

Suppose we have a simple function s : R — R, whose range is the set {ai,...,a,}. We define Vi €
{1,...,n},A; = s7'(a;). The A; are measurable sets if s is a measurable function. Thus, we define the

Lebesgue integral:
/sdu = aip(4)
i

where p is the Lebesgue measure.

Definition 1.14. We say that a simple function s is integrable if whenever a is in the range of s, a #
0 = pu(s~a)) < .

Definition 1.15. Suppose (X, M, ) is a measure space, and that s : X — R is an integrable simple
function with range {ai,...,a,}. We say that the integral of s over X w.r.t. u is

S :nai s_lai
/Xdu > aanls ()

Now, given that we can approximate any measurable function f with a sequence of non-decreasing simple
functions {s;} such that s; 1 f, we have the following definition motivated:

Definition 1.16. Suppose f is an everywhere nonnegative real-valued function. We say that f is integrable
if the everywhere nonnegative simple functions less than f are integrable and their integrals are bounded. If

f is integrable, we define:
/ fd,uzsup/ sdp
X s Jx

where the supremum is over all nonnegative simple functions below f. Given a measurable function g taking
both positive and negative values, we say that ¢ is integrable if both g, and g_ are integrable, and we set

/gdu:/ g+du+/ g-dp
X X X

Example 1.17. We take as our measure space (X, M,d,) where d, is the Dirac measure concentrated at
the point x € X. Let f be any nonnegative real-valued function. We claim that

/X fds, = f(z)

Note that the simple function s(x) = f(x) and 0 everywhere else is a simple function below f. The integral
of s w.r.t. §, is f(z). Furthermore, any simple function ¢ below f has the integral ¢(z) < f(z). Thus, the
supremum of the integrals of all the simple functions below f is precisely f(z).

The next example is the standard advertisement for the superrior generality of the Lebesgue integral.

Example 1.18. Let f: [0,1] — R be given by f(z) = 0 if z is rational and f(z) = 1 if z is irrational. This
[ is in fact a simple function, in fact, it is even the characteristic function x(®r\q)no,1;- Thus, its integral is
just the measure of the irrationals between 0 and 1, which is 1.



The following are some Lebesgue integral calculus that one encounters on a daily basis.

Proposition 1.19.
1. If0§f§g,then/fdu§/gd,u.
2. If 0 < f and 0 < ¢ is a constant, then [cfdu =c [ fdpu.
3. /Afd,u = /X fxadu, where x 4 is the characteristic function of A.

Proposition 1.20. Let s, be simple integrable functions. Then

/(S-l—t)du:/sdu—i—/td,u

The following is a pretty broken theorem, that when spammed correctly, brings joy to the life of the mathe-
matician practicing the craft py-almost everywhere.

Theorem 1.21. (Monotone convergence) Let { f,,} be a sequence of measurable functions on X, and suppose
that

1.V e X,0< fi(z) < fo(X) <+ <0
2. Vx € X,sup,, fn(x) = f(x)

Then, f is measurable, and sup/ fndp = / fdu, ie. lim / fndp = / lim f,dp (we can write lim
n X X n— oo Pe Xn—)oo
instead of sup since the supremum is actually attained).

Now, with this pretty broken theorem, the same statements about Lebesgue integral calculus that applied
for simple functions can now be stated in terms of measurable functions, since we can slap some monotone
convergence on the little simple functions that approximate it.

A slightly more dank convergence theorem is the following:

Theorem 1.22. (Dominated convergence) Let { f,,} and g be integrable functions such that ¥n € N, |f,| < g
(i.e. the f,’s are dominated by ¢) and lim,,—, f, = f, then f is integrable and

i [ fuu= [ gau

The following is your classic analysis 3 student’s pocketknife.

Lemma 1.23. (Fatou’s lemma) If {f,} is a sequence of nonnegative real-valued measurable functions, then
- < Tims
/lgglélof fndp < lilni&f/f"d”

2 Signed Measures and Differentiation

We build the theory of differentiation in the abstract setting first, then obtain a more refined result when p
is the Lebesgue measure in R™.

2.1 Signed Measures
Let (X, M) be a measurable space. a signed measure on (X, M) is a function v : M — R such that:
o v(0) =0;

e v assumes at most one of the values +oo;



e if {E;} is a sequence of disjoint sets in M, then v (7~ E;) = 1" v(E}), where the latter sum converges
absolutely if v (J;® E;) is finite;

Every measure is a signed measure.

Example 2.1. Let p1, o measures on M and at least one of them is finite. Then, v = pu; — p2 is a signed
measure.

Example 2.2. If 4 is a measure on M and f : X — R is a measurable function such that at least one of

/ frdu and / f~du is finite (we call such an f an extended p-integrable function), then the set function
v defined by v(F) = / fdu is a signed measure.
E

Remark 2.3. Every signed measure can be represented in either of these two forms.

Proposition 2.4. Let v be a signed measure on (X, M). If {E; € M} such that E; 1 E, then v(|J* E;) =

lim; o v(E;). If instead, E; | E and v(E,) is finite, then v(|J{~ E;) = limj— o v(E;).

Definition 2.5. If v is a signed measure on (X, M), E C M is positive for v if VF € M,F C E =

v(F) > 0. E is negative if the opposite holds, and null if the condition is v(F) = 0.

Thus, in the example v(E) = / fdu, E is positive, negative, or null precisely when f >0, f < 0,or f=0
E

p-a.e. on F.

Lemma 2.6. Any measurable subset of a positive set is positive, and the union of any countable family of
positive sets is positive.

Theorem 2.7. (Hahn Decomposition) Let v a signed measure on (X, M), then there exists a positive set
P and a negative set NV for v such that PUN = X, and PN N = (. If P’ and N’ is another such pair, then
PAP (= NAN') is null for v.

The decomposition X = P U N of X as the disjoint union of a positive set and a negative set is called the
Hahn decomposition for v. It is usually not unique (v-null sets can be transferred from P to N or from
N to P), but it leads to a canonical representation of v as the difference of two positive measures.

We now need a new concept to state the above. We see that two signed measures p and v on (X, M)
are mutually singular, or that v is singular w.r.t. v, or vice versa, if there exist F, F € M such that
ENF=0,FUF =X, E is null for u, and F is null for v. Informally speaking, mutual singularity means
that p and v “live on disjoint sets”, i.e. they are supported on different disjoint subsets:

wlv

Theorem 2.8. (Jordan Decomposition) If v is a signed measure, there exist unique positive measures v+
and v~ such that v = v+ — v~ and v L v™.

Measures v+ and v~ are the positive and negative variations of v. We define the total variation of v
to be the measure |v| defined by:
v =vt + v~

Example 2.9. EC M is v-null iff |[v|(E) =0and v L piff v| Lpiff vt L uAv™ Lp.

If rge(v) C R, then v is bounded. Also, v is of the form v(F) = / fdu where p = |v|and f = xp—xn, X =
E

P U N being a Hahn decomposition for v.
Integration w.r.t. a signed measure v is defined as follows, given £1(v) = L1 (vT) N L1(v7):

/fdu:/fdy+—/fdu_,fe£1(y)

A signed measure v is finite if |v]| is finite (same goes for o-finite).



2.2 Radon-Nikodym Theorem

Suppose v is a signed measure, p is a positive measure on (X, M). We say that v is absolutely continuous
w.r.t p:
v

if v(E) =0 for every E € M for which p(E) = 0. Also, v < p iff |v| < piff v <« pand v~ < p.

Ifv L pand v < p, then v = 0, since if F and F are disjoint sets such that EUF = X, and u(E) = [v|(F) =0,
then the fact that v < p implies that |v|(E) = 0, whence |v| = 0 and v = 0. One can extend the notion of
absolute continuity to the case where u is a signed measure.

Theorem 2.10. Let v a finite signed measure and p a positive measure on (X, M). Then, v < p iff
Ve> 0,36 >0,u(F) <d = |[v(E)| <e.

Remark 2.11. If g is a measure and f is an extended p-integrable function, the signed measure v defined
by v(F) = / fdu is absolutely continuous w.r.t. u, finite iff f € £1(u). For complex-valued f € £!(u), the

E
preceding theorem can be applied to Re f and Im f, and we obtain the following useful result:

/Efdu‘ < €.

We use the following notation to express the relationship v(E) = [ fduw:
E

Corollary 2.12. If f € LY (), Ve > 0,30 > 0, u(E) < § =

dv = fdu
We can now express an intrinsic connection between signed measures in relation to a given positive measure.
(Well, we can only do so after the next lemma...)

Lemma 2.13. Let u,v finite measures on (X, M). Either v L u, or 3¢ > 0, F € M, u(E) > 0 and v > eu
on F, i.e. F is a positive set for v — ep.

Theorem 2.14. (Lebesgue-Radon-Nikodym) Let v be a o-finite signed measure and p a o-finite positive
measure on (X, M). There exist unique o-finite signed measures A, p on (X, M) such that

e N lypu
o p<
e v=\A+p

Moreover, there is an extended p-integrable function f : X — R such that dp = fdu, and any two such
functions are equal p-a.e.

The decomposition v = A 4+ p where A L p and p < p is called the Lebesgue decomposition of v w.r.t.
. In the case where v < u, we have that dv = fdu for some f. This result is usually known as the
Radon-Nikodym theorem, and f is called the Radon-Nikodym derivative of v w.r.t. u. We denote
it by dv/du:

dv
dv = —d
du a
Remark 2.15. In some literature, the Lebesgue decomposition is written as v = v, + v5 where v, < p and
vs L .
We should consider Z—Z as the class of functions that are equal to f a.e. The following is the chain rule for

Radon-Nikodym derivatives.

Proposition 2.16. Suppose that v is a o-finite signed measure and u, A are o-finite measures on (X, M)
such that v < p < A. Then,



e If g€ L1(v), then g(%) € L1(u) and
d
/gdv: /gldu
dp

dv _ dvdu
AN dp d

e We have v <« X and

A —a.e.

Corollary 2.17. If 4 <K AN X < p, then Z—‘; = % =1 a.e.

Proposition 2.18. If y; ..., p, are measures on (X, M), there is a measure p such that p; < p for all j,
namely p = > p;.
T

2.3 Differentiation in R"

In this section, we analyze the case where (X, M) = (R", Brn), and pr = m is the Lebesgue measure. We
define B(z,r) = {y € R"™ : |z — y| < r} as the open ball around z of radius r, and |E| := u(E). Let’s
supposed v is another measure on the same measurable space. Then, one can define a pointwise derivative
of v w.r.t. p. Consider:
B
F(z) = lim v(B(z,r)

, eR"
=0+ w(Blz,r)) *

Now suppose we have dv = fdu, f € L1(R"), we rewrite F as

1 1
F(x) = lim 7/ fdp = lim —/fdu
)= 58 B ) Joen T = 0 1B S

F' is now simply the average of f on B(x,r), and one would hope that F' = f p-a.e. This is the case when
v(B(x,r)) is finite for all z,r and one readily sees that the derivative of the indefinite integral of f is f. This
is in a sense a generalization of FTC part 1 which states:

F) = [ f0a = LR = £

Hence, if v(E) = / fdu, the derivative of v w.r.t. pu at x is:
E

dv 1

— =1 — du = — a.e.

= T e

General case: We will show that F(x) exists, and that F'(z) = f(z) a.e., provided v(B) < oo,¥(z,7) €

R"™ x R. We first need a covering lemma:

Lemma 2.19. (Vitali covering) Let C a collection of open balls (or cubes) in R", set U = (Jgco B (U is
open). Let ¢ < |U|. There exist finitely many disjoint balls By, ..., By € C such that > u(B;) > 3 "c.

Proof. Recall given E € M, u(E) = sup{u(K) : K C E, K compact}, i.e. can approximate the measure
of a measurable set with compact subsets. So, 3K C U compact such that ¢ < p(K). Since K is compact,
there exists finitely many open balls Ay, ..., A4,, € C such that K C |J*, 4;. W.Lo.g., assume rad(4;) >
rad(A;+1), meaning the A;’s are arranged in decreasing order. We have the following construction:

e By =max{A1,...,An}
e By =max{A;: A;N B, =0}
L] B3:maX{Aj2AjﬂBlejﬂB2=®}



until the list of A;’s are exhausted. Note that the B;’s in this construction control all the volume. If
A; # Bj for any j, then 3jy such that A; N B;, # (0. Let J be the smallest j, with property A; N B; # 0, i.e.
rad(A;) <rad(Bj). Then, A; C B} where B = 3B; (triple radius). Then, K C U?Zl B7, and hence:

k
c<p(K) <) u(B))=3"3 uB;)

Definition 2.20. f: R" — C measurable is locally integrable, denoted f € £ (R") if VK € M such
that K compact is bounded, / |fldp < .
K

In view of the above, it is of interest to consider the following function: given f € £, (R™),z € R", we set
A, f(z) to be the average of f on B(x,r) as follows:

Acf@) = 7 [ s

for (xz,r) € R™ x (0,00). Before taking limits in A, f(z), we need to prove some continuity properties of
A f():
Lemma 2.21. Given f € £} (R"), A,f(z) is jointly continuous in (z,7) € R"™ x (0,00).

loc

Proof. Remark that u(B(z,7)) = cr™, where ¢ = u(B(0,1)). We take the radius to the power of n since
dim R™ = n. Furtheremore, u(S(z,7)) = u(0B(z,r)) = 0. If (z,7) = (20,70),XB(z,r) =+ XB(zo,ro) POINtwise
on R™\ S(xg,70). In particular,

® XB(z,r) =" XB(zo,ro) &-€-

o IXB@r| € XBaoro+1) € LY ifr <1+ 3 and |z — x| < 1.

Thus,

4@ = o [ ot 0 Wty

crn

and |X B(z,r) f| < XB(zo,ro+1)|f| € Liye- By the dominated convergence theorem, it follows that/ f(y)du(y)

B(z,r)
is continuous in (z,r) and hence, so is A4, f(x).

This motivates the next definition:

Definition 2.22. Suppose f € £i,.(R™). Then, the Hardy-Littlewood maximal function Hf of f is
defined by:

1
Hf(w) = sup ALl fl(w) = sup o2 /B |l

Remark 2.23. H f is measurable, since (H f)~!((a,00)) = U, (A f])"((a,0)) is open for any a € R,
by the previous lemma on continuity.

Essentially, one needs two key tools to prove the Lebesgue differentiation theorem:
1. A Chebyshev-type theorem for the Hardy-Littlewood maximal function

2. Vitali covering

1 1
Recall the Chebyshev inequality: given f € LY(R"™). u({z : |f(z)| > a}) < a/ |fldp = - Il
R’V'L



Proof.

a|{x:|f(x)|>a}|§/{ o }fldué/Rn | fldp

The Chebyshev-type inequality for H f is as follows:
Theorem 2.24. (Maximal theorem) There exists a constant C' > 0 such that Vf € £1(R") and Va > 0,

o : @] > a}l < Sl

This is essentially saying that the sets on the left-hand side, dependent on f, can be bounded by some
expression in terms of the £!-norm of f.

Proof. Let E, = {z : Hf(z) > a} = {z : sup,~¢ Ar|f|(z) > a}. For each = € E,, one can choose a radius
7z > 0 such that A, [f|(z) > a. Thus, the collection of balls C = J,cp. B(®,7:) 2 Eq, ie. E, is covered
by C. By the Vitali covering, given any ¢ < p(FE,), we can find finitely many x1,...,z; € E, such that
{B(z;, 7'1_7.)}?:1 are disjoint and satisfy Z§=1 u(Bj) > 5%. This implies

k n n
c<8 Y (B 3};/ Dldn) < 2 [ 1flduty)

Note that the right-hand side does not depend on ¢, and thus tending ¢ — u(E,), we obtain

3n
(B2 < 2 [ 1f1dn

We are now in a position to prove the Lebesgue differentiation theorem (v.1).

Theorem 2.25. (LDT v.1) Suppose f € £}, .(R™). Then, lim,—o+ A, f(z) = f(z) p-a.e., in other words,

li ))d

for a.e. x.

Proof. The proof uses the maximal theorem and approximation of £! functions by C functions. Since
A, f(x) is local, given f € L1, we can replace f by fxp, where B is large enough. It is enough to consider
the case where f € LY(R").

Since C°(R™) is dense in £1(R"), given € > 0,3g € C°(R™) N L}(R") such that

/Ig—fldu<E

Since g is continuous, Vo € R™,§ > 0, one can find r > 0 such that |g(y) — g(z)| < § whenever |z — y| < r.
Therefore,

Acf(@) =9ta)| = 157 | (6) = o(a))duty)
IE/\g ) ldn(y)

sﬁém@ (%)



ifge CON LY, Vo e R, A,g(x) — g(z) as r — 07. We need to estimate:
limsup |4, f(x) — f(x)| = limsup |A.(f — g)() + (Arg — 9)(z) + (9 — ) (z)|
r—0+t r—0t

<limsup |A,(f — g)(x)| + limsup |(Arg — g)(z)| + [(g — f)(2)]
r—0+ r—0+

<SH(f—9)(@) +[f —gl(x) (+)
by the Maximal theorem. Now, we set E, = {z : limsup, |4, f(z) — f(z)| > a}, F, = {z : |f — g|(z) > a}.
From (x), it follows that
Eo C{a: H(f = 9)(x) > a/2y Uiz : |f = gl(z) > o/2}
Thus, we have that

w(Ea) < p{z: H(f = g)(z) > /2}) + p({z : |f — gl(z) > o/2})
Thus, the following hold:

w({z: |f — gl(@) > a/2}) < / 1~ gldu < e
plle Hf — g)(x) > a/2)) < 2 / 17— gldn < e

where the first line follows from Chebyshev, and the second line from the Maximal theorem. Thus, Ve >
0,z ¢ R" Va >0

. 2 2C

p({z : limsup |A, f(z) — f(z)] > a}) < —e+ —e =0

r—0t+ @ @
Now, since € > 0 is arbitrary, it follows that u(E,) = 0. To see this, note that Vo' > a, E,» C E,. Thus, it
is enough to estimate £ = J7—, E1. But pu(E) <> p(E1) =0 as Va > 0, u(E,) = 0. Thus, the Lebesgue
Differentiation Theorem v.1 (LDT v.1) is proved. | |

Therefore, given some f € £} (R™),lim,—o+ A, f(z) = f(z) for x € R™ a.e. Another way of writing this

is:
x)]dp
’I‘_>0+ |B‘ / ( ) 0

for x € R™ a.e. We can make a more refined version of LDT, we call this LDT v.2, in which the term
[f(y) — f(x)] can be replaced by |f(y) — f(z)|. To develop this idea, we consider the Lebesgue set of
f:

Ly ={w e R tim o [ 17) = 1@)lduty) = 0}
Theorem 2.26. (LDT v.2) Let f € £}, (R"), and u(L$) = 0. Then,
tim oz [ 1) = f@ldun) =0

Proof. Va € C, consider g, € £}, .(R") given by g (z) = |f(z) — a|. We apply LDT v.1 to g, (z):

tim o [ 170) = aldut) = 1) ol

Vo € Ef, where u(E,) = 0. Let D be a countable dense subset of C (e.g. Q x Q). Set E = {J,cp Eo we
have u( ) <> u(Ey) = 0. Cousider x ¢ E: for every € > 0, we can choose &« € D with |f(z) —a] < €
(density). Thus, |f(y) — f(x )|<|f( )= al+1f( )*a|<|f( )—al+e So, itz & E.

lim sup — / fly du(y / fy) — aldu(y
P By M) < 1y J, 1) = e
=|f(x) —a| + €< 2
this is true Yo € D. Now, let € — 07 and we obtain the desired result. [ |

10



Yeah, there’s deadass a third version of LDT, called LDT v.3, which deals with the issue of replacing balls
by other ”nicely shrinking” sets in the theorem.

Definition 2.27. Consider a family {E,},~o C M. We say that E,’s shrink nicely if
1. E. C B(z,r),Vr >0
2. p(Ey) ~ p(B(z,7))

i.e. Ja > 0 such that aB(z,r) < |E.| < |B(z,7)|.

Remark 2.28. 1. One can choose E,(z) to be cubes of size r instead of balls.
2. F, need not contain x.

Case 1. is very commonly used in harmonic analysis.

We're ready to drop LDT in its final form.

Theorem 2.29. (LDT v.3) Suppose f € L}, (R"),z € Ly(|L| = 0). Then,

li )|d =0

where {E,} is any nicely shrinking family. Note that this implies the weaker version v.2.

Proof.
),
5 L 1) = @ldut) < /f dn
/U'(ET)ET‘() (@)|dp(y) | )|dp(y)
< x)|dp(y)
Take lim sup of both sides and use v.2 to yield the theorem. [ |

2.4 Differentiation for General Measures

Definition 2.30. Let v a Borel measure on R™. Then, v is regular if
e v(K) < oo for every compact K
e y(E)=inf{v(U): U open, E C U} for every E € M
o v(E) =sup{r(C): C closed, C C E} for every E € M

A regular measure intuitively means that measurable sets can be approximated from the outside by open
sets and from the inside by closed sets.

By (i), every regular measure is o-finite. A signed or complex Borel measure v is regular if |v| is regular.

Example 2.31. If f € LT (R"), the measure fdu is regular iff f € £], .. One can notice that the condition
[ € L}, is equivalent to (4).

We can generalize LDT to v as follows:

loc

Theorem 2.32. Let v be a regular signed or complex Borel measure on R™, and let dv = d\ + fdu be its
Lebesgue-Radon-Nikodym representation. Then, for py-almost every z € R™,

. v(E.)
|
7"_H>g+ M(Er)

= f(z)

for every nicely shrinking family {E,},~0 — «.

11



Proof. (Idea) When d\ = 0, this is just LDT v.3. On the general case, one has to show that for a.e. z € R",

A(Ey)
n(Ey)

which should follow almost directly from the singularity of the meassure A. [ |

— 0t

Tangent 2.33. The LDT is a generalization of FTC. From LDT v.3, we observe that the sets
E.={x+ry:yeUcCB(0,1),U € M,u(U) > 0}

(i.e. take some z, and imagine some wiggly set around z of maximum radius r, where the wiggliness is
determined by how U is shaped) are nicely shrinking to = as rarr0*. Since E,. C B(z,r), and u(E,(z)) < cr™,
by LDT v.3, Vf € L} (R"),

loc

. 1 n
flz) = Tl_l%h |E7~/E fdu ae. reR
As an example, in 1D (n =1), y € (0,1),

E.(x)={z+ry: |yl <1} =(z,z+71)

LDT gives

Since the Lebesgue measure dy = du(y) is invariant under translation by z,

1" I
= f(z) = Tl_i>ng+ ;/0 flxz+y)dy = rl_i>n(}+ ;T/o flx +rz)dz (change of variables)

1
This simply says that if f € £}, .(R), then f(z) = 1_i>n&+/ flx+rz)dz ae. x € R.
T 0

Next, we would like to prove a more elementary version of FTC. Recall that given f € C*([a, b]), from middle
school mathematics, we have the following:

b
F(b) — f(a) = / F(t)dt

We now wish to generalize this result to a larger class of functions, using among other things, the LDT

1
version f(x) = l_i>rg+/ flx+rz)dz.
r 0

2.5 Functions of Bounded Variation

Given F': R — R where F is increasing and right-continuous (F' is cadlag), we can associate to such an F
its Lebesgue-Stieltjes measure ur (Borel) where on intervals [a, b),

pr([a, b)) = F(b) — F(a)

Note that the Lebesgue measure p is the Lebesgue-Stieltjes measure of F(x) = x. Extending this measure
by Carathéodory, we obtain a measure on M, our Borel algebra. In light of the properties of F', we need
several results that apply for monotone functions.

Theorem 2.34. Let FF : R — R increasing, and G(z) = F(z+) = lim, .+ F(y) (G is basically an
adjustment so that F’s domain can be decomposed nicely into half-open intervals of the form [a,b), i.e. G
is cadlag, G = F a.e.). Note that since F' 1, this limit exists. If F' is continuous, G(x) = F. Then, we have
the following results:

12



1. The set where I is discontinuous is at most countable.
2. F,G are differentiable a.e., i.e. F/ =G’ a.e.

Proof. Since F' 1, the intervals (F(x—), F(z+)) are all disjoint. So, for all |z| < N, (F(z—), F(z+)) C
(F(—N),F(N)) by monotonicity. Consider

S= Y [Fla+) - Fla—)]

|z|<N

taking the supremum over all finite subsets yields S < F(N) — F(—N) < oo. Therefore, {x € [-N, N] :
F(X+) # F(x—)} must be countable, otherwise the sum blows up. Part 1. is proved.

Now, since G(z) = F(xz+), we have that G 1. Thus, by definition,

G is right continuous
G = F except where F' is discontinuous

Yes, my boi Lebesgue-Stieltjes pulls up with the dank pug:

G(x+h)—G(x):{MG([x’x+h)) h>0

—pg(x+h,z)) h<O

Also, note that families {[z — r,z)},{[z,2 + )} shrink nicely to = as r — 0% (= |h|). uc are regular
(Exercise). Therefore, we an apply LDT (basically, whenever you see regular measures, you pull out LDT
and nice things happen) to get that G’ exists for a.e. © € R. We are now left with showing that G — F' is
also differentiable a.e. and that G’ — F’ = 0 a.e. To prove, note that H = G — F' is also increasing and by
Part 1., {x € R: H(x) # 0} is at most countable (the points of discontinuities, i.e. we can enumerate them:
{x;}52,. Then, Vj € N, H(z;) > 0 and also

> H(zj) <o

‘77‘17‘SN

by Part 1. Let d; be the point masses at x; and consider

p=y H(x;);

j=1

w(K) < 00,VK compact, it then follows from two statements above that p is finite on compact sets, and
hence regular. Also, 1 L A where A is the Lebesgue measure since A(E) = p(E£¢) = 0 where E' = {z;}32,.
But then,
H(z+h)— H(x) < H(z+h)+ H(x)
h - A
h > 0, since H > 0. Replacing H by p, while keeping in mind that A = 0 a.e. and p on the z;’s > 0, we
have:

H(z+h)+ H(x) < du((z — 2|k, z + 2|h|))
|h - 4/h|
since F' = 0 off suppp. This tends to 0 as |h| — 0 by LDT since p L A. This is true Vo € R a.e., where

the singular part in LDT goes to zero because of the d-masses. Thus, H' = 0 a.e. and the desired result is
proved. [ |
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Thus, by right continuity, we have that G’ = F’ = 0 a.e. The upshot is that monotone functions have
derivatives almost everywhere. However, there is a much larger class of functions built up from monootone
functions that is also differentiable almost everywhere. To define these, given F' : R — R, we consider the
total variation 7% : R — R™*:

Tr(z) = sup Z\F(xj)—F(acj,lﬂ:nEN,—oo<xo<~-~<xn<oo
j=1

it follows that Tr(b) — Tr(a) = sup {Z?Zl |F(zj) — F(zj_1)|:neN,a<zg <<z, < b} Note that

Tr 1 since the sum increases if one puts in additional partitions.

Definition 2.35. The space of functions of bounded variation over R is
BV(R)={F:R— R:Tp(x) = h_r)n Tp(x) < oo}

Similarly, over [a, b],
BV([a,b]) ={F: R —= R :Tp(x) < coVzx € [a,b]}

Remark 2.36. If ' € BV(R), we trivially have that F'[(,; € BV ([a,b]). Conversely, if F' € BV ([a,b]), we
can set:

Fa) z<a
F(z)={ F(z) x € [a,b]
Fb) x>0

and thus F(z) € BV (R). The first statement implies that results for BV (R) can be extended to BV ([a, b]).

The key idea is that there’s an intrinsic connection between the function theory of BV functions and
Lebesgue-Stieltjes measures, induced by cadlag functions. Since we’ve shown in the previous theorem that
monotone (and thus the cadlags of them) have nice differentiation properties, it would be ideal that the
implication be F' € BV (R) has nice differentiation properties p-a.e.

Example 2.37.
1. F: R — R, F 1, bounded. Then, F € BV(R). In this case, since F' 1, Tp(z) = F(z) — F(—00), and
thus Tr(00) = F(00) — F(—00) exists.
2. Suppose F : R — R differentiable with bounded derivative. Then, F' € BV ([a,b]) for a,b € R by the
mean-value theorem.

The following is the key link between monotone functions and BV (R).

Lemma 2.38. Suppose F': R — R, F' € BV(R). Then, (T% £+ F) are increasing. (we’re hopping from BV
functions to monotone functions).

Remark 2.39. Given F € BV(R),F = {(Tr + F) — (Tr — F), where each part is increasing. This is
called the Jordan decomposition of F' into positive and negative variations.

Proof. Assume = < y,e > 0. Choose zy < --- < =z, = z such that 22:1 |F(z;) — Fzj_1)|] > Tp(z) — ¢,
i.e. we choose a partition such that the sum above is an approximating sum for the total variation of F' at
z. By adding in the [z,y) chonk, we have that 37, |F(z;) — F(z;j-1)| + |F(y) — F(2)| is an approximating
sum for Tr(y). Now, since F(y) = (F(y) — F(z)) + F(z),

Tr(y) £ Fly) 2 Y |F(x)) = Fzj-1)| + [F(y) = F(a)| £ (F(y) - F(x)) £ F(x)

Since F(y) — F(z)| £ (F(y) — F(z)) > 0, we thus have that:

<.
Il

Tr(y) £ F(y) > Te(z) — e+ F(x)

as € is arbitrary, this concludes the proof. [ |
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Now that we’ve established that BV (R) functions are sums of monotonically increasing functions, we can
make deductions on the differentiability of BV functions in the following theorem:

Theorem 2.40.
(a) F € BV(R) <= Re(F),Im(F) € BV(R).

(b) F: R — R. Then, F € BV(R) iff F is the difference of two bounded increasing functions. For
F € BV, these functions may be taken to be 3(Tp + F) and §(Tr — F).

2
(¢) If F € BV(R), then F(z+) and F(x—) exist for all € reals. as do F(£00).
(d) If F € BV(R), the set of points at which F' is discontinuous is countable.
(e) If F € BV(R) and G(x) = F(x+), then F’ and G’ exist and F' = G’ a.e.

Proof. Essentially, everything is a consequence of the previous results for monotone 1 functions + the
previous lemma applied to the Jordan decomposition of F' € BV (R). [ |

Remark 2.41. It is useful to note that if 7 € BV(R), then (F is obviously bounded) Tr + F are all
bounded.

Proof. Suppose z <y € R, Tr(y) £ F(y) > Tr(z) £ F(x). This implies that
[F(y) = F(z)| < |Tr(y) — Te(z)]

since putting [z, y) just adds an extra chonk. Then, |F(y)—F(z)| < Tr(y)—Tr(z) < Tp(co) —Tp(—00) < 0o
since Tr(00) < co. Finally, since F' is bounded, Tx is bounded implies Tr + F' is also bounded. [ |

Now, given this elementary function theory, we want to connect this back to the Stieltjes measure by refining
BV (R) to include right-continuity. To do this, we finna normalize:

NBV(R)={F:R — R: F e BV(R), F is right continuous and F'(—oc0) = 0}
We now need a lemma that generalizes the right-continuity of T:
Lemma 2.42. Suppose F' € BV(R). Then, Tr(—o00) = 0. If F is also right continuous, then so is Tp.

With this lemma + Jordan decomposition, given F' € NBV(R), one can associate with it a Borel measure
w such that

F(z) = p((—o0,2])
a consequence of the decomposition.

Proof. Let € > 0,2 € R, choose 2y < --- < z,, = x such that
Tp(x) — Tp(zg) > Z F(z;1)| > Tr(z) — €

Hence Tp(x) — Tp(xo) > Tr(z) — e = Yy < x0,Tr(y) < €.
Now, F right continuous means that fixing an ¢ € [a,b], 0 <z —2¢9 < = |F(x)— F(x0)| < §. Consider
a partitioning zg < 1 < --- < x,, = b, we have that:

Tr(b) — Tr(zo) < Y |[Flx;) — Flaj_1)| + g
j=1

so the sum is an approximation for the total variation of F' on [zo,b]. Let 6 = min{4, 1 — xo}, if we choose
x such that xg < z < ¢ + 6, then x — 29 < § and zg < x < x1, we thus have:

Tr(b) = Tr(zo) < [F(x) — F(xo)| + [F(x1) — F(2)| + Z [F () = F(zj-1)| +%

< 5+ Te(b) ~ Tr (@) + %

=e+Tp(b) — Tr(z)
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Thus, Tr(z) < Tr(zo) + €. Hence, we have that T is right-continuous. |
Theorem 2.43. Let u be a complex Borel measure on R, define F(z) := u((—o0,z]). Then, F € NBV.
Conversely, if F' € NBV, then 3lup complex Borel, such that pp((—o00,2]) = F(z); moreover, |ur| = pr,.

Proof. Let p complex Borel: p = pf — py +i(ug — py ), where uj—t are finite measures. If Fji(x) =
uj[((—oo,x]), then Fji is increasing and right continuous, zero at —oo, and uji (R) < o0 at co. Therefore,

F' is bounded, normalized, right continuous, increasing, and since F ]-Jr — F; are differences of two bounded
increasing functions, Re F' and Im F' are BV, and therefore F' € NBV. Conversely, any F € NBV can be
written in the form F = F;" — F;” +i(F;” — F;), by reverse engineering Theorem 2.40 (a) to (b). Now, each
F ji is cadlag and thus gives rise to a Stieltjes measure u;-—L. The proof that |pup| = pr,. is an exercise.

Now, given some complex Borel measure we can get a N BV function, while given a N BV function we can
get a complex Borel measure from Stieltjes measures. Now, which functions in N BV correspond to measures
w such that p L m, or p <K m?

Proposition 2.44. F € NBV = F’ € L'(m). Moreover, ur L m <= F'=0ae., and ur < m <
F(x) :/ F'(t)dt.

Proof. Observe that F'(z) = lim,—+ pr(E,)/m(FE,) where E, shrink nicely to z, and we slap the LDT
for abstract measures on this baby. Also, Stieltjes measures are regular by default, making pp regular. W

The condition pup < m can be expressed in terms of F as follows: a function F' : R — C is absolutely
continuous if Ve > 0,35 > 0 such that for any finite set of disjoint intervals (a;, b;),

N N
Zb—aj <6 = > |F(b) — F(a;)| <e
j=1 j=1

More generally, F' absolutely continuous on [a, 8] if the condition is satisfied whenever the intervals all lie in
[a,b]. Take N = 1, absolute continuity implies uniform continuity. Now, if F' is everywhere differentiable
and I’ is bounded, then F is absolutely continuous, since |F(b;) — F'(a;)| < (max|F’|)(b; — a;) by the mean
value theorem.

Proposition 2.45. F € NBV, then F absolutely continuous <= pup < m.

Corollary 2.46. If f € £!(m), then the function F(x / f(t)dtisin NBV and is absolutely continuous,

x

f = F" ae. Conversely, if F € NBV is absolutely continuous, then F’ € £!(m) and F(z) = / F'(t)dt.

— 00

Proof. Follows from the previous 2 props. [ |

IF we consider functions on bounded intervals, this result can be refined a bit.
Lemma 2.47. IF F is absolutely continuous on [a, b], then F' € BV ([a,b]).

Proof. Set € = 1, choose some number of intervals such that Tr is controlled. [ |

Then, given F : [a,b] — R, we can assume F'(a) = 0 by substituting a constant. We extend such an F' to
F by normalizing and F(z) = F (b)Va > b. Given that F is absolutely continuous on [a,b], we have that by
the lemma above, F' € BV(R) = F € NBV(R). We slap FTC to F to get the following:

Theorem 2.48. Let a <b€ R, F : [a,b] — C. TFAE:

(a) F is absolutely continuous on [a, b].

(b) Flz)— F(a) = / "t f e £1([a,b),m).
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(c) F’ exists a.e. on [a,b], F' € L([a,b],m), F(x) — F(a) = /gE F'dt.

3 Functional Analysis

3.1 Motivation: PDEs

The study of functional analysis is basically studying linear algebra in the infinite dimensional case. Why
do we do this? One of the uses is in PDEs, because it gives rise to a nice theory of general solutions. Let
Q C R" be a bounded domain, with C'°° boundary. Recall the Laplacian:

n 62

Consider the Neumann (Direchlet) equations: —Au; = Aju; in Q,9,u; = 0 on I, where u; are Neumann
eigenfunctions and A; are their corresponding eigenvalues. To estimate the A;’s (one can think of them as
vibration frequencies), one studies the Rayleigh-Ritz ratios (or Rayleigh quotients):

[ 1vufan
Q

| s
Q

In fact, by max/min, the first non-trivial eigenvalue (the lowest mode of vibration) is given by:

[ 1vufan
A =inf | 22—

[
Q

Theorem 3.1. (Poinfaré’s Inequality, baby version) Let @ C R™ a bounded, convex, connected domain.
Then, given f € C*(92,R) with
/ fdu=20
Q

[ 1rPdn < [ (5P

Corollary 3.2. A\; > £,(2). Note that any f satisfies this Poincaré’s Inequality, an a-priori estimate. In
particular, the eigenfunctions will satisfy.

there exists kK = £,(€2) > 0 such that

Along with functional analysis where one studies completeness and density arguments, one can extend this
a-priori estimate to a much larger class of functions, namely the £? Sobolev spaces.

3.2 Normed Linear Spaces

Let X be a vector space over some field.

Definition 3.3. A pre-norm is a function ||-|| : X — Ry satisfying
1 o+ yll < llz] + gl for all ,y € X,
2. |Az]| = |A| ||lz|| for all z € X, X € F.

Additionally, if ||z|| =0 = z =0, then ||-|| is a norm.

A vector space with a norm is called a normed linear space (NLS).
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Remark 3.4. Two norms ||-||; and [|-||, on a NLS are equivalent if 3¢;,co > 0 such that Vo € X, ¢||z||; <
lz]|y < c2lz]|;. Equivalent norms define equivalent metrics and hence the same topology and the same
Cauchy sequences. Note that norms are always equivalent when dim X < oco. This is true since in finite
dimensions, you have a set of basis that you can express, and what you do with them essentially determines
the properties of your space.

A NLS complete w.r.t. the norm metric is called a Banach space. Note that every NLS can be embedded in
a Banach space as a dense subspace, by mimicking the construction of R from Q via Cauchy sequences.

Theorem 3.5. (Completeness criterion of NLS) Suppose (X, ||-||) is a NLS. Then, X is complete if and only
if every absolutely convergent series in X converges.

Proof. Assume that X is complete. Suppose 3. |jz,|| < oo. Let Sy = 2"V z,(€ X). We claim that
{Sn}?° is Cauchy. Assume N > M:

N M
HSN _SMH = an—an
N
> @
n=M+1
N
Z |zn|| = 0 as M, N — oo
n=M-+1

IN

Hence since X is complete, Sy — x € X. Now, assume every absolutely convergent series converges, let
{z,}* be Cauchy. We can choose n1 < ng < ... such that |z, — x| < 277 for m,n > n;. Let y1 = x,,,
and y; = T, — Tn,_,, for j > 1 (we make a telescoping series). Thus, x,, = 25:1 y;, we have that

o0

oo
D sl = Hlyall + D sl < llyall +1 < o

j=1 =2

Hence, by assumption, Zk y; = « € X since X is a vector space and adding stuff remains in X, as k — oo.
Therefore, lim, s z,, = € X. Note that since {z,} is assumed to be Cauchy, lim, ooz, =2 = X
is complete. [ |

Example 3.6. Examples of Banach spaces.k Let (X, ||-||) be a NLS. Then,
1. B(X)={f: X — C measurable} with || f|| = sup, |f(z)] < oc.
2. If (X, M, p1) is a measure space, then £(u) = {f : X — C measurable} with

190 = [ 1fldu < oc
3. Hilbert spaces.

4. LP spaces, LP = {f measurable s.t. ||f||, = (/ f|pdu> "< oo}

We claim that £! is Banach. Proving this is a simple application of the completeness criterion outlined
by the previous theorem. Let {f,}> C L' and assume that Y|/ f,||; < oo. Recall that by a previous

theorem, Y>> f, — f a.e., and /and,u = Z/fndu. To show ZN fn— fas N — oo in L, we want

18



S

N N o)
an—fH=/‘an—f du= > gufau
n=N+1
< | ful dp
/n_;-&-l
= >[Il (o)
n=N+1
= i [ full, = 0 as N = oo
n=N+ 1

Thus, ZN fn— f €LY, and hence £! is complete.

We proceed with some basic constructions. Suppose (X, ||-||y), (Y, [-||y) are two normed spaces. Then,
X x Y inherits a norm:

[(z, y)|| = max{]lz(| x , [lylly }

Note that this is equivalent to many other norms, namely |[(z,9)| = |z|x + [lylly, or \/ll=]% + vl
Product spaces and their norms arsie by considering graphs of linear maps between 2 NLS:

T:X =Y {(z,Tx) e X xY}

As for quotient spaces, let (X, ||-||x) be a NLS, M < X a linear subspace. One can construct a quotient
space X/M = {x + M : x € X}, where the equivalence classes are [z] = z + M. X/M is a vector space
under the operations (z + M)+ (y+ M) =z +y+ M, and Az + M) = Az + M, € C. The quotient space
is used to discuss or simulate notions of being “ off 7 a subspace. If our space is a Hilbert space, then we
have a stronger notion of orthogonal projection. Now, a natural norm on X/M is:

z+ M| = inf ||z
|z + M|l yeMH +
This is indeed a norm since
|2+ 2+ M| = inf [z +z+y
yeM
= inf ||z + z + 2y||, since M is linear
yeM
< inf inf
< nf 2 +yll + Jnf, |2 + vl
= ||z + M| + |ly + M|

Now, consider linear operators on a NLS. Let (X, ||| ), (Y, []-|ly) NLS, assume that T : X — Y is linear,
ie. T(ax+ By) = aTx+ BTy. Unlike finite dimensional linear algebra, we need to distinguish difficult cases
depending on how large T is relative to norms. We thus have the following theories:

1. Compact operators: the most direct analogs of linear maps in finite dimensional linear algebra. They
are cool.

2. Bounded operators: they are cooler.
3. Unbounded operators: 77 Hol’ up
Definition 3.7. Given T : X — Y linear, we say that T is bounded provided that 3x > 0 such that

ITzlly < llzllx

A cool way to think about this is that in norm, T" doesn’t scale a vector up that much.
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There are several equivalent formulations of boundedness.
Proposition 3.8. Let X, Y NLS, T': X — Y linear. TFAE:
(a) T is continuous.
(b) T is continuous at zero.
(¢) T is bounded.

Proof. (a) implies (b) is trivial. Assume (b), there exists an open set U, 0 € U, such that T(U) C {y € Y :
lly]| < 1}. In particular, ||Tz| < 1 provided ||z|| < § for some ¢ > 0. Thus, for all non-zero z € X:

S (o) =5 G )| < 5=t

1T = \

Since HT (5"%”) H < 1 provided H(SH%HH < ¢, which is always true since ‘ H%II ’ = 1. Now suppose ||[Tz| <
C'||z|| for all z € X. Hence,
[Ty — Taol| = | T (21 — 22|
<e
whenever ||z; — 23] < C1e, so that T is continuous. | |

Definition 3.9. Let T be a bounded linear operator, i.e. T € L(X,Y), where L is the space of all bounded
linear maps. Then, the norm of T is defined as

1T = sup{|| T = ||| = 1}

~sw{ gl -2 %0f

=inf{C : |Tz| < C|z|,Vz € X}

Proposition 3.10. Suppose T € L(X,Y), where Y is Banach. Then, £(X,Y) is Banach.

Proof. Let {T,,}* be a Cauchy sequence in £(X,Y). If z € X, then {T,z} is Cauchy in Y since
ITwx — Tzl < |Tn — Tl 2| (since || T, — Tl = sup{m (T, — Tm)(x)]| : © # 0}). Define T : X
— Y by Tz = lim,— T),z, which exists in Y since Y is complete, T is linear since the T},’s are linear. We
claim

LT = limp—oo |75l
2. ||T = T,|| =0

2) follows since | T|| < ||T — T,|| + [|Tn|| < e+ |Tn|| for N > N(e), thus T € £(X,Y).
To prove 1), suppose ||z|| = 1, we have
|[Tx — Thx|| — 0

as n — 0o. So for any € > 0, we can find a N(e) so that |Tz — T,z|| < €,¥n > N(e). Thus, we have
[To|| — € < [Tl < |[Tnzll + e

= bup |Tnz| — e < sup ||Tz| < sup Tzl + €

[|z||l= z||=1 |z||=

The rest is obvious. [ |
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3.3 Linear Functionals, Hahn-Banach

Let X be a vector space over K. A linear map from X to K is called a linear functional on X. If X is
a NLS, the space L(X, K) of bounded linear functionals on X is called the dual space of X, denoted X*.
Since K is trivially Banach, X* is a Banach space with the operator norm.

Example 3.11. X = LY(R, u),g € C°(R),|g(x)] < M,Vz € R. Consider the map f /fgdu,f et

this is a bounded linear functional.

Remark 3.12. The dual space X* is of special interest, since it has nice properties. We say T' € L(X,Y)
is an isomorphism (or invertible) if there exists an inverse mapping T-! € £(Y, X) (also bounded), i.e. T is
a bijection onto Y and satisfies

1
Clal 2 172 2 el e >0 (|77 = 177

If T is an isomorphism and | Tz|| = ||z||, we say that T is an isometry.

Now, when X is a NLS, M < X a subspace, and a map f : M — R a linear functional, how can we extend
f to a linear mapping F' on X such that

1. F|M = f, and
2. |[E[F = [1F1I

When dim X < oo, this is trivial, since we can extend an orthonormal basis for M to all of X by Gram-
Schmidt orthonormalization. How can we do this without a basis? Hahn-Banach answers this question in
the affirmative, provided that f : M — R is controlled.

Definition 3.13. A map p: X — R is sublinear if
(i) plz+y) < p(x) + p(y)
(ii) p(Az) = Ap(z)

for A > 0 and =,y € X. For example, every semi-norm is a sublinear functional.

3.4 Hilbert Spaces, Properties

Essentially, one can think of a Hilbert space as a Banach space with additional structure, in particular, the
inner product. Let (H,C) be a vector space over the complex field.

Definition 3.14. An inner product is a bilinear form (-,-) : H x H — C with the following properties:
(i) {(ax +by,z) =a{z,z) +b{y,z),Va,b e C,z,y,z € H
(i) (2.y) = (v, )
(iii) (z,z) >0,Ve € H
Thus, H equipped with an inner product is a pre-Hilbert space.
Definition 3.15. A pre-Hilbert space is Hilbert provided it is complete (Banach).

Asssuming the natural norm |[|z|| = \/(z, x), we see that (, |-||) is a Hilbert space. To prove that the above
really is a norm, we first state and prove the Cauchy-Schwarz inequality.

Theorem 3.16. (Cauchy-Schwarz) Given z,y € (H, (-,-)), [{z,y)| < ||z| - |ly]|. Equality holds when x = Ay,
for some A € C.

Proof. Let .y € H, and assume (z,y) # 0. Define o = sgn (z,y) = and let z = ay. Then, we

observe that:

(z,2) = (z,ay) = afy, )
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Hence, (z,z2) € R, and (z,2) = (z,z). Then, for all t € R, consider f : R — RY, f(t) = (z — tz,x — tz),
where z = ay. Thus,

F() = llll* = 2¢ [(z, )| + ¢ [|y]|”
Note that since f is an inner product, we have that for all t € R, f(t) > 0. Consider the minimum ¢, since
f is a quadratic form in t:

2 Z, Yy
P =0 = 2l =2lfos)] =0 > = L2

Hence,

2 2@y eyl o

0< f(te) = [lzf|” - 5+ Iyl
lyll 1yl
2, 12 2 -2
= (el Iyl = 14,17 ) ol

yielding our desired result. We have equality if and only if x — tz = x — aty = 0. [ |

Now, we’re in a position to prove that the candidate natural norm on pre-Hilbert spaces is actually a
norm.

Proposition 3.17. ||z|| = /{(z,z) is a norm on H.

Proof. The first two norm axioms are trivial from definition. We now want to show that ||z + y|| < [|z|+||y||-
To this end, consider:
2 2 2
lz+yll” = (@ +y,z+y) = [lz]” + [lyl" + 2Re (z,y)
By Cauchy-Schwarz,
2 2
< lzll” + llyll™ + 2[ [ [yl
2
= ([l + llyll)
= llz+yll <=l + vl
|
From now on, we will refer to 7 as a hilbert space in norm |-|| = \/{-,-), i.e. H is complete in ||-||. There
are two advantages to Hilbert spaces. One is that they enable the notion of orthogonal projection, that
follows because we can take inner products between vectors, and from inner products arise angles and all
that meme stuff. Another fundamental characteristic that is *unique* to Hilbert spaces are the fact that

they fully characterize bounded linear functionals, i.e. their dual space. This is the Riesz representation
theorem, which we will have the pleasure to observe soon.

Example 3.18. Let (X, M, 1) be a measure space, and consider £?(u) =4 f: X — R : /|f|2 dp < oo p.

The space of equivalence classes of equal a.e. functions is a Hilbert space. Recall now the simplified Young’s
inequality: ab < 3 (a® + b?), we thus can consider fg < 3 <|f\2 + |g|2>7 soif f,g € L2, fg € L', and we can
define the inner product as follows:

(r9)= [ 1adn

We note that writing ||f||iz = /|f\2 du = {(f, f) is the norm induced by the above product, making £?

complete.

The following are certain basic identities of Hilbert spaces.

Proposition 3.19. (Parallelogram Law) Va,y € H, ||z + y||> + |z — y||* = 2 (||xH2 + Hy||2)

Proof. v+l + |z —yl’ = (¢ +y.2+9) + (r—y,2—y) = 2 (2> + ly]*) (ust algebra your way to
victory). | |
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Proposition 3.20. (Pythagorean Theorem) For x1,...,z, € H with (z;,2,) = 0 for j # k, we have that
2 2

2okl = (132 k]

Proof.

DIEA IO S BEN

=D (wr )
= >l

||
Now, we consider the continuity of the inner product.
Proposition 3.21. Let {z,}*° C H,{y,}*° C H, and z = limz,,y = limy,. We have that lim (x,, y,) =
lim (z, y).
Proof.
‘<xnayn> - <xay>| = |<£L’n - x,yn> + <x,yn - y>|
< Kan — 2, y0) | (2, yn — )
= llen = 2| lynll + Izl {lyn —yll = 0
||

3.5 Orthogonal Projection

Given any M < H, one can define the orthogonal complement:

M+ ={zcH: (x,y) =0,Yy € M}

We remark that M+ < H. When M is a closed subspace (closed under Cauchy sequences as well, which is
occasionally non-trivial) one has the following very important decomposition:

Theorem 3.22. Let M < H be a closed subspace. Then, H = M @ M. In other words, every € H can
be uniquely written (since cH is a direct sum) in the form = = y + z, with y € M,z € M+ are minimal
distance to .

Proof. Given z € H \ M, define ¢ := infyep ||z — y|| > 0 (since M is closed), and let {y,,}>* C M with
|z — yn|| = § as n — co. We claim that {y,} is Cauchy in M. By the Parallelogram law, we have that

2 2 2 2
2 (llyn = 2 + llym = 2I*) = Iy = ymll* + lyn + 9 — 22]

2
Yn + Ym

2

2 2 2
o = sl =2 (o =1+ o 1) — 4]

2 2 2
lym = > < 2 (Nl = 2 + llym — ll*) — 46

since 3 (yn + ym)) € M, Vm, n, we have

>4

Ynt Ym
2

since ¢ is an infimum. Thus,

Taking m,n — 0o, we see that ||y, — ym||> < 0, and hence {y,,} is Cauchy. Since M is closed (w.r.t. Cauchy
sequences), it follows that lim,,— ., y, = y € M. Now, using this fact, consider x € H\ M = y + 2. We have
§ = lim,— oo |2 — yn|| = ||z — || by continuity of inner products. We now claim that z € M*.
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Let w € M. By multiplying z by a non-zero constant, we can assume that (z,u) € R. We consider
F@t) = ||z +tu])® = ||22| + 2t (z,u) + £ |Ju]|®. Note that ||z + tul|* = ||z — (y — tu)||?, but since y,u € M,
we know that min f(£) = ||z — »||*>. The minimum is indeed attained at ¢ = 0, where f/(0) = 0. Thus,
Pt =2tu)®* +2(zu) =0 < to =429 «— (zu)=0and hence z Luvue M = ze M+. |}

el

Now consider any y € H. The Cauchy-Schwarz inequality shows that f,(x) = (x,y) is a bounded linear
functional on H such that || f,|| = |ly||. The map y — f, is a conjugate-linear isometry of H into H*. This
map is also surjective, demonstrated in the next part.

3.6 Riesz Representation, Bases

Theorem 3.23. (Riesz’ Representation)
Let f € H*. Then, there exists a unique y € H such that

f(@) = (y,z)

Proof. (Uniqueness) Suppose f(x) = (y1,z) = (y2, ), V& € H. Thus, (y1 —ya2,2) =0. Set x = y; —ya =
lvyi =92l =0 = y1 =y>.

(Existence) Set M = {x € H : f(x) = 0}, assume f # 0, otherwise there’s nothing to do. Since f is
continuous, M is therefore a closed subspace, and M # H. By orthogonal decomposition, we know that
H=ME@PM, and M+ < H,# {0}. Choose z € M+ with ||z|| = 1. Given z € H and z € M~*, we
construct u € M as follows:

w=f@)z — f(2)a

ie. f(u ) f(@)f(z) — f(2)f(z) = 0. Since u € M, this implies (u,z) = 0 since z € M~*. Hence,
F@) 20 = f()(,2) =0 = f(2) = f(2){z,2) = (w, [(2)2). i
We now turn the discussion to bases.

Definition 3.24. {uq}aca C H is orthonormal if (uq,ug) =65 = 1 if a = f3, else 0.

Given a linearly independent sequence {z,,}"¥ C H, one can construct an orthonormal set {un}N from x,’s
via Gram-Schmidt:

Z1
Uy =
[[1]]
Given ug,...,un_1, set
N-1
UN = 2N = Y (TN Un) U
n=1
Since zy & span{x1,...,xn-1}, vy # 0. Moreover, given any u,,;k <m < N —1,

(UN s Um) = (ZN, Um) — (ZN, Um) =0
Classic Gram-Schmidt.

Theorem 3.25. (Bessel Inequality) For any 2 € H and any orthonormal set {uq}aca C H,

> e ua) P < lz))®

acA
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Proof.

0<

T — Z (x, Uq) Ug,

acA
= llz]* = 2Re (2,3 (@, 1a) e ) + || (2 00)
=[] = 2Re > (2, ua) (x,ua) + > [, ua) ol
= llel* =23 e, ua) " + Y e, ua)

= [ll® = {2, ua)?

2

Definition 3.26. We say that {us} C H is a basis for H if for every x € H,

T = Z (2, Uua) U

«
This means that

—0

T — Z (T, Uq) U,

a€A,

as N — 0 where Ay C A is any finite subset (independent of ordering).

We say that H is separable if there exists a countable, orthonormal basis (Hilbert basis). In this case, the
Bessel inequality improves to a stronger version.

Theorem 3.27. Let (7, (-,-)) be separable, and {uq }aca a Hilbert basis, i.e. Vo € H,z = (@, Uq) Uq-
1. Va e A, (z,uy) =0 = =0
2. ||z|® = > aca @, ug)|? (Parseval’s identity)
Proof. Assume A is countable with a Hilbert basis {uq}.
lzll = >~ (z,ua)ua =0
a€AN

as Ay 1T A. By Bessel,
21 > > [, ua)*, VN

aEAN
On the other hand, from the first limit,

where En — 0. Take limits, ||x2H = Z [z, o) ||
acA

The following are thicc.
Proposition 3.28. Every Hilbert space has an orthonormal basis.

Proposition 3.29. If a Hilbert space is separable, i.e. it has a countable orthonormal basis, then every
orthonormal basis is countable.

Proof. Take some countable dense set, go through each element one by one and discard those that are linear
combinations of the previous accumulated ones. Gram-Schmidt the rest. [ |
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3.7 Fourier Coefficients

The following will be a really short subsection on the topic above. If Hi,Hs are Hilbert spaces with
inner products (-,-);, (-, )5, a unitary map U : HitoHs is an invertible linear map that preserves inner
products:

(Uz,Uy)y = (z,y), , Yo,y € Hy

Remark 3.30. Every unitary map is an isometry. To see this, take y = x. Conversely, every surjective
isometry is unitary.

Unitary maps are the true “isomorphisms” in the category of Hilbert spaces, as they preserve not only the
linear structure and topology but also the inner product (hence, the norm as well). In a sense, every Hilbert
space kind of looks like an #2 space, as clarified below.

Proposition 3.31. Let {u,} be a Hilbert basis for H, consider the linear map:
LiH — 2(A)

given by & (a) = (z,u,) is unitary onto £2(A).

Proof. © : H — (%(A) is a linear isometry by the Parseval identity. Moreover, if f € ¢?(A), then

> u |f(oz)\2 < 0o, and
{Z f(a)ua}, F,CcA

Olan
is Cauchy, F;, T A. Then, z =} . 4 (7, uq) uo € H exists. Then, f =2 andso*: H — ?(A) is onto. N
Example 3.32. Consider £2(S') = £2(R/[0,1]), now consider A = {e*™*}, .7 is a Hilbert basis for
L2(Sh):
1
<un;um> _ / e2i7r(mfn)a:d1,
0

equals to 0 if m # n else 1.

So, when you're given f € £2(S'), it has an n'" Fourier coefficient:

f(n) = (f,un(z))

1
— f(m)e—%‘n'nxdx
0

where u,,(z) = €™, Parseval:

D

nez

L2 1
foo =113 = [ 171da

Remark 3.33. Given f € £2(S'), the fact that (as yet unproved) the u,’s are a Hilbert basis means that

f- Z f(n)e* ™|l — 0, N — oo

In|<N 9

Note that this does NOT in general imply that f(z) = ., f(n)e2™ = This is much more subtle.
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4 LP Theory

4.1 LP spaces
Let (X, M, 1) be a measure space, let p > 0 and set

i1, = (/ f|pdu)’1’

LP={f:X — C: f measurable with | f||, < oo}. As with Cauchy-Schwarz in the Hilbert setting, there’s
a convexity bound at the core of LP theory: The Holder Inequality. We revisit Cauchy-Schwarz.

The convexity (it’s actually a concavity) bound, or Young’s inequality: ab < %(a2 +b%),Va,b > 0. Given
fvg € £2 with ||fH2 7é 07 HgH2 7é 07 set

O]
e =1, 9= 1,

now, ||F|, = ||G|l, = 1. Apply convexity bounds with a = |F(z)|,b = |G(z)]| yields

[PG(x)] < 5 (IF ()] + G ()]?)

DN =

Integrating both sides yields
1 2 2
IFGl, < 5 (HFH2 + ||G||2) =2

Thus, implies || fg|l; < ||fll5 - llg9]l- This actually implies the Cauchy-Schwarz inequality, |(f, g) z2| < || f]l5 -
llglly, while [(f,g) 2| < ||fg|l,- Note that setting a? = z,b* = y, we rewrite Young’s inequality in terms of

ZT,Y:
(z+y)

Do | =

1 1
r2y? <
a special case of GM < AM.

Lemma 4.1. For any a,b > 0 and index p > 1, conjugate index ¢ with % + % = 1, we have the actual
Young’s inequality:

1 1
ab < —a? + —af
p q

Proof. Set a = 2'/7,b = y'/4, we have that z!/Py'/1 <
from both sides, yielding

% + %. Since log is increasing, enough to take logs

1 1
—logz + —logy < log (:c + y)
p q Y2

Now, for the most OP thing in £P theory.

Theorem 4.2. (Holder’s Inequality) Assume 1 < p < oo, ¢ conjugate exponent, and f,g : X — C
measurable.

1fglly < [171, llgll,

Moreover, there is equality if and only if «|f|P = B|g|? for some «, § € C.

Proof. By setting F = ”]fH ,G = H;JH , enough to use
1 p L q
[FG(x)] < 5|F(90)| + §|G($)|

and integrate. [ ]
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