Tristan Chaang June 18, 2024
Real Analysis Notes

Based on Julia’s handwritten
notes for 18.100B Spring ’24

1 Real Numbers

Definition 1.1. A field is a set F' equipped with operations + and x such that
e (F,+) and (F\ {0}, x) are Abelian groups.

o 2(y+z)=ay+axzforalzyzekF. (Distributivity)

Properties:
1. Additive identity is unique.
2.2-0=0 (Ve erF).

3. 2,y #0 = zy # 0 (i.e. fields are integral domains).

Example 1.1.
1. The set N ={0,1,2,---} of natural numbers is not a field.
2. The set Z of integers is an Abelian additive group but not a field.
3. The set Q of rationals is a field.
4. The binary field Z/27 = {0, 1} with mod 2 operations is a field.

5. Z/AZ is not a field, e.g. 2-2 =0 but 2 # 0.

Definition 1.2. A field F is ordered if there exists a relation < on F' (with x > y
meaning y < x, * < y meaning < y or x = y, etc) such that for all z,y,z € F,

e Exactly one of z =y, x < y, x > y holds. (Trichotomy)
e r <yandy < zimplies = < z. (Transitivity)
e x < yimpliesz+ 2z <y+ 2. (Additivity)
e r <y and z > 0 implies zz < yz. (Multiplicativity)

We define P = {xz € F: x > 0}.

Properties:

l.z>y = x—yeP.
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2. 22>0forall z € F.

3. >0 = z7' > 0. (Hint: First prove 1 > 0.)

Definition 1.3. Let F' be an ordered field.

e y € I is an upper bound for a subset S C F'if z < u for all x € S. If an upper
bound for S exists, we say S is bounded above.

e (/ € I'is a lower bound for a subset S C F if x > ¢ for all x € S. If an upper
bound for S exists, we say S is bounded below.

e [f S C F'is bounded above and below, we say that it is bounded.
e u € I is the mazimum of S, denoted max S, if u is an upper bound and v € S.
e ( € F'is the minimum of S, denoted min S, if £ is a lower bound and ¢ € S.

e u € [ is the supremum of S, denoted sup S, if it is the least upper bound for S.
More precisely, we say that S has supremum

sup S = min{x € F : z is an upper bound for S} if it exists.

e ( € F is the infimum of S, denoted inf S, if it is the greatest lower bound for S.
More precisely, we say that S has infimum

sup S = max{x € F: x is an lower bound for S} if it exists.
e By convention, inf @ = co and sup@ = —oo. If S is unbounded above (below)
we say sup S = oo (inf § = —00).

e We say that F'is complete if it satisfies the completeness axiom: Every nonempty
subset of F' that is bounded above has a supremum.

Example 1.3.
1. {x € Q: z < 1} has upper bounds but no maximum.
2. {x € Q: z > 1} has no upper bounds but has a minimum.

3. {r € Q: 2? < 2} is bounded above but has no supremum.

Theorem 1.1. The set R of real numbers is the unique complete ordered field.
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No proof. To prove this we have to prove existence and uniqueness. Two ways for existence:
via Dedekind cuts or via rational Cauchy sequences.

Example 1.4.
1. Q is ordered but not complete (see previous example).
2. [0,1] :={z € R: 0 <z < 1} has maximum 1.

3. (0,1):={z €R:0 <2 <1} has supremum 1 but no maximum.

Theorem 1.2. (Existence of v/2) There exists r € R with 12 = 2.

Proof. Set S = {r € R: 2* < 2}. We first prove a lemma:

Lemma. If v > 0 and v? > 2, then v is an upper bound for S.

Proof. Let x € S be any element. If z < 0 then x < 0 < v. If z > 0, we have that
2 <2< So0<vP—22=@v—2)(vt+z) = 0<v-—u O

Since 5 > 0 and 5% > 2, S is bounded above. Therefore there is a supremum « = sup S.

2_9 242
Y >0.Thenu—a:u+
U U

o If u? > 2 set a = > 0 and

(u—a)’=u®—2ua+a®>=2+a*>2
so u — a is a lower upper bound for S than u, a contradiction.

2 — u?

o If u? <2 seta= > (. Since 2 is an upper bound for S, we have 0 < u < 2.

Also v+ a > u and
(u+a)? =vu’+2ua+a®><2+4a+a=2
so u + a > wis in S, a contradiction.

Therefore, by trichotomy, u? = 2. [

Theorem 1.3. (Archimedean Property) Let z,y be reals. Then
A) y >0 = dn € N such that ny > x.

B) x <y = 3¢ € Qsuch that x < ¢ <y. (Q is dense in R)

Proof.
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A) We show that S = {ny :n € N} has no upper bound. Assume not, then z = sup S
exists. Since z — y < z is not an upper bound for S, there exists z —y < ny € S. But
then z < (n + 1)y € S, contradicting the fact that z is an upper bound for S.

B) Pick n € N* such that n(y — x) > 1 using part A. Another useful lemma:

Lemma. For every x € R there exists n € Z such that n — 1 < x <n.

Proof. By part A applied to x and —z, we can find two integers a,b € Z such
that a <z <b. Since {n € Z :x <n<b} C{n€Z:a<n <b} is finite, there
exists a minimum n € Z such that x < n. This givesn — 1 <z < n. O

m
Withm—1<nr<m (meZ),wegetnt<m<nr+l<ny = z<—<y. R
n

Theorem 1.4. (Principle of Induction) For a property P(n) (n € N), if P(0) and
P(n) = P(n+1) (n € N) are true, then P(n) is true for all n € N.

Proof. Assume for contradiction that there exists some k € N such that P(k) is false. Then
{n € N: P(n) is false and n < k}

is a non-empty finite set. Hence it has a minimum element m. Then m > 0 (P(0) is true),
and thus m —1 € N and P(m — 1) is true. But P(m — 1) = P(m), a contradiction. W

Exercise. Prove that (1 + )" > 1+ nx for all z > —1 and n € N.




Tristan Chaang Real Analysis Notes

2 Sequences

The absolute value function is defined by

75, if x>0
|z =

Definition 2.1.

—z, ifx<0

Theorem 2.1. (Triangle Inequality) |z + y| < |z|+ |y| for all z,y € R.

Proof.
o Ifz,y>0,thenz+y>0,50 [z +y|l=ax+y=|z|+ |yl

o Ifz,y <0,thenz+y <0,s0 [z +y|=—-2—y=(—2)+(—y) = |z| + |y

e If z <0<y, then |z|+|y| = —z+y. Note that —x+y > —zr—yand —x+y>x+y
are both true, so |z| + |y| > |z + y| regardless. The case y < 0 < z is analogous. W

Definition 2.2. A sequence {xy}, cy =

{zo, 1, -} is an ordered list of real numbers.
Explicitly, we have a function z : N — R and we denoted z,, = z(n).

Example 2.1. The following are sequences:

1. z, =n?forn € N.

2. z, = 1/n for n € N* (here the sequence is {x, }n>1).

0 0 o o o n = n— 9 Z ]-
3. (Arithmetic progression) {x,}, .y satisfying { i B Zf 1+a, n
0=

Definition 2.3. Let {x,},.y is said to converge to ¢ € R if

(Ve >0) (AN e N) (Vn > N) (Jz, — 4] < ¢)

If this is true, we write lim z,, = /.
n—o0

1
Example 2.2. lim — = 0.

n—oo M

Proof. Let € > 0 be arbitrary. Pick N > 1/¢ (Archimedean Property). For all n > N,

1 0 1<1<
—— 0 =—<—=x<ec=
n n_— N
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Theorem 2.2. If a sequence {x,}, .y converges to both ¢ and ¢, then £ = ¢'.

Proof. Given € > 0,
e 1N, € N such that |z, — (| < e/2 for all n > Nj.
e 1IN, € N such that |z, — ¢'| < e/2 for all n > Ns.
Then for any n > max { Ny, N},

€

9
=0 < 0= 2n| + |20 — 0] < =
0= 01 S V=l +an — £ < S+

=e. [ |

Exercise. If lim z, = ¢ and ¢ € R, then lim cx, = ¢/ and lim (z,, +¢) = { + c.
n—o0 n—o00 n—oo

Definition 2.4. {z,},.y is bounded if 3M € R such that |z,| < M for all n € N.

Exercise. A converging sequence is bounded.

Theorem 2.3. If lim z, =/ and lim y, = ¢, then

n—oo n—oo

o lim (2, +y,) =0+

n—o0

o lim (z,y,) =0

n—oo

e if (£0and z, #0 for all n € N, lim (x, +y,) = 1/¢
n—o0

Proof of Second Point. Let L = max(|(|, |¢'|). Given € > 0, there exists N such that

|z, — ¢| < min (SiL’ L> and |y — ¢'| < min (3%, L)

for all n > N. Then, for all n > N,

| Tntn — M,’ = |(zn — ) (yn — gl) + 4 (Yn — gl) + ' (zn — 1)
< (@n =€) (Yo — )|+ €] [y — | + '] |2, — ]

Definition 2.5. {,},y is said to diverge to oo, written as x, — oo, if for all M € R
there exists N € N such that x,, > M for all n > N. The case x,, — —o0 is analogous.
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Exercise. If z, <y, for all n € N, then lim z,, < lim y, if both limits exist.
n—oo n—oo

Theorem 2.4. (Squeeze Theorem) If lim z, = lim y, = ¢ and z, < z, <y, for
n—oo n—oo
all n € N, then lim z, = /.

n—o0

Proof. Since lim z,, = lim y, = ¢, for all € > 0 there exists N € N such that
n—oo n—oo

|z, —¢| <e  and lyn — | <
for all n > N. Therefore for n > N,

l—e<2, <z, <y, <lt+e = |z, — (| <e. [ ]

sinn
=0.

Exercise. lim
n—0o0 n

Definition 2.6. {z,}, .y is monotone if it is either nonincreasing (x, > @, for all
n € N) or nondecreasing (z, < z,4; for all n € N)

Theorem 2.5. (Monotone Convergence Theorem) If {z,},  is nondecreasing
and bounded above, then it converges. Similarly, if it is nonincreasing and bounded
below, then it converges.

Proof. Since {x,}, .y is bounded above, {x, : n € N} has an upper bound, with a supremum
¢. Then for any € > 0, there exists some xy > ¢ — ¢, which means, for all n > N,

(—e<zay<z, <l = |z, (] <e. [ |

$0=\/§

Worked Example. The sequence defined by { - 2T T n>0 converges.
n+l — n =

Proof. We first prove by induction that x, < x,.1 <2 for all n € N. For n = 0,

2o =V2<\2+V2 =1 <\ 2+Vi=2

If x,_1 <z, <2, then

Tn=2+T, 1 <V2+T, =2, <V2+2=2.
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Therefore {x,}, .y is non-decreasing and bounded above by 2. Hence it converges to some
¢ € R. Extra: How to find £? If we apply the limit on both sides of z,11 = /2 + z,,

lim z,,; = lim v2+ x,
n—oo n—oo
(=241

{=—1or?2

Since all x,, > 0, we must have ¢ = 2. [ ]

Definition 2.7. A subsequence of {x,}nen is any ordered infinite subset. Precisely,
it is some {Zn, } jen Where ng < n; < ng < --- are natural numbers.

Exercise. If lim,_,, x,, = ¢ then every subsequence converges to ¢.

Theorem 2.6. Every sequence {z,},y admits a monotone subsequence.

Proof. For each m € N say z,, is a tail-major if x,, > x, for all n > m. If {xn}neN has
infinitely many tail-majors, the subsequence of tail-majors is a non-increasing subsequence.
Otherwise, there are finitely many tail-majors, so eventually for each z, there always exists
some n' > n such that x, < x,/; this recursively defines an increasing subsequence. [ |

Theorem 2.7. (Bolzano-Weierstrass)
Every bounded sequence has a convergent subsequence.

Proof. Immediate from Theorem 2.7.

Definition 2.8. A sequence {x, }nen is Cauchy if

(Ve > 0)(3IN € N)(Vm,n > N)(|z, — | < &)

Theorem 2.8. In R, a sequence converges if and only if it is Cauchy.

Proof. (=) Let € > 0. Then there exists N such that |z, — ¢| < /2 for all n > N. Then for
all m,n> N,

(<) We perform three steps:

o {7,},cy is bounded: |z, —zy| <1 for all n > N for some N, so

|| < max(1+ |zn|, [21],-- - [en-al)-

8
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e By Bolzano-Weierstrass, let {a:nj }J.GN be a subsequence of {z,}, . converging to /.

e We prove that {x,}, .y converges to £ too. For any ¢ > 0, there exists some NN such
that |z, — z,| < ¢e/2 and |2,, — £| < /2 for all m,n,n; > N. Hence for all n > N,

3

—c. |
5 =¢

€
|xn—€|§|xn—xnj|+\xnj—£|<§+

Definition 2.9. The limit superior and limit inferior of {x,}, .y are defined by

limsup z,, = lim (sup xk) , liminf z, = lim (inf xk>

n—00 \ k>n n—oo \ k>n

Note that limsup and liminf exists for any sequence (allowing £00) because sup,,s y o, and
inf,, >y x,, are both monotone sequences.

Theorem 2.9. {z,}, .y converges if and only if limsup z,, = liminf z,, € R.

Proof. (=) Assume xz,, — (. Let ¢ > 0. There exists N € N such that |z, — ¢| < ¢ for all
n > N. Then infy>, xx > £ — ¢ and supys,, x < £+ ¢ for all n > N, giving

{—¢e <liminfz, <limsupz, </l+¢
for any € > 0 and hence lim inf x,, = lim sup z,,. (<) Assume limsup z,, = liminfx, = ¢ € R.

Let € > 0. There exists N € N such that

k>n

infa:k—ﬁ‘ <,

sup ry — E‘ <e
k>n

for all n > N. Then for all n > N,

(—e<inf o, <z, <supxp<l+e
k>N k>N

and hence z,, — /. [ |
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3 Series

Definition 3.1. Given a sequence {z,} we define the series

neN?

Z Tp=To+T1+ -+ x, and Zxk lim Z$k if it converges.

n—00
k=0

Properties:

1. Linearity: icxk = cixk and i(ﬂck +yr) = imk + iyk
k=0 k=0 k=0 k=0 k=0
2. Distributivity: Z Tp Z Yp = i Ty i Y; = i i TrYj-
k=0  j=0

k=0 = k=0 j=0

Cauchy Revisited. Z x is Cauchy if and only if

k=0

n

> n

k=m+1

(Ve > 0)(3IN € N)(Vn >m > N) (

<5>.

1r+1

Example 3.1.

1. Geometric Series. zj, = ¥ where 7 > 0. Then Y ;_,r" = for r # 1, so

e If 7 > 1, then 7™ — oo and hence >,_,7* diverges.
o If r =1, then Y ;_,r* =n+ 1 also diverges.

e If 0 <7 <1, then r"*' — 0 and hence ), _, r* converges to .

Exercise. If all z; > 0, then Z aj converges if and only if the partial sums Z ay
k=0 k=0

are bounded for all n. As a corollary, if 0 < ay < by for all £ > Ny and Z ay diverges,

k=0

then Z by diverges too.

k=0

10
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Theorem 3.1. (Comparison Test)
If |ag| < by, for all £ > Ny and Z by converges, then Z aj converges.

Proof. We prove that Y, ax is Cauchy. Let € > 0. Then there exists N € N such that

>

k=m+1

<e€ forallmn >m > N.

Hence for all n > m > N,

n

ZakS

k=m+1

i\aﬂg ibk<€. B

k=m+1 k=m+1

Definition 3.2. The series Zak converges absolutely if Z |ax| converges.
k=0 k=0

By the Comparison Test, if a series converges absolutely then it converges too.

Theorem 3.2. (Alternating Series Test)

If 2 > 0 is non-increasing and x — 0, then Z(—l)kxk converges.
k=0

n

Proof. Let S, = Z(—l)kmk. Observe
k=0

® Sonto = Sop — Tont1 + Tanya < Sop

® Sont1 = Sop—1+ Ton — Topg1 = Sop—1
® Sont1 = Son — Tong1 < Sop

® [Soni1 — Son| = [T2n41] = 0

Therefore S; < 53 < 55 < --- < 84 < 55 < 5y. By the Monotone Convergence Theorem,
{S2n}hen and {S2n11},,en both converge. By the fourth bullet point, they must converge to

the same value ¢. Hence S,, — /. [ |
€9 (_1)k+1
Example 3.2. Z = In2.  (not obvious!)

k=1

11
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Theorem 3.3. (Ratio Test)

Tl+1
Tk

o
< 1, then Zxk converges.
k=0

If all z # 0 and lim

n—o0

Proof. Say the limit is 0 < ¢ < 1. Then there exists £ < f < 1 and N € N such that
xkﬂ‘ < B for all k > N. This recursively gives |z, n| < 8¥|zy]| for all & > 0. By the

Tk
o o0

Comparison Test, Z |z n| converges by comparing it to the geometric series Z B |z
k=0 k=0

o
which converges. Therefore ka is absolutely convergent and thus convergent. [
k=0

More General Form of the Ratio Test.

o
x
o If limsup LR PP 1, then Zxk converges.
Tk
k=0
T oo
o If liminf | =2 | > 1, then ka diverges.
Ty

k=0

Note that we cannot conclude convergence nor divergence when the limit is exactly 1.

Example 3.3.

k

converges.

C|1/(n+1) =1 Lo (2D
1 dim [ =1but Y d hile S
n1—>Hc}o ' 1/7], ‘ u 2 2 verges wnile 2 2

Definition 3.3. The exponential function is defined as

exp(z) =e" = Z o
k=0 "

ok
Exercise. Prove that Z % converges for all x € R. Hint: Ratio Test
k=0

Theorem 3.4. e := exp(1) is irrational.

12
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oo
m 1
Proof. Assume not, then — = E 0 for some integers m,n > 0. Then
n !

k=0

n

- 1 1 1
n+1 (n+1)2 (n+1)3
1
=-<1
n
is an integer strictly between 0 and 1, a contradiction! [ |

Theorem 3.5. ¢* = lim (1 + f)n for all z € R.
n

n—00

Proof. We first prove a Lemma:

Lemma. (1-2)(1-2)---(1-£%)>1- k(’;—:l) for any positive integers k < n.

Proof. Induct on k. For k = 1, equality holds. Assume it is true for some k < n, then

(1= (=t = (1450 (- 1)

2n n
2
—1— (k+12)£Lk+2) + k(l;;Ql)
> 1 (erDG42) 0

Let € > 0. Then pick N; > 2P Ror all n > max (2, Np),

c .

- k! 2n

k=2

2 Sl JaPe e
~ 2n kKl —  2n 2

k=0
Also there exists an Ny > 2 such that for all n > N,
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Hence, for all n > max (N7, Na),
e’ — (1 + E)
n

Theorem 3.6. (Products of Series)

0o o) 00 k 00 0o
If Z ar and Z b, converge absolutely, then Z <Z (lgbkg) = Z ay Z by..

e’ — —

<

k=0 k=0 k=0 \ ¢=0 k=0 k=0
n k n k n n 0o o)
Proof. Z Zagbk_g < lae| |br—e] < Z |ag| Z |br| < Z |ag| Z |bx| converges
k=0 | 1=0 k=0 =0 k=0 k=0 k=0 k=0

o) k
monotonically, so Z (Z agbkg> converges absolutely. Taking n — oo in
k=0 \ ¢=0

n k n n
Z < agbkg> - Qg Z by,
L k=0 k=0

(50

k=0 —0 k=n+1 \l=k—n
2n n
<3 (3 i)
k=n+1 \{=k—n
2n k
<y (Z || |bk—£|)
k=n+1 \ /(=0
gives the desired result since »,_, (ZI;:O | |bk,g]) is Cauchy. |

14
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Example 3.4. The assumption of absolute convergence is necessary. Consider

(—1)*
VE+1

Then Y a; and > by, converge by the alternating series test, but

ak:bk:

k

k . L
Y abe = (-1 VE+D(k—£2+1)

=0 =0

does not make a convergent series since

Z\/£+1 k—0+1) Z

/=0

so the series ‘oscillates with amplitude > 1°.

o
Definition 3.4. A series Z x is unconditionally convergent if any reordering of the

k=0
T gives a series converging to the same number.

The two theorems below show that absolute convergence and unconditional convergence are
equivalent.

Theorem 3.7. (Dirichlet)

If Z x, is absolutely convergent, it is unconditionally convergent.
k=0

Proof. We first treat the case where all z;, > 0. Let o : N — N be any bijection. Then

the partial sums of Z T4 (k) are bounded above by Z T, so by the Monotone Convergence

k=0 k=0
Theorem, it converges. Now we treat the general case.

Define z;7 = max {0,z;} and x, = max{0, —z;}, then x; = z;} — z; and |x;| = xf +
o oo
— . + — o .
z, . From the previous case, Zma(k) and ng(k) are unconditionally convergent, so any

k=0
rearranged sum can be written as

Z“’o =>. ( 3(kz>> =D Ty~ D Tty u
k=0 k=0 k=0 k=0

15
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Theorem 3.7. (Riemann)

If Z x, converges but not absolutely, then for any ¢ € R or ¢ = +00 there exists some

k=0
00

rearrangement o such that Z To(k) = £
k=0

Proof. Again define z;7 = max {0, 2} and z; = max {0, —x;}. Now partition N into

P={keN:z;>0}={keN:zf >0,z; =0}
N={keN:z <0}={keN:z =0z, >0}

o

Since E x) converges but not absolutely, we have
k=0
o0 o0 o0
k—o0 k—o00
k=0 k=0 k=0

So the idea is

e If / € R, we keep choosing indices from P (or N) until we accumulate to a number
close to ¢, and then we alternate between P and N to get arbitrarily close to /.

o If / = 0o, we keep choosing indices from P, but occasionally adding a term from N so
that the series always grows more than it drops, and that we eventually can include
everything from N.

o If / = —o0, swap the roles of P and N.

We leave the formalities as an exercise. [ |

16



Tristan Chaang Real Analysis Notes

4 Topology of R

Definition 4.1.

e An open interval of R is (a,b) = {z € R: a <z < b} for some a,b € RU {xo0}.

e A closed interval of R is [a,b] = {z € R:a < x < b} for some a,b € RU {£o0}.
For a given set ¥ C R, we say that p € F is

e an interior point of E if there exists a < p < b such that (a,b) C E.

e an isolated point of E if there exists a < p < b such that (a,b) C E = {p}.

e a boundary point if for all a < p < b, (a,b) intersects both E and E°.

e a limit point (or accumulation point) if for all a < p < b, (a,b) N E is infinite.
and we say FE is

e open if every p € F is an interior point of F.

e closed if E contains all limit points of E.

Example 4.1.

1. pis a limit point if for all a < p < b, (a,b) N E # {p} (this definition works for
R but not other topological spaces)

2. An interior point of F must be a limit point of E.

3. For E =0,1] or (0,1), the point 0 is a limit point and boundary point, but not
an interior nor isolated point. The point 0.5 is an interior point of E.

4. Open intervals are open. Closed intervals are closed.

Definition 4.2.

e The interior of E, denoted E or int(E), is the set of its interior points.

e The closure of E, denoted E, is the union of E and its limit points.

Properties:
1. (Pset) E is the largest open set C F and F is the smallest closed set D E.

2. F is open if and only if E° is closed.

17
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3. Finite intersections or arbitrary unions of open sets are open.

4. Arbitrary intersections or finite unions of closed sets are closed.

Definition 4.2.
e The interior of E, denoted E or int(E), is the set of its interior points.

e The closure of E, denoted E, is the union of E and its limit points.

Tangent: Countability

Definition 4.3. A set S is countable if there exists a surjection f: N — §.

Example 4.2.
1. Finite sets and N are countable.
2. If X|Y are countable, X x Y is countable. Hence Q is countable.

3. A countable union of countable sets is countable.

Theorem 4.1. R is not countable (uncountable).

Proof. We use a trick called Cantor’s diagonalization. Suppose that there exists a surjective
f:N = (0,1). Every number in (0, 1) has a unique decimal expansion. We write

f(0) = 0.appao1ap2aos - - -
f(l) = 0.ajpa11012a13 - - -

f(2) = 0.ag0a21a22a23 - - -

and construct a number r that is different from f(n) at the (n + 1)-th decimal place for
all n € N. We can construct this by letting the (n + 1)-th decimal place of r be a,, + 1 if
Gpn < 9 or 0if a,, =9. Then r does not have a preimage, contradicting surjectivity. |

Back to Topology

Theorem 4.2. Every open set of R is a countable union of disjoint open intervals.
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Proof. Let E be an open set. For every x € E, define
a, =inf{y € £: (y,z] C E}
b, =sup{z € FE:[r,z) C E}
[z = (amab:p)

Since F is open, a, < x < b, for all x € E.

Claim 1. a,,b, ¢ E.

Proof. If a, € E, then since F is open there exists y < a, such that (y,a,| € E, but then y
is a smaller lower bound of {y € E : (y,z| € E}, a contradiction. Similar for b,. O

Claim 2. I, = (a,,b,) C E.

Proof. Let y € (ay,b,). Then there exists z € (a,,y) such that (z,z] € F since a, < z is the
infimum. Then y € (z,2] C E. Since y was arbitrary, (a,,b,) C E. O

Claim 3. If [, N[, = @, then I, = I,.

Proof. WLOG a, < a,. Since I, I, overlap, we have a, < a, < b,. Now if a, < a,, then
a, € I, C FE but Claim 1 says a, € E, a contradiction. m

Therefore {I, : © € E} is a set of disjoint intervals whose union is E. To prove that it is
countable, simply pick a rational in each I,. Since the [, are disjoint, each I, maps to a
different rational, hence embedding {I, : € E'} into a subset of Q which is countable. W

Definition 4.4.

e An open cover U of E C R is a collection of open sets {O4},.; such that such
that £ C |J,er Oa-

e K C R is (covering) compact if every open cover of K admits a finite subcover.

o K C R is sequentially compact if every sequence in K admits a converging sub-
sequence in K.

Theorem 4.3. Let K C R. The following are equivalent:
1. K is compact.
2. K is sequentially compact.

3. K is closed and bounded.
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Example 4.3. [0, 1] and finite sets are compact. (0,1) and R are not compact.

Theorem 4.4. (Cantor’s Intersection Theorem)
Let {K,},cn be a sequence of nonempty compact sets in R such that K, 2 K; 2
Ky D ---. Then K =,y is compact and nonempty.

Proof. K C Kjis bounded. K is also closed because an arbitrary intersection of closed sets is
closed. To prove K is non-empty, pick a x,, € K,, for each n and use the Bolzano-Weierstrass
theorem. |

Example 4.4. The Cantor set K is defined recursively as follows:
[ ] KO - [O, 1]
e Remove the middle third of each interval in K, to get K, .1, so

K=0URY, K=[3uBENUEIu,

o K = UneN K,.

Each K, is made up of 2" closed intervals of length 1/3", so the ‘total length’ of K, is
(2/3)™, which goes to 0 as n — oo! Exercise:

e K isuncountable. (Hint: The points in C' are exactly the reals in [0, 1] that can be
written with digits 0 and 2 in base 3, but be careful of things like 0.022--- = 0.1.)

e K is perfect (closed without isolated points) with an empty interior.
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5 Metric Spaces

Definition 5.1. A metric space (X,d) is a set X equipped with a metric d, which is
a function d : X x X — R>( such that for all z,y, z € X,

e d(z,y)=0cz=y

o d(z,y) = d(y,x) (Symmetry)
o d(z,z) <d(x,y)+d(y,=2) (Triangle Inequality)
Example 3.1.

1. R with d(z,y) = |x — y|. (We have been working in this metric space so far)

2. R with d(x,y) = />, (x; — y;)?. (Euclidean metric)

3. R™ with d(x,y) = sup,<;<, |7; — »|. (Uniform metric)

4. Any set X with d(z,y) = 1(z # y). (Discrete metric)

5. Lo={{Zn}pen  Donen T2 < 00} with d(x,y) = da(X,y) = /D goy (@ — y:)%.
6. L1 = {{Zn}pen : Dnen [Tn] < 00} with d(x,y) = di(x,¥) = 3.2, |z — yil-

7. Lo = {{xn}neN ; bounded} with d(X,y) = deo(X,y) = suD;<;<,, |75 — il

We can generalize many definitions from the real topology to general metric spaces:

Definition 5.2.
e Convergence: (Ve > 0) (IN € N) (Yn > N) (d(z,,0) < €).
e Cauchy sequence: (Ve > 0) (IN € N) (Vm,n > N) (d(zn, Tm) < €).
e Open/Closed balls: B(z,r) = {y : d(z,y) < r}, B(z,r) = {y: d(x,y) <r}.
e Open set: (Vo € E) (Ir > 0) (B(z,r) C E). Closed set: E° is open.
e Neighborhood of z € X: Any open set containing x.
e Diameter of E: diam(E) = sup {d(z,y) : z,y € E}. Bounded set: diam(E) < co.
e Limit point of F: Any neighborhood of it intersects E infinitely much.

e Isolated point of E: Exists some neighbourhood that intersects E at only itself.
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Definition 5.2 cotd.

e Closure of E: E = E U {limit points of E}.

Interior of E: E = {x € E : exists neighborhood of # contained in E}.

e Eis dense in F if F C E. (Equivalently, all neighborhoods of all points in F
must intersect E.)

o K C X is compact if every open cover of K admits a finite subcover.
e K C X is totally bounded if (Ve > 0) (xq,- -+ ,x,) (K C B(z1,e) U--- U B(xy,¢)).
e K C X is complete if every Cauchy sequence converges.

e K C X is separable if it has a countable dense subset.

Example 5.2.
1. (R,|e — e|) is complete and separable (Q = R).
2. (Lo, ds) is not separable.

Proof. Consider A = {sequences of 0s and 1s} which is uncountable. Then
doo(z,y) = 1 for all z # y, so {B(z,0.5) : € A} is an uncountable collection of
disjoint open neighborhoods. Any dense subset has to intersect each ball, hence
must be uncountable.

3. Totally bounded = bounded. The converse is not true; check discrete metric.

Exercise. In (R, |e — o]),
e Totally bounded < Bounded.
e Complete < Closed.

Exercise. In (X, d), a sequence {x,}, .y converges to ¢ if and only if

le ﬂ {$n7$n+17 o }

neN
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Theorem 5.1. Let K C R. The following are equivalent:
1. K is compact.

2. K is sequentially compact.

3. K is complete and totally bounded.

Proof. (1) = (3): Assume K is compact. Fix € > 0. Then K C X = J,.y B (,¢), so there
exists a finite subcover {B (z;,¢):1 <i<n} DO K. Hence K is totally bounded. Consider
a Cauchy sequence {x,}, .y in X. Assume it does not converge. For each n € N define

U, =X\ {zn,ps1, -} By the exercise above, {U, : n € N} is an open cover of K, so it
admits a finite subcover, whose union is X \ {zy, zny1,- -} for some N € N. Hence

{zg, 21,29, } CK C X\ {zn,TN31, "}
which is a contradiction.

(3) = (2): Let {w,},cy be a sequence in K. Since K is totally bounded, write K C
B(z1,1)U---UB(zy,1). Then there exists a B (x;, 1) containing infinitely many elements of

{@n},ens corresponding to a subsequence {x%o)} of {Zn},cn. Repeat the same argument
neN

with balls of radius 1/2, giving a subsequence {%(11)} of {xq(qo)} , and so on for radii 1/2"
neN neN

for n € N. Then the diagonal sequence {:1:7(1")} is Cauchy: For all n, they will eventually
neN

be contained in some ball of radius 1/2". Therefore it is a converging subsequence.

(2) = (1): Let K be sequentially compact.

Lemma. K is totally bounded.

Proof. Pick € > 0. Assume the union of any finite collection of open e-balls does not
contain K. We generate a sequence that does not converge in K, namely a sequence
{@n},,en such that d(x;, z;) > € for all i # j:

e Assume zg, - -, %y are chosen such that d(z;,z;) > ¢ for all i # j. Then K has
an element that is not in B (zg,e) U---UB (z,,¢€), and we pick that as xp41. O

Let Z = {ly, I1,I5,---} be the union, over all n € N* of finite sets of open (1/n)-balls
that cover K. Let U be an open cover of K. We first show that there is a countable
subcover U’: For each k € N we choose, if it exists, some O;, € U such that I, C O;. Write
U ={0y : k € N}.
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Lemma. U’ covers K.

Proof. Pick any x € K, then there exists some O € U that contains x. Since O is
open, there exists some neighborhood B (z,¢) C O. Pick some I}, € Z which is an open
ball of radius < €/2 and contains . Then z € I, C B(x,e) C O, so there exists some
Oy (e.g. O) to be chosen when building U’. Since x was arbitrary, U’ covers K. [

Hence U' = {0y, Oy, - - -} is a countable subcover of K. It sufficies to prove that U’ admits
a finite subcover. Assume not, then for all k € N,

k k
JOi 2K = 3z, e K\ O

i=0 =0
Now, a subsequence of {z}, .y converges to x. So for all £ € N, there exists a sequence in

k k ¢
K\ U 0, C (U Oi> that converges to z € K (a sufficiently far tail of the subsequence).
i=0 i=0

k? C
But (U Oi> is closed, so it contains the limit point x. Since k € N was arbitrary,
i=0

T € <[OJOZ> = K°
i=0

which is a contradiction since z was in K. [ |

Theorem 5.2. (Baire) Let (X, d) be a complete metric space and O,, is open and
dense in X for all n € N. Then O =,y Oy, is dense in X.

neN

Example 5.3.  Enumerate the rational numbers Q = {qo,q1,---} and let O, =
R\ {gn}. Then JO, =R\ Q is dense in R (not open!).

Proof. Let U be any open subset. We want to prove that U intersects O.

e Since O, is dense, there exists 1 € Oy NU. Since O is open, there exists a neighbor-
hood whose closure B (z1,71) C O; N U.

e Recursively, pick z,, € O, B (x,,_1,7,_1), and pick some B (z,,,7,) € OpNB (Tp_1,7n_1)
such that 0 <7, <r,_1/2.

So we have x1,2o, -+ and ry > 2ry > 4r3 > -+, SO {:1cn}neN is Cauchy, so it converges to
some z € [),ey B (25, 7,) which is contained in both U and O. |
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6 Continuous Functions

Definition 6.1.

e Let (X,dx),(Y,dy) be metric spaces. We say f : X — Y is continuous at x € X
if for every x,, — x we have f(x,) — f(z).

e f: X — Y is continuous if it is continuous at every z € X.

Theorem 6.1. f: X — Y is continuous at x if and only if

(Ve > 0) (36 > 0) (Vdx (,y) < 0) (dy(f(2), f(y)) <e).

Proof. (=) Let x, — x and £ > 0, pick the associated . Then there exists some N € N
such that dx(z,z,) <0 for all n > N, so dy (f(z), f(z,)) <e = f(z,) — f(x).

(<) Assume there is an € > 0 such that there is no such 6. Then for each n € N we pick z,,
such that dx(z,z,) < 1/n and dy(f(z), f(z,)) > . Then x, — x but f(x,) 4 f(zx). |

Theorem 6.2.
f: X — Y is continuous if and only if for all open sets U in Y, f~}(U) is open in X.

Proof. Say f is continuous. Take U open in Y, and any x € f~!(U). Since U is open, there
exists B(f(z),e) CU. Since f(z,) — f(x) for all z, — x, we can find a § > 0 such that

f(B(x,8)) € B(f(x).¢)

so B(z,0) C f~Y(U) and hence f~*(U) is open. Conversely, fix e > 0. Then B(f(x),¢) is
open in Y and hence f~! (B (f(x),¢)) is open in X, so there exists a neighborhood B (z,d) C
f7H(B(f(x),€)) and thus f(B(x,0)) C B(f(x),e). u

Example 6.1. Continuous functions:
1. Isometries: f: X — Y such that dy (f(z), f(y)) = dx(z,y) for all z,y € X.

2. L-Lipschitz functions: f : X — Y such that there exists L > 0 such that
dy (f(x), f(y)) < Ldx(z,y) for all z,y € X.

3. a-Holder functions: f : X — Y such that there exists L > 0,0 < a < 1 such
that dy (f(x), f(y)) < Ldx(z,y)* for all z,y € X.

4. f(x) = |z| on R is 1-Lipschitz. f(z) = +/z on Rx( is 0.5-Holder.
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Theorem 6.3. (Banach Fixed Point Theorem)
Let (X,d) be complete and f : X — X be a-Lipschitz for some 0 < o < 1 (such
functions are called contractions). Then f has a unique fixed point: f(a) = a.

Proof. Uniqueness is easy: If f(x) = x and f(y) = y then
d(z,y) = d(f(2), f(y)) < ad(z,y) = z=y.

We prove existence by starting at any zp € X and considering the sequence x,, = f(z,_1).
d(xpi1, ) = d(f(zn), f(2n-1)) < ad(xp, 2h-1)
ATy, ) < od(z, o).

With this, {@,},y is Cauchy (exercise), so it converges to some x. Taking n — oo on both
sides of x,,+1 = f(z,) (allowed because Lipschitz is continuous!) gives f(x) = z. [

Definition 6.2. f: X — Y is uniformly continuous if

(Ve > 0) (36 > 0) (Vdx (z,y) < 8) (dy (f(z), f(y)) <e).

Remark: Here § does not depend on x!

Example 6.2.
1. Holder functions are uniformly continuous.

2. f(z) = 2% on R is not uniformly continuous:

Proof. Say e = 1. For any chosen ¢, we see that for x > 1/0,
4]
fle+ 5]~ f(z)

Theorem 6.4. If X is compact and f : X — Y is continuous, then f(X) is compact.

52
:(5SL’+Z>1:8.

Proof. Let {Uy},c; be an open cover of f(X) C Y. Since f is continuous, {f~! (Ua)},c; is
an open cover of X and hence there exists some finite subcover {f~! (Uy), -+, f~' (Ux)} of
X. Then {Uy,--- , Uy} is a finite subcover of f(X). |

Theorem 6.5. (Heine-Cantor)
If X is compact and f : X — Y is continuous, then f is uniformly continuous.

Proof. Fix ¢ > 0. Since f is continuous, for every x there exists ¢, > 0 such that
dy(f(y), f(x)) < /2 whenever dx(y, z) < 6,. Consider the finite subcover of {B (z,0,/2) : . € X}
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that covers X, say {B (z;,0,,/2) : 1 <1i <n}. We then define 6 = min d,, /2.

1<i<n

Now take any z,y € X with dx(z,y) < 0. Then there exists x; such that x € B (z;,0,,/2).
That means y € B (x;,d,,), S0

Let’s now focus on functions whose image is in R.

Exercise.
1. If f,g: X — R are continuous, then f + g, fg, f o g are continuous.

2. Intervals are connected: For any two disjoint open sets O, Oy whose union is the
interval, the interval is completely contained in one of Oy, Oy. (Pset 7)

Theorem 6.6.
If X is compact, f : X — R is continuous, then f(X) has a maximum and minimum.

Proof. By Theorem 6.5, f(X) is compact, so it is closed and bounded (Theorem 4.3). Since
it is bounded, f(X) has a supremum and an infimum. Since it is closed, the supremum and
infimum are in f(X). |

Theorem 6.7. (Intermediate Value Theorem)
If f: [a,b] — Ris continuous and f(a) < u < f(b), there exists ¢ € [a,b] with f(c) = p.

Proof. Assume y ¢ f([a,0]). Then f~'((—oo,p)) U f~H((1,00)) = f~((=00, ) U (, 00))
are two disjoint open sets whose union is [a, b], contradicting connectedness. [ |

Definition 6.3.
If X is compact, we define the uniform metric on C(X) = {f : X — R continuous}:

d(f,g) =sup{|f(z) —g(z)| : x € X}

Exercise. Check that (C(X),d) is a metric space.
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Definition 6.4. Let {f, : X — R} _y be a sequence of continuous functions.
e We say f, converges pointwise to f if f,(x) — f(z) for all x € X.
o We say f, converges uniformly to f if sup |f.(x) — f(z)| — 0 as n — oo.
zeX

This is equivalent to f,, converging in (C(X),d), so we can write f, 4, f.

Example 6.3. Set X = [0, 1].
1. fu(z) = 1/n converges uniformly to 0.

2. fa(z) = 2™ converges pointwise to 1(z = 1) but does not converge uniformly.

Theorem 6.8. (C(X),d) is complete.

Proof. Let {f,: X — R}, .y be Cauchy. Then for all z € X, {f,(2)},cy is Cauchy and
hence f, converges pointwise, say to f. We now have to prove f is continuous and f, 4 I

Let ¢ > 0. Then there exists N such that |f,(x) — f.(x)] < e for all m,n > N and z € X.
Taking m — oo gives |fn(x) — f(z)| < e, which is the criteria of uniform convergence. To
check that f is continuous, let ¢ > 0 again and fix x.

e There exists N € N such that |f,(z) — f(z)| < e/3 for all n > N.
e Since fy is continuous, 3§ > 0 such that |fy(z) — fn(y)| < €/3 for all dx(x,y) < 0.

Therefore,

[f(x) = fW)l < [f(@) = fn(@)] + [n(@) = fn )]+ 1F(y) — i (y)]
3 g 3
< §+§+§ = ¢. [ ]

Definition 6.5.

e A set K C C(X) is uniformly bounded if there exists an M € R such that
f(x) < M forall fe K and z € X.

o Aset K CC(X) is (uniformly) equicontinuous if

(Ve > 0) (30 > 0) (Vf € K, dx(z,y) <) (dv(f(z), f(y)) <e).
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Theorem 6.9. (Arzela-Ascoli) B
Let X be compact. K C C(X) is relatively compact (i.e. K is compact) if and only if
it is uniformly bounded and uniformly equicontinuous.

Proof. We make three observations when X is compact:

1. A continuous f : X — R must be uniformly continuous and bounded.

2. X is separable.

Proof. Since X is totally bounded, for all n € N there exists a finite set .S, of
points whose (1/n)-ball neighborhoods cover X. Then S = J,, S, is a countable
dense set: Given any open U C X there is some B (u,1/N) C U and some
s € Son with u € B (s,1/2N). This means s € B(u,1/N) CU. O

3. K is compact if and only if K is complete and totally bounded.

Assume K is compact.
1. Proving K is uniformly bounded.

Since K is totally bounded, there exists fi,-- -, f, such that K C (Ji, B(fi,1). By Obv 1,
each f; is bounded by some M;. Now let M = max;<;<,, M;+1. Hence, for any f € K C K,
there exists some B (f;, 1) that contains f, so

[f@)] < [fi)| +1f (@) = fi(e)] < M +1 <M

2. Proving K 1s uniformly equicontinuous.

Let € > 0. There exists fi,--- , f, such that K C |J_, B(fi,e/3). For each 1 < j < m,
since f; is uniformly continuous there exists d; > 0 such that |f;(z) — f;(y)| < £/3 whenever
dx(7,y) < §;. Let § = minj<j<, ;. Now take any f € K C K. Then f € B(f;,¢/3) for
some j. For any dx(z,y) < 6,

[f(2) = F)l < [f(2) = () + [f5(2) = L)+ 1) = F )]
<

S
+to+-o=c

E €
3 3 3

Now we prove the other direction. We will prove K is sequentially compact, but we first
note that we just need to prove for sequences strictly in K:
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Lemma. To prove that K is sequentially compact, we just need to prove that all
sequences in K (instead of in K') has a convergent subsequence (in K automatically).

Proof. Let {yn}, ey be any sequence in K. Then every ¥, is the limit of some sequence
{ynj};en In K, so for every n there exists N, such that d(yn;,y.) < 1/(n+1) for all
J = Ny. Then the diagonal sequence {ynn, },cy is in K, so it admits a subsequence
{ynank }keN that converges to say y. We claim that {y,, },.y converges to y too: Let
e > 0. Choose N such that 1/(N +1) < ¢/2 and d(yn,n,,,y) < €/2 for k > N. Then

g
— < e. ]
o T S

A(Ynir Y) < dYni> Ynin, ) + AYni,, 5 Y) <

Hence, let {fn},cy € K. Since X is separable, say {x}, .y is dense in X.

e Given zy, we can extract a subsequence {fo;}, y such that fo;(xo) EimiN g(xo) € R by
the Bolzano-Weierstrass Theorem.

o We then extract a subsequence {fi;};cy of {fo;};cy such that fi;(z1) EiniaN g(x1) €R

by the Bolzano-Weierstrass Theorem. Note that fi;(zo) 2o g(z0) still.
e Repeat for zq, 23, - -.

Then f;;(x) EimiN g(zy) for all k. Rename

We then consider the diagonal sequence { fj;} -
We want to show that {f,} is

the initial sequence {f,} to be the subsequence {f;;}
Cauchy.

jEN'

e Since K is equicontinuous, 39 > 0 such that |f(z) — f(y)| < &/3 for all dx(z,y) < 9.

o Let {B(z;,0):0<j < .J} be a finite subcover of X. Then there exists N such that
|fn(xj) — fin(y;)| <e/3 forall m,n >N and 0 <j < J.

Therefore for all m,n > N and x € X, we have some x € B (x;,9) and so

5
<-4-4-==c
37373°7°
S d(fus fn) = sup | fu(2) = fm(z)| < €
zeX
and hence { f,}, oy is Cauchy, so it converges to some g € K. [
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7 Derivatives

Definition 7.1.

e Let f: 1 — R where I C R. Then we say lim f(z) = ¢ if for all € > 0, there
T—T0
exists 6 > 0 such that |f(z) — ¢ < e for all x € I with 0 < |z — 2| <.

e Let [ be an open interval. We say that f : [ — R is differentiable at xq if
lim f(z) = f(xo) — lim f(xo + 5; — f(@o)

) xr — o 6—0

eR

exists, in which case we denote the limit by f’(z¢), called the derivative at x.
We say f is differentiable if f is differentiable at all points in I.

L 1@) = f(z)

T — 2o

is called the difference quotient and represents the slope.

Exercise. lim f(z) = { if and only if lim f(z,) = ¢ for any sequence x,, — x.
T—T0 n—00

512 — 22
Example 7.1. f(x) = 2? is differentiable: lim @9y —a

= lim 229 4+ 0 = 2x.
—0 6—0

Theorem 7.1. If f is differentiable at xz(, then it is continuous at xy.

Proof. Assume we have a sequence x,, — x. Then

i 1) — )] < Jim LI
= lim Jn) = J (@) lim (z, — z)
n—00 Tp — T n—00
= f'(x)-0=0.
and hence f(z,) — f(x). |

Properties:
1. R-linearity: (¢f) = cf’ for all ¢ € R.
2. Leibniz (Product) Rule: (fg) = f'g + f¢'.

li / _ /
3. Quotient Rule: If ¢'(x¢) # 0, <§> S gg2 9 -
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Proof of (2).
lim flzo+9)g(zo +0) — fxo)g(xo)
0—0 )
= i LD I ) 4 iy L0 0) 9]

= f'(z0)g(x0) + f(20)g' (20).

Exercise. f(z) =12" (n € N) = f'(z) = na" .

Theorem 7.2. (Chain Rule)
If f, g are differentiable at xy, then f o g is differentiable at x(, with

(f 0 9)'(z0) = f'(9(x0))g' (o).

Proof. Take x,, — x with x,, # = for all n. Then
flg(@n)) — f(g(z)) flg(@n)) = fg(z)) g(zn) — g(z)

lim = lim
= ['(g(x0))g' (o)
if g(z,) # g(x) eventually. If g(x,) = g(z) eventually, then it evaluates to 0 anyway and
g'(zg) = 0 too. [

Example 7.2.
1. With f =g, we get f'(g(z)) =1/ (x).
2. Say f(z) = /z and g(z) = 2?, then f'(2?) = .

o : : R I L
3. f(x) = |z| is not differentiable at 0: 615517 5 = 1#41= 5li>%1+

191
=

Definition 7.2.
f:Q CR"” — R"is said to have directional derivative at xq € € in direction v € R™ if

D f(xo)[v] := (151_{% o + 5? — f(x0)

exists. We say f is differentiable at xo if D f(zo) : R" — R™ is a linear map.

Theorem 7.3. If f: [a,b] — R is differentiable, then the maximum of f occurs at
either a, b or a point xy with f/(x¢) = 0. Note: Maximum exists since [a, b] is compact.
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Proof. 1f it does not occur at a nor b, then it occurs at an interior point zo € (a,b). Then

f(zo+0) — f(xo)

/ _ T <
f(@o) 52%1 ) =
and
/ - f(zo+6) — flxo)
=1 >
fiwo) = Jig 5 =0
and hence f'(z) = 0. |

Theorem 7.4. (Rolle’s)
If f:]a,b] — R is continuous, f is differentiable on (a,b), and f(a) = f(b), then there
exists ¢ € (a,b) with f'(c) = 0.

Proof. If f is constant then the result is trivial. Otherwise, a maximum or minimum occurs
at the interior, and we can use Theorem 7.3. |

Theorem 7.5. (Mean Value Theorem)
If f:]a,b] — R is continuous, f is differentiable on (a,b), then there exists ¢ € (a,b)

with f'(c) = W.
Proof. Define F(z) = f(x) — W(x —a) and apply Rolle’s Theorem. [
Exercise.

1. If f/ =0 then f is constant.

2. If |f'| < L then f is L-Lipschitz. Hint: Use the Mean Value Theorem.

Theorem 7.6. (L’Hopital’s Rule) Let f, g be differentiable on I, and let zg € [

/
such that f(zo) = g(xo) =0, and ¢'(z) = 0 on some B (zg,¢), and lim fle)
=0 g'(x)

exists.

Then lim m = lim f(z)

o gla)  wom g(2)’

Proof. Take some 1 € B (zg,e). Consider ®(z) = f(x1)g(x) — g(x1)f(x). By Rolle’s
Theorem, there exists some ¢ between xy and x; such that ®'(¢) = f(x1)g'(¢c)—g(z1)f'(c) = 0.
flx) ()

Hence for all z € B (g, ¢), there exists some ¢, between = and z( such that

g(x)  g'(c)
Taking the limit x — 2 (and hence ¢, — x) gives the result. |

33



Tristan Chaang Real Analysis Notes

Definition 7.3.
e A function f: I — R is convex if for all z; < 25 in [ and any 0 < o < 1,
flazy + (1= a)zz) < af(z1) + (1 - a)f(za).
We say that f is strictly conver if the inequality is always strict.
e A function f: I — R is concave if for all z; < 29 in I and any 0 < a < 1,
flazy + (1 = a)zs) > af(z1) + (1 — a) f(x2).
We say that f is strictly concave if the inequality is always strict.

e Define the right and left derivative

fl(zo) = lim fzo + ) — f(:to), f'(z5) = lim fxo+8) — f(xo)

6—0t ) 6—0— )

f(z) = f(x0)

T — 2o

Exercise. If f is convex on I, then = +— is nondecreasing on I.

Theorem 7.7.
Say f is convex on I. Then f’ (z) < fl(z) < f'(y) < fi(y) for all z <y in 1.

f(zo+0) — f(xo) .

Proof. Firstly, is nondecreasing as § — 0~ and hence f’ (x() (and similarly

[l (x0)) exists for any x¢ € I. The result then follows from the Exercise above. |

Corollary.
1. When f is differentiable, then f is convex if and only if f’ is nondecreasing.

2. When f, f’ are both differentiable, then f is convex if and only if f” > 0.

Theorem 7.8. If f is convex, [’ exists except at countably many points.

Proof. Whenever f is not differentiable at € I, we have f’ (x) < f (x), so we can pick a
¢ € Q. We then have an injective map x — ¢, on nondifferentiable points. [ |
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Example 7.3.
1. f(x) = |z|is convex, with f'(x) = sgn(z) when z # 0 and f" (0) = —1, f,.(0) = 1.

2. f(z) = € is convex because f"(z) = e* > 0.

Definition 7.4.
e A function f: I — R is in C! if it is differentiable and f’ is continuous.
o If f'(z9) =0, we say xg is a critical point and f(zo) is a critical value.
e We say y € R is a reqular value if it is not a critical value.

e A set S C R has measure zero if for all € > 0 there exists countably many
intervals that (i) covers S and (ii) have total combined length < e.

Exercise.
1. A subset of a measure zero set has measure zero.
2. Every finite or countable subset has measure zero.
3. The Cantor set (uncountable!) has measure zero.

4. A countable union of measure zero sets has measure zero.
Hint: Take a covering of total length < /2" for the n-th set.

Theorem 7.9. (Sard’s Theorem)
Let f: R — R be in C'. Then {critical values of f} C R has measure zero.

Proof. Tt suffices to prove that the set of critical values of f on a closed interval [a,b] has
measure zero, because to get the full set of critical values we just apply to [—n,n] for all
n € N and take the countable union. WLOG we will prove for [0,1]. Let ¢ > 0

Since f’':[0,1] — R is continuous, it is uniformly continuous and hence there exists N € N
such that | f/(z) — f'(y)| < /2 for all [z —y| < 1/N. Partition [0,1] into I;, = [£, %] for
k=0,---N — 1. For every k where [ has a critical point xy, for alll x,y € I we have

@) = F@I POl =yl = 1£(0) = F o)l le =yl < 5 %

and hence the length of f(I)) is < ¢/2N. Taking all 0 < £ < N — 1 for which I; has a
critical point, we get a covering with total length < ¢. |
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Example 7.4.

1. The constant function has critical points everywhere, with exactly one critical
value, and hence {critical value} has measure zero.

Theorem 7.10. Any regular value of f : [a,b] — R in C! has a finite pre-image.

Proof. Let yo be a regular value (f'(y) # 0 for any f(y) = yo). Then f~'({yo}) C [a,D]
is closed and hence compact. If f~'({yo}) were infinite, then it admits a sequence {z,},
converging to some Z. But then f(x,) = f(Z) = yo and hence by Rolle’s there always exists
a x, between z,, and T such that f'(2]) = 0. Then 0 = f'(2},) — f'(Z) # 0 which is a
contradiction since f(T) = yo. |
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8 Riemann Integral

Definition 8.1.

e A partition of [a,b] is a finite set of points 0 = {a = 2o < --- < zx = b}.

The size |o| of ¢ is maxj<;<y |x; — 1]

A partition o’ is a refinement of o if o' D 0.

Given a bounded f : [a,b] — R and a partition o of [a, b],

N
— The upper (Riemann) sum is S(f,0) = 2:(%z —x; 1) sup f(x).

i—1 €T 1,2

— The lower (Riemann) sum is s(f, o) Z —x;—q) inf  f(z).

TE€[Ti—1,%;)

Given a bounded f : [a,b] — R,
— The upper (Riemann) integral is T (f) = i\glf S(f,o).

— The lower (Riemann) integral is = (f) = sup s(f, o).
Vo

A bounded f : [a,b] — R is Riemann integrable if T~ (f) / f(z

Denote by R(a,b) the set of all Riemann integrable functions on [a, b].

Given f : [a,b] € R and I C [a,b] an interval, define o?cf =sup f — ir}f f.
I

Remark.

1. Given two partitions oy, 09 of [a, b], there is always a partition that is refinement
of both, e.g. 03 = 01 U 03.

2. s(f,0) < Zfil(:vz —x;1)f (&) < S(f,0) for any choice &; € [z;_1,z;] for all i.
3. Exercise. If o3 is a refinement of both oy, 09, then
S(fao-l) S 3(f70-3> S S(f,O'g) S S(f)O-Q) = S(f701> S S(faUQ) vo—bo-Q

which implies Z~(f) < Zt(f) for any (bounded) f.
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Theorem 8.1. The following are equivalent:

—_

. f€R(a,b).

2. (Ve >0)(30) (S(f,0) — s(f,0) <e).

3. (Ve >0) (36 > 0) (Vo] < d) (S(f,0) —s(f, o) <e).

4. (Ve > 0) (3N > 0) (Vn > N) (S(f,0n) — s(f,0n) < €) where

k
On = {a + ﬁ(b —a):0<k< n} (equipartition)

5. (3Z € R) (Ve > 0) (35 > 0) (V|o| < 9) (V& € [zi1,x4]):

Proof. We just prove (2) < (3). (<) is trivial. (=)

Assume (2) is true. Let € > 0. Then there exists some 0 = {xg < --- < xy} with S(f,0) —
s(f,0) < e. Since f is bounded, let |f(x)| < M for all x.

We pick § = ¢/(2M N). Then let 0/ = {yo < --- < yn'} be any partition of size < J. Note
that any interval Y; = [y;_1,y;] is either

(A) entirely contained within some Xy = [xu)-1, Zf@)], or

(B) contains some z; for some j. (There are at most /N such intervals)

N/

2 S(f, 0"y —s(f,0') = Z(yz — yifl)og'cf
i=1 ‘
<> (Wi—yim)ose f+ Y (yi — yim1)oscf
o £6) B) i
N
= Z (yz - yz—1>OSCf + Z(yz - yz,l)oscf

< Z(%‘ - 95j—1)0)§3_<3f + N(6)(2M)

=
=S(f,0) —s(f,0) +2M N < 2e. [
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Theorem 8.2. Continuous functions are Riemann integrable.

Proof. Let f : [a,b] — R be continuous and ¢ > 0. Then f is uniformly continuous and
hence exists an ¢ > 0 such that |f(x) — f(y)| < ¢ for all |z — y| < §. Then for any partition

o of size < ¢,

N

[1'1 1 -731]

S(f,a)—s(f,a):Z(xi—xi 1) osc fgz —xz;1)e =¢(b—a).

i=1

integrable, with Z(¢) =1 and Z~ (¢) = 0.

Example 8.1.  The Dirichlet function ¢(z) = 1(z € Q) on [0, 1] is not Riemann

Properties: If f, g € R(a,b), then

L f4+g M (AeR)areinR(a,b) and ["f+g=["F+ [ g ["AF=A["F.

2. fg,max(f,g), min(f,g) € R(a,b).
3. f/g € R(a,b) if inf g > 0.

4 f<g= [[f<flg
5. |f] € R(a,b) with f; |f| > ‘fff‘ (Triangle inequality)
6. If ¢ € (a,b), then f € R(a,c) NR(c,b) with fabf = [ f+ fcbf.

Remark: We denote faaf =0 and fbaf = — fabf if a < 0.

Theorem 8.3. (Fundamental Theorem of Calculus / FTC)
If f:[a,b] — R is continuous, then F(z) = [* f is differentiable with F’ =

f

Proof. For any = € (a,b) and h > 0,

F(x+h) — F(x)
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The case where h < 0 is similar. [ |

Theorem 8.4. (Integral Form of FTC)
If F: [a,b] = R is in C', then [’ F' = F(b) — F(a).

Proof. Apply FTC to f = F’, giving G(z) = [7 F' with G’ = F'. But (G—F) =0 =
G(b) — F(b) = G(a) — F(a) and thus [’ F' = G(b) — G(a) = F(b) — F(a). |

Theorem 8.5. (Integration by Parts)
If f,g:[a,b] = R are in C!, then fab f'g= f(b)g(b) — f(a)g(a) — fab fq'.

Proof. Apply Theorem 8.4 to F' = fg (with F' = f'g+ gf’). [ |

Theorem 8.6. (Characterization of Riemann Integrability)
f € R(a,b) if and only if

e f is bounded, and

e The set of points of discontinuity of f has measure zero.

Example 8.2.
1. f:]0,1] - R with f(z) =1(z =1/2) is in R(a,b) (discontinuous only at 1/2).

2. The Dirichlet function is discontinuous everywhere, so it is not in R(a, b).

Definition 8.2. The oscillation of f at point x is osc(f,x) = lim osc f >0
0—0t [z—0,2+9]

Exercise. osc(f,x) =0 if and only if f is continuous at x.

Proof of Theorem 8.6. (<) Let |f(x)] < M for all z. Denote E as the set of discontinuity
points, so ¥ has measure zero. Let € > 0. Then

B = {xe [a,b] : osc(f,x) > 2(b€_a)} CE

has measure zero too. Also, E. is closed (Exercise! If x ¢ E., choose § small enough so that
the oscillation is still within £/2(b — a), so E¢ is open). Therefore, E. is compact and hence
can be covered by finitely many disjoint closed intervals of total length < e/(4M).

We then consider a partition o of [a, b] that contains all the closed intervals chosen above
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(type A), and the rest where the oscillations are < £/2(b — a) (type B). Then

N

S(f,0) = s(f,0) = Z(m- i) osc |
= i — Ti_ 0osc + i— Ti_ 0sc
Z 1 [z 1$Lf Z 1 [z 1737i]f
19
<Z i — Li— 1 2M +Z xz Tj— 1>2(b_a)
i(B)
15

(=) f is bounded by definition, so we just need to prove that the set of discontinuity points
has measure zero. We will prove that

Es ={x € [a,b] : osc(f,x) > 6}

has measure zero. The result then follows from a union of 6 = 1/n for n € N*. Take any
partition o of [a, b], then

N
S(f,0) = s(f,0) =D (xi - Tim) osc f
i=1 T

(x; — :Ul-,l)[ osc [+ Z (x; —xi1) osc f

[wi-1.2i]NEs=2 . ! [zi—1,2:]NEs#2 [wi—1,i]

But for any € > 0 we can force S(f, o) — s(f,0) < € for some o, so |Es| = 0. |

Definition 8.3. An ordinary differential equation (ODE) is a problem in the form

Y'(x) = flz,y(x),  y(wo) =wo

where y(z) is a differentiable function from R — R™ to be solved.

Example 8.3.

1. Newton’s Law of Cooling: ¢'(t) = k- (T — 0(1)).

2. Newton’s 2nd Law: ma”(t) = F(z(t)) < i($(t)) _ ( v(t) )
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We show that most ODEs have a unique solution.

Theorem 8.7. (Picard-Lindel6f/Cauchy-Lipschitz)

Let D C R? be open and (zg,y0) € D. Let f : D — R be L-Lipschitz in the second
variable (namely |f(z,v1) — f(z,y2)| < L|y1 — y2|). Then for some ¢ > 0 there exists
a unique solution y : (zg — €,29 + €) — R to the ODE

y'(z) = f(z,y(x)),  y(x0) = W0

Remark.
1. The theorem is true for higher dimensions too, i.e. f: D C R x R* — R".

2. While the proof is for local existence and uniqueness, it can be extended globally:
There always exists a mazimal interval I,,x containing xy where y(x) exists and
is unique. Sketch: Keep expanding (zo — €, x¢ + €) by repeatedly applying this
theorem to the boundaries when possible.

3. The L-Lipschitz condition of f is necessary. Consider the ODE ¢/(z) =
3y?3,y(0) = 0. Then y = 2% and y = 0 are solutions. (In fact, there are
infinitely many solutions! Can you find them? Note that scaling doesn’t work.)

Proof. By FTC, the differential equation is equivalent to the integral equation
y(x) = Yo +/ St y(t)dt
0
so for any I = (zg — €, 9 + €) let’s define the functional £ : C(I) — C(I) with

w@mm:%+éﬁﬁmma

and use the Banach Fixed Point Theorem.

HEn), L) = sup | [ (Fan(e) — St o))

zel |Jzg
<sup| [ 110,000 = St o)t
T z0
< zowp| [ )~ 0l (Lipschitz)
zel |Jzg
< Lsup / sup |y1(2) — y2(2)| dt‘
zel |Jzg z€l

< Liffsup [y1(2) — 2(2)] = LI |d(yn, 1)
ze
so L is a contraction if we choose |I| < 1/L, i.e. € < 1/(2L). |
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Definition 8.4.

o Let {ai},cn be asequence and ¢ € R. A power series is a series in x of the form

Z ap(x — c)F.

For each z € R for which the series converges we get a function f(z).
e The radius of convergence of a power series Y~ a(x — ¢)* is

1
R:—l/k: ERZ()U{OO}.
lim sup |ay|
k—ro00

Example 8.4.

© k
1. e = g o converges for all x, and its radius of convergence is oco.

k=0
o0
2. Geometric series Zxk converges for all |z| < 1. Its radius of convergence is 1.
k=0
Theorem 8.8.

e If R =0, the series converges only at = c.
e If R = oo, the series converges absolutely for all z € R.

e If 0 < R < oo, the series converges absolutely for |x — ¢| < R and does not
converge for | — ¢| > R.

We use a different variant of Theorem 3.3 (Ratio Test), called the Root Test:

Root Test. If limsup |ak|1/k < 1, then Z aj converges absolutely.

k—o0 E—0

Proof of Theorem 8.8. Apply the Root Test to ax(x — c)*:
lim sup |ak|1/k |z —¢| = —’:E —
k—o00 R

Let’s focus on the ¢ = 0 case.
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Theorem 8. 9

Let f(z Zakx be a power series and let |z| < R. Then the partial sums f, =

k=0
n

Z arz® converge uniformly to f on any compact interval [a,b] C (—R, R).
k=0

Proof.
oo oo
sup |f(x) z)| = Z apr®| <Y a2l <> Jag| ¥
z€la,b] k=n+1 k=n+1 k=n+1
where r = m[a% |z] < R. But Z |ag|r* converges so the above — 0. |
xEla

k=0

Theorem 8. 10.
Given f(x Zakx on (—R, R) we have that f is differentiable on (—R, R) with

o
"(z) = g kapazh!
k=0

Proof. Let g(x Z kayx™'. Firstly, g(x) has radius of convergence R too (Exercise: Use

k=0
Root Test). Secondly, the derivatives of f,(z) = > 2, axz® are f)(z) =Y 1o, kaga"*

Theorem 8.9 shows f/ — g. The following proposition finishes the proof. [

Proposition. Let {f,}, .y be a sequence in C'([a, b]). If f,, — f pointwise and f}, — g
uniformly, then f € C'([a,b]) and f' = g.

Proof. / dt—/ It dt' < |z - a\sup\g i1 220, thus
[ oty de=lim [ gie) de = lim (o)~ fula) = @) - fla)
which by FTC means f' = g. O

Example 8.5. f(z) =¢" = f'(z) =¢€".
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Definition 8.5.

e A function f : I C R — R is infinitely differentiable (f € C*>°(I)) if the n-th
derivative f(™ exists for all n € N.

e A function f: I C R — R is analytic if there exists a power series that is equal
to f(x) for all z € I.

e Given a function f € C®°, the associated Taylor series of f at ¢ € R is

(k) )
;fk!( )<x_c)

Exercise.
If f is analytic on some neighborhood of ¢, then f is equal to its Taylor series at c, i.e.

i (k)
— k AN
flz) = ,;:0 ag(z — )" = a, = o for all k£ € N.

Hint: Differentiate the expression n times.

Example 8.6.
The function f(z) = {

eV >0

0, 2 <0 is infinitely differentiable but not analytic.

The following theorem allows us to approzimate f locally at a point using polynomials.

Theorem 8.11.
Let f € C"((—R, R)) for some R > 0 and p,(z) be its n-th Taylor polynomial

" flk)
k=0

= 0. (We also write this as f(x) = p,(x) + o(z™).)
z—0 ’Qj’|n

Theorem 8.12. (Weierstrass Approximation)
For all f € C([a,b]) there exists a sequence of polynomials p, such that p, — f
uniformly. In other words, {polynomials} is dense in C([a, b]).
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