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1 September 26
1.1 The Set of Real Numbers

Def. The set Rof real numbers is a set satisfying the following 13 axioms.
1. 3 a binary operation such that for any =,y € R, z +y € R.
2. Addition is associative: z + (y + z) = (x + y) + 2.
3. Addition is commutative: x +y =y + .
4. An additive identity exists: z 4+ 0 = x Vz € R.

Remark: It’s simple to prove this additive identity is unique. Assume
there is a second additive identity 0’. Then 0 + 0’ =0 = 0’. Therefore
0 = 0’, and they’re the same number (therefore unique zero element).

5. An additive inverse exists: Vo € R, 3y € R such that z +y = 0.



10.

11.
12.

13.

Remark: We can use 1. - 4. to prove it is unique.

There is a binary operation * such that Vz,y € R,z xy € R (typically
denoted as xy).

Multiplication is associative: x(yz) = (xy)z.
Multiplication is commutative: xy = yx.
A multiplication identity exists: 31 € R, 1 # 0 such that 1 xz = z.

Remark: The set {0} would satisfy 1-8. Axiom 9 is the first one which
requires the set be composed of additional elements.

A multiplicative inverse exists for non-zero real numbers: Vr € R,z #

0,3y € R such that zy = 1.

Remark: We can prove this is unique with 1-9.

Remark: Cannot have an inverse of 0: it would violate 9 since by defini-
tion x *0 =0 and 1 # 0.

Multiplication distributes over addition: z(y + z) = xy + xz.

Order Axiom: 9P C R callex the set of ”positive real numbers” such that:

(a) x,ye P=>xz+yeP.
(b) If € R, then exactly one of the following is true:

i. zeP.

ii. —xe€eP

iii. =0

Notation: (a) x >y means ¢ —y € P

(b) z <y meansy —x € P

(¢c) z>ymeansx —y € Porx =y

(d) x<ymeansy—x € Porx=y

Remark: This axiom offers a notion of ”ordering” which allows us to
compare two numbers in the sense of ”bigger” or ”smaller”.

Completeness Axiom (or Least Upper Bound axiom): Any non-empty
subset of R that is bounded above has a least upper bound.

Upper Bound: We say A C R is bounded above if da € R such that
Vo € A, x < a. Any such a is called an upper bound of A.

Least Upper Bound: An upper bound a of A is called a least upper
bound if for any other upper bound b, a < b.



Remark: 3 subset of rational numbers with no least upper bound (i.e.
the set {z € Q|z? < 2}, since we can always find a number that’s a
little closer to v/2 in the set of rational numbers than the number we
assume to be the supremum.

Remark: The completeness axiom separates the Real numbers from the
rational numbers.

1.2 Dedekind Cuts

Dedekind Cuts is a method to define the real numbers from Q and N. Def.: A
Dedekind Cut of Q is a set r € Q such that:

r#{}.
r# Q.

IfyeraeQux<y,then z € r (ie. all rationals less than y are in the
”Dedekind cut” r.

e Az € r such that x > y Vy € r (i.e. no supremum or upper bound of r).
Ex.

o r = {z € Q|z < 2} is a dedekind cut.

o s={x e Qlz? <2}U{x € Qz < 0} is the union of two dedekind cuts.

Remark Dedekind defined Rto be the set of all Dedekind cuts of Q. Each set
of Dedekind Cuts then represents a single Real Number (i.e. v2 = {z € Q|22 <
2}). You can then define axioms on this set.

Theorem 1.1 /2 is irrational: Ax € Q s.t. 2% = 2.
Proof. [by contradiction]. Suppose not. Then 3z € Q s.t. 22 = 2. So we
can write x = g for some coprime integers (i.e. integers that share no common

factors). Expanding on the last point, we can write any rational number as a
fraction of coprime integers p, ¢ € Z (co-prime: cancel out the common factors).

2
Then 22 = by =2. And p? since 2 is even, therefore p is even, therefore p = 2n
for some integer n. And 2¢? = p? = 4n? = ¢% = 2n? = ¢? is even = ¢ is even.
Therefore, we arrive at a contradiction since p and q are co-prime.
Def. If x € R, the absolute value of x is defined as
1. |z =2 ifz>0.
2. jz|=—zxifzx<0.

3. |z|=0if z =0.

Theorem 1.2 Triangle Inequality: |z + y| < |z| + |y|



2 September 28

2.1 Dedekind Cuts (cont.)
Suppose r is a Dedekind Cut. We say:

e We say r < s (one Dedekind cut is less than another) if r is a proper
subset of s (i.e. s contains all elements of r and at least one more element
that is not in r): 7 & s.

e We can define 0 as: {z € Q|z < 0}.

o We can define -r as: -r := {z|Fy > z,—-ye€rtor-r:=0-r={r—ylr €
0,y €Q\r}.

e A is a set of Dedekind cuts. The least upper bound of A is just U,car.

2.2 Supremum and Infinum

Def. Archimedean Property of Real Numbers. If n is a positive integer, we will
denote by n the real number 1 + 1 + 1 + ... + 1 (n-times).

e This represents an embedding of natural numbers within R.
e We can do this with Qas well.
e = NCRand QCR.

Theorem 2.1 Given any € >0, An (i.e. a positive integer) such that nxe > 1
(i.e. add € n times).

Proof: Suppose y = sup(S) € R and note y — € < y. Then y — € is not an upper
bound. Therefore, In*e >y — € = n+e+e=e(n+ 1) >y = contradiction.

Corollary 2.1.1 Let z be a non-negative (i.e. x > 0) real number. If x <
€,Ve > 0, then x = 0.

Proof: Since x < €¥e > 0, we have x < %Vn € N. Therefore, nxx < 1 Vn.
Therefore = 0 since = % 0 (by the Archimedean Property). Expanding on the
last point, Given any € > 0, In such that n x e > 1, and therefore x ¥ 0 and
x =0.

2.3 Sequence of Real Numbers

An infinite list of real numbers x1, zs, x3, ... is called a sequence.
Def.

o Let {x,}52 ;be a sequence of real numbers. We say that {z,}22 ;converges
to a limit x if:

1. Ve > 0, 3N > 1 such that Yn > N, |z, — z| < €.



2. x is denoted by lim x,.
n—inf

3. For a limit x, and any difference €, 3 some N > 1 such that for all
numbers greater than N, the difference of further elements in this
sequence is < e.

Ex. lim 2= =1.

n—inf n+l1
Ty = g and |x, — 1] = |5 — 1] = |n_—+11| = %H Take any € > 0, by the
Archimedean property, 3N such that N xe > 1 = % < €. Thus Vn > N,
|xn—1\:n%rl<%<e.

Theorem 2.2 If x and z’ are both limits of the same sequence {x,}°2 ,, then
T =2z

Proof: Take ¢ > 0 = 3Ny s.t. Vn > Ny, |z, —2[ < § and INy s.t. Vn >
Na, |z, — 2’| < § [definition of the limit of the sequence]. Then we can take any
n > max{Ny, Nao} such that |z, — 2| < § and |z, —2'| < §. Thus |z —2'| <
| — x| + |zn — 2’| < € [Reverse triangle inequality]. So |z — /| < € Ve > 0,
but | — 2’| >0, so |z — 2’| = 0 and thus x” = x.

Theorem 2.3 (Sandwiching Principle/Squeeze Theorem) Leta, < b, <

cp,Vn. If lim a, = lim ¢, and both limits exist, then lim a, = lim b, =
n—inf n—inf n—inf n—inf

lim c¢,.

n—inf

Proof: Let L = lim a, = lim ¢,. Take any € > 0 = 3N; such that Vn > N,

n—inf n—inf

lap, — L| < €. Similarly, 3Ny such that ¥Yn > Na,|c, — L| < e. Let N =
max{Ny, No}, take any n > Ny, then |a, — L| < ¢, |¢, — L| < e. Therefore,
L—-e<a, < L+eand L—¢e<e¢, <L+e Butweknowa, <b, <ec,
=>L—-e<a,<b,<¢,<L+e=L—-e<b,<L+e=|b,—L| <eand
therefore lim b, = L.

n—inf

Def. [Bounded Sequence]. {z,}5 ,is called "bounded above” if IM € R such
that Vn,z, < M.

e Similar for bounded below.

e A sequence is "bounded” if it is both bounded above and below.

3 September 30

3.1 Bounds of Sequences

Theorem 3.1 Any convergent sequence is bounded (bounded above and below).

Proof: Let {x,}32 {be a sequence converging to a limit x. Then IN such that
Vn > N, |z, — x| <1 (typical criterion for convergence where we choose € = 1).



Then Vn > N, |z,| = |z, — 2 + 2| < |z, — 2|+ 2| < 14]|z| (middle equality via
triangle inequality). If n < N, x,, < max{|z1], |22|,...,|xn_1]. Thus Vn, |z,| <
max{|z1],|z2l, ..., [tn-1], 1 + |2|}, and we’ve therefore found a fixed upper and
lower bound (since we bound the absolute value of x). Expanding on the last
inequalities, we find that x,, is less or equal to than the maximum of the absolute
value of any element in the sequence up to the Nth element (including the nth
element). And after the Nth element, we know |z,| < 1 + |z|. Therefore we
can combine these two partitions of the sequence to find the upper and lower
bound (i.e. a fixed bound on the |z,]).

Def.[Monotone Sequences]

e A sequence is called increasing if x,, < x,11Vn.
e A sequence is called decreasing if z,, > z,11Vn.

e A sequence is either increasing or decreasing.

Theorem 3.2 Any increasing sequence {x,, }52 ; that is bounded above converges
to the limit which is the sup,>1x, (i.e. a single number). Similarly, any de-
creasing sequence that is bounded below converges to inf,>1Ty.

Remark. This is clearly not true for Q: teh sequence approaching /2 is
increasing (i.e. add a digit) but converges to a number v/2 that is outside the set
of rationals. Proof: Assume {x,} ,is an increasing sequence which is bounded
above. Then x = sup,>12, is defined as the supremum of the sequence (and it
exists..). Take € > 0. Then z—¢ < z and z—e is not an upper bound. Therefore,
there exists an element in {z, }22 ;such that z —e < z,,. But since {z,,}22,is an
increasing sequence, this implies x — € < x,Vn > N. But z,, < zVn. Therefore,
Yn > N, x — e < &, < x. Therefore, |z — z,| < € and the sequence converges
to x. To prove |z — x,| < € you need both  — z,, < € as well as x,, —x < e.

Theorem 3.3 (Bolzano-Weierstrass Theorem) Any bounded sequence has
a subsequence that converges to a limit.

Def.[Subsequence]: Suppose that {z,}32,is a sequence and n; < ng < ng <
..., < m is a strictly increasing sequence of natural numbers. Then

® Tp,,Tn,, Ty, ... is called a subsequence of x1, z2, ....
® Tp,,Tn,, Tng, ... 1S a subsequence.

® Tp,,Tny, Tny, ... 1S a subsequence.

® Iy, Tn,,Tn,,... 18 NOt a subsequence.

Proof: Since z,, is a bounded sequence, Ja,b € R such that z, € [a,b] (this
notation indicates every x,, is between the interval a and b) Vn. ie. [a,b] =
{z|a <z < b}, (a,b) = {z|a < x < b}, [a,b) = {z]a <z < b}.



Now let [a,b] = [a, %2 U [%£2,b]. Then at least one half (although both may)
must contain z,, for infinitely many n (since {z,}52,is infinite). Let [a1,b1] be
one such half (if both halves contain infinitely many x,,, simply choose one).
Now let again [a,b1] = [a1, @E2] U [©E01 4], Again, at least one half must
contain infinitely many x,,’s. Let [ag, b2] be one such half...

Note: [ant1,bnt1] C [an, bn]Vn. Thus a1 < ag < as,... and by > by > bs, ... are
monotone sequences and are bounded inside [a,b]. Therefore lima,, and lim b,
exist and are bounded above and below [using any increasing sequence that is
bounded above converges to the supremum and any sequence that is bounded
below converges to the infinum]! Note, b, — a,, = b2_na = b, —a, — 0. So the
limit of both sequences is L: lima, = limb,, = L and there’s a subsequence of
ai,as, ... and by, ba, b3, ... that exists within x,,.

Claim: 3 a subsequence Z,,,Zp,,... converging to L. Proof: Since [a1,b]
contains z,, for infinitely many n, we can find n; such that z,, € [a1,b1].
Since [ag, ba] contains z,, for infinitely many n, we can find ny > n; such that
T, € [ag,bs]. Continuing this way, we could find a strictly increasing sequence
ny < ng < na,... such that Vk,z,, € [ag,bg]. Therefore, ap < z,, < biVk. By
the sandwiching principle (squeeze theorem), klglril (Lo = L.

Def.[Cauchy]: A sequence of real numbers {z,}72 ,is called ”"cauchy” if Ve >
0,3N such that Ym,n > N, |z, — 2,| < e. This is even stronger than con-
vergence (i.e. after a certain index in the sequence, the absolute value of the
difference of any two elements of the sequence is less than an arbitrary value.

Theorem 3.4 A sequence of real numbers is convergent if and only if it is
Cauchy.

4 October 3

4.1 Cauchy Sequences

Theorem 4.1 A sequence {x,}22 ; of real numbers is Cauchy if and only if it
18 convergent.

Remark.
Don’t even need to know the limit, if you can tell it’s cauchy, it’s convergent.

Prof:

Convergent = Cauchy

Suppose that the sequence {x,}°2 ,converges to a limit x. Take any € > 0.
Find N so large that ¥Yn > N, |z, —x| < § [from the definition of con-
vergence to a limit]. Take any m,n > N, Then by the triangle inequality

Convergent < Cauchy
Let {z,}52 ,be a Cauchy sequence.



Step 1: {z,}22,is a bounded sequence.
Proof: AN such that Ym,n > N, |z, — x| < 1. In particular, for all n > N,
ey —zn| < 1= |zn| <oy — 2] + |zn] <14 |zN]-

We’ve seen this technique before for bounding a sequence. First bound every-
thing after index N using convergence properties, and then bound everything
before N by taking the max of a finite sequence.

But forn < N, |z,| < max{|z1], ..., |zn-1]}. Thus¥n, |x,| < max{|z1], ..., |xn-1], 1+
|xn|}. Therefore, {x,}5° ,is bounded (both above and below because we find
an upper bound for |z,,|.

Step 2: By Bolzano-Weierstrass, there exists a subsequence {z,,}5 ; converging
to some x. [We don’t know what the limit is, but there is some limit.]

Step 3: lim z, = = [The whole sequence converges to a limit — not just the
n—oo

subsequence].
Proof: Take any € > 0. Since z,, — x as k — oo, 3K such that Vk > K,

|y, — x| < §. On the other hand, since {z,};2is Cauchy, 3N such that

Vm,n > N, |z, — &, < § [Cauchy property]. Now recall n; < np < nz < ...is
strictly increasing. Take any n > N. 3k such that £ > K, and ny > N.

We're using Step 2 to find a subsequence of indices k such that z,, converges
to a limit x as well as the property of {z,}32 ;being Cauchy. If we pick a index
that’s sufficiently far along...

e Then |z,, — x| < § since k > K.
o |r, —xp,| < § since n, ni > N.
Thus, |z, — x| < |2p — Tn, | + |20, — 2| < §+ § =€, and {z,};2 converges to

X.

4.2 Convergence to Infinity

Remark: convergence to infinity

e We say that lim x, = oo, if for any € R, 9N such that Vn > N, z,, > x.
n—oo

e lim z, = —o0, if Vz € R, 9N such that Vn > N, z,, < x.

n—oo

Theorem 4.2 Any monotone sequence of real numbers converges to a limit in
R U {—o00,00}.

Remark: We should try to prove this on our own later on.

10



4.3 Limsup and Liminf

Def.[Limsup of a sequence]

Let {z,,}5° ;be any sequence of real numbers. For each n, let b, = sup{ax|k > n}
where the supremum is defined to be oo if the set {ar|k > n} (i.e. the least
upperbound on the sequence of all values that come after the current index n)
is unbounded above.

Then by > by > by > by,... is a strictly decreasing sequence since at each
successive index, we take the supremum of a smaller set of numbers (holds for
convergence to infinity as well). We are presented with a decreasing sequence

of real numbers, so the limit lim b, exists and is in R U {—00,00}. This limit
n—oo

is called the ”limit superior” of {x,}5° ;and is denoted by limsup a,. Any se-
n—oo

quence has a limsup, and it’s always well defined (even if the sequence itself
does not have a limit).

Def.[Liminf of a sequence]
Let ¢, = inf{ag|k > n}. The inf is —oco if the set {ax|k > n} is bounded below.
Then ¢; < ¢p < ¢z < ... liminf a, := lim ¢, € RU{—00,0}.

n— oo n—oo
Ex. {-1,1,-1,1,—1,1,...} limsupa, = 1 and liminfa, = —1 [although the
limit itself of the sequence does not exist]. Intuitively, the lim sup is the small-
est number such that the sequence goes above it finitely many times. Anything
smaller than this value, the sequence will go below it infinitely many times.
Accordingly, the limsup or liminf are mainly used to prove that limits exist...

Theorem 4.3 For any sequence {x,}52 1, the liminf < limsup.

Proof: Let b, = SUDy >, Ok and ¢, = infy>pag. Then ¢, < b, Vn. Thus,
liminf a,, = lime¢, <limb, = limsup a,. If liminf = limsup, that’s a necessary
and sufficient condition for the limit of the sequence to exist.

Theorem 4.4 If the limsup a,, = liminf a,,, then lima,, exists and is equal to
this number. Conversely, if lim a,, exists, then limsup a,, = liminf a,, = lim a,,.

Proof:

First, suppose that limsup a,, = liminf a,, = L € R.(Your own exercise: prove
it for L = 0o, —00).

Let b, = supy>, ak, ¢n = infg>nar. Then, ¢, < a, < by. But ¢, — L
and b, — L. Thus by sandwiching a,, — L. (b, = sup{an, an+1, ani2, ...}, thus
ay, is clearly less than or equal to b,, — same reasoning applies to inf). We could

prove the sandwiching principle holds even if limit is co or —oo.

Conversely, suppose that lim a, = L € R.
n—oo

11



Take any € > 0, Then 3n such that |a, — L| < ¢ Vn > N. In particular,
VYn > N, ap, < L+ e. This implies, by = sup{an|n > N} < L+e€[L+eis
the upper bound of the set]. by > by > ... — limsupa,, Thus, limsupa, < L+e.

Note this relation holds for ¢ > 0 and no longer contains N (independent of
the index you choose in the sequence): limsupa,, < L.

By a similar argument, liminfa, > L. Thus limsupa, < liminfa,, but we
know that the lim sup a,, > lim inf a,,, therefore both limits are equal: lim sup a,,
= liminf a,. And moving to the Limit L, limsupa, < L < liminfa,. Thus
limsup a,, = liminf a,, = L.

To review, if the limsup and liminf both exist and are equal, then then the
limit exists and is equal to that number. Conversely, if the limit exists, then
the limsup and liminf exists and both converge to that same number. This
technique may help us understand is oscillating (i.e. one of liminf or limsup
converges but not the other; or they are not equal to each other).

In this proof, we used the fact, we used the following fact to lower the bound
on limsup and liminf from L+eto L: z<y+eVe>0=2<y.

5 October 5

5.1 Limsup and Liminf
Recall the lim sup a,, is a single value representing what the supremum of succes-

n—roo
sively smaller subsets of {a,}°; converges to. More formally, define another
sequence {b,}52; such that b, = sup{ax|k > n}. Denote an element of the
sequence b, = Supys,, an. Then we have the following properties:

® sup,>q(ay +bn) < SUP, > An + SUP, > bn-

— This is because a; + b; can cancel each other out.
—eg. {1,2,3,4} with {-1,-2, -3, -4} — sup,,>; a, = 4 and sup,,>, b, =
—1, but SUp,,>1 an + b, =0

e Extending this to the limsup as n — 00, Vn, supys, (ax+bx) < supy>nar+

supr>nbr = limsup a, + b, < limsup a,, + limsup b,,.
- n— o0 n—00 n—o0

e Note: for a regular limit, it’s an equals rather than this inequality: lim a,+
n—oo

lim b,, = lim a,, + b,.
n— oo n—o0

e For liminf a,, + b, > liminf a, + lim b,
n— oo n— oo n— oo

12



Theorem 5.1 (Cesaro limit theorem) If lim a, = L then lim 1 37  a; =
n—oo n—oo

L. Opposite is not necessarily true — considering oscillating sequences that can-

cel each other out.

Proof:
Take any € > 0, 3N such that Vn > N, |a,, — L| < e. [Definition of lim a,, = L]

n— oo
Therefore, ¥n > N, we can rearrange terms so that a,, < L+ € [from |a, — L| <

€].
=Vn>N:
ay +...+an a1 +...+an_1 i an + ... +an
n n n
= [breaking up the sum into terms < N and terms > N]|
a1+...+aN,1+(L+e)+(L+e)+...+(L+e)
n n
Since Vn > N, a, < L+ ¢
a1+ ...+an_ n—N+1
_w N-1 o «(L+¢)
n n
There aren- N + 1 terms > N and <n

<

ait...fan—1

Let’s say there are b,, terms in the first summation (i.e. -

terms in the second summation 2=+ x (L + ¢).

) and ¢,

Then lim sup % Sory ar < limsup (b, + ¢,,) < limsupb, + limsupc,. We see
lim b,, = 0 since the numerator is a finite sum while the denominator — oo
n— oo

and lim ¢, = L + € since the term
n— oo

n—N-+1
n

— 1 asn — oo.

Therefore, limsup 1 >/ ax < L+e. Similarly, linniiorgf LS i ar > L. There-

fore, the limit lim % > h_, ai exists and is equal to L.
n—oo

5.2 Infinite Series

Let {z,}22,be a sequence of real numbers. We say that the infinite series
o0

> an, converges if the sequence {> ;- ; ar}22; [i.e. sum everything below n in
n=1

{x,}22 ;to represent the nth value of the infinite series| converges. Its value is
declared to be the limit of the sequence {d ", | ar}22 ;.

Ex. Geometric Series.
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Take some r such that |r| < 1. Then

A=r)A+r+r?+ . +r)=14+r+r2+.  +—r(l+..+r")=1—¢"
Note r # 1 and

1 — pntl
S14+r+r’+. 41" = -
-7
1 —pntl
T 1-—r
1 rntl
T 1y 1-—7
So liml—i—r—i—..—i—r":ﬁsincern“ asn — oo = 0 asr < 1. Thus

n—o0

S o = 1= if 1] < 1.

Theorem 5.2 IfY > | a, converges (or equivalently, exists), then lim a,, = 0.
n—oo

Proof:
n 1 o0
Let p, = > ay and g, =Y 1, ay. Alsolet L= Y a, = lim p,.
k=1 n=1 n—00
However, ¢, = pn,—1 and therefore lim g, = L. We can find a, = p, — qn,
n—oo
and since lim p, = lim ¢,, lim a, = 0.
n—oo n—oo n—oo

Expanding on lim p, = lim ¢,: Take any € > 0. We can then find N such that
n—oo n—oo

Yn > N, |p, — L| < e. We can now define N’ = N + 1 and take any n > N'.

Then we can show lim ¢, = L = lim p,_1.
n—oo n—oo

118

The converse implication is not true: % = 00 [i.e. does not converge] even

n=1

though lim % =0.
n—oo

k
Proof: Did in class. Broke up into splits of Z;kfll ay, and showed each was <
than 1/2. Showed each partial sum was bounded below — the sum goes to g
as k — oo therefore, the series does not converge.

Theorem 5.3 If a, > 0 Vn, and { > ar}S2, is bounded above [i.e. the series
k=1

o0

is bounded above], then > a, converges. Converse is also true (only for non-
n=1

negative sequences).

Proof:
Let b,, = 22:1 ar. Then b, is an increasing sequence since a,, > 0 Vn [using the

o0 n
definition of the series ) a, as equivalent to the sequence b, = { > ar}>2,].
n=1 k=1

14



Thus b,, converges if and only if it is a bounded sequence.

Ex.
e Wed like to prove >0, - converges
1l e 1 1
L. n! < 1x2%242..x2 — 271
2.3 ey converges since its a geometric series with |r| = 1 < 1.

3. = Zn 1 %n ==— are bounded above and Zn 1 2n1 1 is an upper bound

of Zn 1 nl!
4. — {zk o 2152, is bounded above.

e > 7, - converges for any k > 1. Riemann Zeta function.

Def.[Absolute Convergencel:
A series Y7 | a, is called absolutely convergent if > 7, |a,| converges. [just
have to show it’s bounded above because a it is a series of non-negative terms].

6 October 7

6.1 Absolute Convergence
Def.[Positive and Negative Parts]

e Take any x € R.

ifx>0
e zt =max{z,0} = X.1 ¥ = = the posiitve component of x.
Oif x <0
0ifx >0
e x~ = —min{z,0} = I.X = the negative component of x.
—zif £ <0

Note: both 2+ and z~ are non-negative valued real numbers.

e r =gt —z~

|z| =2t + 2~

Theorem 6.1 (Absolutely Convergent Series) An absolutely convergent se-
ries is convergent.

Proof: Let Z an, be absolutely convergent. That means Z |an| converges. We

n=1

would like to show Z Gy, converges.
n=1
i i i S N - DL &
We first consider the finite summation k21 ap = Zl(ak —a; )= k21 ap - kZ1 a

15



o0
. Since Y |ay]| is convergent, there exists a limit L such that any finite sum is

n=1
less than or equal to L: 3L such that Vn, > |a,| < L. Therefore,
k=1
Vn, Z af + Z a, = Z lax] < L and both summations Y. a < L and
k=1 k=1 k=1 k=1

E a, < L are individually bounded above by L = both converge as n — oo.

ThlS last part uses the theorem from last class:
If a, > OVn, and {d>°}_, ax}32, is bounded above, then -
Conwverse is also true (only for non-negative sequences).

n=1 @n CONUVETGES.

Therefore lim Z a; and hm Z a, both exist [although we don’t know what

they are].
= 1 |1 = 1 = 1
— n -
Ex. X = Zl|m| = Zl(—l) - and this converges = Zlm converges!
n= n= n= n=

6.2 Conditional Convergence and Alternating Series

Def.[Conditionally Convergent]. A series is called conditionally convergent if it
is convergent, but not absolutely convergent.
Ex. 1— % + % — i + % — ... converges to log(2) but is not absolutely convergent.

Theorem 6.2 (Alternating Series) Suppose that {a,}32 1 is a decreasing se-
o0

quence converging to 0. Then Y. (—=1)""ta, = a; —as + a3 — ay + ... converges
(i.e. the alternating series conZ;;"ges).
Proof:[sketch]: a3 — as + as — aq + a5 —ag =
{(al —ag) + (a3 — aq) + (a5 — ag) where (a1 —az) >0, (a3 —aq) >0, ...
a1 — (a2 —a3) — (a4 — as) — ag < a1 — ag where (a2 —az) > 0 and (ag —as) >0

2
Let S, = Y. n(-1)*"tap = S, = (a1 — a2) + (a3 — as) + (a5 — ag) + ... +
k=1
(agn—1 — agyn). Then {S,}72, is an increasing sequence [and is composed of the
even terms of the original series]. On the other hand, S,, = (a1 — (a2 — a3) —
(ag —a5) — ... — (agn—2 — @opn—1) — a2n < a1 — ag, < ay. Thus, we have found
a bound for S,, which is an increasing sequence. Therefore, we have a limit for
Sp: lim 4+n — 008, exists, and we’ll call it L.

n
Definet,, = >_ (—1)*a;. We need to show limn — oot,, exists. Claim: limn — oot,, =

k=1
L.

Proof Take any € > 0.

16



e JN; such that Vn > Ny, |S, — L| < §.
e JN; such that Vn > Ny, |a,| < 5. [This arrives from a, — 0 as n — oc].
Let N = max{2N; + 1, No}, take any n > N. Then there are two cases:

e n is even. Then t, = S,/5. Note that § > % > Ny = |t, — L] =
|Sn/2 — L| < %
e nis odd. Then n = 2m + 1 where m = ”Tfl Therefore, t,, = s,, + a, and
-n>N=m2>N; =[S, —-L|<§
—andn >N =n> Ny = |a,| < §
Thus, |t, — L| < €. [from ¢, = a1 —ag + ... + ap—2 — an—1 + a, where

ar—ag+...4+an_2—an_1 = Sn_1)/2 50 | S +an—L| < |Sp— L +]an| < €.

o0
Theorem 6.3 Let > a, be an absolutely convergent series. Then for any bi-
n=1

[ee]
jection m: N — N, > ax(y) is also absolutely convergent and the two values
n=1

oo oo
are equal: ) an = ) Gn(n). This effectively says reordering the terms of the
=1 n=1

n—=
series doesn’t change what it converges to.

6.3 Metric Spaces

Def.[Metric Spaces] Let M be a set. A metric on M is a function d: from
d: MaxM — [0,00) [think of this like a distance function] which satisfies

1. d(z,y) =0 <= x=y

2. d(z,y) =d(y,z) Yo,y € M.

3. d(z,2z) < d(x,y) +d(y, z) Ya,y,z € M
Then the pair (M,d) is called a metric space.

Ex.
o Let M =R, d(x,y) = |z — y]

M =R" = {(z1, .., zp) |1,y € RY. d(z,y) = Zf:l(xi —vi)? [Bu-
clidean Distance].

e M =RF d(z,y) = Zle |#; — yi| (I* metric — I know this as Ly).

M =12 = {(x1,29,...)|z; € R, Vi, 332, 22 converges}. d(z,y) = /S, (z;

Yil-

17

M =1" ={(z1,22,...)|z; € R,Vi,> ;0| |z;| converges}. d(z,y) = Zle |z —

2
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7.1 Euclidean Distance is a metric on R

We left off with needing to prove the triangle inequality to prove that Euclidean

distance d(z,y) = Zle(xl —y;)? is indeed a metric on M = R"™. We begin
with proving the Cauchy-Schwarz Inequality.

Theorem 7.1 (Cauchy-Schwarz Inequality) Let aq,...,a,, b1,....,b, € R.

Then |3 abi| < [ 3 a3 3 b7
=1 =1 =1

Proof:
0< ZZ(azb] — a;b;)? [square of difference is non-negative
i=1j=1
= Z Z(afbf + a?b? — 2a;bja;b;) [expanding out terms...]
i g
Note that

> Y = ()
= a)O w)

since summation starts at ¢ = 7 = 1 and goes to n

And similarly,
D> aibt = Qa8
Therefore, ... o
Z Zaibjajbi = (Z aibi)(z a;b;)
j = (Z aibi)(i a;b;)
= (i a;b;)” l

Finally, we see that

0< Z Z(afb? + a?bf — 2aibjajbi)
i

=0<20)_a) O b)) =200 aibi)?)
= (O ab)? < (O ah) Qb))

18



We can now proceed with the triangle inequality proof:

STai+b)? =Y a2+ > b2 +2) (ai +b)
i i i=1

i=1

n n n n
<Y ai+ > b2, > a2+ > b2
i=1 i=1 i=1 i=1

n n

Note: Z(ai +b;) <

=1 7

(X a+/X®
= /Db < 3 a2 /S0

Formally [proving the triangle inequality for euclidean space]:
Take z,y,z € R", z = (x1, ..., x,), etc. Then

(a; +b;)? < ia% + ib?
i=1 i=1

1

d(z,z) = Z(xl — z)?

=1
n n

< Z(l‘i —yi)? + Z(Zi —yi)?
=1 =1

= d(z,y) + d(y, 2)

7.2 [? Metric Space
Recall we define a set M = 12 = {(v1,22,...) : 2; € R,Vi,> i 27 < oo}. If
z,y €%, d(z,y) = /> oy (xi — yi)?, and (M,d) is the metric space.

Fact. d(z,y) < oo Va,y € I2.
Proof:

2
n n n 2
Forany n, 3 (:—:)° < [,/inﬂ/m < [VEZE+VED Y <
=1 =1 =1

oo since x and y are in [2.

19



Triangle inequality in [? is the same: Let z,y € [?. Then

o}

d(z,y) = Z(fﬂi —vi)?
= lnlggo : (zi — yi)2‘|

Since we have a finite sum, we can break it up into two finite parts...

n
_ 3 R )2
= nh_}rr;o lZ(ajt zi+ 2z — i) ]

In this logic, we used

® a, = a= \/a, > +a

° ai — a9, ap < b,Vn = lima, <limb,

7.3 Sequences in metric spaces

Let {z,}52, be a sequence of points in a metric space (M,d).

We say that lim z, = = (ie. z, — x), if Ve > 0, 3N such that Vn > N,

n—oo

d(z,z,) <.

Notably, we simply use distance to the limit rather than the difference of the
value of the reals (i.e. order axiom) for the definition of convergence.

Fact. If the limit exists, then it is unique.

Note d(z,y) =0 <= x = y from our definition of a distance metric on a set
satisfying a metric space. Therefore, if we have two limits Ly, Lo acting on a
sequence, then the distance d(L1, Ly) must be 0. From that, we can conclude

the distance must be the same.

20



7.4 Convergence in R"

Let {2(®}2° | be a sequence of points in R™. Then lim z*) = x if and only

k—o0
if for each i = 1,...,n lim a:l(k) = z('k)
k—o00

x;. More simply, each ith coordinate in x

converges to a value x;.

Proof:
Suppose that klim z®) = g, Take any i € {1,...,n} and take any € > 0, Then
—00

IN such that Yk > N, d(z®), z) < e.
We take any k£ > N, then

k
" — 2| =

Thus xz(k) — x; as k — oo. If the sequence converges, then the coordinates
must converge.

(k) _

Conversely, suppose that for each ¢ = 1,...,n, the lim z;”” = z; (i.e. each

k— o0
of the coordinates converge).

Take any € > 0, for each 4, IN; such that Vk > N;, |x£k) — x| <
coordinate converges to ;).

T [Each

Then let N = max{Ny, No,...N,, }. Take any k > N, then

n

d(:v(k),x) — \ Z(xl(_k) — ;)2

i=1

Euclidean distance measure

n
€2
< .

n
\ i=1

Each coordinate is bounded by <
n

= €

Very simple: if each coordinate is bounded by x;, then the series is bounded by
X = [T1, T2y vy Tp)-
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Ex. Consider the set [2. Let z(*) = (0,0,0,...,0,1,0,0,...) where there is a
1 at the k*" coordinate and 0 everywhere else. Clearly, = € 2.

So take any i, klim xgk) = 0. On the other hand z*) 4 (0,0,...,0) = 0. So

— 00

d(x(k),ﬁ) = 1. Clearly, () is not converging to 0, and we’ll see later the
sequence is not converging to any point in (2. This is one reason [? is funda-
mentally different to R: it is not “complete” (why we call Axiom 13 of R the
“completeness axiom”). If we have a sequence of values in a set that converges
outside this set, the set is not “complete”.

Metric spaces allow us to define the framework to study function spaces [i.e.
spaces where every point in the space is a function]. The notion of “distance”
is then conveyed as a distance between functions. In a sense [? is a function
space: you can apply a fourier expansion to a function, and the infinite fourier
coefficients will reside in 2. We can therefore study the fourier series as an
infinite sequence in 2.

Theorem 7.2 Suppose {x,}52 1 is a sequence in a metric space that converges
to some point. Then {x,}52, is a Cauchy Sequence meaning that Ye > 0, AN
such that Ym,n > N, d(zp, Tm) < €.

Note The converse is not always true!
Simple example: take metric space M to be the interval M = (0,1) with d(x,y)
= |z,y|. The sequence z,, = % is Cauchy in R, but does not converge in M.

Rather it converges to a value outside M which is a priori not defined. This has
an important consequence: Cauchy sequences in metric spaces may not have
limits, and this is why we call Axiom 13 of Rthe completeness axiom. Notably,
it “completes” the space of Rby ensuring every Cauchy Sequence converges to
a value in R. However, as the theorem states, if you have a metric space, and a
sequence in that space that is convergent to some point, then that sequence is
Cauchy.

7.5 Closed Sets

Let (M,d) be a metric space and let X C M be a subset. We say that a point
x € M is a limit point of X if 3 a sequence {z,,}5°; in X such that lim z, = x.
n—oo

Effectively this definition defines a subset of a set M and looks at the sequences
of values of X that converge to a point in X.

Ex.
M =R, X = (0,1) then 0 and 1 are limit points of X.
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Def.[Limit Point] We denote the set of all limit points of X by X and de-
note X as the “closure” of X.

Fact

X C X since for any x € X, the sequence x, z, x, z, ... converges to x. Therefore
every point in the set itself is an element of the closure [there’s always a constant
sequence composed entirely of € X that converges to x].

Def. We say that a set X is closed if X = X. All limit points are in the set itself.
This may not always be the case: notably when a sequence {z,}52 ;converges
to a point & X.

Ex. Any [a,b] C R is closed.
Proof: Take any sequence {x,}22 in [a,b]. Then a < x,, <b Vn.
sa<z<bsoz= limx,.

n—oo
Ex. The open interval (a,b) C R is not closed as we can construct a sequence
entirely in X that converges to the boundaries of the interval.

8 October 12

8.1 Properties Closed Sets

Def Closed Set. Let (M,d) be a metric space. A set X C M is called closed if
whenever {z,}%2 is a sequence in X converging to some z € M, then x € X.
Ex. [a,b] is a closed subset of R under the usual metric (absolute value distance).

e In any metric space M, the sets {} and M are closed. Empty set is
vacuously true [it contains no sequences|. If A implies B, and A is never
true, than the previous statement is always true [vacuously true].

e For any © € M, the set {z} is closed. [converges to x trivially].

e The closure of any set is closed [the closure of the closure is the closure
itself].

Proof:
Take any X C M, let {r,}°; be a sequence in the closure X con-
verging to x € M. Have to show this little x € M is also in the
closure. Since x,, € X, there is a sequence of points in X that con-
verges to x,. So we can find y,, € X such that d(z,,y,) = % Can

easily prove from this that y, — 2 (y, also converges to x). Thus
reX.

Theorem 8.1 If A and B are closed, so is AU B.
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Proof: Take a sequence {z,}52in AU B converging to © € M. Then at least
one of the following must be true:

1. either z,, € A for infinitely many n
2. or z, € B for infinitely may n.

3. (either in A or B or both — both may be true, but at least one of them is
true).

If (1) is true, then we can find a ny < ny < ... such that z,, € A Vk [use
subsequence so that we pick elements of the sequence just in A]. But {z,, } is a
subsequence of {z,, }° ,and x,, = z, so ,, — = as k — co. And x € A because
A is closed. Similarly if (2) is true, then « € B. Therefore, since A and B are
both closed AU B is closed.

Corollary 8.1.1 Any union of finitely many closed sets is closed.
Corollary 8.1.2 Any finite subset of a metric space is closed.

Theorem 8.2 Let F be any collection of closed sets. Then NpcrF is closed.
Arbitrary intersections of closed sets is closed.

Proof:

Take any sequence in this set, then any sequence in the intersection will be an
element in all of the closed sets. Therefore, it will converge to an element in the
closed set.

Ex. The Cantor set is closed. Cantor set [0,1/3]U[2/3,1] = [0,1/9]U[2/9, 3/9]U
[6/9,7/9] U [8/9,1]. Intersection of all of these sets is the Cantor sets. Take se-
quence of numbers in Cantor Set, then can use the intersection of closed sets
theorem.

8.2 Open Sets
Def.[Open Sets.] Given any x € M and € > 0, let S.(z) = {y € M|d(z,y) < €}.

Be(x) is called the “open ball 7 of radius € centered at x. Also called the open
e-neighborhood of x.

A set U C M is called “open” if for any = € U, Je > 0 such that S.(z) C U.
Take any point in the set, small enough epsilon such that the open ball of radius
epsilon is contained within U.

Fact. {} and M are open. Both of these are open and closed. In R, these
are the only two sets that are both “open” and “closed”.
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Proposition 8.2.1 Any open ball is an open set.

Proof:
Take any open ball 8.(z). Take any y € B.(z). Let r = d(x,y). So then r < e.
Let =¢—17>0.

Claim S5(y) C Be(x).
Proof: Take any z € B5(y), then d(z, z) < d(z,y) +d(y,z) <r+9d. r+0d =g,
so d(z, z) < e.

Corollary 8.2.1 Any open interval (a,b) C R is open.

Proof (a,b) = Ba-s (“7“’): open ball and therefore is open. Have to show there’s
2
a smaller open interval contained within a bigger open interval.

Theorem 8.3 A set X C M is open if and only if X is closed. X¢ = M\X =
{x € M|z & X}. Denoted by X’ in the text.

Proof: Suppose that X is open. Take any sequence {z,}° ;in X converging
to x € M. Suppose that ¢ X¢. Then € X. Since X is open, 3¢ > 0 such
that B.(z) € X. But for large enough n, d(z, z,,) < € [definition of convergence,
therefore closed set]. i.e. z, € B.(z) C X. Therefore, we have a contradiction.

Conversely, suppose X¢ is closed. We’d like to prove that X is not open.
Then 3z € X such that Ve > 0, Sc(z) € X. Then Bi(x) ¢ X. Choose
x1 € Br(r) N XC. Similarly, Bi(x) € X. Choose x2 € B1(x) N X¢. Can con-

tinue: ,, € 1 (x)NX. Therefore {x,} is a sequence in X°. And d(z, z,) < +.
So &, — x. Since X is closed, z € X¢ — Contradiction. Limit of z,, is in X¢
since it’s a closed set.
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9.1 Properties of Open Sets

Finite union of closed sets is closed, intersection of closed sets is closed. What’s
the appropriate statement for open sets?

1. Any finite intersection of open sets is open.
2. Any arbitrary union of open sets is open.

Facts

(1) Uy, Us, ...U, are open [i.e. finite number of intersection of open sets], Then
soisUyN..NU,.

Proof: (UyN...NU,)° = U U...uUS. This is closed since U{, .., US is closed.

(2) If (Ua)aea is any collection of open sets, then so is UpeaUsy.
Proof (UaeaUqs)® = UaeaUS is closed since each US is closed.
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9.2 Compact Sets

Compact Sets: Notion of compactness is one of the great advances of modern
math.

Def.[Compact Set]:Let (M,d) be a metric space. Let X C M be a subset
of M. Let (Uqy)aca be a collection of open subsets of M. We say that this is an
open cover of X if X C UyecaU,.

Let M =R and X = {1,2}, then
1. {(—0,3)} is an open cover of X.
2. {(1/2,3/2),(3/2,5/2)} is also an open cover.
3. {(0,2),(1,5)} [the intervals in a set can overlap — no need to be disjoint].

Def. A set X C M is called “compact” if every open cover U of X has a finite
subcover (i.e. a finite set V C U such that V is also an open cover of X). [V is
a finite subcollection which covers X. U may be infinite]. Have to consider all
open covers of X and that there exists a finite subcover...

Theorem 9.1 A set X C M is compact <= (if and only if) for any sequence
{z,}22, € X, there is a subsequence converging to a point in X.

We proved this for closed intervals on the Real Line. But this generalizes that
notion to arbitrary metric spaces. Same criterion of compactness.

Compact is the generalization of “boundedness” to metric spaces that are not
the real line.

Proof:
First suppose that X is compact. Take any sequence {z,}52 ;€ X. We have to
show it has a convergent subsequence to a point in X.

Suppose that {z,,}22; has no subsequence that converges to a point in X.
Claim: For all z € X, 3¢, > 0 such that S._(x) [small enough open ball around
x which...] contains z,, for only finitely many n.

Proof: Suppose not. Then Jx € X such that Ve, > 0, 8., contains z, for
infinitely many n [negating the above claim]. There exists a point (i.e. x) such
that there is a ball around it which contains z,, for infinitely many n. So In,
such that x,, € B1(x), Iny > ny such that x,, € Bi/5(x), Inz > ny such that
Tpn, € Bi/3(x) and so on...

So {x,}52, is a subsequence such that d(z,z,,) < % = x,, — « Therefore
contradiction [ AB(x) that contains z,, for infinitely many n since z,,, — z].

26



Now returning to the original proof now that this claim has been proved...
Recall that any open ball is an open set [proved in the last lecture]. So the
collection {f., (z)}zex is an open cover of X. Any little x belongs in S, . Since
X is compact it has a finite subcover Be, (y1), ..., B¢, (yx) so that the balls
around them is a cover of X. Each of these balls contains xz,, for only finitely
many n. And their union contains X. This is impossible, since X contains x,,
Vn. Finitely many balls such that their union is an infinite set. Therefore, if
X is a compact set, we’ve shown there’s a convergent subsequence in x that
converges within X. [It’s not the point — rather the indices which are causing
the contradiction: finitely many x,, in the subsets: i.e. x1,zs5,x21 is in one of
these balls B, (y1). Finitely many balls, so one of them must contain x,, for
some n which goes to infinity — contradiction].

(=) Conversely, suppose that every sequence in X has a subsequence that con-
verges to a point in X.

To show: We want to show X is compact.

Let U be any open cover of X.

To show: U has a finite subcover. There’s always an open cover of any set
[take the full space]. Any set that has a finite open cover is vacuously compact.

There are two steps in the proof:

Step 1: Je > 0 such that Vo € X, U € U such that () C U. U is an open
cover, so any x is contained in one element of U, and there’s a ball around x
containing that x. Claim is even stronger, we have a single € that works for all
x (not simply each x has its own ¢, for the radius of the open ball). U is the
collection of open sets whose union contains the entire set X. Some little ball
around x which contains x. and our claim here is that there’s some € that works
for all x. And that’s where we use the assumption that every sequence has a
convergent subsequence.
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Theorem 10.1 (Bolzano-Weierstrauss Theorem for Metric Spaces) A sub-
set X C M is compact if and only if every sequence in X has a subsequence that
converges to a point in X.

(=) We proved that if X is compact, then every sequence has a convergent
subsequence.

(<) Remains to prove the converse [if every point has a subsequence that con-
verges to within X, then X is compact].

Suppose that every sequence in X has a subsequence that converges to a point
in X. Let U be an open cover for X.

Step 1: Je > 0 such that Vo € X, Ju € U with B.(z) C U. [e does not depend
on x! Open set around x of size € that’s a subset of our open cover.].
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Suppose not. Then Ve > 0, 3z, € X such that VU e U, B.(z.) € U.

Let yn, = 1. Then y, € X Vn, 51 (yn) ¢ U for any U € U. Since {y,}2 is a
sequence in X, there is a subsequence {y,, }3>, converging to some y € X [use
hypothesis that every sequence is a convergent subsequence].

Since y € X, 3U € Y [Union of all Us contain X] such that y € U [union of all
the Us contain X, so y belongs to some U]. Since U is open, Je > 0 such that
Be(y) C U [any ball around y is fully contained in the open set]. Choose k so
large that d(y,yn,) < § and nik < 5.

Take any 2 € S (yn,) Then d(y, 2) < d(y,Yn, + d(Yny,2) < €/2+ 1)y < €
= 2z € B(y). Thus, 81 (yn,) C U. Thus, we have a contradiction.
’Vlk

Step 2: Given any ¢ > 0, 3 a finite collection of points x1,...,xz, € X such
that X C U, Bc(z4).

Proof:

Suppose not. Then Je > 0 such that X ¢ U, 5.(z;) [X is not contained in the
union of epsilon-raidus balls around x; for a finite subset of x; in X. Take any
x1 € X [if X is empty, then everything is true vacuously]. Since X & B.(z1),
Jxo € X such that zo & Bc(x1). That is d(x1,x2) > €. But X & Bc(z1) U Be(x2)
so Jzg € X such that z3 & Bc(x1) U Be(z2)

= d(x1,23) > €, d(z2,23) > €)

Proceeding inductively, we can get an infinite sequence 1, zo,... € X such that
d(z;,x;) > € Vi # j.This implies that no subsequence of {x,,}7%, is Cauchy.

Completing the proof

Let U be an open cover of X. By Step 1, de > 0 such that Vax € X, U € U with
Be(x) C U. By Step 2, 3x1,...,2, € X such that X C U™, S.(z;) where € is
from Step 1. So by Step 1, Uy, Us,...U,, € U such that B.(x1) C Uy, Be(x2) C
Us,...,Bc(xn) CU,. = X CUM,B(x;) C U, U;. Therefore, X is a compact
set.

Theorem 10.2 (Bolzano-Weierstrauss Therorem for R™) Any bounded se-
quence [contained in a large ball] of points in R™ has a convergent subsequence.
A bounded sequence means IR such that ||x®|| <R Vk.

Proof for R2:

Suppose we have (z1,1), (T2,%2), ... € R? is a bounded sequence. Then z1, 7, ...
is a bounded sequence in R, so it has a convergent subsequence %, ,Zn,, ...
where ny < ny < ... is an increasing sequence of positive integers. But vy, yo, ...
is also a bounded sequence in R. Thus yn,,Yn,,..- is a bounded sequence in
R [using the same nj,ng,... from the X]. Thus, there is s sub-sub-sequence
Yni, s Yny, » --- Which converges. But zy, ,xp,, also converges because it is a sub-
sequence of a convergent sequence [and subsequences of convergent sequences
converge]. So we’ve proved we have convergence in R” <= we have coordinate-
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wise convergence. S0 (T, ,Yny, ), (Tny, s Yny,) converges in R2. And so on for
R™...

If you have an infinite sequence of infinite sequences, can find a subsequence
of which each of the infinite sequences converges [diagonalization Cantor argu-
ment].

Theorem 10.3 (Heine-Borel Theorem for R") A subset X € R™ is com-
pact if and only if it is closed and bounded.

Proof:

Suppose X is closed and bounded. Take any seq {x,, }52 ;in X. By Bolsano-Weie,
it has a convergence subsequence. Since X is closed the limit of this subsequence
€ X. This shows that any sequence in has a convergent subsequence in X. This
implies that X is compact [from the generalized Bolsano-Weie Thm we just
proved].

10.1 October 19

Theorem 10.4 (Heine-Borel Theorem for R") A subset X C R™ is com-
pact if and only if it is closed and bounded.

We proved that if X C R"™ is closed and bounded, then it is compact (using
Bolzano-Weierstrauss Theorem for R™ and for metric spaces). This is gener-
ally not true for infinite metric spaces: only R".

For the opposite direction, it suffices to use the following general result.

Theorem 10.5 Any Compact subset of a metric space is closed and bounded.

Bounded means that 3R > 0 such that d(z,y) < R Vz,y € M [M is the metric
space].

Proof:

Let X C M be compact. Take any sequence {x,}°2 ;in X converging to some
point z € M. We need to show the limit of {z,,}22 ;is in X: need to use the fact
that X is compact to get that. [Practice for the midterm: think about
what theorems you can use to prove this.]. By Bolzano-Weierstrauss the-
orem for metric spaces, 3 a subsequence {z,,} that converges to some point
y € X [result of compactness|. Next step: show that z = y.

Easy Fact: If a sequence in a metric space converges, then any subsequence
converges to the same limit. Follows immediately from the definition of limit.
Thus, y =z and = € X. So any compact set is closed necessarily.

Now we need to prove that it’s bounded. Take any x € X [if empty, then vacu-

ously true], then the set {3, (x) : n = 1,2,...} covers X (set of open balls centered
at X) [fact of compact sets]. So this has a finite subcover: 8,, (), ..., Bn, () [why
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is this collection of open balls a cover for X?] Formal way to prove it is to take
any y € X, we need to show y is in one of these balls: d(x,y) < k, then can find
a finite subcover:

Let n = max{ni,...,nx}, then these balls are becoming larger and then X C
Brn(x) [there is exactly one ball that covers X]. This implies d(x,y) <n Yy € X
= d(y,z) < d(y,z)+d(z, z) < 2n [using the definiton of open set for distances].

Theorem 10.6 Any closed subset of a compact set is compact.

Proof

Let X C M be compact and F C X be closed. Take any sequence {z,}52
in F. We have to prove there’s a subsequence that converges to a point in F: 3
subsequence {x,, } converges to a limit z € F.

Since F' C X, {x,}32,is also a sequence in X. Thus, by the BW thm, 3 a
subsequence {x,,} that converges to some = € X. Last step: z € F. But
this subsequence {z,, } is in F, and F is closed, so « € F. Therefore, F is also
compact.

Ex.
Cantor set is compact.

Def.[Relative Metric]

Let (M,d) be a metric space and X be a subset of M. Then (X,d) is also a
metric space, and d is called the “relative metric” on X.

Note: X is always an open subset in the metric space (X,d), but may not be
open in (M,d). X is always open and always closed in (X,d), but may not nec-
essarily be closed or open in the context of (M,d).

Theorem 10.7 A set A C X is open in (X,d) if and only if A= X NU for
some open set U in (M,d)

Proof

Suppose A C X is open in (X,d). We need to produce the set U.

Take any a € A, then Je¢, > 0 such that B (a) = {y € X|d(a,y) < €.} C A.
Open ball around a in metric space X.

Let U = Uge a8 (a) [same radius €4, but balls in M rather than in X = these
open sets are different — ones in M are “bigger”.] Union of open balls around a
in metric space M. Then U is open in M: union of open balls is open.

Claim: A =X NU. Proof: [prove both sides include the other]

Take any a € A, then a € X since X C A, and a € U since U C Bé\f(a). Thus,
ACXnU.

Ex. M = R?, X = R. Open ball in X is a circle (or more precisely, the
diameter of this circle), open ball in M is a disk (inside of the circle is filled in.
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Conversely, take any y € X NU, then y € B%(a) for some a € A since
y € U = UgeaB(a). Thus, d(a,y) < €, but y € X [y is in then intersec-
tion of X and U], so y € ﬂgg(a) C A. Thus X NU C A.

Conversely, suppose that A = X NU for some U that is open in (M,d). Take
any a € A, then a € U [A = X NUJ, then Je such that 3 (a) C U. Take any
y € X such that d(a,y) < e. Then y € 8 (a) [within distance € of the bigger
space and therefore in open ball] = y € U. Thus, we conclude Bé (a) C U, but
obviously 2 (a) € X, so 8 (a) CXNU = A= Ais open in (X,d).

Theorem 10.8 A C X is closed in (X,d) if and only if A= X NF for some F
that is closed in (M,d). Same result as for open sets.

[Can try to prove this on your own — just take complements: open sets are
complements of closed sets].

Theorem 10.9 Let X C M, then A C X is compact in the smaller space (X,d)
if and only if A is compact in (M,d).

Proof:

Suppose A is compact in (M,d). Take any sequence {x,}22 in A. Then 3
subsequence {z,,} converging to some x € A. But then this property also
holds in (X,d). Existence of a convergent subsequence doesn’t change if you
move from a smaller sequence to a larger sequence. Compactness is an intrinsic
property of A itself [doesn’t change depending on which space the set is sitting
in].Compactness is a property of the metric space itself — it doesn’t depend on
which space its sitting in.

Converse is similar.

In particular, A is a compact subset of (A,d) if and only if A is compact in
(M,d).

Def. We say that a metric space (M,d) is compact if M is a compact subset
of M. M is always an open set of M, M is always a compact set of M, but M
is not necessarily a compact subset of itself. Compactness is a function of
the metric space: (0,1) [open interval between 0,1] is not a compact metric
space.
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11.1 Continuous Functions

Let (Mj,ds) and (Ma, d2) be two metric spaces. Let f: My — M be a function.
Def.[Continuity at a Point]
We say that f is continuous at a point z € M if Ve > 0, 36 > 0 such that

di(z,y) <6 = da(f(2), fy)) <e
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Effectively want to show di(x,y) < 0 = da2(f(z), f(y)) < e.

Ex. f:R — R (with Euclidean metric).

B %ifx#O
f(x)_{()ifm—o

Claim: f is continuous everywhere except at 0.

It’s defined everywhere (so it’s a well-defined function), and it’s clear that it’s
continuous everywhere except at that point, but how do we prove this?

Take any = # 0. Take any € > 0. Suppose |z — y| < § (with § to be de-
termined later).

y #0, then |f(z) — f(y) = I3 — ;| = |m\ \y| |z|i|y\ < \w\f% =% <e
Now suppose we chose § so small § < ‘;”—l Then |z| < |z —y|+|y| < I+ |y| <
5ttt = dyl > B

||

Then suppose also that § < Conclusion: If we choose § < min{5, e—}

then |z — y| < & = |f(z) — (7)'

| <
For doing these types of proofs, do first part of calculation on a separate sheet

of paper to find which ¢ you need to choose, and then start with “If we choose
0 = ...” when doing the actual proof.

What about not continuous at 07

Discontinuity at 0: just have to exhibit one € which works. Take € = 1.

To show: Vé > 0, Jy such that [0 — y| < § but |f(0) — f(y)| > 1.

Proof. Take any 6 > 0. Let y = min{1, g} Then |0 — y| = |y < 5 <0,s0yis
within the delta ball around 0. But |f(0) — f(y)| = |0 — %| = |y| > 1 because
y < 1. Therefore, we have discontinuity at 0.

Theorem 11.1 (Continuity on Metric Spaces) f is continuous at a point
z if and only if for any sequence {x,}2 | converging to x, f(x,) converges to

f(z).

Proof

Suppose [ is continuous at x. Take any sequence {z,}5 converging to x.
Take any € > 0, 36 > 0 such that if di(x,y) < d§, = da(f(2), f(y)) < e
Since {z,}52; — x, 3N such that Vn > N, dl(xn,x) < 4. Then Vn > N,

do(f(xn), f(x)) < e Thus, f(zn) = f(2).

Conversely, suppose that V sequences {z,}5° converging to x, we have that
f(zn) = f(z). WTS f is continuous at x.

Proof
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Suppose not. Then Je > 0 such that V6 > 0, Jy such that dy(z,y) < §, but
da(f(x), f(y)) > € [means its not continuous].

Take any n, let § = %, then Jy,, such that dy(z,y,) < § = 3, but do(f(z), f(yn)) >
€. And e is fixed. but y,, — x, but f(y.) 4 f(x) = contradiction.

Def.[Continuous Function]
A function f : M7 — Ms is called continuous if it is continuous at every x € M;.

Relation between Continuity and Compactness

Theorem 11.2 Suppose X C M is compact and f : My — My is continuous.
Then the image of f [i.e. f(x) = {f(x)|x € X}] is a compact subset of Mo.

main point: Continuous functions map compact sets to compact sets.

Proof:

Take any sequence {y, 5, in f(X). Then Vn, y, = f(z,) for some z, € X.
By compactness of X, 3 subsequence {z,, } converging to some = € X. Then
by continuity of f, y,, = f(xn,) = f(z) =y € f(X).

Corollary 11.2.1 Suppose that (M,d) is a compact metric space, and f : M —
R is a real-valued function. Then f is a bounded function, meaning that 3R > 0
such that |f(z)] < RVz € M.

Proof:

Compact in the real line implies closed and bounded.

Since M is compact and f is continuous, the set f(M) C R is also compact, and
hence closed and bounded. Therefore f is a bounded function.

Ex.

Consider M = (0,1). Suppose f : M — R so that f(x) = % Then f is contin-
uous on M, but f is clearly unbounded. But our theorem implies that such a
function can never be constructed on the closed interval [0,1]. If your function
is unbounded, it must have a point of discontinuity somewhere.

Brower-fixed point theorem: any function from disc to a disc or ball into a
ball will have a fixed point. Here’s how Brower proved it.

B = disc and suppose we have a function f : B — B, and suppose there is no
fixed point: no x such that f(x) = x.
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12.1 Continuous Functions

One of the main results: Image of a compact set is also compact.
Midterm: up to last Friday’s lecture.
Similar standard to the practice midterm.

Theorem 12.1 Let (M;,d1) AND (Ma,ds) be metric spaces.

Let f: My — My be a function. Then the following are equivalent:

1. fis continuous.

2. VC C My closed, f~Y(C) = {z € My|f(z) € C} is also closed [inverse image
of a closed set is closed].

3. YU C My open, f~1(U) is open.

Useful for general topological spaces when you would like to define continuity.
But on metric spaces, these are equivalent notions.

Proof (1)=(2)=3)=(1). (1)=(2)

Let C' C Ms be closed. Take a sequence {x,,}°° ,in f~!(C) converging to some
x € My. WTS: z € f~1(C). Since z,, € f~1(C), then f(z,) € C. Now z,, — z,
and f is continuous, so f(z,) — f(x), but f(z,) € C ¥n and C is closed. Thus,
f(z) € C which means that z € f~1(C). Therefore f~(C) is closed.

(2) = (3)
Proving f~1(U%) = f~1(U)“ will help us show (2) = (3).

Let U C My be open. Then U is closed. By (2), f~1(U®) is closed. Now
if # € f~Y(UY) then f(x) € U and so f(z) ¢ U. Thus ¢ f~1(U) which
shows that x € f~1(U). So f~1(U%) C f~Y(U)“.

On the other hand, if x € f~1(U)%, then f(x) ¢ U and so f(z) € U® and
thus = € f~1(U%).

So f~H(U)C = f~HUC) is closed. = f~1(U) is open. (3) = (1)

Want to show f is continuous at every point in Mj.

Take any x € M; and take any € > 0

To Show: 3§ > 0 such that di(z,y) < § = da(f(z), f(y)) < e. Have to prove
that there exists such a delta.

Let U = B.(f(z)) € M. Then U is open. Also, f(z) € B.(f(x)),s0x € f~1(U).
But by (3) f~1(U) is open since U is open. Thus, 3§ > 0 such that Ss(z) C
f7HU).

Take any y € M; such that di(z,y) < ¢
f7Y(U). Thus f(y) € U, and so da(f(x), f(y)) < €.

. Then by definition, y € Bs(x) C
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12.2 Uniform Continuity

Def A function f: M; — My is called uniformly continuous if Ve > 0, 3§ > 0
such that whenever z,y € My with d(z,y) < §, we have do(f(x), f(y)) < e.

In continuity § depends on x. In this one, it only depends on .

f:R = R, f(z) = 22 is not uniformly continuous. f(z) — f(y) = 2% —y? =
(r—y)(x+1).

Take any § > 0, let y = ¢ 4+ 0, x > 0. Then f(z) — f(y) = 6(2x +9) > 1
if x is large enough.

Function f(z) = z is uniformly continuous in R. Can choose § = € and you're
done for this example.

f:(0,% = R, f(z) = tan(x) not uniformly continuous.
0,1) » R, f(z) = 1 not uniformly continuous.

= {(z1,22,.)| 2 || < oo} and f(z) = 21 d(z,y) = 3 |wi — yil. Take
n=1 n=1

sequence (z,0,0,...) and (x4 6,0,0,...) differ by ¢ but f(z) — f(y) can become
arbitrarily large.

(o)
Bounded (and closed subset of I! which is not compact): X = {z € I'| 3 |z;] <
n=1
1} since (0,0,0,...,1,0,0,...) cannot be cauchy.

Theorem 12.2 Let M, be a compact metric space and Ms be any metric space.
Let f: My — My be continuous. Then f is uniformly continuous.

Proof:

Take any € > 0. Take any € M;. There exists d, > 0 such that di(z,y) <
5. = dao(f(2), /(1)) < § [by contimuity of f]. Thus, B, (x) C f~1(B3(/(x)).
Now {6% (2)}zenr, is an open cover of M.

So by compactness there is a finite subcover: {8s,, (z;)}7 ;.
2
Let § = min{%,..,é%"} > 0. Take any x,y € M; such that di(z,y) < 0.
i € {1,2,...,n} such that z € Bs,,; (x;) [these sets form an open cover of M;
2
therefore there exists some iJ.
Therefore, d;(z,x;) < 6;1'. So, di(y,x;) < di(y,z) + di(z,z;) < 0+
Thus =,y € B (x;)
2
= do(f(2), f(2:)) < 5 and da(f(y), f(2:)) < 5. = da(f(2), f(y)) <e

Sz,
2 S 611
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13.1 Connected Metric Spaces

Def. A metric space is (M,d) is said to be connected if the only subsets of M
that are both open and closed are () and M.

Theorem 13.1 M is connected <= /3 disjoint non-empty open subsets
UV C M such that M = UUV [M cannot be written as two disjoint non-
empty subsets].

Proof: Suppose M is connected. If such U, V exist, then they are both open and
closed [Complements are also open since U¢ U V¢ is equal to M and therefore
complements are open, therefore U and V are both closed and we assumed they
were open...|, and neither = () or M.

Conversely, suppose such U,V do not exist. Let U C M be a set that is both
open and closed. Then U is also open, and either U is empty or U is empty.
Def. Let (M,d) be a metric space. A subset X C M is called connected if
(X,d) is a connected metric space [i.e. X is connected in the relative metric].

Theorem 13.2 A subset X C R [usual metric on R] is connected if and only
if whenever a,b € X, and a < b, we have [a,b] C X. Subset of the real line is
connected if and only if it has this property.

Proof:

Suppose X is connected. Suppose that X does not have the above property.
That is, Ja,b € X, a < b such that [a,b] € X. Then 3¢ € [a, b] such that ¢ & X.
Let U = (—o0,¢), V = (¢,00), then U and V are open subsets of R, and so X NU
and X NV are open subsets of X. Both are non-empty, since a € X NU and
be XNV. And finally, X = (XNU)U(XNV) since X C (XNU)U(XNV) is ob-
vious and for any z € X, we have = # ¢ (since ¢ € X), so x € UUV which shows
that (XNU)U(XNV) C X. This contradicts the statement that X is connected.

Conversely, suppose X has the given property. Suppose X is not connected.
Then, 3 open sets U, V C R such that X N U, X NV are non-empty and
X=(XnDu(XnNV)and (XNU)N(XNV) =10 [X can be decomposed into
two disjoint, non-empty subsets, but U and V need not be disjoint on R — scope
is X, not R].

Take a € X NU, b € X NV, without loss of generality, let’s suppose that
a < b [a # b because disjoint sets]. Let ¢ = sup{z € [a,b]|z € X N U} [this set
is non-empty since a € this set, and it’s bounded because its a subset of [a, ]
= supremum is well defined]. Call this set A. Note that ¢ € X since X has the
given property: [a,b] C X.
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Then (1) For any n, 3z, € A so that x,, > ¢ — % Obviously, z, < ¢, thus
T, —c Sox, € XNU Vn, z,, — c.

Didn’t prove, but it’s a property: if you take the supremum of a set, there’s a
convergent subsequence to the supremum.

But X NU is a closed subset of X [complement of X NU is X NV is open in
X],and c € X,s0 c€ X NU. But X NU is open in X. So 3 some € > 0 such
that {y € X||c — y| < €} is contained within X NU [X NU is open in X].
Note: ¢ < bsince ¢ € [a,b] and ¢ # b because b € XNV. Choose € < b—c smaller
than e [can make € as small as we want], then ¢+ § < b. Thus ¢+ § € [a,0] € X
but by {y € X|lc—y| <e} CXNU, c+ 5 € XNU. But this contradicts the
definition of ¢ [found a point slightly bigger than ¢ in X NU].

Corollary 13.2.1 A set X C R is connected if and only if X is an interval
(may be open, closed, half-open, bounded, or unbounded).

Proof:
Let a = inf X, b = sup X, then by the given property, you can show that X
must be either [a,b] or (a,b) or [a,b) or (b,a] (works for co, —oco as well).

Corollary 13.2.2 The real line is connected.

Corollary 13.2.3 The real space R™ is connected.

14 October 31

14.1 Connectedness

Theorem 14.1 Let (M;,d1) and (Ma,ds) be metric spaces. Let f : My —
My be a continuous function. Suppose My is connected. Then f(Mjy) is also
connected.

Property of connectedness is intrinsically a property of the metric space [like
compactness|. Doesn’t really matter if you take a subset of it. Proof: [Have to
verify every pair of disjoint sets doesn’t complete the space]

Suppose not. 3 disjoint sets U,V C f(M;) such that both U, V are nonempty
and open in f(M;p) and f(M;) =UUV.

Note: If we consider f : My — f(M;) is continuous. Thus, f~*(U) and f~1(V)
are open subsets of M; (inverse image of open maps is open). Both are non-
empty since U and V are non-empty and are contained in f(M7).

Claim: f~}(U) and f~1(V) are disjoint.
Ifxe f~HU)N f~1(V), then f(z) € U and f(x) € V which is impossible since
U and V are disjoint (non-empty, and open).

Claim: f~Y(U)u f~1(V) = M,
It is obvious that f~1(U) U f~%(V) C M;. For the opposite conclusion, take
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any * € M;. Then f(z) € f(M1) = UUV. So f(z) € Uor f(z) € V
—ze fHU)U FYV).

This gives us a contradiction since it cannot be in the union of two disjoint
non-empty subsets.

Def. A continuous path in a metric space (M, d) is a continuous map f : [0,1] —
M. (Sometimes, the image of [0, 1] under f is called the “path”).

14.2 Path Connectedness

Def. A Metric space (M,d) is called “path connected” if for any =,y € M, there
is a continuous path f : [0,1] — M such that f(0) — z, f(1) = y.

Theorem 14.2 A path connected metric space is connected.

Proof:

Suppose that M is path-connected but not connected. Let U,V be disjoint non-
empty, open subsets of M such that U UV = M. Since U,V are non-empty, 3
x €U,y e V. Since M is path connected, 3 a continuous map f : [0,1] — M
such that f(0) = z and f(1) = y. Now let X = f([0,1]) (the image of [0,1]
under f: the path itself). Since [0,1] is connected and f is continuous, X is
connected. Solet U' = X NU and V' = X NV. Then:

e U' NV’ are disjoint since UNV =0

e U’ and V' are open in X [X is a metric space under d, X intersect open
subset of M must be open]

e U'UV' =X sinceUUV = M.

e U', V' are non-empty since z € U’ and y € V.
This shows that X is not connected, and therefore, we have a contradiction.
Corollary 14.2.1 R? is connected for any d.

Proof:

Take any z,y € R%. Define f : [0,1] — R? as f(t) = (1 — t)z + ty. This is a
continuous map with f(0) = x and f(1) = y [straight line connecting x and y].
Application:

Consider R? with S? C R? where S = {z € R? : |z| = 1} where |z| is the
unit norm /22 + x3 + 2. This is the unit sphere in R3. This is a closed and
bounded set (and hence compact).

Let f : S2 — R. be a continuous function. (Think of S? as the surface of
the earth and f(x) to be the temperature at x).
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Ex. There exists z € S? such that f(z) = f(—=z).

Proof:

Define g(x) = f(z) — f(—x): The difference between the temperature at a point
and its antipodal point (f(—=z)). Note f(—z) = f(h(z)) where h(z) = —z. f,h
are both continuous maps, thus foh is also continuous [can prove easily]. Thus,
g is continuous. Take any z € S2. If g(z) = 0, there is nothing to prove.
Suppose g(z) # 0. Note: g(—z) = —g(x). Thus, g(z) and g(—=z) have oppo-
site signs. But since S? is path-connected, and hence connected, g(S?) is also
connected. But g(S?) C R. Thus g(5?) in an interval. = 0 € g(S?) so we're
done.

Theorem 14.3 (Intermediate Value Theorem) Let (M,d) be a connected
metric space. Let f : M — R be a continuous function. If f(z) = a and
f(y) =0b for some z,y € M and a,b € R, then [a,b] C f(M) (a <Db).

Proof:
f(M) is connected, so the whole interval between the two points are contained
within the image of the function.

15 November 2nd

15.1 Complete Metric Spaces

Def. A metric space (M,d) is said to be complete if every Cauchy Sequence in
M converges to some point in M.

Ex. R with the usual metric is complete [use least upper bound to prove mono-
tone sequences converge, BW to prove that bounded seq has a subsequence, etc.
— took a lot of work].

Ex. Q with the usual metric is not complete.

Why? We proved that v/2 is not a rational number. We also know that
Vn, 3 a rational number z, € [vV2 — =,v/2] Then {,}32, is Cauchy and

lim z, = V2 ¢ Q. Just have to exhibit one sequence that is Cauchy but not
n—roo

convergent to show that it is not complete.

Theorem 15.1 If {z,}52, is a convergent sequence in any metric space (M,d),
then {z,}52, is Cauchy.

Proof: Suppose {x,}52,; — . Take any € > 0. Find N such that Vn > N,
d(xp,x) < §. Then Vm,n > N, d(Zm, Tn) < d(Zm, ) + d(zn, ) <€

Ex R"™ is complete. Proof: If {z,}52 is Cauchy in R™, then each coordinate
is a Cauchy sequence in R, and so convergent. And thus, {z,}52, converges.
Distance between two coordinates can become arbitrarily small = the total dis-
tance between two elements of R™ becomes arbitrarily small.
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Theorem 15.2 [' is complete.

Proof:

Let {a(™}22 | be a Cauchy sequence in I*. Let a™ = (a{,a{",a{", ...). Each
coordinate will be a Cauchy sequence in the real numbers. Coordinate-wise
convergence does not imply convergence in [, but proving coordinate-wise con-
vergence is not difficult in {'.

Step 1: For each i, {az(_n)}%o:l is a Cauchy sequence of real numbers.

Proof: Take any ¢ > 0. Find N such that VYn,m > N, d(a™) o) < e
Take any coordinate i. Then Vm,n > N, |a§m) — aEn)| <3 \agm) - a;")| =
d(a(m), a(")) < e. This proves that for each coordinate, you have a cauchy se-
quence of real numbers that converges.

(n)

Thus, Vi a; = lim a; ~ exists. (coordinate-wise, the limit exists).
n— oo

Let a = (ai, as,as,...). Need to show a € ['. And a,, — a.

Step 2: a € I

Proof: Take any € > 0. Let N be such that Ym,n > N, d(a(m), a(”)) < e. Then
¥n > N, 52 < Y (ol —afM | +alM| = 2 o —afV [+ ol <
e+ 302 lag™)

Trick: Take any p > 1. Then Vn > N, 37 | \agn)\ < >y la™| < e+
0o N
Dici |az(‘ )|

We know lim >°% \al(”) = n)| _
n—oQ

o L
- Jim |a; P, lai| [can exchange limit

and sum for finite sum).

Thus, Vp, Y0 la;] < e+ Yo o™ [does not depend on p]. Thus, we can
now take p — oo on the left and get Y2, |a;| < e+ o) |a§N)| < o00. Soa € ll.

Step 3: a™ — q in I'.
Proof: Take any p > 1. Take any e. Find N such that Vm,n > N, d(a(™,a(™) <
e. Then Y1 | ai™ —a{™| < pOya a{™ — (™| = d(a™,a™) < € (we call this

Now fixing n > N, send m — oo in (*). We get Zf; la; — agn)| < €. But this
holds ¥p. So we conclude that w can send p — oo. d(a,a™) = 3772, la;—a{™| <
€. Therefore, I! is complete.

Def. Let (M,d) be a metric space. We say that (M;,d;) is a completion of

(M,d) if the following three conditions hold:
1) (My,dy) is complete
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2) M C M,
3) d(z,y) = di(x,y) if x,y € M.
Enlarge the metric space M with more points so that it becomes complete.

Theorem 15.3 Fvery metric space has a completion.

Equivalence classes of Cauchy Sequences.

Proof: Define two Cauchy Sequences in M to be equivalent if d(x,,y,) — 0 as
n — 0o.

Let M; equal the set of equivalence classes. Define dy({zn 52, {yn}52,) =
nli_{rgo d(xn, yn) [and can prove this limit always exists by the triangle inequality].

Read from the textbook...

Map from M — M; such that we can repeat the element in M infinitely many
times to fall into an equivalence class of M;. Need to show every Cauchy
Sequence in M; has a limit.

16 November 7

16.1 Complete Metric Spaces

Def. Pointwise convergence

Let M be a metric space and {f,}°; be a sequence of functions from X into
R. We say f, — f pointwise if for each z € M, nh_}n;ofn(x) = f(x).

Fact Even if each f, is continuous and f, — f pointwise, f may not be con-
tinuous.

Ex. Let M =[0,1]. Let f,(z) = ™. Then f, — f pointwise where f(x) is 1 if
x =1, and 0 if z € [0,1). But { is not a continuous function (discontinuity at
1), even though f converges pointwise.

Pointwise convergence: sequence of functions where each function in this se-
quence converges (not each point in one specific function).

Def. We say that f,, — f uniformly [stronger than pointwise] if Ve > 0, IN > 1
such that Vn > N, Vo € M, |f.(z) — f(z)| < e. [This one N works for all x —in
pointwise convergence N depends on x]. Same N works for all x.

Theorem 16.1 If each f, is continuous at a point x € M, and f, — [ uni-
formly, then f is continuous at x. In particular, if each f, is continuous every-
where, then f is continuous everywhere.

Proof: Take any ¢ > 0. Find N so large that Yn > N, Vy € M, |f.(y) —
f(y)| < §. Since fy is continuous at x, 3§ > 0 such that if d(z,y) < J, then
|fn(y) — fn(z)] < § (because fx is continuous at x).

Claim: If d(x,y) < §, then |f(x) — f(y)| < € (will prove f is continuous at x).
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Proof: Take any y € f5(z). Then [f(x) = fy)| < |f(z) — fn ()| + [fn(2) -
In@W)| + fn(y) — f)y)| where each of these terms are bounded by £, so <
£+ 5+ 5 = e If only pointwise convergence, wouldn’t have that the third term
is bounded by £ (have it for the first two, but not the third).

16.2 Function Spaces

Let M be a compact metric space. Let C(M) denote the space of all contin-
uous functions from M into R. [Only work with compact metric spaces]. For
f,9€ C(M),let p(f,g) =sup,ecp |f(x)—g(x)| [sometimes called the supremum
metric].

Claim: p is a metric on C(M).

Proof: For any f,g € C(M), p(f,g) > 0 [clear], and p(f, g) is finite since f,g
being continous functions on a compact space are bounded. If you don’t have a
compact space, everything will go through, but the distance will sometimes be
oo (but distance needs to be finite for the definition of a metric).

So p(f,g) = p(g, f) is also clear.
p(f,9) =0 < f =g is also clear.

Take f,g,h € C(M), then p(f,g) = sup{|f(z) — g(z)|lz € M} < sup{|f(z) —
h(z)| + |h(z) — g(x)| : © € M} (via triangle ineaquality). < sup{|f(z) — h(z) :
x € M} +sup{|h(z) — g(z)| : @ € M} = p(f,h) + p(h, g).

Theorem 16.2 f,, — f in C(M) if and only if f, — [ uniformly.

Proof: Suppose that f, — f in C(M), that is p(f,, f) — 0. Take any € > 0.
Then 3N such that Vn > n, p(f,, f) < € which implies Yn > N, sup,, |fn(z) —
f(x)] < e=Vn > NV e M, |f.(z) — f(x)] < € [convergence w.r.t. p =
uniform convergence].

Conversely, suppose that f,, — f uniformly. Then Take any ¢ > 0. Find N such
that Vn > N, and Vo € M, |f,(x) — f(x)| < § [by uniform convergence]. Thus,
Vn > N, p(fn, f) = sup, | fu(z) — f(2)| < § < €. Supremum gives us <, but we
want < e.

Theorem 16.3 (C(M),p) is a complete metric space.

This space comes up in Math 230C (last course in the probability sequence).
Brownian motion is random continuous function that is not differentiable any-
where. Very important space (space of continuous functions of a compact set)
Proof: Let {fn}22, be a Cauchy sequence in C(M). Take any z € M, then
| fn(z) — fm(2)] < SUPyem |fu(y) = fm(W)| = p(fm, fn). From the fact that
{fn}22, is a Cauchy sequence, {f(z),}52; is a Cauchy sequence of real num-
bers and therefore has a limit. Let’s call the limit f(x).

Need to show f(z) € C(M) and {f(x),}>2, converges to f(z) in the p metric.
Take any € > 0. Find N such that Vn,m > N, p(fm, fn) < €. Thus, Vo € M,
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Vn,m > N, |fm(z) — fu(z)] < e = Vo € M, Vn > N, |f(z) — fu(2)] =
W}i_r}noo | fm(z) — fn(x)] < e. This shows that f, — f uniformly. = f € C(M) (f
is continuous) and p(f,, f) — 0 [shows both of the things we wanted to show].
Have that (f(x) — R) as this function maps points to R. This space is
complete, but not compact. Any compact metric space is complete [any Cauchy
sequence has a convergent subsequence, therefore it converges to the convergent
subsequence, therefore all Cauchy sequences converge, therefore space is com-
plete].

16.3 Riemann Integration

Let [a, b] be a closed interval. A partition of [a,b] is a finite set P = {xg, ..., z,},
witha=zg <21 <29 <...<mp =00

Let f : [a,b] = R be a bounded function (upper bound and lower bound on

the values of f). We define the upper and lower sums of f with respect to the

partition P as U(P, f) = > M;(z; — xi—1), L(P, f) = > m;(x; — x;—1) where
i=1 =1

M; = sup{f(z)|z € [zi_l,?ci]} and m; = inf{f(x) : € [z;—1,x;]} [upper and
lower bound each interval].

17 November 09

17.1 Riemann Integration

f:la,b] > R

[ is bounded, meaning that IM > 0 such that |f(z)| < M for all z € [a, b].

Take a partition P = {zg,21,..., 2}, a =29 < 21 < ... <z, = b. U(f,P) =
Yoy Mi(z; — xi—1), M; = sup{f(z)|z € [xi—1,2:]}. U(f,p) is a reasonable
upper bound for the area under the curve.

Similarly, the lower Riemann sum: L(f, P) = >, m;(z;—x;—1), m; = inf{f(z)|z €
[€i—1,2;]}. This is indeed a lower bound on the area under the curve.

Observe that for any partition P, L(f, P) < U(f, P) (since m; < M; Vi).

Proof: Let P be a partition and P’ = PU{z} be a partition with one additional
point = & P.

Claim: U(f, P') < U(f, P) and L(f, P') > L(f, P).

Proof: Suppose z;_1 < x < z;. Then U(f, P') = My(z1—z¢)+...+ M;_1(zi—1, —xi—2)
= 1(1) (LC — xi*l) + Mz(Q) (iEZ — LL') + Mlqu(xprl — (El) + ...+ Mn(xn — l‘n,l).

Mi(l) = sup f(y) < M, such that y € [z;_1, x]

Mi(z) = sup f(y) < M; such that y € [z, z;]

< Mi(zq —22) + oo + My (2521 — mi—2) + +Mip1 (i1 — x;) + My(z; — ) +
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o+ My (2, — 1)

So we have M;(x — x;—1) + M;(x; — ) = M;(x; — 2-1)

U(f,P') <U(f,P), Similarly, L(f, P") > L(f, P).

A partition S is called a refinement of P if P C S. By using the previous claim
and induction, we get that if S is a refinement of P, then U(f,S) < U(f, P),
and L(f,S) > L(f, P).

Lemma 17.1 For any two partitions P and S, L(f,S) < U(f, P).

Proof: Note that PU S is a refinement of both P and S [a common refinement).
Thus, L(f,S5) < L(f,PUS) <U(f,PUS) <U(f, P).

Let £ = {L(f, P)|P is a partition of [a,b]}. (f, a, b are fixed).

U ={U(f, P)|P is a partition of [a, b]}.

o Define the lower Riemann Integral of f as f; f(z)dx =sup L

e And the upper Riemann integral fff(m)da: =infl.

We say that f is Riemann integrable if fj f(x)dx = ff f(z)dz and then this is
defined to be f; f(x)dz.
Note that V bounded f, ff f(x)dx < f; f(z)dz.

Proof: For any P, U(f,P) > L(f,S) VS. This implies U(f, P) > f; f(z)dz.
This implies fagf(x)dx > f; f(x)dz.

17.2 Riemann’s Criterion

When Riemann integrals exist (i.e. lower integral is equal to upper integral).
Let R[a, b] denote the set of all Riemann integrable functions on [a,b].

Theorem 17.2 Riemann’s Criterion: f € Ra,b] if and only if Ve > 0, AP such
that U(f,P) — L(f, P) < e.

Proof: Suppose that f € Rla,b]. Take any ¢ > 0. Since ff fdx =sup L, 3P
such that L(f, P) > f; fdx — 5 [by the definition of the supiremum]. And sim-
ilarly, 35 such that U(f,S) < ff fdx + § [by the definition of the infimum].
Since f € Rla,b], [* fdv = [* fda.

SoU(f,S)—L(f,P) < f: fdr+§ — (fj fdx — § = € [requires same partition S
and P for Riemann Integrable = take Refinement].
Thus, U(f, PUS) — L(f,PUS) < U(f,S) — L(f, P) < e.
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Now suppose there exists such a partition. Suppose that Ve > 0, 3P such that
U(f,P)— L(f, P) < €. Take any € > 0. Find such a P. Then f: fdx < U(f, P)

and [} fdv > L(f, P). Thus, JP pdw — Ji fdw < U(f,P) = L(f,P) < ¢ [by the

definition of the upper integral and lower integral]. Thus, fag fdx — f; fdx <0,
but we also know that this is > 0. Therefore, it must be 0. B

Theorem 17.3 Cla,b] C R]a, b

C is continuous function. Take any f € Cla,b]. By the continuity of f and
the compactness of [a,b], { is bounded. Also by compactness of [a,b], f is uni-
formly continuous. Take any € > 0. Find 6 > 0 so small that |z — y| <
0 = |f(x) — fly)] < ﬁ [by the definition of uniform continuity] for any
z,y € [a,b].

Let P = {xo,...,xn} be a partition of [a,b] such that z; — x,_1 < § Vi. Then
for any i, M; —m; = SUP,e(y, 2 f(®) — infoc,_, 2, f(@). Need to show

€

supremum - infimum is bounded by 20—a)

18 November 11

18.1 Riemann Integrable

Theorem 18.1 Any continuous function f : [a,b] — R is Riemann integrable.

Proof: Since f is continuous and [a,b] is compact, f is bounded and uniformly
continuous. Take any € > 0, find 6 > 0 so small that for all z,y € [a,b] such
that |z —y| < 4, we have that [f(z) — f(y)| < =5 [by uniform continuity].
Let P = {xo, ..., z,} be a partition of [a,b] such that (z; — z;_1) < dVi.

Let M; = sup,cpy, , 4,1 f(®) and m; = infoe(y, , 2,) f(x). Both are finite since
f is bounded. In the last lecture, we claimed the difference between the two is
bounded by ﬁ.

Fix some i. Take any # > 0. Jw € [x;_1,2;] so that f(w) > M; — 0 [any-
thing a little less than supremum is in the interval]. 3z € [z;-1,2;] such that
f(z) < m; + 6 [by the definition of the infimum]. Since w,z € [x;_1,z;] and
x; — Ti—1 < 0 we have that |w — z| < . Thus, |f(w) — f(2)| < =ay because of
our choice of delta. Therefore, if you take M; — m; < f(w) +60 — (f(z) —0) =
fw) — f(z)+20 < Teay T+ 20. [and 6 is arbitrary]. Thus, M; —m; < (=R
Thus, U(f, P) = L(f, P) = 22 (M; — mi)(z; — wi—1) < gy 2o (wi — wie1) =

i=1 i=1

=) (b—a) =5 <e Thus b;f Riemann’s criterion, f € R[a,b].
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18.2 Derivatives and Integrals

Let f : [a,b] — R be a function. We say f is differentiable at a point in x € [a, ]
if there is a number ¢ € R such that Ve > 0, 36 > 0 for which we have Yy € [a, ],
ly—al <o y#e= |LOHTD _<e

In other words, lim %g(y) = c¢. In this case, we denote ¢ by f’(x). This ¢ is

unique.

Fact: If f is differentiable at x, then it is continuous at x.

Proof: Take e = 1, then 3 § > 0 such that |z —y| < 4§, y € [a,b], y # =z =
HE=IW)  f/(z)] < 1. This can be written as |f(z)— f(y)— f () (z—y)| < [z—y]
which implies by the triangle inequality |f(z) — f(y)| < (|f’( )+ 1) (x —y).
Take any 6 > 0. Then for any y such that |z — y| < min{ 75— THe ) d}, we have

[f(@) = fF()l < (If" (@) + D]z -yl < 6.

I

18.3 Fundamental Theorem of Calculus

Theorem 18.2 (Fundamental Theorem of Calculus) Let f : [a,b] =& R
be a differentiable function that is differentiable at oll x € [a,b]. Suppose that
f’ € Rla,b]. Then,

J2 1 (@)de = f(b) = f(a)
Proof:

Theorem 18.3 Suppose that f : [a,b] — R is differentiable and f(a) = f(b).
Then 3 some c € [a,b] where the derivative f'(c) is 0.

Proof: Suppose that f is constant in the interval [a,b]. Then there is nothing
to prove since f'(x) = 0 Vz € [a,b]. Then there are two other cases we have to
consider.

If f is not constant in [a,b], there are two possibilities.
e Jz € [a,b] where f(z) > f(a) = f(b).
e Jz € [a,b] where f(z) < f(a) = f(b).

Both case 1 and case 2 may simultaneously hold, but it suffices to show both
independently.

We will only consider Case 1, since Case 2 is similar.
f is differentiable = f is continuous = f attains its maximum value in [a,b] (a
is closed and bounded, so compact).

Proof: [a,b] compact = f is bounded = sup ¢, f(7) € R, H{z,}72, € [a,b]
so that f(zn) = sup,epqy f(2). Find a convergent subsequence x,, converging
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to some z* € [a,b] [because bounded] which implies f(z*) = klim flzn,) =
—00

SUDP¢(q,0) f (%) [by continuity of f and by any subsequence converges to the same
limit as the sequence itself].

Let z* be such a point (where f is maximized). Since f(z) > f(a) = f(b)
for some x € [a,b], the supremum of f(x): sup,¢jq) f(®) > f(a) = f(b). Thus,
€ (a,b) [not including the endpoints].

Since f(x*) > f(y)Vy € [a,b], we have that WWJ € [a,b],y < z*. and
% < O0Vy € [a,b],y > z* [since denominator flips signs].

Take any € > 0. Find d such that |f7£(y) f'(z*)] < e whenever |z*—y| < 0,

y # 2% y € [a,b]. Find y such that y > z*, |y — 2*| < §, y € [a,b] (3
such y since z* € (a,b)). Then f'(z*) = f/'(z*) — (x*)_g(y) + f(I )= f( ) and

() — @)W ¢ and %:f;(y) < 0. Therefore, together < e.

T*—y

This holds for all € > 0. So f'(z*) < 0. Consider y < z*, we similarly get
f'(z*) > 0.

19 November 14

19.1 Rolle’s and Mean Value Theorem
Theorem 19.1 (Rolle’s Theorem) If f : [a,b] — R is differentiable and
f(a) = f(b), then Jc € (a,b) where f'(c) =0.

Used: continuous function on a compact interval attains a maximum.

Generalization of this result:

Theorem 19.2 (Mean Value Theorem) If f : [a,b] — R is differentiable
then 3c € (a,b) such that f(a) — f(b) = f'(c)(b—a).

Proof:
Define g(z) = (f(b) — f(a))x+(b—a) f(x). Then g is also differentiable (because
x is differentiable, f(x) is differentiable, and sum of two differentiable functions

is differentiable). g(a) = (f(b) — f(a))a — (b —a)f(a) = f(b)a — bf(a).

g(b) = (f(b) = f(a))b — (b—a)f(b) = f(b)a —bf(a) = g(a). So g is equal at b
and a, thus, 3¢ € [a,b] where ¢'(c) = 0, but ¢'(c) = f(b) — f(a) — (b—a)f'(c)
which gives us the mean value theorem.

Theorem 19.3 (Fundamental Theorem of Calculus) Let f [a, b] — R be
a differentiable function such that f' € Rla,b]. Then f(b) f f(z
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Very few conditions on f’ — it doesn’t have to be continuous, simply f’ being Rie-
mann integrable is sufficient. Proof: Take any partition P = {xq, ..., ,, } of [a, b].
Then f(b) — f(a) = >, (f(z:;) — f(xi—1) [for any partition, you can write f(b)
- f(a) as this sum|. By the mean value theorem, (f(z;)— f(z;—1) can be written
as f'(yi)(x;—x;-1) for some y; € (;-1,7;). So we have > i (f(w;) — f(xi-1) <
Dic Mi(zi — @io1) M; = supyepy, o /() and > 3700 my(z; — ;1) and
m; = infyepy, | o0 f'(x). So we have L(f',P) < f(b) — f(a) < U(f',P).
Thus supp L(f', P) < f(b) — f(a) < infpU(f’,P). Where supp L(f’, P) is

the lower Riemann integral: fab f(x)dx and infp U(f', P) = fab f/(z)dx. Thus
if f € Rla,b, then f(b) — f(a) = [ f'(z)dz.

19.2 Countable and Uncountable Sets

Def. A bijection between two sets X and Y is a map f : X — Y which is
1-1 and onto. [One-to-one means f(z) = f(z') = x = 2’ and onto means that
Vy €Y, 3x € X such that f(z) =y

When there is a bijection between X and Y, we say that these sets have the
same cardinality [number of unique elements].

Def. We say that a set X is countable if it has the same cardinality as
N = {1,2,..}. That is, 3 a bijection f : N — X. If we write z; = f(i)
i € N, then z1,x2,x3,... is called an enumeration of X [this is sufficient for
proving a bijection: define x; = f(x;) for all i].

Theorem 19.4 Any subset of N is countable or finite.

Note: Countable often means countably infinite, but can also be used
to refer to sets that are either countably infinite or finite.. Proof:
Suppose A C N is infinite. Let a; be the minimum element of A (any set of N
has a minimum element — this is an axiom of N). Let ay be the minimum of
A\{a1} and let a3 be the minimum element of A\{a1,a2}. Then ay, as,as, ... is
an enumeration of A. Therefore it is countable.

Fact: If X and Y have the same cardinality, and Y and Z have the same
cardinality, then X and Z have the same cardinality.

Corollary 19.4.1 Any subset of a countable set is finite or countable.

Proof: Can take the corresponding subset of natural numbers which aligns with
the subset you chose to achieve a bijection.

Fact: NxN is countable. Can also do f(m,n) =2"3" is a 1-1 map from NaN
into a subset of N. Can tell that 23" maps to a unique value in N by prime
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factorization. In general, any finite number of copies is countable.

Thus any set X that can be written as {z;;};27;_, is countable.

Theorem 19.5 Any arbitrary countable union of countable set is countable.
Proof: See course textbook.

Theorem 19.6 (Cantor’s diagonalization argument) [0,1) is not count-
able.

Suppose not. Let 1, z2,xs, ... be an enumeration of [0,1]. Let 0% a;1a;2a;3, ...
be the decimal expansion of x;.

Choose b1 € {0,1,...,9} such that b; # aj [first decimal digit of a1], by €
{0,1,...,9} such that by # az2. b3 # as 3. Let & = 0% bybabs.... Then x # z; Vi
since x and x; do not match in the i*" digit. Therefore, the interval [0, 1] is not
countable — cannot count the numbers.

Theorem 19.7 Q is the set of rational numbers is countable.

Proof:
Q={0}u {%mq € N,q # 0,p, q are coprime }. Therefore, the set of rational
numbers is countable.

Def. A set X C R is said to have “measure zero” if Ve > 0, 3 open intervals
I, I, ... such that X C U2, I, and > || <e. [I = (a,b), [I| = (b—a)]. (I; is
i=1

allowed to be empty).
Effectively means that X is “very small”.

19.3 Lebesgue Characterization Theorem

Theorem 19.8 (Lebesque’s characterization Theorem) A bounded func-
tion f : [a,b] = R is Riemann integrable if and only if the set of discontinuity
points of f has measure zero. That is, f is continuous “almost everywhere”.

Something holds “almost everywhere” if the exception has measure zero.

A single point has measure zero. Any finite number of points has measure zero.
Lebesque’s great revelation was this characterization of measure theory: i.e. the
definition of only countable unions (finite number of unions does not work), but
this was a surprise because Riemann has nothing “countable” in it.
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20 November 16

20.1 Measure Zero

A set X C R is said to have measure 0 if Ve > 0, 3 countable collection of open
o0

intervals Iy, Io, ... such that X C U, I; and Y |I;| < e. Where I = (a,b) and
i=1

lI| =b—a.
Ex. Any finite set has measure zero. Let X = {x1,..,z,} and I; = (2;— £, 25+
€

+) and |[;| = 5= which when you sum up all the I;s you get less than ¢, hence

this set has measure 0.

Theorem 20.1 If X1, X5, ... has measure zero, then so does U2, X, [countable
union of countable sets].

Any countable set has measure zero since it’s the countable set of measurable
points. Major difference between measure theory and topology: topology can be
arbitrary (arbitrary intersection of closed sets is closed), but in measure theory,
you need a countable number of unions.

Proof:

Fix € > 0. For each i, let I;1,1;2,... be a sequence of open sets such that
Xi; CUE, I; j and the sum of the lengths 3272, |I; ;| < 5.

Consider the collection {I; j}i>1,j>1. Then U2, X; C U2, U2, I; ;. We can
enumerate this collection UUI; ; as Ji, Ja, - (this i,s simply NxN), and U®, X; C
U, Jj. Now for any n, 337, |J;] < 3700, 377 i 5] for some large enough
n’,m’. And this is < Z:il(z;)il |1;,31) where 377 |1; j| < 57 and Z:i1 5 <
doieigr =€ ThusVn, 370 [Tl <e= 372, |Jj] <e

20.2 Lebesgue Characterization Theorem: 1

Theorem 20.2 (Lebesgue Theorem) Let f : [a,b] be a founded function.
Then f € Rla,b] if and only if the set of discontinuily points of f has measure
zero.

Proof:
Need to start with several lemmas.

For any set X' C R, the “oscillation” of f in X is defined as wy(X) = sup,c xq,p) f(2)—
infe xnja,p) f(2). X can be any set, but we only take the supremum and infimum
over the closed intersection [a,b]. f is defined on this interval. Leave it unde-
fined if X does not intersect [a, b]. Finite quantity since f is a bounded function.

The oscillation of f at a point x € [a, b] is defined as:

wy(x) = inf{w,(I)|I is an open interval containing x}
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Lemma 20.3 f is continuous at z if and only if wy(x) = 0.

Proof:

Suppose that f is continuous at x. Take any € > 0. Then 30 > 0 such that if y €
[a,b], ly—z| < §, then | f(x)— f(y)| < € [by continuity]. Thus if I = (x—9,z+0),
then Vy € I Na,b], f(y) € (f(x) — € f(z) +€) = supyernjap f(¥) < f(2) +€
and inf ... > f(x) —e. Therefore wy(I) < 2e. But wy(z) < wy(I) < 2e¢ Ve >0 [a
number is less than or equal to e for all € > 0, therefore mus be negative or 0,
and the oscillation is non-negative, hence wy(x) = 0]. Thus, ws(z) = 0.

Conversely, suppose that wy¢(z) = 0. Take any € > 0. Then, since the oscil-
lation wy(x) = inf{wy(I)|I is an open interval containing x}, we have that 37
such that = € I, I is an open interval, such that w;(I) < € [any number bigger
than greatest lower bound cannot be a lower bound].

Since I is an open set, 30 > 0 such that (z — d,z+0) C I. = wy((z —
g,z +90)) < wr(I) <e. (Noteif X CY, then wr(X) < ws(Y)). Then for
any y € [a,b], where |y — 2| < §, we have y € (z — §,2 + 0) which implies
|f(y) - f(ll?)| S Supze(mfti,:ché)ﬂ[a,b] f(Z) - infze(w—5,w+5)ﬂ[a,b] f(Z) = U)f(($ -
0,2 +0)) < e. Similarly, f(z) — f(y) < € [by the same argument as above].
These last two statements together imply | f(x) — f(y)| < e [f(y) — f(z) < € and

fx) = fly) <.

Lemma 20.4 For any € > 0, the set {x € [a,b] : wy(x) < €} is open in [a,b]
(means its an intersection of [a,b] with an open intersection of the real line).

Proof:

Let A= {z € [a,b] : ws(x) < e€}. If x € A, then wy(z) <e. =

inf{wy(I)|I is an open interval containing x.} < € = 3 an open interval I with
x € I such that wy(I) < e [infimum strictly less than € is critically important].
If we show that ITNJ[a,b] C A, this will prove that A is open (since I NJa,b] is an
open interval in [a, b]). But this is true since Vy € I N [a,b], ws(y) <ws(I) <€
= y € A. Need to show that for any point in the set, there’s an open interval
containing that point in your set. This whole interval I is contained within A,
therefore, A is open.

Lemma 20.5 x is a continuity point of f if and only if

21 November 18

21.1 Lebesgue Characterization Theorem: II

f i [a,b] = R bounded function.

Theorem 21.1 (Lebesgue Theorem) f € Rla,b] if and only if the set of
discontinuous points of f has measure zero (f is continuous almost everywhere).
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Lemma 21.2 (Lemma 1) f is continuous at x <= wy(x) =0

Lemma 21.3 (Lemma 2) {z € [a,b]|ws(x) < €} is open in [a,b] for any e >
0.

Lemma 21.4 (Lemma 3) If ws(z) < € Vx € [a,b], then 3 partition P of [a, b]
such that U(f, P) — L(f, P) < e(b—a).

[If the oscillations are small on the full interval, bounded by some € for all points
in that interval, then there’s a partition into finite parts so that the difference
between the upper and lower sum is bounded by a value.]

Proof:

Take any = € [a,b]. wy(x) < € = 3 open interval = € J, such that ws(J,) < €
[open interval containing x that has oscillation less than €]. Then, 3 open inter-
val I, O J, such that z € I, and I, D J,. Thus, wy(I, < wys(J,) <e. Each x
has an open interval whose oscillation is less than e.

Note that {I;},c[a,p) is an open cover of [a,b] = 3 z1,...,z, € [a,b] such that
[a,b] D UM I, [closed interval [a,b] is compact = finite subcover].

Let P = set of endpoints of I, ..., I, which are in [a, b] together with a and b.
All of these things together form a finite set and this gives us our partition. If
any endpoints are outside of [a, b], we can simply discard them.

Arrange the elements of P as a =y < y1 < ... < ym = b. Take any 1 <1i < m.
Claim: [y;—1,y;] C ij for some j.

Proof:

Take % e Ui I;; = % € I,, for some j. This implies that the left
endpoint of I, < y;—1 and the right endpoint of I,; > v; = [y;—1,%i] C f%.
= ws([yi-1,4i]) < ws(Is,). We have been able to partition [a,b] so that the
oscillation of each block of the partition is less than ¢, and the finite number of
partitions comes from compactness of [a, b].

U(f, P)=L(f, P) = Yi_ 1 SUPcpy s g J (@) Wi—vio1) =Y iy infx € [yi1, yil f (@) (yi—
Yie1) = 2o wi[yim1,yi)) (i — yiz1) < €>iy (i — yim1) = €(b— a)

Proof of Lebesque’s Theorem First, suppose that f € R[a,b]. Let X = set of
discontinuity points of f.

To Show: X has measure zero.

By Lemma 1, X = {z € [a,b]|wy(z) > 0} = U3 {z € [a, b]|ws(z) > L}

Since a countable union of sets of measure zero has measure zero, it suffices to
prove that each X, has measure zero. If you can prove for any m, U ,{x €
[a,b]jws(x) > L} has measure zero, then we're done. Take any m. We now
show that X,, has measure 0. Take any ¢ > 0, we have to find a count-
able cover of open sets that has ... Since f € R[a,b], there is a partition
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P of [a,b] such that U(f,P) — L(f,P) < 35 [by Riemann’s criteria, there
is such a partition]. Write X,, = AU B where A = X,, N P and B =
X \P. X, is potentially an infinite set, it may also be an empty set, but
we divide it into two parts and treat them separately. P = {yo,...,yn}. If
x € B, then = € (y;—1,y;) for some i. Let iy,...,ix be the indices i such

that (y;—1,y;) intersects X,,. Then U?Zl(yij,l,yij) O B. But if z € B and

z € (Yim1,4i), then wi([yi1,4i]) = wi((yio1,4:)) > wy(x) > & since x € X,,.

= 3w ([Wa — v, )W, — Yi_)) = Sk (i, — i) If you just take
those intervals that intersect with X,, in their interior, this inequality holds.
Moreover, Z?:l wf([yij—l - yijb(yij - yij—l) < Z?:l wf([yi*h yl])(yl - yifl) =
U(fa P) _L(fv P) < ﬁ ThUS, Z‘I;::l(yi]‘ _yij_l) < % But {(yZ] _yij_l)}§:1 is
a collection of open intervals that covers B. Now A is a finite set, and so it has
measure zero. Recall A = X, N P and B = X,,,\P. So we can find a countable
(actually finite since A is a finite set) cover of A by open intervals with total
length < §. Putting this together with {(yi,_,,y:,)}F_; we get a cover of X,
by finitely many open intervals with total length < e. Since € is arbitrary, X,,
has measure zero. Therefore, we’ve proved one way...

Used countability to say that if each X,,, has measure zero, then the countable
union of them has measure zero.

Question about oscillations: what is the oscillation at a point? wy(z) =
inf{w(I)|I open interval containing x}.
Converse is also true..

22 November 28

22.1 Lebesgue Characterization Theorem: III

Remaining part of the proof of the Lebesgue’s characterization theorem.
Suppose f : [a,b] — R is a bounded function which is continuous almost every-
where (i.e. the set of discontinuity points has measure zero).

To Show: f is Riemann Integrable.

Proof: Let X,,, = {z € [a,b]lws(z) > L}. Then the set of discontinuity points
= {zjws(z) >0} = X = Up_; Xpn.

We know that X has measure zero. For each m, X,, € X. So X,, also has
measure zero (since any covering of X by open sets is also a covering of X,,).
Fix any € > 0. We will now find a partition P such that U(f, P) — L(f, P) < e.
By Riemann’s Criterion, this shows that f is Reimann integrable.

Find m such that &% < £ If wy([a,b]) = 0, then f is constant in [a,b] and
therefore Reimann Integrable (R.I.). So, let’s assume that wy([a,b]) > 0. Since
X, has measure zero, 3 open intervals I, I, ... such that X,, C U2, I; and
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; Il < srtmn-

Recall that by Lemma 2, X, is closed in [a,b]. But [a,b] is compact. So X,
is compact (any closed subset of a compact set is compact). Thus, {I;}2,
has a ﬁnite subcover of X,,. So In such that X,, C U ,I;. Note that
Z|] | < Z|I| < oy Now, note that Ui, /; is a union of disjoint open
i=1 i=1

intervals.Jy, ..., Ji, (prove this by induction).

n
Moreover, Zle |7i] < S| (again, prove by induction on n). Take the end-
i=1
points of these intervals that are in [a,b] together with a,b (i.e. take the end-
points of the open intervals along with the points a,b). This gives a partition

Q = {y07y1a "'ayl} of [avb]'

Take any 1 <4 <. Then either (y;—1,y;) is contained in of the J}s (Type 1:
i.e. it is strictly inside [a,b]) or [yi—1,yi] C [a,b]\ X (Type 2: i.e. the whole
interval does not intersect X,,, — is outside the interval).

Recall: U(f,Q) = L(f,Q) = Yizy wy([yi—1, i) (i — yi1) [oscillation of f in
this interval multiplied by the length of the interval].
=D ieTyper T 2oicTypez — Can break up the sum into these two parts.

If i € Type 1, then (y; — yi—1) < the length of the J; containing this inter-
)

val, and wy(lyi—1,9:]) < wy(la,b]). Thus, Yicpyper < wyla,b) 325 5] <

wy(la, V) soray = 5

If i € Type 2, then wy(z) < L Vz € [y;_1,3]. By Lemma 3, we can find a
partition P; of [y;—1,y;] such that U(f,P) — L(f,P) < #=%=%_ Refine Q by
subdividing [y;—1,¥;] into P;. Do this V Type 2 i. Let P be this refinement
of @ (take the type 1 intervals — leave them as they are — and take the type 2
intervals and subdivide them). U(f, P) — L(f, P) = Contributions from type
1 4+ Contributions from subintervals of type 2. Upper bound on contributions
from type 1 is bounded by § (keeping them as they are — not changing them).

Contributions from type 2 < M < bma o § after doing the partitions is

m

the sum of the lengths divided by m. In Type 2, intervals are all disjoint, total

Yi—Yi—1 __ Zlengths
contribution is the sum across all i for U(f, P;) — L(f, P;) < #=.* o

23 November 30

23.1 Lebesgue Integration

This will be covered properly in Math 172. Riemann Integral has some nice
properties:
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. f:(f—f—g)dx:fffdx—i-f:gdx

One problem with the Riemann integral is that {f,}»>1 is a sequence of func-
tions converging pointwise to f, then f may not be Riemann integrable even if
each f, is Riemann Integrable and the entire sequence is uniformly bounded. If
not closed under pointwise limits, then there are issues.

Example: Let ¢, g2, g3, ... be an enumeration of the rational numbers in [0, 1].
Let f,(xz) be0ifz € {q1, ..., ¢» } and 1 otherwise. f, : [0,1] — R. fol fo(x)dz =1
since f, = 1 almost everywhere (except on a finite set — measure zero). Each f,
0ifz € QUIO0,1]

is Riemann Integrable, but f,, — f pointwise where f(x) = .
lotherwise

In any interval [z,y] C [0,1], z <y, sup,c(, ) f(z) = 1 infieppy) f(£) = 0. This
implies for any partition P, U(f, P) = 1 and L(f, P) = 0. Therefore, f is not
Riemann integrable.

23.2 Lebesgue Outer Measure

For any A C R, define \*(A) = inf{>":2, |L;||I1, 5, ... are open intervals and
A CUE, L} Can define the length of a set to be this value.

Let’s verify this works for intervals.
Lemma 23.1 If A = [a,b] for some a < b, then \*(A) =b—a

Proof:
Take any € > 0. Then A C (a—¢,b+¢€). Thus \*(A) < (b+€)—(a—€) = b—a+2e.
Thus, A*(A) <b—a.

Take any sequence of open intervals Iy, Io, ... such that A C U2 I;, and A is a
closed interval, so by compactness of A, In such that A C U} ,I;. Recall that
U, I; can be written as a disjoint union of open intervals Ji, ..., Ji and also

that Y8 | |7 < S0, |-

Now since Ji, ..., Ji are disjoint open intervals, and their union contains [a, b],
one of them has to entirely contain [a, b]. The length of that J; must be > b—a
(must actually be strictly bigger..). Thus b —a < Ele || < S0 L <
ooy || Thus, b —a < A*(A). This is because our collection I; is any collec-
tion of open intervals whose union contains [a, b]. Therefore, b — a < A*(A).

e M ((0)=0
o If AC B, then \*(A) < \*(B)
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Want: If Ay, A, ... are disjoint sets, then A\*(U2,4;) = > "2, A*(4;) (denote
this statement as (*). Unfortunately, this is not true (because of the axiom of
choice).

Theorem 23.2 (*) is not true.

Proof:

Define a relation ~ on [0,1] as follows: x ~ y if z — y € Q. Can easily check
that this is an equivalence relation, which means that

Meaning of an equivalence relation.

l. z~x
2.x~y=>y~=x
3. T~Y, Y~ 2, =T~ 2.

Therefore, we can break up a set into equivalence classes.

Fact: Any equivalence relation on any set splits the set into disjoint equivalence
classes. (An equivalence class is the set of all y such that y ~ a for some given
x). Two equivalence classes cannot overlap, and one element can only be in a
single equivalence class.

By the axiom of choice, there is a set A C [0, 1] consisting of exactly one element
from each equivalence class. Such sets are called Vitali sets.

The axiom of choice says that given any collection of sets, there is a set consist-
ing of exactly one element from each of these sets that you have. Consistent of
other axioms of set theory, but cannot be proven from the other axioms. The
problem arises, because not all collections are sets.

Russell’s Paradox: There cannot be a set of all sets.

Proof:

Suppose not. Let A be the set of all sets. If we define B = {x € Alz & x} is
also a set. If B € B, then B ¢ B. On the other hand, if B ¢ B, then B € B.
So in either case, you arrive at a contradiction.

Claim: If (*) is true (where (*) is the statement that for any disjoint A, Ag, ... C
R), A*(U2,4;) = > o2, A*(4;)), then A*(A) cannot be zero and cannot be
nonzero.

Proof:

For any r € QN [—1,1], let A(r) = A+ r (set of {a+ r|a € A}.

Easy: \*(A+r) = A*(A). [translate of A].

Claim: {4, },cqn[—1,1) are disjoint.
Proof:
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(next class)

Proof of Claim 1:
Let B = U,cqni-1,1)4- [by claim 2 disjoint]. = A\*(B) = A*(4,)

24 December 2

24.1 o—algebras

x~yife—yeQ, xel01]. A= aset which consists of exactly one element
from each equivalence class.

Ar=A+r={a+rlac A} forr e QU[-1,1]. So A*(A,) = A*(A) Vr.

Claim: A, NA, =0 ifr #s

Proof:

Suppose x € A, N A;. Then z € A, = b € A such that x =b+r.

r € Ay = de € A such that x = ¢+ s.

Thus, b+7r=c+s=b—cec Q\{0} (since r,s € Q, r # s). But then b,c € A,
b # ¢ and b ~ ¢. This is impossible. [No two elements of A can be equal and
equivalent]. Let B = U,cqgnj—1,1]4. This is a countable disjoint union of sub-
sets of R.

Claim: \*(B) # 3, coni_1.1 A (4r)
Proof:

o0 if A*(A) > 0

] . We will show that both cases
0if A*(A)=0

Suppose not. Then \*(B) = {

are impossible.

Claim: [0,1] € B C [-1,2]
A*(B) would be between 1 and 3 since A\*([0,1]) = 1 and X\*([-1,2]) = 3.

Take any = € [0,1]. Then z ~ b for some b € A. =z =0b+r for some b € A
and r € Q. But r =z — b € [—1,1] since z,b € [0,1]. Thus r € QN [-1,1] and
x € A,. Therefore, [0,1] C B.

WTS B C [-1,2]. Take any x € B. Then z € A, for some r € QN [-1,1] =
x=>b+r forsomebe Aand r e QN[-1,1]. AC[0,1], 50 b€ [-1,2].

So we just proved that the length of the union of disjoint subsetes under
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Lebesgue’s outer measure is not always equal to the sum of the measures of
each disjoint subset.

Theorem 24.1 We cannot define a notion of length that has all the following
properties:

1. 0 < length(A) < oo for all ACR
2. If A C B, then length(A) < length(B)
3. If B is a translate of A, then length(B) = length(A)
4. length([a,b]) =b—a for any a <b
5. If Ay, As, ... are disjoint, then the length(U2, A; = 372 | length(A;)
No sensible way to define length of a set for arbitrary sets (if we assume the

axiom of choice).

Legesgue wanted to define a new integral. Needed the length of an arbitrary
subset of the real numbers (i.e. the length where some function takes a specific
value). Then multiply this length by the function value (and repeat for all
values).

1if
flx) = .1 z¢Q Then f(x) takes value 1 in the irrational numbers: this
OifreQ

set has measure 1, so 1*¥1 = 1. f(z) takes value 0 in the rational numbers which
has measure 0: 0*0 = 0. So 0 + 1 = 1 which is the Lebesgue integral of this
function.

Theorem 24.2 (Sigma Algebra) A subset F of the power set of R is called
a o-algebra (or o — field) if

1.0e F
2. Ae F=> A e F
3. Al,AQ,...E]‘-:>Ufi1Ai€]:

Ex. {0,R} is a o — algebra.
Ex. P(R) the power set of R is a o — algebra.

24.2 Borel c—algebras

Borel o — algebra

B(R) is the set of all subsets A C R such that A € F for every o — algebra F
that contains all the open sets.

P(R) is the power set of R contains all the open sets. Every open set, singleton,
0, R, and closed set is in B(R).
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Lemma 24.3 B(R) is a 0 — algebra.

Proof:
(1) ¢ € FVF = ¢ € B(R).

(2) If A € B(R), then for any o — algebraF containing all open sets, A € F.
Thus A € F. And so, A® € B(R).

(3) If Ay, Ag, ... € B(R), then for any o — algebra F containing all open sets,
A1, Ay, .. e F=UR A € F=UR A € B(R). So B(R) is a o — algebra.

Fact: If 7 is a 0 — algebra and A;, Ag, ... € F then U2, A; € F.
Proof: NA; = ((NA;)9)¢ = (UAS)C.

[a,b] =Ny =22 (a— 1,6+ 1), so all closed sets are € B(R).
Theorem 24.4 If Ay, As, ... € B(R) are disjoint, then \*(U2, A;) = > A*(4,).

If A € B(R) we denote \*(A) by A(A) and this is called the Lebesque measure
of A.

24.3 Measurable functions

Def A function f : R — R is called Borel-measurable (or simply, “measurable”)
if for any B € B(R), the set f~1(B) = {z € R|f(x) € B} is also in B(R).

Inverse image of any Borel set is Borel. This encompasses any function you’ll
see. The most complicated neural net is also a measurable function.

The indicator of the set A we constructed is not measurable (1 if in A, 0 other-
wise).

Lemma 24.5 Any continuous function is measurable.

Lemma 24.6 If{f,}5°, is a sequence of measurable functions converging point-
wise to a limit f, then f is measurable.

Anything that is a limit of continuous functions is measurable (by pointwise
convergence) is measurable. This is an incredibly strong statement.

25 December 5

25.1 Measurable Functions

B = Borel sigma algebra on R = smallest c—algebra containing all open sets
= intersection of all g-algebra on R that contain all open sets = o—algebra
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generated by the collection of open sets.

B = o—alg. generated by all intervals of the form (z,00) = o—alg. generated
by intervals of the form (—oo, ).

Proof:

Def. Let A be a collection of subsets of R. The o—algebra generated by A is
the set of all subsets of R that belong to every o—algebra containing A as a
subset.

Let F be the c—algebra generated by all intervals like (z, 00).

Proof of F = B(R):

B(R) contains ocoVz since B(R) contains all open sets. So B(R) is a c—algebra
containing (z,00) Vz. Therefore, any A € F must be an element of B(R).
Therefore F C B(R).

Take any A € B(R). To show: A € F.

Know that (z,00) € F Vo and F is a 0—algebra. = Vx < y, (x,00)\(y,00) € F:
the difference of two sets is in F = (x,y]. o—algebras closed under addition,
unions, subtractions, intersections, complements, countable unions, countable
intersections are in the o—algebra. = (z,y) = U2, (z,y — ) € F.

Fact: Any open subset of R is a countable union of open intervals. (exercise —
use the rationals).
= any open set € F = B(R) € F.

Recall: A function f: R — R is called (Borel) measureable if VBB € B(R),
f~1(B) € B(R)

Proposition 25.0.1 Any continuous function is measurable.

Proof:

Let F = {B CR)|f~1(B) € B(R)}.
Claim: F is a c—algebra.

Proof:

f~1(0) =0 € B(R), and so ) € F.

Suppose B € F. Then f~}(B) € B(R). Then f~}(B%) = {z : f(z) € B} =
{z|f(z) & B} = (f~Y(B)) € B(R) = B® € F [inverse image of complement
of B is in B(R)].

Suppose By, Ba, ... € F. Then f~1(By), f~1(B2),... € B(R). So f~1(UX,B;) =
Uz, f~Y(B;) € B(R) = UB; € F.

Since f is continuous, f~!(B) is open for all open B. Therefore, f~1(B) is a
Borel set for all open B. Therefore, any open set belongs to F = B(R) C F.
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This proves our claim.

This shows the class of measurable functions contains at least all continuous
functions. Our next goal is that all point-wise limits of measurable functions is
itself measurable.

Lemma 25.1 Let fi, fa,... be measurable functions. Let g(x) = inf,>1 fn(z)
Va € R. Suppose that g(x) € R Va [infimum is finite]. Then g is measurable.

Infimum of a collection of measurable functions is measurable.

Proof:

Take any t € R. Then g(z) < t if and only if f,(x) < t for some n. Thus,
{zlg(z) <t} = UpLi{z|fn(z) < t} {zlg(x) <t} = g7 ((—00,t)) € B(R) and
{elful@) < 1), {alg(x) < t} = £, (~00,1)) € B(R).

Since the set (00, t), t € R generate B(R), this shows (by a similar argument as
in the previous proof) that g is measurable.

Up and including to Lebesque Characterization Theorem is on the exam.

Lemma 25.2 If f, is measurable for all n and g(x) = limsup,,_, . fn(z) is
finite (i.e. is in R) Va, then g is measurable.

Proof:

g(x) = infy>1 hy(x) where hy(x) = sup,,>, fn(r). By a counterpart of the pre-
vious lemma, each hy is measurable. Thus, g is measurable (pointwise lim sup
gives us a measurable function).

Theorem 25.3 If {f.} is a sequence of measurable functions converging point-
wise to a function f, then f is measurable.

Proof:
f(@) = limy, o0 fn(z) = limsup,,_, o fn(2)

Therefore, the pointwise sequence of any measurable functions is measurable.

26 December 7

26.1 Lebesgue Integration of Measurable Functions

B(R): Borel o—algebra, f : R — R (measurable function), A = Lebesgue mea-
sure on B(R).
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How to define ffooo f(x)dx for all measurable functions.

Def. A measurable function f is called “simple” if it takes only finitely many
values.
Ex. The step function on limited domain.

lifxeQ
"loifxgQ
Let {a1, as, ...,an} be the set of possible values of f. Let A; = {z: f(z) = a;} =
f~'({a;}). Since f is measurable, 4; € B(R).

Ex

Define [~ f(z)dz = I, a;\(4;) provided that there is no co — oo in this
sum. Some A(4;) may be infinity — and this is ok — but we have a problem if two
of the coefficients in front of A\(A;) are non-zero. Infinity is just the sequence as
n — 0o, but can go to oo at different rates.

In particular, if f is a non-negative simple function, then the sum is always
well-defined (may be oo). Then [7_ f(z)dz =1 A(R\Q) + — - A(Q) = o0

If one of the a;’s is zero, we define the corresponding term a;A(A;) to be zero
even if A(4;) = oo.

lifo<z<1
Ex'fuﬁ::{mfxg[m1]
Then [ f(x)dz =1-A([0,1]) + 0- A(R\[0,1]) = 1.

Let f : R — R be a nonnegative measurable function. Let SFT(f) = {g :
g is a non-negative simple function and g(z) < f(z)Vz}.

Define: ffooo f(x)dz = sup{ffooo g(x)dz|g € SFT(f)}.

f@)if f(x) =0

Let f:R—Rb ble function. Let f*(x) =
et f e any measurable function. Let f*(x) {O it f(2) <0

Similarly, define f~(z) = {Ofcf(;lei i(z) <0

Observe f = fT — f=, fT, f~ are both nonnegative measurable functions.

Ifl=ft+f".

We know how to compute [~ fT(z)dx and [*_ f~(x)dz. If at least one of
these integrals is finite, we define the integral of f as: ffooo f(z)dz = ffooo [t (z)dz—
ffooo f~(z)dz [so we don’t have the problem of oo — oc]. If both integrals are
infinite, we say the Lebesgue integral is not defined.
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0ifz<0
Ex. f(z) = { s . Then f* and f~ are both co. Observe that

Si% ifx>0
limy, 00 fOL Sigldx = 5, but if you define the area under the curve differently

(or depending on how you sum this area), you will get an undefined Lebesgue
integral.

26.2 Monotone Convergence and Dominated Convergence

Theorem 26.1 Suppose that [ : [a,b] — R is a bounded, Riemann integrable
function. Then Jg : [a,b] — R which is measurable, equal to f almost ev-
erywhere, and the Lebesgue integral of g equals the Riemann integral of f. In
particular, if f is measurable, then the Lebesgue integral = the Riemann integral.

Def.[Lebesgue Integral on an Interval] Given a function g : [a,b] — R, the
Lebesgue integral f; g(z)dz is defined to be the integral [*_g(z)dz where
g(x) :=0if & & [a,b] provided that this g is measurable and fix;o g(x)dx exists.

Lots of functions that are Lebesgue integrable and not Riemann integrable.
Works for any set where you can define a measure on that set, then for any
real-valued measurable function, you can define a Lebesgue integrable [not just
on the real line]. Can work for R¢, manifolds, or infinite dimensional spaces.

For Riemann integrals, it’s hard to exchange limits and integrals (need uniform
convergence). For Lebesgue integrals, it’s a bit better.

Theorem 26.2 (Monotone convergence Theorem) Let {f,}n>1 be a se-
quence of non-negative measurable functions increasing to a function f. (That
is Ve € R, fi(z) < fa(z) < f35(z) < ... and liminf f,,(x) = f(x)). Then
ffooo f(z)dz = limy, o0 ffom fn(z)dz.

Theorem 26.3 (Dominated Convergence Theorem) Let{f,} be a sequence
of measurable functions converging pointwise to a function f. Suppose that
39 : R — [0, 00) which is measurable,a nd [~ g(x)dx < 0o, and | fn(z)| < g(z),
Vn,z. Then [ f(z)de =lim, o0 [To fo(z)de

These two theorems are some of the main reasons why Lebesgue integration is

very useful. No longer need uniform convergence to swap limits and integrals
(limit of integrals is the integral of the limit).

26.3 Fun Exploration [Kolmogorov-Arnold]

fol0,1P =R, f(z,y) =2 +y. f(z,y) = zy = exp(logz + logy).
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One of Hilbert’s 20 questions: how many questions of multiple variables can be
expressed as a sum of functions of other functions. xy is multiplication which
is equal to the sum of exp(logz + logy). Amazingly, this is true (1957-1956).

Theorem 26.4 (Kolmogorov-Arnold Theorem) Take any n > 2, 3 func-
tions ¢pg € C0,1], p=1,...,n, ¢ =1,...,2n such that any f € C([0,1]") [space
of continuous functions of n-variables to be restricted between 0 and 1] can be
represented as f(x1,...,T,) = 2(21:1 ngq(zzzl Opq(zp)) for some qi,...,q2n €
C10,1] depending on f. Note ¢pq does not depend on f!! ¢pq is universal. There
are no multi-variate functions — it’s all just a sum of univariate functions. But
q’s do.

This gave rise to the field of approximation theory (relevant to neural networks).

Proof:

Theorem 26.5 (Baire Category Theorem — Simplest Version) Let (z,d)
be a complete metric space. Let D1, Do, D3, ... be a sequence of open, dense sub-
sets of X. Then NS4 D,, is dense (and in particular is non-empty).

Def.[Dense] A set A C X if A = X. For example, the rational numbers are

dense in the real line (since the closure of the rational numbers equals the reals).

Rationals and irrationals are both dense in R, but their intersection is empty.
In this case, if we have a sequence of open dense subsets, then the intersection
is dense (and therefore non-empty).

27 December 9

27.1 Kolmogorov-Arnold Theorem

Theorem 27.1 (Baire Category Theorem) Let (X,d) be a complete metric
space. Let Dy, Ds, ... be open, dense subsets of X. Then N}_;D; is dense.

Proof:

Take any z € X and € > 0.

To show Jy € N, D;, such that y € B.(x) a subset is dense if and only if every
open ball has an element of that set.

Since D; is dense, 3y1 € D1UB¢ (). Since Dy is open, Jr such that 3,(y1) € Ds.
Take r; = min{r, §}. Then £, (y1) € D1 and S, (y1) C Be(x).

Since Dy is dense, Jys € DN, (y1). Again, since Do is open, Jr > 0 such that
2
/67“(2/2) g DQ- Let ro = min{r, %} Then 67-2(92) g D2~ /BTz(yQ) g /87"1 (yl) g
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Ty ri

Be(x). [Correction: choose ;41 < T instead of 3 — ensures the limit cannot
converge to the boundary of the open ball.]

We proceed in this way to find y1, y2, ys3, ... and 1, r2, 73, ... such that Vi, 5, (y;) C
D;.

(2) VZ7 ﬁri+1 (yi+1) g /Bri (yl)

(3) rig1 < F Vi

(4) By (y1) C Be(z).

Then note that Vi < j, y; € Br, (y;) € Br,_, (Yj—1) € - € Br, (yi) = d(yi, y5) <

€

Thus, {y,}22, is a Cauchy sequence. Let y = lim y,, which exists since (X, d)
n—oo
is a complete metric space. Note that, for each ¢, d(y;,y) = lim d(y;,y;) < 7.
Jj—o0

[But this isn’t good enough — we want strictly less than]. Thus, for any i,
d(yi,y) < d(Yi, Yiv1) + d(Yit1,9)- ,
d(yi,y) < d(yi, yit1) +d(Yir1,y) < 5 + G =5 <

Find r such that 8,(yi41) € Diy1. Let 7341 = min{r, G }. Therefore, y €

Proof-sketch for Kolmogorov-Arnold Theorem
Take any n. Let ® = {¢ € C0, 1]|¢ is increasing. ,(0) =0, ¢(1) = 1}.

Fix some Aq,..., A, > 0 which are distinct and Y ; A\; = 1. Choose some
€ > 0 (to be determined later). For any f € C([0,1]"), f # 0. Define w(f)
to be the set of all (¢1,...,2n,11) € ®2"F! such that for some h € C[0,1],
we have [[h|| < |[f]| where [|f[| = sup,ejo1jn [ f(@)], and Va1, 22,..2, € [0,1],
[f(21, .oy ) —Z?IZT h(3p—1 Apq(@p)) < (1—e)[| f]] [this is an approximation
of f].

2n+1
Endow ©2n+1 Wlth the metric d((¢1, veey ¢2n+1)7 (11)1, cony ’ll)QnJrl)) = Z ||¢7, —ij
=1

where ||.|| is the supremum metric.

Clearly, w(f) is open. A complicated construction shows that for a small enough
choice of €, w(f) is dense in 2"+ Vf.

Fact: C(]0,1]™) has a countable dense subset. Let’s say F'. By the Baire Cate-
gary Theorem, UscpQ(f) is nonempty. Take any (¢1, ..., P2nt1) € NrerQ(f).
Take any fo € C([0,1]"). Take f € F' such that || f|| < [[foll, [lf — fol| < 5llfoll-
Since (@1, ..., pan+1) € Ugerf2(g) C Q(f), there exists hy € C[0,1] such that
1ol < IIfIF and |f (21, oy ) = o1 ho(p—y Apdg(@p))] < (1= e)|If]].

2n+1 n
= [ fo(@1, @) = 021 ho(Xh_y Apg())] < (1 =€)l foll|
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Then take the remainder fi(x1,...,2,) and find h;, etc. Continue this process:

fo(z1, oy wn) = 227—:{_1 Z;‘;o hj(ZZ:l Apdq(p))

It follows that ||h;|| — O exponentially fast. h = Z;‘;l h; € C[0,1].
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