REAL ANALYSIS LECTURE WEEK 1

WENYUAN LI

1. LECTURE 1: HISTORY AND PRELIMINARIES

Calculus was systematically developed by Newton and Leibniz around the 1660s. Nowa-
days, we often attribute the fundamental theorem of calculus to Newton and Leibniz, which
states that for a (continuously) differentiable function f(x),

b
)~ f) = [ ()i,

Newton also introduced the infinite binomial series, which was generalized soon by Taylor
into the infinite power series expansion of functions, now known as the Taylor expansion.
Much of the results we learned in calculus appeared in the late 17th century and early 18th
century, including for example L’Hopital’s rule (due to Bernoulli) and Lagrange’s mean
value theorem that for a differentiable function f(z), there exists & € (a,b), such that

P = 1010,

More systematic discussion of continuous functions and limits, however, came much later.
Cauchy, in the 1810s, made the attempts toward the modern definition of continuous func-
tions. He also gave the first proof of Lagrange’s mean value theorem (to some extent), that
for a (continuously) differentiable function f(z), there exists £ € (a,b), such that

UL (C)

Cauchy’s definition of continuous functions was still verbal, but the arguments he used in
the proofs were already very close to the modern definition of limits. Finally, in the 1860s,
Weierstrass gave the modern definition of limits and continuous functions, who was the first
to introduce the notation

lim f(z).

During the 1810s, Bolzano also independently gave a modern definition of continuous func-
tions. He in particular gave the first proof of the intermediate value theorem in 1817, which
says that for a continuous function f(x) on an interval, if f(a) < ¢ and f(b) > ¢, then there
exists x € [a, b] such that f(z) = c.

The theory of integration, now known as Riemann integration, also took a long time to
develop. Riemann, in the 1850s, gave the definition of integral as Riemann sums. The way
we will introduce Riemann integral in this course was developed by Darboux in the 1870s.

It was also in the 1860s that people first wrote down a rigorous definition of real numbers.
Cantor and Dedekind gave two different but equivalent definitions of real numbers. Since the
ancient Greek time, people have realized that not all quantities are conmeasurable, meaning
that their ratio is a rational number. Nevertheless, Eudoxus, in the 300s BC, developed the
theory of ratios by exhaustions, whose works were recorded in Euclid’s elements. That was

a prototype of Dedekind’s theory of real numbers.
1
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Cantor was also the person who developed set theory. He gave the first proof that rational
numbers are countable while real numbers were not. This has become the foundations of
almost all modern mathematics.

Finally, at the end of the 19th century, we realized that many analytic properties of the
real numbers can be generalized to what is called metric spaces. This notion is introduced
by Fréchet and Hausdorff in the 1900s, we will follow their path and generalize many of the
results in analysis later from real numbers to metric spaces.

Why do people develop more and more complicated theories in the past few centuries
even though most of calculus we know have already been developed in the 17th century
without rigorous definitions?

Perhaps one reason is to respond to the questions and complaints on calculus, in particu-
lar, on infinitesimals (infinitely small numbers). For instance, Bolzano, being a philosopher
himself, was aimed at setting up a new and rigorous foundation on calculus to avoid using
intuitions from motions and geometry as Newton and Leibniz have been doing.

However, another important reason was perhaps the following. in the 18th and 19th
century, people started to work with more and more complicated functions, where is became
more and more necessary to lay down a more analytic solid foundation on the theory. For
instance, Cauchy’s treatment of limits and continuations showed up in the attempts of
proving more complicated theorems.

In the 1820s, Fourier used infinite trigonometric series

oo
f(z) = Z an cos(nx) + by, sin(nx)

n=1
to solve the heat equation (this led to the subject that is now called Fourier analysis). People
started to encounter with discontinuous functions as the sum of the infinite trigonometric
series, where a lot of intuitions for smooth functions start to break down. Riemann’s
definition of Riemann integrals appeared in his work on trigonometric series, and actually
Cantor’s definition of real numbers as limits also appeared in his studies on zero sets of
trigonometric series.

In his lecture notes, Riemann wrote down without proof the first function which is con-
tinuous but nowhere differentiable, and Weierstrass constructed continuous but nowhere
differentiable functions and gave the first proof. This lead to the more delicate discussions
on limits, continuity, differentiability, and integrability of functions that are not power
series.

As we will see in this course, these developments to some extent largely changed the
shape of calculus, and formed the modern foundation of what we now call analysis.

2. LECTURE 2: LIMITS OF SEQUENCES
Recall that a function (or mapping) is defined as follows:

Definition 2.1. Let A, B be some sets. Suppose that for any a € A, there exists an object
associated to a in B, which we denote by f(a) € B. Then we say that f is a function or a
mapping from A to B.

More formally, the data of a function is equivalent to the data of the set of pairs (a, f(a))
for all a € A. Consider the set of pairs

Ax B={(a,b)|ac A be B}.

Then a function f from A to B is a subset I'y C A x B, such that for any a € A, there
exists a unique b € B such that (a,b) € I'y, and we denote b = f(a).
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Definition 2.2. A sequence is a function a from N to R. We denote a,, = a(n) and write
the sequence in the form {an}nen-

Given the definition, we can discuss the limit of a sequence. What does it mean when
we say that

lim a, = a?
n—o0

Informally, this means that as n tends to infinity, a,, becomes infinitely close to a, or the
difference of a,, and a becomes infinitely small. B. Bolzano in 1817 first tried to make this
idea rigorous:

Definition 2.3 (Bolzano, 1817, informal). Let {a,}nen be a sequence. Then we say that
an converges to a if the difference a,, and a can be made smaller than any quantity provided
n can be taken as large as we want.

In the above definition, we interpret limit of a sequence by requiring the difference of a,
and a to be smaller than any quantity. Of course, if we ask the difference of a, and a to be
less than e for instance, this may not happen in the first few terms, however, we hope that
it could happen if we make n very large.

A. L. Cauchy in his 1820 book was using infinitely small quantities in his definitions.
However, he interpreted limits via inequalities involving e: that for an infinitesimal number
€ > 0, we can let N be a number such that when n > N, a,, will be greater than a — ¢ and
less than a + €. Here, € stands for the error.

Cauchy did not carefully use logic quantifiers. However, accoring to our above interpre-
tation, we see that what we should expect is the following: we can consider any possible
requirement € on the error (between a,, and a). Once a requirement € on the error is given
to us, we will try to find very large n such that the requirement is satisfied. This is to say,
we want to ensure that there exists a range N < n < oo where the requirement is satisfied.

Finally, Weierstrass in his 1865 lecture introduced the following definition of limits, which
we use nowadays:

Definition 2.4 (Weierstrass, 1865). Let {ap }nen be a sequence. We say that ay, converges
to a if for any € > 0, there exists N € N, such that for any n > N, we have |a, —a| < €. If
there are no such a that satisfies the requirement, then we say that a,, diverges.

Remark 2.1. Based on the above definition, we say that a,, does not converge to a if there
exists € > 0, such that for any N € N, there exists n > N, we have |a, — a| > €.

3. LECTURE 3: PROPERTIES AND EXAMPLES

We summarize some important properties of limits of sequences. The proofs show how
one could use the condition that a sequence converges to a: one choose an error ¢, and then
obtain inequalities based on the error that is chosen.

Definition 3.1. A set A C R is bounded if there exists M € R, such that A C [-M,M]. A
sequence {an tnen 18 bounded if there exists M € R, such that for anyn € N, a,, C [-M, M].

Theorem 3.1. (a) {an}nen converges to a if and only if any neighborhood [a — €,a + €] of
a contains all but finitely many terms in {an}tnen. (b) If {an}nen converges to a and o,
then a = a'. (¢) If {an}nen converges, then {an}nen is bounded.

Proof. (a) Suppose {a,}nen converges to a. Then for any € > 0, there exists N € N such
that for any n > N,
|an —af <'¢,

which means for any n > N, a,, € [a — €,a + €.
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Conversely, suppose for any [a—¢, a+¢€], it contains all but finitely many terms in {ay, }nen-
We may assume that the largest natural number such that a,, is not contained in [a—e¢, a+¢]
is equal to N. Then, for any n > N, we know a,, € [a — €, a + €|, which means that

lan, —a| <e.
(b) We prove by contrapositive. Suppose that a > a’. Let € = (a — a’)/3. Then since
an — a, there exists N € N such that for any n > N, we have
‘CLn - CL| < €,
which means that a,, € [a — €, a + €]. Since a,, — a’, there also exists N’ € N such that for
any n > N,
lan, —d'| < e,
which means that a, € [’ —€,a’ + €]. This means that when n > max{N, N'}, we have
an €la —e,d + ¢ and a, € [a —€,a + €.
When € = (a —a’)/3, [0’ —€,a’ + €] N[a’ —€,a’ + €] = @. This leads to a contradiction.
(c) Let e = 1. Then since a,, — a, there exists N € N such that for any n > N,
|an - a| < 1>
which means a,, € [a — 1,a + 1]. Then consider
M = max{|ai],...,|an],|a — 1|, |a + 1|}.
We know that for any n € N, |a,| < M. O

Some basic properties of limits of sequences under additions and multiplications. The
following statement is useful: |z £+ y| < |z| 4+ |y|.

Theorem 3.2. Let {a,} and {b,} be sequences such that lim, o a, = a, lim,_, b, = b.
(a) limy, o0 (an £ by) = a .
(b) limy, 0 anb, = ab.
(c) limp o0 1/an, = 1/a if an, # 0 and a # 0.

Proof. (a) Since a,, — a and b, — b, for any € > 0, there exists N; € N such that for any
n > N17

lan, —a| < €/2.
and there also exists No € N such that for any n > Ny,
|bn, — 0] <€/2.

Therefore, for any € > 0, there exists N € N with N = max{Nj, Ny}, for any n > N,
|(an +bn) — (a+b)[ = [(an —a) + (bn — b)| < |an —af + [bn —b] <e.

(b) First, since a,, — a and b,, — b, we know that they are bounded. There exists M; € R
and Ms € R such that for any n € N,

lan| < My, |bn| < Mo.
Take M = max{a, b, My, My}. Then for any n € N,
lan| < M, |by| <M, |a] <M, b <M.
Since a, — a and b, — b, for any € > 0, there exists N1 € N such that for any n > Ny,
lan, —a] < €/2M.
and there also exists No € N such that for any n > No,
|bp, — b < €/2M.
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Therefore, for any € > 0, there exists N € N with N = max{Ny, No}, for any n > N,

|anby, — ab| = |anby, — anb + anb — ab| < |an (b, —b) + (an, — a)b|
< lan||bn — b + |an, — al|b] < e.

This completes the proof. O

Here are some examples of limits of sequences. These examples show how to show that
a sequence has a given limit: one needs to start from any error €, and provide a general
formula for the natural number N € N such that the requirement (in the definition of limits)
holds.

In the definitions of limits, we often need to find a large natural number N € N. The
following property is often used for finding large integers:

Proposition 3.3 (Archimedean principle). For any real number o € R, there exists a
natural number N € N such that N > «.

We will only be able to give a proof of the above proposition after systematically intro-
ducing the theory on real numbers. For now we will simply assume the above (seemly very
obvious) proposition.

We also recall the binomial theorem, which says that

-1
(a+b)"=a"+ <T> a" b+ <Z> a2 4 D =a" +na" b+ n(n2)a"_2b2 +....

1
Proposition 3.4. (a) For any p > 0, lim,_, — = 0.
nOé
b) F >0, aceR, i ——— =0
() or any p ; O ; UMy —co (1 +p)n
(c) limy, 00 ¥/n = 1.

Proof. (a) For any € > 0, there exists N > (1/€)/? by the Archimedean principle. Then
for any n > N,
0< L < 1 <e.
n? — NP —

(c) For any € > 0, we want to find N € N such that for any n > N, we have
0< ¥Yn—-1<e

This means we want to obtain that {/n < 1+ € or equivalently n < (1 + €)". Using the
binomial theorem, we have
—1
(14" > Me.
2
Therefore, for any € > 0, there exists N > 2/e + 1 by the Archimedean principle. Then for
any n > N,

N(N -1
(1+6)"Z(1+6)N2(2)62N.
This means that
0< ¥Yn—-1<e
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4. LECTURE 4: CAUCHY SEQUENCES AND SUBSEQUENCES

We established the theory of convergence of sequences in the previous lectures. Now a
sequence {a,}nen converges to a has a formal definition. However, such a theory has at
least one disadvantage: we can only show that a sequence {a, }nen converges when we know
the limit a. If we cannot tell what the potential limit of {a,}nen is, there is of course no
way to compute the error |a, — a| as the potential limit a is unknown.

In this lecture, we will try to establish some theory of convergence without knowing the
limit. Instead of computing the error between a, and the limit a, we compute the error
between a,, and a,,.

Definition 4.1. Let {a,}nen be a sequence. Then we say {antnen is a Cauchy sequence if
for any € > 0, there exists N € N, such that for any m,n > N, we have

lan, — am| <e.

Theorem 4.1. Let {ay}nen be a sequence. Then {an}nen is convergent if and only if it is
a Cauchy sequence.

Proof. We prove that if {a, },en is convergent, then it is a Cauchy sequence. Suppose that
an — a. Then for any € > 0, there exists N € N, such that for any n > N,

lan, — a| < €/2.
This means that for any € > 0, there exists N € N, such that for any m,n > N,
lan, — am| = |(an —a) + (@ — ap)| < |an —a| + |am —a| <e.
which shows that {a,}nen is a Cauchy sequence. O

Remark 4.1. Note that the following condition is not equivalent to the Cauchy condition
does not imply convergence of a sequence: for any € > 0, there exists N € N, such that for
any n > N, we have
lan — any1| < e
The other direction of the theorem is harder and in fact requires the theory of real

numbers. Therefore, we will go back to it later after discussing real numbers.
One particular useful application is the following convergence result:

Definition 4.2. Let {ay, }nen be a sequence. Then we say {an }nen is monotonely increasing
(resp. decreasing) if for anyn € N, a,, < any1 (resp. an > ant1). We say it is monotone if
it is monotonely increasing or decreasing.

Theorem 4.2. Let {ay}nen be a monotone sequence that is bounded. Then {a,}nen is
convergent.

Proof. We show by contrapositive. Assume that {ay}n,en diverges and is monotonely in-
creasing, we show that for any M € R (possible bound), there exists n € N (that we will
find later), such that

lan| > M.

Since {ay, }nen diverges, there exists € > 0 such that for any N € N, there exists n > m > N
such that (we can take out the absolute value because the sequence is increasing)

Ap — A = |ap — am| > €.
Let N =1, then there exists ny > ny > 1 such that

Qpy — Qpy = €.
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Let N = ny, then there exists ny > ng > ng such that
Qpy — Qpgy = €.
Let N = ngg, then there exists nog42 > nogy1 > nog such that

an2k+2 — Ongpyq e

This implies that

Anopqo — A1 = (an2k+2 - an2k+1) =+ (an2k+1 - anZk) +oeee (am - am) + (am - al)
>e+04+e+0+--+e+0=(k+1)e

Now choose k > (M +aj1)/e — 1 by the Archimedean property and choose n = ngj15. Then
we know that
an > (k+1)e+ay > M.

Since M € R can be any real number, this implies that {a, }nen is not bounded. O

The above theorem can be deduced using Cauchy’s convergence theorem. However, the
proof of the theorem is delicate, so we will postpone the proof after discussing real numbers.

We have seen in the previous lectures that a convergent sequence is also bounded, and
a monotone bounded sequence is also convergent. However, not all bounded sequences
are convergent (if one drops the monotone condition): Consider the sequence {(—1)"},en.
Then the odd terms are equal to —1 while the even terms are equal to 1, and one can show
that the sequence does not converge.

However, if we consider only the odd (resp. even) terms, then the sequence we get is
constantly —1 (resp. 1). We can make the idea formal through the following definition:

Definition 4.3. Let {a,}nen be a sequence. Consider an increasing sequence of natural
numbers {ny }ren where for any k € N, ng, < ngy1. Then the sequence {an, tren is called a
subsequence of {an}nen-.

Theorem 4.3. Let {ap tnen be a sequence. Then {ay}nen converges to a if and only if any
subsequence of {aptnen converges to a.

Going back to the original question, it is actually the case that any bounded sequence,
though not necessarily convergent, has a convergent subsequence:

Theorem 4.4 (Bolzano 1817; Weierstrass, 1865). Let {ay }nen be a bounded sequence. Then
there exists a subsequence {an, }ren that is convergent.

The above theorem can be deduced using Cauchy’s convergence theorem. However, the
proof of the theorem is delicate, so we will postpone the proof after discussing real numbers.

5. LECTURE 5: SERIES (OF NONNEGATIVE TERMS)

One special type of sequences is infinite series. We will now recall results on infinite series
that we learned in calculus and prove these results rigorously.

Definition 5.1. Let {a,}nen be a sequence. We write

q
Zak:ap+ap+1+---+aq_1+aq.
k=p

In particular, we can define an associated sequence of partial sums

n
Sp = g ag =ay+az+---+ap.
k=1
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We say the associated sequence of partial sums {sy tnen s an infinite series, and write
oo n
E a, = lim E ap, = lim s,.
n—oo n—oo
n=1 k=1

Suppose {sn}nen converges to s, we say that the infinite series ZZO:1 an converges to s.

We can translate Cauchy’s convergence criterion into the setting of infinite series. Since
Sm — Sp—1 = Y_pe,, Gk, We obtain that:

Theorem 5.1. Let > >, a, be a series. Then > 7 an converges if and only if for any
€ > 0, there exists N € N, such that for any m > n > N, we have

m
> a
k=n

When we take m = n in the above theorem, we obtain a necessary condition for a series
to converge:

< €.

Theorem 5.2. Let 220:1 an be a series. If Zflozl an converges, then lim, o a, = 0.

Remark 5.1. This is not a sufficient condition. In other words, there exists a series where
limy, 00 an, = 0 but Yo7, ay, diverges.

We can also translate the theorem that monotone bounded sequences converge into the
setting of infinite series. Since s, — s,—1 = an, S, is monotonely increasing if and only if
for any n € N, a,, > 0, and thus we obtain that:

Theorem 5.3. Let > 7 | ay, be a series with nonnegative terms. Then Y " | a, converges
if and only if the partial sum is bounded.

Given these basic results, we can now prove some basic convergence criteria for infinite
series that we have seen in calculus:

Theorem 5.4 (Comparison test). (a) If there exists No € N such that for any n > Ny,
0 <ap <bp, and >_,;° | by, converges, then Y 7 | a, also converges.

(b) If there exists Ny € N such that for any n > Ny, an, > b, > 0, and and Y7 by,
diverges, then Y7 | ay, also diverges.

Proof. (a) Since )7, b, converges, we know that for any e > 0, there exists N € N, such
that for any m > n > N, we have

m

Z b <e.

k=n

Therefore, for any € > 0, there exists N’ € N with N’ > max{N, Ny}, such that for any

m >n > N, we have
m m
SaesYnze
k=n k=n

This implies that Y 2 | a,, converges. (b) is the contrapositive of (a). O
Finally, we recall the sum of geometric series:

Theorem 5.5. The infinite series

00
> "
n=0
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converges if and only if |x| < 1, and when it converges,
oo

Yo =

11—z
n=0

6. LECTURE 6: EXAMPLES OF INFINITE SERIES

We define the Euler constant e. This will be an application of the monotone convergence
criterion in the previous lectures. Recall that we define 0! =1, nl=n-(n —1)-----2-1.

Theorem 6.1. The infinite series
o0

1
e=> ol
n=0
converges, where we denote the limit by e.
Proof. We know that for any n > 1,
I 1 1 1

nl nn—1)--2-1"2-2----2.1 201

Therefore, for any n > 1, the partial sum is bounded

"1 SN | 1 1 1 1 1
DSt grr=ltlh gt b gy SIb b gt gy gy =3,
k=0 k=1

Hence the series converges. O
Theorem 6.2.

Proof. Let

1\"
tn:<1+> |
n

Then by the binomial expansion, we know that

=1 (M) (ML (ML (M)
" 1/n 2 ) n? 3)n? n/nn
n 1 n(n—l)i+n(n—1)(n—2)1 nl 1

— 14 —= il
+ 1n + 21 n? 3! n3 nlnn

S O I ST 1 FT I S ol
- 1 2! n 3! n n n! n) n '

This implies that for any n € N,

t, < e.

On the other hand, we also know that for any m € N,

1 1 1 1 1 2 1 1 -1
o1+t (1—= )+ (1-)(1=-2)+ = (1-2)...(1=-T .
1 2! n 3! n n m) n n

Since we know that (1—1/n) — 0,...,(1—-1/n)(1—2/n)...(1—=(m—1)/n) — 0 as n — oo,
there exists Ni,...N;,—1 € N, such that for any n > Ny,

|
1_3 1o 2! f)
n m—12
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for any n > No,

and for any n > Np,_1,

_ |
TP SR R Ut W B
n n n m—12

This implies that given N = max{Ny,..., Ny,—1}, for any n > N, we have

P 1 1 1 1 €
R R T
Since this holds for any m € N, and 1+ 1/11+1/21+1/3!+--- +1/m! — e, we know that
there exists N’ € N, such that for any m > N/,
1 1 1 1 1 S €
+F+5+§++ﬁ_6_§

Therefore, when n > max{Ny,..., Ny,—1, N'}, we know that

f > 1 1 1 1 1 e>
We can conclude that
lim ¢, = e.
n—oo

We also discuss the convergence of the p-series:

Theorem 6.3. For any p > 1, the following infinite series converges

o0

1

np’
n=0

Proof. Let o = 3. 1/nP be the partial sum. There exists k € N such that 28 > N (by
the Archimedean principle). We show that

oor <1+ o(1=p) 4 ... 4 9(1-p)(k=1)

In fact, this is because o1 = 1 and

1 1 1
O'Qk — 0'2k—1 = (2k—1 + ]_)p —|— (2k—l + 2)p _|_ - + W
1 1 1
< ST S By )
= e T

Therefore, for any N € N, we can conclude that

1

1— 1-p)(k—1
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7. LECTURE 7: RATIO AND ROOT TEST, POWER SERIES

Using comparison test, we can compare a series with a geometric series and deduce its
convergence or divergence. Here, we prove some simple cases of the ratio and root test:

Theorem 7.1 (Root test). Let Y > a, be an infinite series.

(a) Suppose limy, o0 {/|an| < 1, then Y 7 | a, converges;

(b) Suppose limy, 00 {/|an| > 1, then > 07 | a, diverges.
Proof. We only prove (a). Suppose lim,, o V/|an| = 8 < 1. Then for e = (1 — ) /2, there
exists N € N, such that for any n > NV,

[ Vlan| =Bl <€, lan] < (B+€)"

Therefore, by the comparison test, the series converges. O
Theorem 7.2 (Ratio test). Let > | an be an infinite series.

(a) Suppose limy, o0 |an|/|an—1| < 1, then > .2 | an converges;
(b) Suppose limy, o0 |an|/|an—1| > 1, then Y 7 | an diverges.

The following theorem shows that the root test is always stronger than the ratio test,
and when the limit exists, the ratio and root tests are equivalent to each other.

Theorem 7.3. Let {ay}nen be a sequence. Then

lim {/|a,|= lim 2|

n—o0o n—o0o ‘an—ﬂ )

when the right hand side exists.

Proof. Suppose lim,,_so |an|/|an—1] = B. Then for any € > 0, there exists N € N, such that
when n > N,

llanl/lan—1] =Bl <&, (B —26)" N|an]| < |an| < (B +2¢)" Nan].
Take € > 0 such that .
— 9¢)\n—
B2 1
(B + 2¢)n—1
Then there exists N € N, such that for any n > N,
V0an|(B =)™V - (8 =€) < Vlan| < {/lan](B+ €)=V - (B +¢).

Since limy, 00 V/|an|(8 — €)= =1, there exists N’ € N such that for any n > N,
{9an|(B =€)~V = (8 —=2¢)/(B—¢), {/lan|(B+€)"N < (B+2¢)/(B+e).
Therefore, consider N” = max{N, N'}. Then for any n > N"|
B —2e¢ < V/]an| < B+ 2e.
This completes the proof. O
The ratio and root test are especially useful for power series.

Definition 7.1. Let {a,}nen be a sequence and x € R be a real number. Then the series

x
E anx”
n=0

is called a power series with coefficients {an}nen-
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Theorem 7.4. Let ) 7 janx™ be a power series. Suppose
a= lim {/l|a,|, R=1/a.
n—oo

Then Y o7 qanx™ converges for any |z| < R and diverges for any |z| > R.

8. LECTURE 8: ABSOLUTE CONVERGENCE AND REARRANGEMENT

We have seen results regarding series of non-negative terms. For series with negative
terms, the theory becomes more delicate. We now recall the notion of absolute convergence
and conditional convergence.

Definition 8.1. Let > ° jay, be a series. We say that it absolutely converges if > 0" |an|
converges, and it conditionally converges if it converges but does not absolutely converge.

Proposition 8.1. If >">°  a, absolutely converges, then it converges.

For a series that does not absolutely converge, one important convergence criterion is the
following, due to Leibniz:
Theorem 8.2 (Leibniz). Let {an}nen be a sequence. Suppose

() for any n € N, |an] > lans1;
(b) for anyn € N, az,—1 <0,a2, > 0;
(¢) limy—so0 an = 0.

Then Yo7 | an converges.

Here is a question that we may ask ourselves: why shall we care about the distinction
between absolute convergence and conditional convergence? The following theorem gives a
reason: for an absolutely convergent sequence, the summation does not depend on the order
of the terms, while surprisingly, for a conditionally convergent sequence, the summation does
depend on the order of the terms!

Definition 8.2. Let {ng}ren be a sequence of natural numbers so that every natural number
appears once and only once. Then the series

[e.o]
2 an,
k=1

is called a rearrangement of Y 07 | ay.

Theorem 8.3 (Riemann, 1868). Let Y~ | an, = s be absolutely convergent. Then for any
rearrangement,

oo oo
g Qp,, = g an = 8.
k=1 n=1

Theorem 8.4 (Riemann rearrangement theorem, 1868). Let > - | ay be conditionally con-
vergent. Then for any s € RU {£oc}, there exists a rearrangement such that

o0
E (p, = 5.
k=1
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9. LECTURE 9: LIMITS OF FUNCTIONS

Let I C R be an interval. Given a function f : I — R, we can discuss the limit of a
function. Informally, lim,_,,, f(x) = yo means that as x tends to zg, f(x) becomes infinitely
close to yg, or the difference of f(x) and yy becomes infinitely small. B. Bolzano in 1817
first tried to make this idea rigorous:

Definition 9.1 (Bolzano, 1817, informal). Let f : I — R be a function. Then we say that
f(z) converges to yo as x converges to g if the difference f(x) and yo can be made smaller
than any quantity provided the difference between xog and x can be taken as small as we
want.

A. L. Cauchy in his 1820 book was using infinitely small quantities in his definitions.
However, he interpreted limits via inequalities involving e: that for an infinitesimal number
€ > 0, we can let § be an infinitesimal number such that when x is in greater than zg — ¢
and less than xg + J, f(x) will be greater than yo — € and less than yo + €. Here, € stands
for the error. As we have already seen, Cauchy did not carefully use logic quantifiers. It
was Weierstrass who in his 1865 lecture finally introduced the following definition of limits,
which we use nowadays:

Definition 9.2 (Weierstrass, 1865). Let f : I — R be a function. We say that f(x)
converges to yo as x goes to xqy if for any € > 0, there exists 6 > 0, such that for any
0 < |z —xo| <, we have |f(x) —yo| < e.

Remark 9.1. Based on the above definition, we say that f(x) does not converge to yo if
there exists € > 0, such that for any § > 0, there exists 0 < |z — xo| < 8, such that we have

£ (@) = yol > €.

Similar to limits of sequences, we can prove various basic properties for limits of functions:

Theorem 9.1. (a) If f(x) converges to yo and yl as x — xg, then yo = y,. (b) If f(x)
converges as © — xq, then there exists a neighborhood (xog — d,z9 + 6) such that its image
f(zo — 6,20+ 0) is bounded.
Theorem 9.2. Let f : I — R and g : I — R be functions such that limg_,4, f(z) = yo,
lim, ., g(z) = 20.

(a) limg sz, (f(2) £ g(x)) = yo £ 20.

(b) limg 4 f(:c)g(x) = Yo<o-

(¢) limy_yz, 1/ f(x) = 1/yo if f(x) # 0 and yo # 0.

The proof is similar to the case of sequences. However, we can also prove these properties
using the relation between limits of functions and limits of sequences:

Theorem 9.3. Let f: I — R be a function. Then f(z) — yo as x — zo if and only if for
any sequence {Tytnen such that x, # xo and x, — xo, we have f(x,) — yo.

Proof. We only prove one direction. Suppose for any sequence {z, },en such that z, — xo,
we have f(x,) — yo. Then we show that f(z) — yo as x — xo.

We prove by contrapositive. Suppose f(z) does not converge to yo as © — zp. Then
there exists € > 0, such that for any § > 0, there exists 0 < |z — 2| < J, such that

£ (x) = yol > €.
Let 06 = 1/n. Then we can find a sequence 0 < |z, — z9| < 1/n such that for any n € N,

|[f(@n) —wol = .

However, 0 < |z, — xo| < 1/n implies that x,, — x. This leads to a contradiction. O



14 WENYUAN LI

10. LECTURE 10: CONTINUOUS FUNCTIONS

Historically, mathematicians like Bolzano and Cauchy directly studied continuous func-
tions using the € — § language. In fact, the above definition of limits were only rephrased
based on their description of continuous functions. Neither of them separately defined what
a limit is.

Definition 10.1. Let I C R be a subset. Then a function f : I — R is continuous at xo € 1
if for any € > 0, there exists § > 0, such that for any |z — xg| < 0, we have

[f(z) = f(xo)| < e

Following the approach of Weierstrass, using limits of functions, we can now define con-
tinuous functions directly using limits (historically, it was Weierstrass who introduced the
notation limy_,, f(x)).

Definition 10.2. Let I C R be a subset. Then a function f : I — R is continuous at xg € 1
if f(x) — f(xo) as x — xg.
Here are some basic properties of continuous functions that can be deduced directly via

properties of limits:

Theorem 10.1. Let f : I — R and g : I — R be functions that are continuous at xo. Then
f+ g, fg are also continuous at xo. If f(x) # 0, then 1/f(x) is also continuous at xg.

Theorem 10.2. Let f: I — J and g: J — R be functions such that f is continuous at xg
and g is continuous at f(xg). Then go f: I — R,z g(f(x)) is continuous at x.

Proof. For any € > 0, since g is continuous at f(zo), there exists n > 0, such that for any
ly — f(z0)| <n, we have

l9(y) — g(f(z0))| < e

For the given 1 > 0, since f is continuous at xg,there exists § > 0, such that for any
|x — 20| < 6, we have

[f (@) = f(zo)| <,
which, by setting y = f(z) in the first inequality, implies that |g(f(x)) — g(f(x0))| <e. O

11. LECTURE 11: EXAMPLES AND PROPERTIES

We give some examples of continuous functions. In the following examples, the last
two are more complicated as proving them involves properties on rational and irrational
numbers. We will go back to them after discussing the theory of real numbers.

Theorem 11.1. (a) The function

x #0,

1
fl@)=qa
0, =z=0

15 discontinuous at x = 0.

(b) The function

1is discontinuous at x = 0.
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(¢) (Dirichlet function) The function

_J1, zeQ,
f(@_{o, 2 €R\Q

is discontinuous at any r € R.
(d) (Riemann function) The function

1 D

77 x:77p7qez7 ngp7q :1
f=2a "4 #:9)
0, zeR\Q or x=0

is discontinuous at any x # 0 but continous at x = 0.

Proof. (a) Consider x, = 1/n — 0. Then f(z,) = f(1/n) = n is unbounded and thus
diverges. This implies that f(x) diverges as x — 0.

(b) Consider z,, = 1/nm — 0. Then f(x,) = f(1/n7) = sin(nr) = 0. On the other hand,
consider x], = 1/(nm + 7/2). Then Then f(z,) = f(1/(n7 + 7/2)) = sin(nw + 7/2) = 1.
Since f(z,) and f(z],) converge to different numbers, f(z) diverges as z — 0. O

For Examples (c) and (d), we need to know more about properties of real numbers in
order to prove them:

Theorem 11.2. For any a,b € R with a < b, there exists x € Q such that x € (a,b); there
also exists © ¢ Q such that x € (a,b).

Using the above theorem, we can prove the function in (c) is discontinuous:

Proof. (c) We assume zg € Q and leave the other case that zop ¢ Q to the readers. Let
€ < 1. Then for any § > 0, we know there exists x € (xg — J, zg + J) such that x ¢ Q. Then

|f(x) = flzo)] =1 > e

Hence f(z) is discontinuous at xy € Q. O

Finally, we list some properties of continuous functions. All these properties involves the
theory of real numbers and thus all of the proofs will be postponed.

Theorem 11.3. Let I be a (bounded) closed interval and f : I — R be a continuous
function. Then (a) the image f(I) is bounded, and (b) there exists a,b € I such that for
any x €1,

fla) < f(z) < (D).

We call f(a) and f(b) the minimum and mazimum of f on the interval I.

Remark 11.1. On an open interval, the properties may fail. For example, one can consider
I =(0,1) and f(x) = 1/x. On a closed but unbounded interval, the properties may also
fail. For example, one can consider I = [0,+00) and f(z) = x.

Theorem 11.4 (Intermediate value theorem, Bolzano, 1817 (Weierstrass, 1865)). Let f :
I — R be a continuous function. For a < b, suppose f(a) > ¢ and f(b) > c. Then there
exists a < x < b such that f(x) = c.

Finally, we explain a relevant but different property of continuous functions. Here is a
question:

Let f : I — R be a continuous function. Is it true that for any ¢ > 0, there exists § > 0
such that for any |z — 2/| < §, we have

[f(x) = f(xo)| < €7
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Unfortunately, the answer is no, because in the above definition, we require that é > 0 only
depends on €, but in the definition of continuity, § > 0 may depend on the point xg that
we fix.

Nevertheless, this property is true for bounded closed intervals. Later, we will see that
this is relavant in proving the boundedness of continuous functions:

Theorem 11.5. Let I be a bounded closed interval and f : I — R be a continuous function.
Then for any € > 0, there exists § > 0 such that for any |z — 2’| < §, we have

[f (@) = flzo)| < e

The proofs of all these theorems will be postponed after we discuss real numbers in the
next two weeks.

12. LECTURE 12: RATIONAL NUMBERS AND ORDER

We have seen a number of theorems that depend on delicate properties of real numbers
that we did not discuss. Starting from this lecture, we will try to prove these theorems.

We will now define real numbers, study their properties, and eventually, prove all the
theorems listed above. First, we start by recalling the set of rational numbers.

Definition 12.1 (Relation). Let A be a set. Suppose for any a € A, there is an assignment
of a subset of elements A. Then we say this assignment is a relation ~ on A, and write
a ~ b if b is contained in the subset assigned to a.

More formally, a relation is simply any subset of A x A = {(a,b) | a € A,b € A}, where
pairs inside this subset are written as a ~ b.
The most common relations we have seen in math are orders and equivalences:

Definition 12.2 (Order). Let A be a set. Then a relation < on A is called an order if
(1) for any a,b € A, then exactly one of the following statements holds:

a<b a=b b<a.
(2) for any a,b,c € A, ifa <b and b < ¢, then a < c.

Definition 12.3 (Equivalence relation). Let A be a set. Then a relation ~ on A is called
an equivalent relation if

(1) for any a € A, we have a ~ a;

(2) for any a ~ b, we have b ~ a;

(3) for any a ~ b and b ~ ¢, we have a ~ c.
The set of all equivalence classes is the set where equivalent elements in A determine the
same element.

More formally, the set of equivalence classes can be constructed from the set A as follows:
For a € A, we define an equivalence class to be
la] ={d' € A]a~d}.
In particular, if a ~ o/, we know [a] = [a’]. Then the set of equivalence classes to be
A/ ~={[a] | a € A}.

In other words, A/ ~ is a set whose elements are themselves subsets of A. This may look
like a weird set, but it does what we want (by making [a] = [@/] an equality).

Rational numbers are exactly an example of sets defined by some equivalence classes (as
we know that a rational number is represented by a pair of integers p/q in a non-unique

way).
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Definition 12.4 (Rational numbers). Let (p,q) € Z X Z be a pair of integers where q # 0.
We say that (p,q) ~ (p',q') if p¢’ = qp’. We define the equivalence class by p/q. Then the
set of rational numbers Q is the set of all equivalence classes p/q.

To summarize the properties of rational numbers, we can list a number of axioms which
the rational numbers satisfy. Namely, they should include additions, subtractions, multi-
plications, divisions, and orders.

Definition 12.5. A field is a set F together with two operations, addition and multiplica-
tion, satisfying the following axioms:
(1) Azioms for additions:
(a) forz,ye F,x+y € F;
(b) forx,y e F,z+y=y+x;
(c) forz,y,z€ F, (x+y)+z=x+ (y+ 2);
(d) there exists 0 € F' such that for x € F, 0+ x = x;
(e) for any x € F, there exists —x € F such that x + (—z) = 0.
(2) Azioms for multiplications:
(a) forxz,y € F, zy € F;
(b) for z,y € F, xy = yx;
(©) for 2.3,z € F, (z3)7 = 2(y2);
(d) there exists 1 € F, 1 # 0, such that for x € F, 1lx = x;
(e) for any x € F, x # 0, there exists 1/x € F such that z(1/z) = 1.
(3) Azioms for distributions:
(a) forx,y,z € F, (x +y)z = 2z + yz.

Definition 12.6. An ordered field F is a field with an order such that

(1) for any x,y,z € F, ifx <y, thenx + 2 <y + z;
(2) for any x,y,z € F, if x <y and z > 0, then zz < yz.

Theorem 12.1. Let F' be an ordered field. Then N C F.

Proof. For n € N, we definen =1+ 1+ ---+1 (n times) in the field F' by mathematical
induction. We need to show that for any m # n € N, we also have m # n € F. Since F is
an ordered field, we have the order 0 < 1. When m < n in N, by mathematical induction
we have m <m+1 < --- <nin F. Then m # n by the assumption that < is an order. [

One property about rational numbers that we may have heard of is that rational numbers
are dense. This is in fact closely related to the Archimedean property of rational numbers:

Definition 12.7 (Archimedean field). An ordered field F' is called an Archimedean field if
for any x € F, there exists n € N such that n > x.

Theorem 12.2 (Density). Let F' be an Archimedean field. Then for any z,y € F with
x <y, there exists z € F' such that © < z < y.

Proof. We assume that 0 < x < y. By the Archimedean property, we know that there exists
n € N such that n > 1/(y — x). Since y — x > 0, this means that

n(y —xz) > 1.
Then we show that there exists m € Z such that
nr < m < ny.

Suppose this is not true. Then this means for any m € Z, either m < nz or m > ny. We
know there exists m € N such that m < nx. Then

m+1<nzr+1<ny.
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However, we assumed that either m + 1 < nxz or m + 1 > ny. This then implies that for
any m € N;
m+ 1 < nx,

which contradicts the Archimedean property. O
Theorem 12.3. Q is an Archimedean ordered field.

13. LECTURE 13: DESIRED PROPERTIES OF REAL NUMBERS

It seems that Q already satisfies a number of nice properties. However, the following
example shows that rational numbers do not allow all operations we may want; for instance,
we cannot always take square roots:

Theorem 13.1. There does not exist a rational number x € Q such that x2 = 2.

Proof. We prove by contrapositive. Suppose there exists p,q € Z with no common factors
greater than 1, such that we have (p/q)? = 2. Then

P =242
This implies that p must be even. Thus, we can write p = 2k for some k € Z. Now
4k = 2¢%, 2k% = 2.

This implies that ¢ must also be even, but then p,q has a common factor 2, which is a
contradiction. O

The above example suggests that we need to enlarge the field of rational numbers Q (in
order to allow more operations, for example taking square roots). This means that real
numbers R should satisfy even more properties than Q.

The goal of constructing real numbers therefore consists of two parts: First, we need
to propose an additional property that real number should further satisfy (to ensure more
operations are allowed, for example taking square roots). Then we need to find a way to
construct real numbers (to ensure that the additional property can be satisfied).

Historically, two approaches of constructing real numbers were introduced in 1872, by
R. Dedekind and G. Cantor independently. First, we will introduce R. Dedekind’s approach.

The idea is to impose the additional property on the order of the field. In order to do
that, let us take a more careful look at the example of square roots:

Theorem 13.2. For any x € Q such that 2% < 2, there ezists y € Q such that 2% < y* < 2.

Proof. Let x € Q be such that 22 < 2. We assume that = > 0. Since 22 < 2, we know
x < 2. By the Archimedean property of Q, we know that there exists m € N, such that

1
<2+ — <2
m
Therefore, consider n € N such that n = 5m. Then we have
1\? 1 1 5 1
<£L’+> =24 = <233+> <P+ =2+ — <2
n n n n m
O

We can try to make the above property formal. This property of real numbers was first
realized by Bolzano in 1817, who was working in relative isolation from most European
mathematicians at that time (and was only rediscovered later after his death).
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Definition 13.1 (Bolzano, 1817). Let A be an ordered set and B C A be a subset. Then
an upper bound of B is an element a € A such that for any b € B, b < a. The supremum
(or least upper bound) of B is an element ¢ € A such that ¢ is an upper bound of B, and
for any upper bound a € A of B, a > c. If it exists, we denote it by sup B. Similarly, we
denote the infimum (greatest lower bound) of B, if it exists, by inf B.

Theorem 13.3. The set {x € Q | 2% < 2} does not have a least upper bound in Q.

14. LECTURE 14: REAL NUMBERS BY DEDEKIND CuTsS I

We will define real numbers R by filling in such gaps, requiring that any bounded subset
has a least upper bound.

Theorem 14.1 (Dedekind, 1872). There exists an Archimedean ordered field R that satisfies
the least-upper-bound property: any bounded subset has a least upper bound.

Proof. We will construct the set of real numbers R from rational numbers by adding in all
the possible least upper bounds in Q. In rational numbers, we have seen that the least
upper bound does not always exist, so instead we need to represent the least upper bounds
by subsets of rational numbers.
Define a Dedekind cut to be a subset a C QQ that satisfies the following property:
(1) a # @ and a # Q;
(2) if p € @ and ¢ < p, then g € «;
(3) if p € «, then there exists r € a such that p < r.
We define R to be the set of all Dedekind cuts of Q. (For any « € Q, it defines a Dedekind
cut by
a={reQl|z<a}.
One can verify this is a Dedekind cut, so in this sense Q is identified with a subset of R.)
Step 0: We define the order on R and verify the axioms of an order. We define that

a<p

ifa C B and a # .

If « ¢ B, we need to show that 8 C a. Since a ¢ 3, there exists x € § with = ¢ «. For
Yy € a, if y > z, then € « as well, which is a contradiction. So for any y € «, y < = and
hence y € 5. This implies that if a ¢ 3, then

B C a.

If « C B and B C v, it is obvious that a C «y. This shows that < defines an order on R.

Step 1: We verify the Archimedean property. For any o € R, we show that there exists
n € N such that o C n, in other words, for any x € «, x < n. In fact, by assumption,
a # Q, so there exists y ¢ . This means for any x € «, © < y as otherwise,

y<z, YEam.

By the Archimedean principle for Q, there exists n € N such that n > y. Then for any
rea,n>y >z

Step 2: We verify the least-upper-bound property. For any non-empty subset A C R,
suppose A has an upper bound 8. We show that A has a least upper bound . We consider

1= Ua

First, this is a cut because (1) v C 8 implies v # Q, and o C v implies v # &; (2) if
p € 7, this means there exists a € A such that p € «, and hence for any ¢ < p, ¢ € «; (3) if
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p € 7, then there exists a € A such that p € «, which implies that there exists r € a C «
such that p < r.
Second, this is the least upper bound of A because: (1) « is an upper bound of A, since

for any a € A,
a C Uazfy.

(2) for any upper bound g of A, v < 3, since (3 is an upper bound means that for any
a € A, o C B, which implies that

v = U a C B.
acA
This shows that the least-upper-bound property holds. O

15. LECTURE 15: REAL NUMBERS BY DEDEKIND CuTs II

Theorem 15.1 (Dedekind, 1872). There exists an Archimedean ordered field R that satisfies
the least-upper-bound property: any bounded subset has a least upper bound.

Proof Continued. Step 3: We define the addition and prove the axioms. Define the addition
to be

at+pf={z+ylzeayecp}
First, we show that o + ( is always a cut. This is because: (1) a + 3 # & since both of
them are non-empty, and a + 8 # Q since there exists x ¢ «, y ¢ /3, and this implies that

r+yda+p

(for any 2’ € a, we know = < 2/, and for any ¢’ € 3, we know y < ¢/, which implies that
forany 2’ € aand ¢ € B8, 2/ +y #x +y). (2) For any p € a+ f3, there exists z € a,y € 3
such that p =z +y. If ¢ < p, we can write

g=(x—p+q) +y.

Since z —p+q < x, we know z —p+¢q € a. (3) For any p € a+ 3, there exists z € o,y €
such that p = z +y. Since there exists 2’ € « such that x < 2/, we know

g=24+yca+pB, p<aq.

Second, we show that a« + =+ a and (a+ ) +v = a+ (8 + 7). These are obvious.
Then, we define 0 = {x € Q | z < 0} and show that 0+« = a. For any z € aw and y < 0,

r+y<z, T+YEan.

This implies that 0 + o« C a. On the other hand, for any x € «, there exists z € a such
that < z. Then we can write

r=(r—2)+2€0+a.

This implies that @ C 0 + « and therefore 0 + a = a.
Finally, for any o € R, if o ¢ Q, we define

—a={reQ|forany y € o, z +y <0},
and show that a 4+ (—a) = 0. For any z € @ and y € —a,
r+y<0, x+yeol.

This implies that a4 (—a) C 0. On the other hand, for any —z < 0, there exists z € a such
that  + z ¢ «, which means y € a, y < = + z. (Otherwise, by mathematical induction,
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we know that for any n € N, x + nz € «, but then by the Archimedean property of Q this
means that & = Q, which is a contradiction.) Then we have

—z=z+ (—x — 2).
We claim that —z — z € —«. For any y € a, since y < z + z,
(—x—2)+y<0.

This implies that 0 C « + (—«) and therefore 0 = a + (—a).
Step 4: We define multiplications and prove the axioms. This is harder to define. When
a, 8> 0, we define

a-f={zy|zeayef,zy>0tU{r|r<o}
When a < 0 and 8 > 0, we define

When «, 8 < 0, we define
a-f=(-a) (=f).
For simplicity, however, we will only verify the properties of multiplications assuming
a, 3,7 > 0, and leave the rest of the cases to the readers.
First, we need to show that

a-B={zylzecayep,zy>0tU{z|2<0}
is indeed a Dedekind cut. (1) We know a8 # & because «, § # &. Since there exists = ¢ a,

y & B, x> a2 for any 2/ € a and y > ¢ for any ¢/ € a (as explained above). Moreover,
since 0 € a, 3, we know x,y > 0. Therefore, for any 2’ € a,y’ € 8 with 2/,y' > 0,

xy >y, xy ¢ ap.
(2) For any r € aff and s < r, we need to show s € aff. Suppose s < 0. Then this is

obvious. Now suppose 0 < s < r. Then r € a8 means there exists x € a,y € 3, x,y > 0
such that r = xzy. Then

s=uz(s/z), zeawa, s/lz<rfr=yec/p.

This implies s € af. (3) For any r € a3, we need to show that there exists s > r such that
s € af. Again, suppose r < 0. Then this is obvious. Now suppose 0 < r. There exists
T € a,y € B8, x,y > 0 such that » = zy. Note that for y € 3, there exists 3/ > y such that
y' € B. Then let

s=xy >zy=1r, x€ay €P.
This implies that s > r and s € af. Now, the above three properties show that af is
indeed a Dedekind cut.

Second, we show that af = fa and (af)y = «(B7). These are obvious.

Next, we show that 1ae = a. Since 0 C «, we know 0 C la by definition of multiplication.
Now, pick 7 € 1o and r > 0. We know there exists 0 < x < 1 and y € a with y > 0 such
that » = zy. So

r=ry<yca, reca.
This implies la C «. On the other hand, pick r € « with » > 0. There exists s > r with
s € a. Then 0 < r/s < 1. We thus have

(r/s)<1, se€a, r=I(r/s)sc la.

This implies that a C 1a and hence la = a.
Then, we show that for any 0 C a with 0 # «, there exists (1/«) such that a(1/a) = 1.
We define
1/a={1/y|for any z € a, y >z} U{r | r < 0}.



22 WENYUAN LI

We leave the readers to verify that this is a Dedekind cut. Then for any = € o, 1/y € 1/«
since y > z,

(1/y) =z/y < 1.
This implies a(1/a) C 1. On the other hand, for any r < 1, we will find z € « and
1/y € 1/a such that x/y = r. This means that we need to show there exists

x€a, foranyyea, x/r>y.

Suppose this is not the case. Then for any z € «a, x/r € a. By mathematical induction,
x/r" € a for any n € N. Using the binomial expansion, we know that

1 1—r\" 1—7r
r—=zx |14+ —— > nx
rh r r

By the Archimedean principle, for any y € Q, there exists n € N such that z/r"™ > y, which
implies that y € o and leads to a contradiction « = Q. Therefore, we conclude that there
exists

x €a, foranyye€a, x/r>y.
Thus, r = z(z/r) € a(1/a). This implies that 1 C «(1/«). Hence a(1/ar) = 1.
Step 5: We prove the axioms of an ordered field.
First, suppose o C B. It is obvious that a +v C B8+ . We leave it to the readers.
Second, suppose o C 8 and 0 C v. We will show that ay C 7. Suppose 0 C o C . Then

ay=A{zz|z€a,zeyx,y>0tU{r|r<0}.
Since a C 3, we know that if z € « then z € 3, so
ayC{zz|xep,ze€vy,z,y>0U{r|r<0}=7y.

For the other cases, we leave it to the readers again. O

16. LECTURE 16: REAL NUMBERS BY CAUCHY SEQUENCES I

We now introduce G. Cantor’s approach to the definition of real numbers. G. Cantor
considered to impose a different (but equivalent) property of the field, which does not rely
on the order.

Again, let us take a more careful look at the example of square roots, rephrasing the
same property, but in a slightly different way:

Theorem 16.1. For any n € Q, there exists x € Q such that |x? — 2| < 5/n.

Proof. By the Archimedean property, we show that for any n € N, there exists m € N such

that
m 2 m—+1 2
(—) <2< .
n n

In fact, we know (0/n)? < 2, and by the Archimedean property, there exists m € N such
that (m/n)?2 > m/n? > 2. Therefore, we can consider the maximal m € N such that
(m/n)? < 2. Moreover, we know m < 2n. Then ((m + 1)/n)? > 2. Therefore,

2 2 2
!x2—2\—’(m) —2‘3 () —<m+1> ‘—2m+1§5.
n n n n n

Theorem 16.2. On the set of rationals Q, there exists a Cauchy sequence {xy}nen that
does not converge in Q but {x2} converges to 2.

g
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Proof. For any n € N, we let x,, = m/n determined in the above proposition such that
5
2
Then we know {22} converges to 2. We show that {z,} is a Cauchy sequence. This is
because for any € > 0, we can choose N > 2/¢, and then for any m,n > N,

1 1
|Tn — Tm| < |20 — 2|+ 2m — 2| < —+ — <e
n m

It does not converge to a rational number because if it converges then the limit x satisfies
z2 = 2, but no rational number squares to 2. O

17. LECTURE 17: REAL NUMBERS BY CAUCHY SEQUENCES II

We will define real numbers R by filling in such gaps, by now directly requiring that all
the Cauchy sequences converges:

Theorem 17.1 (Cantor, 1876). There exists an Archimedean ordered field R that satisfies
the completeness property: any Cauchy sequence converges.

Proof. We will construct the real numbers R from the rational numbers by adding in all the
possible limits of Cauchy sequences. Limits of Cauchy sequences in Q do not always exist,
so we will represent them by the Cauchy sequences themselves.
Consider the set of all Cauchy sequences in Q. Define an equivalence relation as follows:
for two Cauchy sequences, we say {an tnen ~ {bn}nen if
lim (ay, —by) = 0.

n—oo

Then we define R to the set of all the equivalence classes of Cauchy sequences in Q.
Step 0: We define additions and multiplications. Define

{an} +{bn} = {an +bn}, {anbn} = {anbn}.

In order to say that the addition and multiplications are defined on the equivalence classes,
we need to say that for different Cauchy sequences that are equivalent, the sums or products
we get are also equivalent. For example, if {a,} ~ {a,}, i.e. a, —a), — 0, we know that
{an +bp} ~{al, + by} as

(an +by) — (a, + by) = ap —al, - 0, n— oco.

Moreover, as any Cauchy sequence {b,} must be bounded in @ (this will be left as an
exercise), we also know that {a,b,} ~ {a),b,} as

anby — aLby, = (an —al)b, — 0, n— co.

We also leave it to the readers to show that the sum of Cauchy sequences are still Cauchy,
and the products of Cauchy sequences are still Cauchy.

Then all the axioms of additions and multiplications are obvious.

Step 1: We define the order as follows. We define

{an} < {bn}

if {an} # {bn} there exists N € N such that for any n > N, a,, < b,. Again, we need to
show that this does not depend on the representative of the Cauchy sequence we choose.

First, we show that {a,} < {b,} implies the following stronger condition: that there
exists €g € Q, ¢g > 0 and N € N such that for any n > N,

an < by, — €.
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Otherwise, for any € > 0 and N € N, there exists n > N such that
bp —€/3 < ap <bn, l|an,—by| <e€/3.
However, since {a,} and {b,} are Cauchy sequences, there exists N’ € N such that for any
m,n > N,
lan — am| < €/3, |bn —bm| <¢€/3.
This will imply that for any N = N’, there exists n > N such that for any m > N, we have
|am — bn| < |am — an| + |an — bp| + |bp — bi| < €.
Which shows that {a,} ~ {b,} and leads to a contradiction. From now on, we will freely
use this stronger condition for {a,} < {by}.

Given the above condition, we will now show that the order does not depend on the
representative of the Cauchy sequence we choose: If {a,} ~ {a},} and {a,} < {b,}, then
we also have {a],} < {b,}. Suppose there exists ¢y € Q, 9 > 0 and N € N such that for
any n > N,

an < b, — €.
Since {a,} ~ {al,}, there exists N € N such that for any n > N,
an —€0/2 < a, < an + €/2.
Combining the two inequalities, we can show that for any n > max{N, N'},
a, < ap+e€o/2 < by — €/2.

Hence {al,} < {bn}, so the order does not depend on which Cauchy sequence we choose.
To show that < defines an order. We need to prove that if {a,} £ {b,} and {a,} * {b,},
then we must have {b,} < {a,}. {an} £ {bn} means for any N € N, there exists n; > N,

Gy 2 b, .

{an} # {b,} means there exists € > 0, such that for any N € N, there exists ny > N, such
that

‘anz - bn2| > €.
Since {a,} and {b,} are Cauchy sequences, for any € > 0, there exists N' € N such that for
any m,n > N’, we have

lan, — am| < €/5,  |by — bm| < €/5.

Now, we choose N = N’ and choose any n > N. Then since ni,no > N, we can combine
the inequalities and get

Qny — bm = ‘am - bm’ > |an2 - bn2| - ‘am - an2| - ‘bm - bn1| > 36/5'
Hence for any n > N, we have
an — by > (an — apy) + (any, — bny) + (bn, — byp) > €/5.

Therefore, we can conclude that {b,} < {an}.

The rest of the axioms of orders are obvious.

Step 2: We prove the Archimedean property, that for any Cauchy sequence {a,}, there
exists m € N such that {m} > {a,}. Since any Cauchy sequence is bounded (left as an
exercise), there exists r € Q such that for any n € N, r > a,,. By the Archimedean principle
for Q, there exists m € N such that m > r > a,. By the definition of the order, this implies
that {m} > {a,} which finishes the proof.

Step 3: We prove that any Cauchy sequence in R converges: Consider a sequence in R,
which is a sequence of Cauchy sequences

{anl}, {an2}7 {an3}, RN {ank}, {an7k+1}, cee
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Suppose for any € > 0, there exists K € N, such that for any k,l > K, we have

Hank} — {an}| < e

Then we need to conclude that limy_,o{ant} = {cn} for some Cauchy sequence {c,}. This
means for any € > 0, there exists K € N, such that for any £ > K, we have

Hanky = {cn}| <e.

We define {c,} using mathematical induction as follows. Let ¢ = 1/m and consider the
corresponding K, € N as above. Then for any k > K,,, there exists N, € N, such that
for any n > Np,

|ank — anKm\ S 1/m.
In particular, this is true for any K, < k < Kp41. Let N, = max{Ny,, | Km < k <
K11} Therefore, we define

Cn = nK,y Ny << Nj, .
First, we show that {c,} is a Cauchy sequence (this is non-trivial). Under this definition of
{en}, we know that for e = 1/m, we can find K, € N such that for any k > K,,,

{an} = {en}] < sup ( sup  ank — ank|) < 1/m.
>

m Nl’gn<Nl’le

This implies that {a,} converges to {¢,} as k — oo. (Question: why is it enough to choose
e = 1/m to show the convergence?) O

Finally, we discuss the relationship between Cauchy sequences and infinite decimal num-
bers. For any infinite decimal number ag.ajazas...ay ... (of base 10), we can write it as
an infinite series

00

an
ap.a1a2as ...0p " = E W,
n=0

where a, € N and 0 < a, <9 for any n > 1. We can show that the partial sum is always a
Cauchy sequence. In fact, we can also show that any Cauchy sequence is equivalent to an
infinite decimal number.

This provides yet another model for the real numbers. The reason we did not choose
this model is because this depends on base 10 numbers, but one can of course choose base
2, 3 or any other number. Therefore, the notion of Cauchy sequence is a generalization of
infinite decimals that no longer depend on the base.

18. LECTURE 18: CAUCHY SEQUENCES REVISITED

We have seen two constructions of the real numbers, satisfying either the completeness
property or the least-upper-bound property. We will prove that either equivalence implies
the other:

Theorem 18.1. A complete Archimedean ordered field where any Cauchy sequence con-
verges satisfies the least-upper-bound property.

Proof. Consider a non-empty subset A C F with an upper bound. Then since F' is an
Archimedean ordered field, for any n € N, there exists a non-increasing x,, € F' such that
X is an upper bound of A but x, — 1/n is not an upper bound of A. Let 1 be any upper
bound. We can define x,, inductively as follows. Consider an upper bound x,,_1. Then by
the Archimedean property, there exists m € N such that z,_1 —m/n is an upper bound of
A but x,—1 — (m+ 1)/n is not. Then we define z,, = x,—1 — m/n. The sequence {x, }nen
is a Cauchy sequence.
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Since F' is complete, we may assume that x, — x. We now show that x = sup A. First,
for any a € A, x, > a, so x > a as well. Second, since x,, is an upper bound of A but
xn — 1/n is not an upper bound of A, there exists a, € A such that

Tp— — < ap < Ty
n

Thus a,, — a, and there exists N € N such that for any n > N,
r—ec<a, <z
Hence = = sup A. d

Theorem 18.2. For an Archimedean ordered field that satisfies the least-upper-bound prop-
erty, a bounded monotonely increasing (or decreasing) sequence converges.

Proof. Consider a bounded monotonely increasing sequence {a, }nen. Let a = sup{a, | n €
N}. We claim that a,, — a. In fact, since a = sup{a, | n € N}, for any ¢ > 0, there exists
N € N such that

ay > a — €.
Since {a, }nen is increasing, we know for any n > N,
a—e<ay<a.

This shows that a,, — a. O

Theorem 18.3. An Archimedean ordered field that satisfies the least-upper-bound property:
any Cauchy sequence converges.

Proof. Let {an}nen be a Cauchy sequence. We know that it is bounded. Define
b, =sup{ax | k > n}, ¢, =inf{ag |k >n}.
Then {b, }nen is decreasing. This is because sup{ay | k > n + 1} C sup{ax | £ > n}, so
bpy1 =supfaxr | k > n+ 1} <sup{ax | kK > n} = by.

Similarly, {cy, }nen is increasing. Therefore, we may assume that b, — b and ¢, — ¢. For
any € > 0, there exists N € N such that for any m,n > N, |a;, — a,| < e. This means that
for any n > N,

lan, —b] < lan — bp| + b — b < 26, |an —c| < |an —cnl + |en — ¢ < 26
This means that a,, — b = c. O
The notions introduced in the last theorem are useful for general sequences:
Definition 18.1. Let {ay,}nen be a sequence. Define
b, =sup{ay | k > n}, ¢, =inf{ax |k > n}.

We define lim sup,,_, o, an = lim, 00 by, and liminf,, o a, = limy, o0 ¢y

19. LECTURE 19: SUBSEQUENCES AND CONTINUOUS FUNCTIONS

When discussing sequence, we have seen that any convergence sequence is bounded, but
not any bounded sequences converge. However, we can still prove the following statement.

Theorem 19.1 (Bolzano, 1817; Weierstrass, 1865). Let {ay, }nen be a sequence. Then there
exists a subsequence {an, }ren that converges.
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Proof. The idea is to look at smaller and smaller intervals that contain infinitely many
terms of {a,}. Since {a,} is bounded, we can assume that there exists by < ¢o such that
for any n € N,

an € [b(), Co].
We define a,, to be any term and thus a,, € [bo, co]. Let dg = (bp+cp)/2. Then either [bg, do]
or [do, ¢o] contains infinitely many terms of {a, }. Let [b1, ¢1] be interval with infinitely many
terms of {a,}. Then by mathematical induction, we can choose intervals [b,, ¢, such that
for any n € N, [by, ¢,] C [bn—1, cn—1], and [by, ¢,] contains infinitely many terms in {ay}.

Let ay,, be any term with

ap, C [bo,Co].
Since [bg, ¢k contains infinitely many terms in {a,}, there exists ny > ng_1,...,n2,n; such
that

Angyq C [bk,ck].

In particular, since [bg, cx] C [bg—1, ck—1], we know for any k > K + 1,

an, C [bk,ck].

Since ¢ — by = (co—bo) /2", we know that {a,, }ren is a Cauchy sequence as for any K € N,
when k,1 > K + 1,

co — bo

’ank —am| <cg —bg = (2K)
and hence {ay, }ren converges. O

The idea to look at smaller and smaller intervals and then find the potential limit can be
formalized into the following idea:

Theorem 19.2. Let {I,},en be a sequence of bounded intervals on R such that for any
neN, Iy1 CI,. Then

Bt
n=1

When the length of the intervals diam(I,) — 0, then (2, I, consists of exactly one point.

This idea is the key to proving the intermediate value theorem, which was first written
down by Bolzano and Weierstrass.

Theorem 19.3 (Intermediate value theorem; Bolzano, 1817; Weierstrass, 1865). Let I be
an interval and f : I — R be a continuous function. Suppose a,b € I, a < b and
fla) <e, f(b)>ec

Then there ezists x € [a,b] such that f(z) = c.
Proof. Consider the interval [a1,b1] = [a,b]. Let di = (a1 + b1)/2. Then either f(d;) > ¢
or f(di1) <c. When f(dy) > ¢, we set [ag, ba] = [a1,d1]; otherwise, we set [aa, ba] = [d1, b1].
Then by induction, we can find a sequence of intervals [a,, b,] such that for any n € N,

[an+17 bn—i—l} C [an7 bn]7 f(an) <ec, f(bn) > c.

Then since {a,} and {b,} are monotone and bounded, we have a,, — x and b, — z. In
fact, there limits are the same as we have b, — a,, — 0. Since f is continuous, we know

flan) <c= f(x) <c, flbn) Zc= f(z) > c
This implies that f(z) = c. O

Considering sequences of values for a continuous function that become larger and larger, it
is also not hard to prove that continuous functions on closed intervals cannot be unbounded.
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Theorem 19.4. Let I be a bounded closed interval and f : I — R be a continuous function.
Then f is bounded, and there also exists a,b € I such that for any x € I,

fla) < f(x) < f(b).

Proof. First, we show that f is bounded. We argue by contrapositive. Suppose for any
n € N, there exists x,, € I such that

|f(@n)| = n.

Then consider the sequence {z,},en. The sequence is bounded, so there is a subsequence
{zn, }ren that converges to x. Moreover, I = [c,d] is a closed interval. Since ¢ < z, < d,
we know that

c<x<d.

Then as f is continuous, f(zy,) — f(z). This contradicts the fact that |f(zy, )| — oo.
Second, we show that there exists a € I such that for any x € I,

f(@) = f(a).
Consider y = inf{ f(x) | x € I'}. For any n € N, there exists a,, € I such that

1

The sequence is bounded, so there is a subsequence {ay, }ren that converges to a. Moreover,
I = [¢,d] is a closed interval. Since ¢ < a,, < d, we know that

c<a<d.

Then since f is continuous, we know that f(a) = y. 0

20. LECTURE 20: OPEN COVERS AND CONTINUOUS FUNCTIONS

In the previous section, we proved that continuous functions on closed intervals are
bounded using contrapositive, by considering a sequence whose values of the function be-
comes larger and larger. However, is it possible to directly prove this result?

Suppose for any € > 0, there exists § > 0, such that for any |x — 2/| < §, we have

f(z) — f@) <e.

Then since § > 0 does not depend on x € I, we can divide the interval I into N intervals
of length at most §. Then we can show f is bounded since for z, 2’ € I,

|f(2) = f(@)] < Ne.

However, we have discussed the difference between the above definition and the definition
of continuity. When f is continuous, we only know that for any € > 0 and any x € I, there
exists d; > 0, such that for any |z — 2’| < d,, we have

f(z) = f(@)] <e.

Hence the question is whether we can choose a minimum for é, > 0. One way to do so is
to say that the whole interval can be covered by finitely many intervals (x — d,,x + ).
This was considered by Heine in 1872 who gave a proof of uniform continuity of continuous
functions on an closed interval.

The following result on closed intervals was proved by Borel in his thesis in 1894, while it
also appeared in some form in Dirichlet’s unpublished lectures in 1852. Similar techniques
has appeared already in Heine’s result in 1872 for continuous functions. They realized that
one can do this for a bounded closed interval.
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Theorem 20.1 (Heine-Borel theorem; Borel 1894). Let I be a bounded closed interval and
{Ua}aca be a collection of open intervals such that (thus {Uy}aca is called an open cover

of I)
1c |t
acA

Then there exists a finite collection {Up}1<n<n C {Ua}taca such that ({Up}ti<n<n is called
a finite subcover)

Proof. Let I = J; UK where Jj, K; are closed intervals with length diam(J;), diam(K;) =
diam(7)/2. Then either J; or K; does not admit a finite sub-cover of {Uy}aeca. Let that
sub-interval be I;. Then consider Iy = Jy1 U Ky 1 with length diam(Jg41), diam(Kyy1) =
diam(Iy)/2. We know either Jii1 or Kjy1 does not admit a finite sub-cover of {Uy}aca-
Let that sub-interval be I 1. Thus we defined a sequence of closed intervals

I>L D> D>---D1i D

such that diam(I) — 0, and any I does not admit a finite subcover of {U,}aca. Let

o0
WS ﬂ 1.
k=1

Since I C |J,e 4 Ua, there exists an open interval such that = € U,. An open interval always
has non-zero length. Then as diam(I;) — 0, there exists k¥ € N such that I, C U,. This
contradicts with the assumption. O

Theorem 20.2 (Heine 1872). Let I be a closed interval and f : I — R be a continuous
function. Then f is uniformly continuous, meaning that for any € > 0, there exists § > 0,
such that for any |z — 2’| < 68, we have

f(z) = f(@')] <e.

Proof. Since f is continuous, for any € > 0 and any x € I, there exists J, > 0, such that for
any |z — a'| < 4,, we have

f(z) = f(@)] <e.
We know that since for any z € I, z € (v — 05,2 + d,), we have
Ic|J@=ba2+0a).
xzel

By the Heine—Borel theorem, we can choose a finite cover such that

N
IC U (T, — O, T, + On)-
n=1

Then let § > 0 be the minimum of the distance between any two non-intersecting open
intervals. For any |z — 2| < §, there exists 1 < n < N such that z,2’ € (25, — O, Ty, + On)-
Thus |f(z) — f(2')| < e O

Theorem 20.3. Let I be a closed interval and f : I — R be a continuous function. Then
f is bounded, and f has mazimum and minimum in I.
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Proof. By the above theorem, we know that for any € > 0, there exists § > 0, such that for
any |z — 2’| <6, we have

[f(z) = f@)] < e
Divide I into N intervals of lengths at most §. Suppose the endpoints of these intervals are
xo,x1,...,2N. Then for any x € I, suppose x € [x;, z;+1]. Then

[f (@) < [f(xo)l + [f (1) = f(@o)| + -+~ + | f(2) — f(i)| < |f(wo)| + Ne.

Hence f is bounded.
We define M = sup{f(z) | x € I} and claim that there exists a € I such that

f(a) = M.
Otherwise, we always have f(x) < M. Then we can consider the continuous function

1
g(x) = m

Since g must also be bounded, we can set L = sup{g(z) | x € I} > 0. Then

g(x):MSL, f(x)gM—%<M.

This contradicts the assumption that M = sup{f(z) | z € I}. O

21. LECTURE 21: COUNTABLE AND UNCOUNTABLE SETS

We have seen G. Cantor’s construction of the real number system using Cauchy sequences,
and how it can be used to deduce various properties of sequences and functions.

However, this was not the end of G. Cantor’s adventure. After defining the real number
system, he moved on to set up the foundations of descriptive set theory and used that to
characterize sets of infinite elements.

We start by recalling the notion of an injection and surjection.

Definition 21.1. Let f : A — B be a mapping or function. We say f is injective if for
any a,a’ € A, a # d, we have f(a) # f(da'). f is surjective if for any b € B, there exists
a € A such that f(a) =b. We say that f is bijective if it is both injective and surjective.

We also recall some basic constructions of sets, by taking the union or the intersection:

Definition 21.2. Let A and B be sets. We define
ANB={z|z€Aandz € B}, AUB={x|z€ A orxze B}
Let I be a set and suppose for any o € I, there is a set A,. Then we define
ﬂ Ay ={z | for any a € I,z € A}, U Ay = {z | there ezists a € I,x € A, }.

acA a€cA
Let A C X be a subset. Define the complement to be

A°={z |z e X,z ¢ A}.
Theorem 21.1. Let A, be subsets of X. Then
(U Aa)c — ) A5
ael acl

Proof. We know = € (U,e; Aa)® means & & |J,es Aa, so there does not exist o € I, such
that 2 € A,. On the other hand, x € [ ¢ Af, means for any a € I, x ¢ A,. O

Using the notion of bijection, Cantor explained that we can compare the number of
elements in two sets:
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Definition 21.3 (Cantor). We say that two sets A and B have the same cardinality if there
exists a bijection f : A — B. In particular,

(1) we say A is finite if there exists n € N such that A and {1,2,...,n} have the same
cardinality;

(2) we say that A is infinite if there does not exist n € N such that A and {1,2,...,n}
have the same cardinality;

(3) we say that A is countable if A and N have the same cardinality;

(4) we say that A is uncountable if A is infinite but not countable.

Here are some examples of a countable set that is not N: The set of all integers Z is
countable. There is a bijection f : N — Z defined by

0,1,-1,2,-2,3,-3,....n,—n, ...
The set of even natural numbers 2N = {2n | n € N} is countable, with the bijection
0,2,4,6,...,2n,...
The set of perfect squares {n? | n € N} is countable, with the bijection
0,1,4,9,...,n2%, ...

Remark 21.1. We can also say that A is infinite if and only if there exists a bijection
between A and a proper subset of A (however, the only if part is very non-trivial to prove).

Theorem 21.2. Any infinite subset of a countable set A is countable.

Proof. First, since A is countable, there is a bijection a : N — A, so we can denote elements
in A by terms in the sequence {ay},en. Let B C A be an infinite subset. We define
a bijection b : N — B as follows. Let n; € N be the smallest natural number such that
an, € B. Let ng1 € N be the smallest natural number greater than ny such that an,,, € B.
Suppose there does not exist ng,1 > ny such that a,, , € B. Then

B ={an,,any,-..,an,}

is finite, which is a contradiction. Therefore, we have an infinite sequence {an, }ren of
elements in B. This is an injection by construction. Suppose it is not a surjection, there
exists N € N such that ay € B but N # ny for any k € N. Then since n; > k, we know
there exists k € N such that

np < N < Ngt1-
This contradicts with the construction where ng; is the minimal number greater than ny
such that a,, , € B. O

Now we will find more countable and uncountable sets that are not so obvious at first
glance.

Theorem 21.3. Let A, be a countable set for anyn € N. Then |J;~ | A, is also a countable
set.

Proof. Since A,, is countable, we can write elements there as a sequence {a,j}ren where
an : N — A, is a bijection. Then we define a sequence b: N — (J77 | A, by

aii, ai2, a1, a13, a22, asi, a4, 423, 432, a41, . - -
More formally, we define by, for any n(n —1)/2+1 < k < n(n+ 1)/2 by induction:
bn(nfl)/2+1 = Qn,1, bn(nfl)/2+2 =0an—1,2, -+, bn(n+1)/2 = Q1n-
This defines a bijection N — (7 | Aj,. O
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Corollary 21.4. Let A be a countable set. Then A* = {(ay,aq,...,a) | a1,...,ax € A}
1s also countable.

Proof. We prove by induction on & € N. When & = 1, A is countable by assumption.
Suppose A* is countable. Then A*t!1 = A x A¥. Consider a bijection f : N — A. Define
the set

A, = {(fn,al,...,ak) ’ ag,...,a € A}
Then the result follows from the theorem above since A*™! ={J, _ A, and each A, has a
bijection with A* by A, — A* (fn,a1,...,a;) — (a1,...,ax). O

Corollary 21.5 (Cantor). The set of rational numbers Q is countable.

Proof. Note that Q is the set of equivalence classes in Z x Z. Hence there is an injection
Q — Z x 7Z. Since Z x Z is countable, QQ is also countable. O

Theorem 21.6 (Cantor). The set of all the sequences a : N — {0,1,...,1} is uncountable.

Proof. Let Map(N,{0,1,...,l}) ={a|a:N —{0,1,...,l}}. Suppose there is a bijection
a: N — Map(N,{0,1,...,1}). We consider a,, = {ani}ren. We now define another infinite
sequence b: N — {0,1,...,1} such that b # a, for any n € N. Let by # agr. Then b # a,
because the n-th term b,, is different from a,,,. O

22. LECTURE 22: METRIC SPACE PART I

After discussing some basic set theory, we will start define and study limits and continuity
on more complicated sets.

Definition 22.1. The d-dimensional Euclidean space is RY = {(z1,...,2q) | 21,...,74 €
R}, with the addition

(@1, 2a) + (Y1, -, 9a) = (@191, Ta + Ya)

and inner product or dot product

d
(.'131,...,.’170{) + (yla-"7yd) = Zm’byz
=1

Define the norm of & = (x1,...,x4) to be

|Z| = \/a? + - + 22,

Similar to the case of the norm on real numbers, we can prove the triangle inequality for
the norm on Euclidean spaces:

Theorem 22.1. Let Z,i € R4, Then we have Cauchy-Schwarz inequality
F-5< |7 |7
We also have the triangle inequality
7+ ] < |Z]+ |9

Proof. Let ¥ = (x1,...,z4) and ¥ = (y1,...,yq). It suffices to prove that

(&) <(54) (59)
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We can directly compute it as follows (details are left to the readers):

d 2 d d d d
(Z xy) ) (Z x§> (Z vi ) = > mwirgy;— Y wjyy = Y (@i — wy)”
i—1 i—1 i—1

ij=1 ij=1 1<i<j<n
The triangle inequality follows from Cauchy—Schwarz. O

Similar constructions are not restricted to Euclidean spaces. In fact, Fréchet made the
following definition in his thesis which extracts the structure we need to understand limits
and continuity:

Definition 22.2 (Fréchet, 1902). A metric space is a set X together with a function d :
X x X — R satisfying the following:

(1) for any x,y, d(z,y) = d(y,z);

(2) for any x, d(xz,x) =0, and for x # vy, d(x,y) > 0;

(3) for any .9, %, d(z,y) < d(z, 2) + d(z).

Example 22.1. (1) The Euclidean space R? with the standard distance function

is a metric space. The triangle inequality is proved above.
(2) The Euclidean space RY with the taxi distance function
(7, 9) = max {|zi — i}
is also a metric space. The triangle inequality can be proved as follows:

max{|l°z - yz|} = max{|(1:l Zi) - (yl - Z@)|}

1<i<d
< 1n<1ax{\xl — zi| + |y — 2}
< (s — 5 + g 2 —

Here, in the last step, we use the fact that

<
lmga<:><d{aZ +b;} max {az} + 112a<xd{b }

since for any 1 <1 <d, a; +b; < maxlgigd{ai} + max;<;j<qa{b;}.
(3) Any set X with the distance function

1, z#y,
d(fﬂ,y)Z{O v =y

is a metric space, called the discrete metric space. The triangle inequality can be proved as
follows: If x =y,

d(z,y) =0=0+0 < d(z,2) +d(z,y).
If x £y, then for any z € X, either z £ x or z # y, so

d(z,y) =1=1+0<d(z,z2)+d(z,y).

(4) Let I be a bounded closed interval. The set of continuous functions on a closed
interval C(I) with the distance

d(f.9) = sup|f(z) ~ g(x)| = max|f(z) ~ g(x)
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is a metric space (the maximum of a continuous function on a bounded closed interval always
exists). This is one of the first examples of metric spaces that cannot be easily visualized
geometrically and is one of the main motivations why Fréchet developed the abstract theory
of metric spaces.

The triangle inequality can be proved as follows:

max{| /(@) ~ g(a)]} = max{|(f(2) - h(@)) - (9(2) ~ h(x))]}

< max{|f(z) - h(z)] +|g(z) — h(z)[}

< max{|f(z) - h(z)|} + max{|g(z) — h(z)|}.
Here, in the last step, we use the fact that

sup{a(z) + b(z)} < sup{a(z)} + sup{b(z)}
zel zel xel

because for any x € I, a(x) + b(x) < sup,cr{a(z)} + sup,er{b(z)}.
23. LECTURE 23: METRIC SPACE PART II

On the set of real numbers, we can define open and closed intervals, and they are used
to study limits and continuity. Now, we will define open and closed subsets in a general
metric space.

Definition 23.1. Let X be a metric space and E C X be a subset. Then

(1) a neighborhood of x with radius r is the subset N,(x) of all points y € X such that
d(x7 y) <r;

(2) a point x € E is an interior point of E if there is a neighborhood N,(x) C E;

(3) the subset E is open if any point x € E is an interior point.

Definition 23.2. Let X be a metric space and E C X be a subset. Then
(1) a point x € E is a limit point of E if for any neighborhood N,(x), there exists y € E
and y € Ny(x) with © # y;
(2) the subset E is closed if any limit point of E is contained in E.

Example 23.1. N,(z) = {y € X | d(z,y) < r} is always open. This is because for any
y € Ny(x), we can set v’ = r —d(xz,y) > 0 and then Ny(y) C Ny(z) since d(z,z) <
d(z,y) +d(z,y) <rifd(z,y) <r.

On the other hand, N,(z) = {y € X | d(z,y) < r} is always closed. If y is a limit point
of N.(z), then any N.(y) contains a point z € N,(x), so d(x,y) < d(x,2) +d(y,z) <r+e.
Since € > 0 is arbitrary, we know that d(z,y) < r.

Here are some examples of subsets in Euclidean spaces and the properties they satisfy:

Example 23.2. Let X = R%. (1) N.(0) = {Z | |Z| < 1} is open but not closed, N,.(0) = {Z |
|Z] < 1} is closed but not open. (2) Any finite set is closed but not open. {(n,0) | n € N}
is closed but not open. (8) The set {(1/n,0) | n € N} is neither open nor closed. The set
{(1/n,0) | n € N} U{(0,0)} is closed but not open. (4) A line segment {(x,0) | z € (a,b)}
is neither open nor closed. A line segment with endpoints {(x,0) | x € [a,b]} is closed but
not open. (5) Finally, R? itself is both closed and open.

Theorem 23.1. Let X be a metric space. If x is a limit point of E, then every neighborhood
N, (x) contains infinitely many points in E.

Proof. Suppose there exists a neighborhood N, (z) that only contains finitely many points
Y1,.-,yr € Eifer ¢ Eorx,y,...,yx € Eifx € E. Thenlet 6 = min{d(z,y1),...,d(z,yx)}.
Then Ns(z) does not contain any y € E such that y # z. Contradiction. O
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Open and closed subsets are exactly opposite notions in the following sense:

Theorem 23.2. Let X be a metric space. Then E is an open subset if and only if the
complement E°€ is closed.

Proof. First, suppose E is open. We show that E° is closed. In other words, there does not
exist z € F that is a limit point of E. Since E is open and x € F, there is a neighborhood
N,(z) C E. This means N,(x) N E¢ = @. Hence z is not a limit point of E.

Next, suppose E¢ is closed. We show that E is open. In other words, for any = € FE,
there exists N,(x) C E. Since E¢ is closed and = ¢ E€, z is not a limit point of F, and
there is a neighborhood N, (x) such that N,(x) N E¢ = @. This means N,(z) C E. O

Theorem 23.3. (1) For any collection {Ga}aca of open sets, |J,c g Ga is open.
(2) For any collection {Fa}aca of closed sets, () ,c4 Fa is closed.
(3) For any finite collection G1,...,Gy of open sets, (\;_; G; is open.
(4) For any finite collection Fi, ..., F, of closed sets, | J;_, F; is closed.

Proof. We only prove (1) and (3). (1) For any x € |J,c 4 Ga, there exists a € A such that
r € Gq. Since G is open, there exists a neighborhood N,(z) C G4 C Uyey Ga- (3) For
any r € ﬂ?zl G;, we have x € G; for any 1 < ¢ < n. Since G; is open, we know there
exists r; > 0 such that N,,(z) C G;. Let r = min{ry,...,r,}. Then N,(x) C G; for any
1 <i<n,so Ny (z) C i, Gi. O

For any subset, by taking the interior points, we will get an open subset; and by taking
the limit points, we will get a closed subset.

Definition 23.3. Let X be a metric space and E be a subset. Let E° be the set of interior
points of E. Let E' be the set of limit points of E. Then the closure of E is by definition
E=EUF.

Theorem 23.4. Let X be a metric space and E be a subset. Then
(1) E is closed;
(2) for any closed subset F' D E, we have F D E.
Similarly, we have
(1) E° is open;
(2) for any open subset G C E, we have G C E°.

Proof. We only prove the property for the closure.

(1) Suppose z is a limit point of E. We will show that € E. Suppose any neighborhood
N,(z) contains a point y, € E. When y, € E, this means N, () contains a point in E.
When y, € E’, this means any N, (y,) contains a point z, € E. By the triangle inequality,
we know any No,(x) contains a point in E. Hence z is a limit point of E.

(2) Suppose F'is a closed set and E C F. Then F contains all its limit points, and in
particular it contains limit points of E. O

24. LECTURE 24: COMPACT SUBSETS

With the definition of open and closed subsets, we can study limits and continuity in
metric spaces, following Fréchét.

Definition 24.1. Let X be a metric space and E C X be a subset. Then E is bounded if
diam(E) = sup, ,epd(z,y) < oo.

Now we define limits of sequences in metric spaces, and generalize the notion of com-
pleteness:
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Definition 24.2. Let X be a metric space and {an}nen be a sequence. Then {an}nen
converges to a if for any € > 0, there exists N € N such that for any n > N, d(an,a) < €.

Definition 24.3. Let X be a metric space. A sequence {ay, }nen is called a Cauchy sequence
if for any € > 0, there exists N € N such that for any m,n > N, d(ap,an) < €. A metric
space is complete if any Cauchy sequence converges.

In the previous lectures, we have seen that two key property about limits and continuity
is sequential limits and open covers. Both concepts generalize to metric spaces. They are
called compactness.

The first notion in terms of sequences and limit points was introduced by Fréchét and then
Hausdorff, while the second version in terms of open covers were introduced by Urysohn
and Alexandroff at around the same time (who in fact have correpondence with Fréchét).

Definition 24.4 (Fréchét, Hausdorff). Let X be a metric space. A subset K C X is called
sequentially compact if any sequence {an} in K has a convergent subsequence.

Definition 24.5 (Urysohn, Alexandroff). Let X be a metric space. A subset K C X s
called compact if for any open cover {Uy}acr such that K C |,c;Ua, there is a finite
subcover {Up }1<n<n C {Uqa}acr such that K C ngl U,.

These two properties are equivalent on metric spaces. However, the proof is not easy, so
we will skip it for now:

ael

Theorem 24.1. Let X be a metric space. Then a subset K C X is compact if and only if
it is sequentially compact.

Remark 24.1. One can prove that any sequentially compact subset must include all the
limit points and hence is closed. Therefore, any compact subset in a metric space is closed.

Here are some basic properties of compact sets:
Theorem 24.2. Closed subsets of compact sets are compact.

Proof. Let K C X be a compact set and F' C K be closed. Consider any open cover {Uq }aer
of F'. We will show that there exists a finite open cover. In fact, we enlarge the open cover
by considering {Uq }aer U {F°}, which is an open cover of K. Since K is compact, there
is a finite open sub-cover that covers K and in particular F'. However, F° N F = @. This
means the finite open sub-cover, after possibly removing F°, gives a sub-cover of F'. (]

Compactness implies that any infinite decreasing sequence of compact sets have non-
empty intersections. This was Fréchét’s original definition of compactness in his thesis.

Theorem 24.3. Let X be a metric space and {K,}nen be a sequence of compact subsets
with Kp, D Kpy1 for any n € N. Then (2, Ky, is non-empty.

Proof. Consider U,, = X \ K,,. Since K, is compact and hence closed, U, is open. Suppose
Mooy Ky = @. Then U2, Uy = X, 80 {Up}nen gives an open cover of X and in partic-
ular the compact set K;. Hence there is a finite cover by {Up, }1<i<k of the compact set

K;. However, let N = max{nj,...,n;}. Then we know that Ky N Ui.“:l U,, = @. This
contradicts the assumption that Ky C K; C Ule Uy,. O

25. LECTURE 25: COMPACT SETS IN EUCLIDEAN SPACES

On the set of real numbers R, we have seen that any closed bounded subset is compact
and sequentially compact, by the result of Heine-Borel and Bolzano—Weierstrass. This
result does not hold for general metric spaces, but can be easily generalized to Euclidean
spaces R?, with a similar proof.
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Theorem 25.1 (Heine-Borel, Bolzano-Weierstrass). Let K C RY. Then K is compact if
and only if K is closed and bounded.

The main technical input is the following theorem on nested compact sets in R%:

Theorem 25.2. Let {I,,}nen be a sequence of cubes in R* of the form I, = [an1,bn1] X
- X [ank, bnk] C RE. Then ﬂzozl I, # .

Proof. We consider the sequence of points a, = (an1,an2,...,ank) € R*. Since {an; tnen
is monotone and bounded, we know that a,; — a;j. Therefore, a, = (an1,an2,...,ank) =
(c1,¢2,...,c). We know that an; < by, 50 an; < ¢; < by, and thus ¢ € (o2 I. O

Proof of Theorem 25.1. Let K C R* be a bounded closed subset and {Uy}aeca be an open
cover of K. Suppose {Ugy}aca does not have a finite subcover. We will conclude a con-
tradiction. We know there exists M € R such that K C [~M, M]*. We divide the cube
I} = [-M, M]* into 2* pieces. At least one of them Iy C I; cannot be covered by a finite col-
lection in {Uy, }oc 4. By induction, this defines a sequence of cubes It D I, D --- D I, D ...,
each I, cannot be covered by a finite collection in {Uy}aeca. Moreover, the diameter
diam(I,,) — 0. Suppose ¢ € (o2, I,. We know there exists U, such that ¢ € U,. Since
U, is open, there exists € > 0 such that Be(x) C U,. Then there exists n € N such that
diam(I,,) < ¢/2Vk. Then I,, C U,. This is a contradiction. O

At the end of the section, we remark that the Heine—Borel theorem admits generalizations
to certain metric spaces as well, but we need some conditions.

First, the metric space should be complete such that we can take limits of Cauchy se-
quences. Second, boundedness is not enough; for example, on a discrete metric space, any
subset is bounded, but it is easy to find open covers without finite subcovers.

Definition 25.1. Let X be a metric spaces. A subset A C X is totally bounded if for any
€ > 0 there exists an open cover of A by small balls of radius €.

Theorem 25.3 (Generalized Heine-Borel). Let X be a complete metric space and K C X.
Then K is compact if and only if K is closed and totally bounded.

26. LECTURE 26: CONNECTED SETS AND PERFECT SETS

One important feature about subsets when studying limits and continuity is connected-
ness. For instance, we know that continuous functions on [—1,1] and continuous functions
on [—1,0) U (0, 1] behave differently: the latter does not have intermediate value property.

Definition 26.1. Let X be a metric space. Two subsets A and B are called separate if
ANB and AN B are empty. Then a subset E C X is called a connected set if for E is not
the union of two separate subsets.

Theorem 26.1. Let E C R be connected. Then E is an interval, i.e. for any x <y € E,
ife <z<y, then z € F.

Proof. Suppose there exists © < y € E and z < z < y such that z ¢ E. Then we define
A= (—00,z)NE and B = (z,00) N E. Since z ¢ E, we know E = AU B. Moreover, using
properties of limits, we know that A C (—o0, 2] and B C [z, +00). This implies that A and
B are separate. O

Finally, we discuss the relation between topology and cardinality.

Definition 26.2. Let X be a metric space. Then a subset P C X is called a perfect set if
any x € P is a limit point of P.
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Theorem 26.2. Let P C RF be a perfect set. Then P is uncountable. In particular, R is
uncountable.

Proof. Since P has limit points, it is infinite. We will suppose that P is countable and
deduce a contradiction. Write P = {x,, | n € N}. We define a sequence of compact subsets
as follows. Let K1 = Bi(z1). Then K;N P is infinite since z1 is a limit point of P. Suppose
we have defined K7 D --- D K, such that K,, N P is infinite. We will let K, be a compact
subset in K, such that z, ¢ K,y and K,;+1 N P # @. Then K, N P is compact since
P is closed and K, is closed and bounded. This means (),~; K, N P # &. However, by
construction, we also know that for any n € N, z,, ¢ (2| K,, N P. Contradiction. O

The following construction, due to Cantor, shows the surprising fact that a perfect set
may not contain any interval of non-zero length. Let Ey = [0,1] and Ej, C [0,1] be the
union of 2* intervals with length 1/3% defined by

k11 311 342
By =Ep\ | (Z;;,Z;k—> -
i=1
This is to say, for each interval in Ey_1, we divide it into 3 subintervals of the same length
and remove the middle interval to obtain Ej. Then the Cantor set is

o (5
n=1

First, we know that C is non-empty. Second, we also know that C' is perfect. This means
that we need to show for any 2 € C and any € > 0, (x —€,x+¢€) NC # &. Suppose x € E,.
Denote by I, the interval in E, that contains x. Since diam([,) = 1/3", for any ¢ > 0,
there exists N € N such that for any n > N, I, C (x—¢,z+¢€). Then let z,, be the endpoint
of I,. We know that z,, € C. Thus z,, € (x — e,z +¢)NC.

27. LECTURE 27: CONTINUITY AND COMPACTNESS/ CONNECTEDNESS

We have discussed various properties about metric spaces, including open and closedness,
compactness and connectedness. We will now illustrate how they are useful in understanding
continuity of functions on metric spaces.

Definition 27.1. Let X and Y be metric spaces and f : X — Y be a map. Suppose for
any € > 0, there exists 6 > 0, such that for any 0 < d(x,x0) < §, we have d(f(x),yo) < €.
Then we say that f(x) — yo as x — xg.

Definition 27.2. Let X and Y be metric spaces and f : X — Y be a map. We say that
f is continuous at xog € X if f(x) — f(xo) as x — xo; equivalently, if for any € > 0, there
exists § > 0, such that for any d(x,zo) < 9, we have d(f(x),yo) < €.

As we have seen, the precise values of € and § are not important in the definition of
continuity. The notion of open (and closed) subsets now allow us to characterize continuity
without using € and § at all:

Theorem 27.1. Let X and Y be metric spaces and f : X — Y be a map. Then f is
continuous if and only if for any open subset VC Y, f71(V)={z e X | f(x) eV} C X
is also open.

Proof. We know V' is open if and only if for any y € V, there exists ¢ > 0 such that the
open ball B.(y) C V, and f~}(V) is open if and only if for any z € f~!(V), there exists
§ > 0 such that the open ball Bs(x) C f~1(V).
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Suppose f is continuous and V is open. Then for any y € V, there exists an open ball
Be(y) C V. Let € f~1(V) such that f(x) = y. Since f is continuous, for ¢ > 0, there
exists 0 > 0 such that f(Bs(z)) C Be(y). This means that Bs(x) C f~1(V). Hence f~1(V)
is also open. The proof of the other direction is similar. O

The most important properties of continuous functions we learned are the existence of
maximum and minimum and the intermediate value theorem. They can be formulated in
terms of compactness and connectedness.

Theorem 27.2. Let X and Y be metric spaces and f : X — Y be continuous. Suppose K
is compact. Then f(K) is also compact.

Proof. We use the characterization of continuity in terms of open sets. Consider any open
cover {Vs}ger of f(K) such that f(K) C Uges Vs Then it follows that

ch_l(UVB) =Js
Bel Bel
because if z € f_l(UBGI V), this means that f(z) € [Uges Vi hence for some 3 € I,
f(z) € Vg and thus x € f~1(Vj). Since f is continuous, {f~'(Vs)}ges is a collection of
open sets. Since K is compact, there exists a finite collection {f~1(V;)}1<j<n such that

Kc|Jr!
j=1
Since f~! (Uﬁg Vﬁ) Uger /- 1(V3), this then implies that

e (0 rw) - ().

In general we know that f(f~1(V)) C V because for any y € f(f~1(V)), there exists
x € f~1(V) such that y = f(z); but then y = f(z) € V. This means that
cJv

Hence we have found an open subcover. O

Remark 27.1. Specializing to f : R — R, we know closed bounded sets are compact. This
means f([a,b]) is also closed and bounded, which implies the existence of mazimum and

It is a useful fact that f((U,es Ua) = Uner F(Ua) and f=H(Uner Va) = Uner /7 1(Va) (the
same result holds for intersections). However, it is not true in general that f(f~1(V)) = V.
Please find a counterexample yourself.

Theorem 27.3. Let X and Y be metric spaces and f: X — Y be continuous. Suppose K
is connected. Then f(K) is also connected.

Proof. Suppose f(K) is disconnected. Write f(K) = AU B where A and B are separate.
Then note that K C f~!(f(K)) because for any = € K, f(x) € K so automatically
r € fU(f(K)). Consider K C f~1(f(K)) = fYA)uUfYB ) We show that f~!(A) and
f~1(B) are separate. In fact, we will show that f~1(A4) C f~1(A). This is because of the
following. f is continuous, and hence for the closed set A, f~!(A) is also closed. Now we
know that f~1(A) C f~1(A), so f~1(A) C f~'(A) as the latter is closed. Since ANB = @,
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we know f~1(A) N f~Y(B) = @, so in particular f~1(A) N f~*(B) = @. This shows that
f~1(A) and f~1(B) are separate. O

Remark 27.2. Specializing to f : R — R, we know connected sets are all intervals. This
means f([a,b]) is also an interval, which implies the intermediate value theorem.
28. LECTURE 28: DERIVATIVES OF FUNCTIONS

We can finally introduce derivatives of functions. Unlike continuity which can be defined
on general metric spaces, taking derivatives need to be defined on Euclidean spaces.

Definition 28.1. Let I C R be an interval and f: I — R be a function. For x € I, define
/ p—
) = 1 1)1
/' —x Tr —x
If the above limit exists, we say that [ is differentiable at x. We say that f'(x) is the
derivative of f at x.

Proposition 28.1. Let I C R be an interval and f : I — R be a function. Suppose f is
differentiable at x. Then f is continuous at x.

Proof. This is because

lim (f(2") — f(z)) = lim lim (z' — x) = 0.

' —x ' —x Tr —x ' —x

We recall the properties of derivatives that we have learned.

Theorem 28.2. Let I be an interval. Suppose f,qg : I — R are differentiable at x. Then
f g, fg are also differentiable at x:

(1) (f £9)'(z) = f'(z) £ g'(x);
(2) (f9)'(x) = f'(x)g(x) + f(2)g (z).

Proof. We can directly compute
(fo)(x) = tim £89E) = F@)g(@)

/

i 18096 — F@e) | F@)g) — f@)g(@)
= tim LI i gty 4 1(0) tim D=0 — o) + o) (o)
O

Theorem 28.3. Let I and J be intervals. Suppose f : I — J is continuous on I and
differentiable at x € I, and g : J — R is differentiable at f(x) € J, then go f(x) = g(f(z))
is differentiable at x and

(9o f)(z) =g (f(@)f (2).
Let y = f(z) and 3/ = f(2'). Suppose ¢’ # y when 2/ # z. Then we can compute that
9(f(@) = 9(f(z)) _ 9(y) —9(y) f(z) = f(z)

' —x Yy —y ' —x

However, it may not be the case that ¢’ # y. Therefore, we need to rewrite this identity to
avoid ¥’ — y to appear on the denominator.
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Proof. Write g(y') — 9(y) = ¢'()(y' — y) + €g(y') and f(2') = f(2) = f'(2) (2" — 2) + €5 (a").
We can compute
g(f(@") —g(f(x) = 9(v') —9(y) = ' (W) (¥ —y) +€(¥)
=g (W) (f(@) = f(@) + &) = g () ([ (2) (@ — 2) + €p(2) + €4 ()
=g W) f (x) (@ —2) + g (y)es(2) + e ().

When 2’ — z, we know that ef(z’)/(2' — ) — 0. Since y = f(x) is continuous, when
x’ — x, we know that ' — y, and hence ¢,(y’)/(y' —y) — 0. This completes the proof. [0

Note that not all continuous functions are differentiable; in fact, there even exists con-
tinuous functions that are nonwhere differentiable.

Example 28.1. Consider the function

. 1
fla) = xsm<x>, x #0,
0 x =0.

One can show that f(x) is continuous but not differentiable at x = 0, because

f@) = fO) _f@) _ <1> .

z—0 T x

29. LECTURE 29: MEAN VALUE THEOREMS

In this lecture, we prove the following important property of differentiable functions:
when the function achieves maximum or minimum, the derivative is zero.

Definition 29.1. Let f : X — R be a function. Then we say that f has local maximum at
x € X if there exists a neighborhood Be(x) such that for any 2’ € B(z), f(2') < f(z).

Theorem 29.1 (Fermat). Let f : [a,b] — R be a function. Suppose f has local mazimum
at an interior point x € (a,b) and f'(x) exists. Then f'(x)=0.

Proof. Since f has local maximum at z € I, we know that there exists € > 0 such that for
any |z — 2’| <e, f(2') < f(z). Now consider 2’ > z. Then we have

Fa)— @) _
' —x -
This implies that
/ J—
i @) =16
' —xt r—x
Consider 2’ < x. Then we have
/ —
F) - @)
x —x -
This implies that
/ [R—
i 1@ =16
' =z~ r —x
Since f’(z) exists, we know that the above inequalities imply f/(z) = 0. O

The following theorem is a generalization of the above result. In fact, if you assume that
f :]a,b] = R is differentiable and f(a) = f(b), then the maximum of f in [a, b] will satisfy
that f'(z) = 0.
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Theorem 29.2 (Lagrange mean value theorem). Let f : [a,b] — R be continuous on [a, b]
differentiable in the interior of (a,b). Then there exists some x € (a,b) such that

1oy 1) = fla)
Proof. We consider the function (to reduce the theorem to the precious result)
f(b) = f(a)

g(z) = f(z) - ﬁ(x —a).

Then g(a) = ¢g(b) = 0 and g(x) is continuous on [a, b] differentiable on (a,b). Since g is
continuous on the closed interval [a,b], we can consider the maximum and minimum of g
on [a,b]. If g has maximum at x € (a,b), then

d(z) =0.

If g has maximum at x = a or © = b, then g must have minimum at = € (a,b), but then we
also have

g'(x) =0.
When ¢'(z) = 0, we can conclude that
iy ) —fla) _
f(x) . = 0.
This completes the proof. O

Theorem 29.3 (Cauchy mean value theorem). Let f,g : [a,b] — R be continuous on [a,b]
differentiable in the interior of (a,b). Then there exists some x € (a,b) such that

f'(x) _ f(0) - fla)
g(x)  g(b) —gla)’

The following result now follows from the mean value theorem:

Theorem 29.4. Let f: I — R be differentiable.
(1) If f' > 0, then f is monotonely increasing.
(2) If f' <0, then f is monotonely decreasing.
(3) If f =0 on I, then f is constant on I.

The mean value theorem looks like an intermediate value theorem for the derivative. In-
deed, we can show it does imply that the derivative function should satisfy the intermediate
value theorem:

Theorem 29.5. Let f : [a,b] — R be differentiable. Suppose f'(a) < c and f'(b) > c. Then
there exists x € [a,b] such that f'(x) = c.

Proof. Let g(x) = f(x) — cx. Then ¢'(a) < 0 and ¢’(b) > 0. This means that g(z) does
not obtain minimum at a or b because there exists 6 > 0 such that g(a + 6) — g(a) < 0
and g(b — ) — g(b) > 0 using the definition of derivatives. Since f is differentiable, it is
continuous on [a, b] and hence achieves the minimum at = € (a,b). Then f'(z) = 0. O

Example 29.1. However, notice that the derivative f' of a differentiable function f is not
always continuous (even though it satisfies the intermediate value theorem); for instance,

we can take
1
2% sin (> , xF#0,
flz)= T

0 x =0.
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30. LECcTURE 30: LHoPITAL'S RULE
Theorem 30.1 (L’Hopital’s rule, Bernoulli). Let f : (a,b) — R be differentiable. Suppose
(1) both f(x) and g(x) — 0 or both f(x) and g(x) — o0 as x — a,

— A as T — a.
g ()
Then

f(z)

—~ 5 A, x—a.

9(x)
Proof. Suppose f(z) and g(x) — 0 as x — a. Then one can define a continuous function
on [a,b) by

0, T =a, 0, T = a.

o) = {f(ac), z € (a,b), o) = {g(x), z € (a,b),

By the mean value theorem, we know that there exists ¢ in between zy and z such that

f@) _ ()

g(z)  gt)
As x — xg, by squeeze theorem we know t — xy. This completes the proof.
Suppose f(x) and g(x) — 0o as  — a. Since f'(z)/¢'(z) — A, we may suppose that for
€ >0, when a < x < a+ J, we have

/()

g'(x)

Then consider a < < y < a+ d. By mean value theorem, there exists ¢ € (z,y) such that
f@) = fy) _ £

g9(x) —g(y)  g'()

Since g(z) — oo, we assume that when a < x < a + ¢’, we have

o) > (), gla) > -

<A+e

< A+e

Then we can show that

f@) @)= 1) 1) _ f@) = @)@ —9)  Fu) o 4 5

9(x) 9(x) g(x)  glx) —gly) g(z) g(x)
Similarly, we can prove the inequality on the other side. This will complete the proof. [

31. LECTURE 31: HIGHER DERIVATIVES AND TAYLOR EXPANSION

We now generalize the mean value theorem into higher order derivatives and prove the
Taylor expansion. Let f: I — R be a function. We denote by f’ its derivative, and write

= (Y, "= ("), f(4) = (Y, .., f(n) _ (f(n_l)),
for the higher derivatives of f.

Theorem 31.1. Suppose f : [a,b] — R is n-time differentiable, i.e. £~V : [a,b] — R is
well-defined, continuous and f : (a,b) — R exists. Then there exists x € [a,b] such that

n=l o) (g (n) (g
Fo)y=>" ! k,( )(b—a)k—i— fn,()(b—a)n.
i !
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Proof. The proof is analogous to the mean value theorem. Consider the function

n—l n—1
Z (t - B f

t — CL k (b_ia ( t —a k) .
k=0 k=0

Then one can compute that g(a) = ¢'(a) = --- = ¢ Y(a) = g(b) = 0. Since g(a) =
g(b) = 0, there exists by € [a,b] such that ¢'(b;) = 0. Since ¢'(a) = ¢'(by) = 0, there
exists by € [a,b;1] such that ¢”(bs) = 0. By induction, there exists x € [a, b,—1] such that
g™ (z) = 0. This means that

nl n—1 f
£ () — o ( Z b —a) ) = 0.

=0

This finishes the proof. O

You may recall from calculus that for certain functions, we can in fact write down the
Taylor series

n=0

However, even when f is differentiable infinitely many times, it is not always the case that
f(x) can be written as a power series.

First of all, the right hand side has a radius of convergence, and will not converge beyond
the radius. For instance, we know the following Taylor series only converges when |z| < 1:

o0

= E xn
n=0

Second, there is a more serious issue that even when the radius of convergence of the Taylor
series is positive, there is no guarantee that f(z) is equal to its Taylor series:

Example 31.1. Consider the function

() = {SW’ o

, xz = 0.

Then one can compute that f(0) = f/(0) = --- = f("(0) = 0. Hence, the Taylor series is
equal to zero, and it is not equal to f(x) when x # 0.

Theorem 31.2. Suppose f : [a,b] — R is infinite-time differentiable, i.e. f™ : [a,b] — R
is well-defined, continuous for any n € N. Suppose that

lim e sup f™(z)(b—a)" = 0.

n—o0 nl z€a,b]

Then for any x € [a,b] we have

> ) (q
:Zf n‘( >(a:—a)".
n=0
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32. LECTURE 32: RIEMANN INTEGRAL PART I

We have finally got to the theory of integration. Of course, smilar to we have seen
in the previous lectures, people have been computing integrals long before they knew a
rigorous theory of integration. However, in the course of understanding integrations of
infinite trigonometric series, people realized that they may encounter very poorly behaved
functions.

For instance, we have seen in the previous sections the Dirichlet and Riemann functions,
defined by

1 _P _
D(ZL‘) _ {(1)7 T e Q7 R(l’ _ ga T € an - q: QCd<p7 Q) - 17
¢ Q 0, z¢Q.

Once these functions come into the theory of calculus, we need to answer the questions
whether they are integrable or not.

Definition 32.1 (Riemann 1872). Let f : [a,b] — R be a function. Define a partition P of
[a,b] to be a finite set of points

a=zro <1 <Tp << xp =0

Write the Ax; = x; — x;—1 and AP = max{Ax; | 1 < i < n}. Let T be a set of points
t) <ty <--- <ty chosen from the partition such that

Tio1 <t;<wm;, 1<i<n.

We define the Riemann sum of the function f on |a,b] with respect to the partition P and
the choice of points T to be

R(f,P,T) =Y f(t:)Aw;.
i=1

Let S be a real number. Suppose for any e > 0, there exists d > 0, such that for any partition
P satisfying the condition AP < § and any choice of points T, we have

Then we say that the Riemann sum of f converges to S, and define the limit S to be the
integral of f on [a,b]:
b
/a f)do =l R(f.P.T).

We note that the above limit is different from the limits of sequences of limits of functions
that we have seen. In fact, in the above limit there are more than one variable: the partition
P is changing, meaning that each z; is changing, and the number of the points n is also
changing:; the choice of points T is also changing, meaning each t¢; is changing, and the
number of these points n is also changing. Such feature makes it very hard to directly
determine whether the limit exists.

Darboux considered the following approach: while it seems we cannot completely remove
the dependence of the Riemann sum on the partition, we can remove the dependence of the
Riemann sum on the choice of points T' by only considering the supremum and infimum.
Now, we follow Darboux’s treatment on Riemann integration and study when a function is
integrable.

Definition 32.2. Let f : [a,b] — R be a function. Let P be a partition given by a = xg <
1 < - <xp=>b. Define

m; = inf{f(z) | ;o1 <z <wx;}, M; =sup{f(x)|xi-1 <z <ax;}.
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Then we define the upper and lower Darbouzx sum to be

=1 =1

and define the upper and lower integral to be

/f )dx = sup L(f, P /f Ydx =inf U(f, P).

We say that f is Darboux integrable if the upper and lower integrals are the same, and call
it the Darboux integral.

33. LECTURE 33: RIEMANN INTEGRAL PART II

We will first discuss the notion of Darboux integrable, as it will turn out to be a simpler
notion than Riemann integrable.

Proposition 33.1. Suppose f : [a,b] — R is Darbouz integrable. Then f is bounded.

Proof. Suppose f is unbounded. Then for any partition, at least one of the supremums or
infimums is infinity, so the Darboux sum will always be infinity. g

We will show that the supremum and infimum of Darboux sums can be achieves by taking
finer and finer refinements of the partition. Therefore, the Darboux integral can be viewed
as the limit of Darboux sums over the relation of refinements of partitions.

Definition 33.1. Let P and P’ be partitions of [a,b]. We say that P’ is a refinement of P
if P C P'. Let Pi, Py and P’ be partitions. We say that P’ is a common refinement of Py
and Py if Py U Py C P.

Proposition 33.2. Let P, P’ be partitions and P’ be a refinement of P. Then the Darbouz
sums satisfy

L(f,P) < L(f,P'), U(f,P)<U(f,P).
Proof. Suppose P’ consists of points a = 9 < 1 < --+ < x, = b, and P consists of a
subset of points, which we can denote by a = z,, < z,, < --- < x,, = b, such that
0=ng<ni <---<ng=mn. Then we know that for any n; < j <j+1 < n;qq,
inf{f(z) | z € [xn;, n;y, ]} < If{f(2) |z € [2), 2j1]}
because the interval considered in the former infimum contains the latter. Therefore, for
m; = inf{f(z) |z € [xn,, 2n, |} and mj = inf{f(z) | = € [;, zj41]},

niy1—1 nip1—1
Mi(Tnyey — Tn)) =mi Y (@i —25) <Y mh(xi — ).
J=ni Jj=ni
This completes the proof. O

Proposition 33.3. Let f : [a,b] — R be a function. Then

/Zf(x)dw < /Zf(:v)dm

Proof. We know that for any partition P,

ZmZAa:Z<ZMAa:Z— (f, P).
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For any partition P; and P, consider a common refinement P’ of P, and P». Then we have
L(fapl) S L(f7pl) S U(fvpl) S U(fap2)

Now, we take the supremum for all partitions P; (but fix the partition P»), and get

b
/ flx)dx < U(f, P2).

Then, we take the infimum for all partitions P», and get

/}wws/}ww-

This completes the proof. O

Theorem 33.4. Let f : [a,b] = R be a function. Then f is Darbouz integrable on [a,b] if
and only if for any € > 0, there exists a partition P such that

0<U(f,P)—L(f,P) <e

Proof. By the definition of upper/lower bounds and the previous proposition, we know that

b —b
P < [ fwidn < [ fa)de<U(LP)

So if for any € > 0, there exists P such that U(f, P) — L(f, P) < ¢, then for any € > 0,

0< /Zf(w)dx —ZZf(:U)dx <e

Since the number in the middle is a fixed real number, we can conclude that

Conversely, suppose we know that

S = / b f(z)de = /b f(z)dz.

By the definition of supremum /infimum, we know that for any e > 0, there exists a partition
P and a partition P, such that

S—€/2<L(f,P), U(f,P)<S+e/2
Take a common refinement P’ of P; and P,. We know that
S—¢/2< L(f.P) < L(f.P') SU(f.P) SU(f,P) < 5+ ¢/2.
This completes the proof that U(f, P') — L(f, P’) <e. O

Our next goal is to show that a function is Riemann integrable if and only if it is Dar-
boux integrable. The question is the following: the Riemann integral is the limit over the
partitions as we make AP smaller, but the Darboux integral is the limit over the partitions
as we take refinements. It is not the case that when AP becomes smaller, the new partition
will become a refinement of the old one.
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Theorem 33.5. Let f : [a,b] — R be a function. Then f is Riemann integrable on [a,b] if
and only if

lzf(x)d:n = /if(x)d:v € (—o00, +00).

Moreover, in this case, we have

/ab flx)dx = /Zf(x)dw = /Zf(x)dw

34. LECTURE 34: RIEMANN INTEGRAL PART III

Our next goal is to show that a function is Riemann integrable if and only if its lower
and upper Riemann integral are equal. The question is the following: the Riemann integral
is the limit over the partitions as we make AP smaller, but the Darboux integral is the
limit over the partitions as we take refinements. It is not the case that when AP becomes
smaller, the new partition will become a refinement of the old one.

Theorem 34.1. Let f : [a,b] — R be a function. Then f is Riemann integrable on [a,b] if
and only if
b —b
/ f(x)dx:/ f(z)dx € (—o0, +00).

Moreover, in this case, we have

/a  Hayde = / b F@)dz = /b F@)da.

Proof. Suppose that for S € R we have

S = / b f(z)de = /b f(z)dz.

This means there exists a partition P such that
0<U(f,P)—L(f,P) <¢/2.
Let M = sup{|f(x)| | z € [a,b]} and n be the number of points in P. Define
0 =¢/4Mn.

Now, consider any partition P’ such that AP’ < §. Let P* be a common refinement of P
and P’. Write

P={zg<azy1 <---<zp}, P ={ap<ay<-- <}, P ={zj<azi< - <z}
First, as P* is a refinement of P, we know that
0<U(f,P*)— L(f,P*) <¢/2.

Next, since P* is a common refinement of P and P’, we can assume that there are n points
xi <---<azj in P* that are not in P’ coming from P. There are at most 2n new intervals
in the division containing these points, which we denote by [z} |,z | and [z} ,x} ]
k 1k i+1

tp—17 %1
There exists a unique 1 < j, < m such that [z} _,, ] |, [z}, 2} 4] C[2} _;, 2 ] and

My, 1 = sup{f(2) | o € [y, 23]} < sup{f(2) | @ € 2, ), ]} = M},
M;, = sup{ f(x) | @ € [, 5, ]} < sup{f(2) | @ € [ _y, 2, ]} = M.
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Then since f is bounded, we know that there exists M > 0 such that for any 1 < j <n,1 <
i <p, M}, M} <M, and

n n
U(f,P")—-U(f,P*) < ZMJ,;(CU;k —ah, ) — ZM{‘;(@";’; — T, 1) Z i1 (@1 — 2,)
k=1

n

Z (Mj, — M ) (@i, —ai 1) + ) (M, — M 4) (25, 41 — 25)
k=1
n
< MZ v —x; ) +2M Z(ﬁkﬂ —7)
k=1

<2MZ af — 1) <2Mnd < €/2.

(Similarly, we know that L( f, P*) — L(f,P") < €/2.) This implies that for any choice of
variables T” in the partition P’, we know that

‘R(f,P,’T/) _S’ < ‘U(fap,) _S‘ < ‘U(f,P/) —U(f,P*N + ‘U(f,P*),S‘ <e
This implies that the function f is Riemann integrable. 0

Finally, after clarifying the distinction between different notions of integrations, we can
discuss when a function is Riemann integrable.

Theorem 34.2. Let f : [a,b] — R be continuous. Then f is Riemann integrable on [a,b].

Proof. We just need to show that for any € > 0, there exists a partition P such that

n

U(fvp)_L(faP):Z(Mi_mi)AfL'iSﬁ-

i=1
Recall that if f is continuous on [a,b], it is uniformly continuous, meaning that for any
e > 0, there exists § > 0 such that whenever |x — 2/| < 4, we have

f(2) = f@)] < e/n.

Now, choose any partition P such that AP <. Then
M; —m; =sup{f(z) |z € [x—1, 2]} —Inf{f(z) | x € [x;-1,25]} < €/n.
This implies that

U(f,P) = L(f,P) = > _(M; —m;)Az; < e.
i=1
which shows that f is Riemann integrable on [a, b]. O

However, a function does not need to be continuous for it to be Riemann integrable. For
instance, if a function is bounded and only discontinuous at finitely many points, one can
imagine it is still integrable because it is integrable on each interval. In fact, a stronger
statement holds. This is the Riemann-Lebesgue theorem.

35. LECTURE 35: RIEMANN INTEGRAL PART IV

Definition 35.1 (Lebesgue). Let E C R be a subset. Then we say it has measure zero if
for any € > 0, there exists a countable collection of interval I, = (an,by) such that
oo

EC (J(anbn), D (bn—an) <e
n=1

n=1
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Theorem 35.1. (1) Any countable set E C R has measure zero. (2) The Cantor set E C
[0,1] has measure zero. (3) For any sequence of zero sets E, C R, the union E =J,-, E,
also has measure zero.

Proof. (1) Suppose E = {z1,x2,...,Zp,...}. Then for any e > 0, we can consider
€ €
%:(%1 wﬂ’"+wHJ
Then we know that
€ e
ECU( 2M“VUW> =€
n=1

(2) Recall that we can write the Cantor set as

o0
E = () E,
k=1

where E,, consists of 2¥ closed intervals of length 1/3”“. Then let By, =11 U---U Iy. Since
(2/3)% — 0, we can choose k € N such that (2/3)* < e. Then

2k
N
E C UI”’ Z by — an) = (§> <e.
n=1
(3) For any € > 0 and n € N, we choose a countable collection of intervals Ip,1, L2, .. ., Ink, - - -
such that
oo oo €
k=1 k=1

Then the collection {I,}n ken is also a countable collection of intervals, and since rear-
rangements of absolute convergent series have the same infinite sum, we know that

00 oo 0 c
EC U Ink: Z (bnk: - ank) < 27 = €.
n,k=1 n,k=1 n=1

This last property is known as the countable additivity property of measure zero sets. [J

Theorem 35.2 (Riemann-Lebesgue theorem). Let f : [a,b] — R be bounded and only
discontinuous at a measure zero set. Then f is Riemann integrable on |a,b].

Proof. Fix any € > 0. Suppose |f| < M and f is only discontinuous at a measure zero set
D. Define
1
. T Ay
limsup f(z) hgri}l;lff(x) > k}

t—x

Dy = {ZL‘ € [a,b]

Then we know that D = (J;~, Dy, since f is continuous at z if and only if

hrtnj;p flx) = hlgglglff(m).

Since D has measure zero, we know a subset D} also has measure zero. Consider

kE>2(0b—a)/e.
For any x ¢ Dy, there exists an interval I, such that
1 €
Iz — inf Iz § 7 S
sup{(8) | £ € Lo} —inf{f1) | 1 € 1.} < 1 < g7
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On the other hand, since Dy, has measure zero, there exists a sequence intervals {J, }nen =
{(an,bn) }nen such that

Dk C [jl J’m il(bn - an) < ﬁ

Then {1} ¢ p, U{Jn}nen is an open cover of [a, b], and by Heine-Borel theorem, there exists
a finite open cover {I;}M, U{J; };VZI Now consider a partition P with K points whose points
are exactly given by the endpoints of {I;}}, U{.J; }jvzl (Note that the partition P divide the

interval into more pieces since the finite open sets have intersections). Let A C {1,2,..., K}
be the subset so that i € A if [x;_1, ;] C J; for some 1 < j < N. Then

K
U(f, P) — L(f, P) = Z(Ml — mZ)AxZ = Z(MZ — mz)Amz + Z<MZ — mZ)Aa:,
i=1 i€A i¢A
K €
zEA n=1 =1
6
< 2M7 —(b—a) =e.
=M T 20— a)( a)=e
This shows that f is Riemann integrable. g

36. LECTURE 36: PROPERTIES OF RIEMANN INTEGRALS

Finally, we can prove the desired properties of Riemann integrals.

Theorem 36.1. (1) Suppose f and g are Riemann integrable on [a,b]. Then f+ g and fg
are also Riemann integrable, and

b b b
[ @+ g@nin = [ @+ [glaja
(2) Suppose f and g are Riemann integrable on [a,b] and f < g. Then

/a ’ flayde < / " gl

(3) Suppose f is Riemann integrable on [a,b] and ¢ € [a,b]. Then f is Riemann integrable

on la,c] and [c,b], and
/abf(a;)dx = /acf(:c)dx + /cbf(a:)dx

(4) Suppose f is Riemann integrable on |a,b]. Then |f| is Riemann integrable on |a,b|, and

< [y

Theorem 36.2 (Change of variable). Suppose f : [a,b] — R is Riemann integrable on [a, b]
and ¢ : [¢,d] — [a,b] be monotonely increasing and ¢’ : [c,d] — R is Riemann integrable.
Then f((b( )¢ (x) is Riemann integrable on [c,d], and

b d
/ f(y)dy = / F(6(2))@ (x)da

x)dx




52 WENYUAN LI

Proof. Since f is integrable on [a,b], for any € > 0, there exists 6 > 0 such that for any
partition P of [a,b] with AP < §, and any choice of variables T', we have

/f dx—Zf Ay,

Let y; = ¢(z;). By the mean value theorem, for any interval [z;_1,x;], there exists s; €
[zi—1, ;] such that

¢'(s:)Azi = ¢'(si)(xi — wim1) = P(wi) — d(xi—1) = Ay;.
Therefore, by considering t; = ¢(s;), we have that

<e.

/f )dy — Rf,PT‘

f )dy — Zf ¢ (si)Azi| < e

Since ¢’ is Riemann integrable and f is Riemann integrable, we know that f(¢(z))¢'(z) is
Riemann integrable, and thi implies that

b d
/ f(y)dy = / F(6(2))é (2)de

This completes the proof. O

We end the whole lecture by the Newton—Leibniz theorem, or the fundamental theorem of
calculus. The theorem goes back to J. Gregory and I. Barrow, and was finally systematized
by I. Newton and G. Leibniz in the early 18th century.

However, for mathematicians in the 18th century, the idea that integration was the
inverse of differentiation was a fact that was justified geometrically. It was not until A.-
L. Cauchy who formalized integration as a limit of a summation, that people finally realize
the necessity to give an algebraic proof. Du Bois-Reymond finally provided such a proof in
1876 (following Cauchy) and named it the fundamental theorem of integral calculus.

Theorem 36.3 (Fundamental theorem of calculus). Let f : [a,b] — R be Riemann inte-
grable and x € |a,b]. Define
T
= / f(t)dt
a

Then F(z) is continuous on [a,b]. When f is continuous at x, F' is differentiable at x and
Fl(2) = f(z).

Proof. First, we prove F' is continuous. Suppose |f| < M. Then it follows that for any

e >0, when § < ¢e/M, we have

z+46
|F(z+6) — F(z)| = / f(t)dt' < Mé<e

This shows F' is continuous.
Next, we prove that F'(x) = f(z) when f is continuous at z. Since f is continuous at z,
we may assume that there exists e > 0 such that for any [t — z| <,

1f(t) = f@)] <e

We can then compute

F(z + 5; — F(z) f(x)‘ = ‘(15 /;w f(t)dt — f(x)

This finishes the proof. O
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