MATH 3150 Analysis I, Fall 2016

Arthur J. Parzygnat

These are my personal notes. This is not a substitute for Abbott’s book. You will not be

responsible for any Remarks in these notes. However, everything else, including what is in

Abbott’s book (even if it’s not here), is fair game for homework, quizzes, and exams. At the end

of each lecture, I provide a list of homework problems that can be done after that lecture. I also

provide additional exercises which I believe are good to know. You should also browse other books

and do other problems as well to get better at writing proofs and understanding the material.
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1 August 30

Real analysis is the study of continuous and smooth functions of a real variable. Historically,
analysis was developed assuming several properties of the real number system. We will do this to
some degree, but will eventually construct the real numbers from the rational numbers. We will
begin with sets as one of the structures taken for granted.! Sets are collections of elements and
are denoted by {z,y, 2z}, where z,y, and z denote the elements. Here are several examples.

a) The people in this room.

(
(

)
b) Positive even integers 2N := {2,4,6,8,... }.
(c) All natural numbers N := {1,2,3,4,...}.

)

(d) All animals on this planet.

There is also a set consisting of no elements. This is called the empty set and is denoted by &.

Note that the order that the elements are listed in does not matter nor are there any repeats. One
common axiom of mathematics is that the empty set is a set, i.e. the empty set exists. Another
axiom is that there exists a set with a single element.

Definition 1.1. Given two sets A and B, the union of A and B is

AUB:={z : x€ Aorz € B}. (1.2)

The right-hand-side (RHS) is read as the set of all elements z such that « is an element of A or z
is an element of B.

Example 1.3. Let A = {cat,dog, apple} and B = {apple, telephone}. Then
AU B = {cat, dog, apple, telephone}. (1.4)
Definition 1.5. The intersection of A and B is
ANB:={z : x € Aand z € B}. (1.6)

The RHS is read as the set of all elements x such that xz is an element of A and z is an element

of B.

'We reach some point where we must take some concepts and definitions for granted to get anywhere. Thinking
of sets as just collections naively can lead to some trouble. An excellent exposition of this is given in Chapter 2
of [8]. Here’s a brief summary of some points. One can either specify sets by explicitly listing all the elements or
by some characteristic property. The former works for finite sets (perhaps of small number) while the latter can be
used for infinite sets as well (such as the natural numbers, as we will see). However, the latter method can lead to
some peculiar contradictions if one does not properly define this characteristic. Suppose, say, you consider the set
of all trees on the planet. Do you mean all trees that existed, currently exist, or existed during some time period?
What do we mean by tree? An even more serious issue occurs in the following example. The barber in a village
was asked to shave everyone (the supposed set of people) who does not shave themselves. Should the barber then
shave himself (i.e. be included in this supposed set)?



Example 1.7. Let A = {2,4,6,8, ...} be the set of positive even numbers and B = {3,6,9,12,...}
be the set of positive multiples of 3. Then

ANB=1{6,12,18,...} (1.8)
is the set of positive multiples of 6.

Definition 1.9. Let A be a set. A subset of A is a set B such that every element of B is an
element of A. When B is a subset of A, we write

B C A. (1.10)
Definition 1.11. Let A be a set. The power set of A is the collection of all subsets of A
P(A):={B : BC A} (1.12)

In particular, &, A € P(A). One common axiom of mathematics is that the power set of a set
is always a set.

Exercise 1.13. Prove the following. Let A be a set consisting of n elements where n € N. Then
P(A) has 2" elements. Hint: every subset B C A is determined by the yes or no question “is the
element z € A in the set B?”

Definition 1.14. Let A be a set and B C A a subset of A. The complement of B in A is
B¢:={x €A : x¢ B} (1.15)

and is also occasionally written as?

A\ B. (1.16)
The RHS of (1.15) is read as the set of all elements x of A such that x is not in B.

Theorem 1.17 (De Morgan’s Laws). Let A and B be subsets of a set X. Then?
(AN B) = A°UB* (1.18)

and

(AUB)® = A°N B°. (1.19)

Before proving this, a picture helps to convince oneself of the validity of this claim—see Figure
1.

Proof. We will prove (1.18) by showing first that (AN B)¢ C A°U B¢ and then A°UB¢ C (AN B)°.

2The latter notation is more precise as it shows that one is taking the complement with respect to an ambient
set.

3Using the more precise notation of set differences, these two facts would be written as X \ (ANB) = (X \ 4)U
(X\B) and X\ (AUB) = (X \ A) N (X \ B), respectively.
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Figure 1: On the left, the sets A and B are colored green and orange, respectively. Their intersection

AN B is slightly yellow-ish, and the complement (AN B)¢ in X is everything except the yellow part. On
the right, A€ is colored red and B¢ is colored blue and the union AU B¢ is the entire shaded region, from
which it can be seen that this equals the complement of AN B.

i. Case (ANB)° C A°UB°. Let x € (AN B)°. By definition, this means z € X but x ¢ ANB. In
other words, x is not an element of both A and B. Said differently, x is either not an element
of A or it is not an element of B, but this exactly means that x € A°U B°.

ii. Case A°U B C (AN B)°. Let z € A°U B° and read the argument from above backwards.
The proof of (1.19) is left as an exercise. [ |

Definition 1.20. A function f from a set A to a set B is an assignment associating to every

x € A, a unique element f(z) € B. This is often written as f : A — B or A 4 B

Definition 1.21. A function f : A — B is one-to-one (a.k.a. injective) if for any two distinct
elements =,y € A, then f(z) # f(y). f is onto (a.k.a. surjective) if for any z € B, there exists an
x € A such that f(z) = z. A function f : A — B is a bijection if it is one-to-one and onto. Two
sets A and B have the same cardinality when there exists a bijection from A to B.

Definition 1.22. Let A, B, and C be three sets. Let f : A — B and g : B — C be two functions.
The composition g o f is the function from A to C' given by (g o f)(z) := g(f(z)) for all z € A.

Definition 1.23. Let A and B be two sets. The cartesian product of A and B is the set of ordered
pairs

Ax B:={(a,b) : a€ A be B}. (1.24)
Definition 1.25. A relation over the sets A and B is a subset of A x B.
Exercise 1.26. Let A and B be two sets and let f : A — B be a function. Then the set
Ry :={(a, f(z)) : ac A} (1.27)
is a relation. Furthermore, any other relation R C A x B satisfying the conditions that*

acA = 3b € B such that (a,b) € R (1.28)

4This is read as “if a is an element of A, then there exists an element b of B such that (a,b) is an element of
R



and?®
(a,b),(a, V) € R = b=V, (1.29)

then there exists a unique function f : A — B such that R = Ry.

The previous exercise indicates how functions are related to relations satisfying certain condi-
tions.

Definition 1.30. Let A be a set. An equivalence relation on A is a relation R C A x A satisfying

the following three conditions.

(a) (a,a) € R for all a € A.

(b) If (a,d’) € R, then (d’,a) € R.

(c) If (a,d’),(d',a") € R, then (a,a”) € R.

Proposition 1.31. Cardinality is an equivalence relation,® i.e. the following three facts hold.

(a) Every set A has the same cardinality as itself, i.e. there exists a bijection from A to A.

(b) If a set A has the same cardinality as a set B, then B has the same cardinality as A, i.e. if
there exists a bijection from A to B, then there exists a bijection from B to A.

(c) If a set A has the same cardinality as a set B and B has the same cardinality as a set C, then
A has the same cardinality as C| i.e. if there exists a bijection from A to B and a bijection
from B to C| then there exists a bijection from A to C.

Proof.

(a) The identity function is a bijection.

(b) Let f: A — B be the bijection. Define a function f~' : B — A by sending b € B to the
unique a € A such that f(a) = b. Then f~! is a bijection.

(¢) Let f: A— B and g: B — C be such bijections. Then go f: A — C'is a bijection.

You, the reader, should check these claims. [ |

Definition 1.32. The function f~!: B — A corresponding to a bijection f : A — B in the proof
of Proposition 1.31 is called the inverse of f.

Definition 1.33. A set is finite if it is empty or has the cardinality of {1,2,...,n} for some n € N.
A set is countable if it has the cardinality of N. A set is uncountable otherwise.

>This is read as “if (a,b) and (a,d’) are two elements of R, then b and b’ are equal.”

6By definition, an equivalence relation must be defined on a set. Since there is no set of all sets (see [8]), this
statement does not even make sense. Instead, we can view the explanation as the statement if the claim noting the
resemblance to the definition of an equivalence relation.



Proposition 1.34. Let B be a countable set and A C B a subset of B. Then A is finite or
countable.

Proof. See Abbott. n

Theorem 1.35 (Cantor’s theorem). Let A be a set. Then there does not exist a surjective function

A— P(A).
Proof. See Abbott. |

The student is encouraged to read the NY Times article http://opinionator.blogs.nytimes.
com/2010/05/09/the-hilbert-hotel/?_r=1 on infinities and the references therein. In par-
ticular, the first few paragraphs (including the first few propositions and proofs) of Terence
Tao’s blog https://terrytao.wordpress.com/2009/11/05/the-no-self-defeating-object-
argument/ will be helpful for our next class. Cantor’s theorem is also there appearing as propo-
sition 5. More on sets at an intuitive level can be read about in Vilenkin’s fantastic book Stories
about Sets [8]. This book also contains some material that will be useful to get a better idea
of what’s going on in this class. I highly recommend checking it out. When you are ready for
something more advanced, the first article I recommend checking out is Leinster’s “Rethinking
set theory” [5]. This one is especially nice. It describes the natural numbers N from a seemingly
drastically different perspective. A more standard treatment of set theory is in Halmos’ book [4].

After this lecture, it is recommended the student works through problems 1, 2 (parts (c), (d),
and (e)), 9, and 10 on HW #1. Additional recommended exercises include exercises 1.2.3, 1.2.7
(b) & (d), 1.2.8, 1.2.9 (b) (but replace “g : R — R” with “g : X — Y, where X and Y are two
sets” and replace “A, B C R” with “A, B C X”), 1.2.13, 1.5.1, and 1.5.3 in [2] (or equivalently
exercises 1.2.2, 1.2.6 (b) & (d), N/A, 1.2.7 (b) with same comment, 1.2.12, 1.4.7, and 1.4.8 in [1]).


http://opinionator.blogs.nytimes.com/2010/05/09/the-hilbert-hotel/?_r=1
http://opinionator.blogs.nytimes.com/2010/05/09/the-hilbert-hotel/?_r=1
https://terrytao.wordpress.com/2009/11/05/the-no-self-defeating-object-argument/
https://terrytao.wordpress.com/2009/11/05/the-no-self-defeating-object-argument/

2 September 1

In the previous lecture, we introduced the natural numbers N := {1,2,3,4,...}. A closely related
set is the set of all integers

Z:={-,-3,-2,-1,0,1,2,3,...}. (2.1)

The set of rational numbers is
Q::{g :pGZ,qEZ\{O}}. (2.2)
where for a set A and a subset B C A of A,
A\B:={x€ A : = ¢ B}. (2.3)

Remark 2.4. The natural numbers N can be constructed from the empty set @. The integers Z
can be obtained from the natural numbers as the set of equivalence classes of elements (a, b) € ZxZ
where (a, b) is equivalent to (@, V') if and only if there exists a ¢ € Z such that a+b'+c = d'+b+c.
The reason for this equivalence relation is that one thinks of the pair (a,b) as a — b. For reference,
this is known as the Grothendieck group construction. The rational numbers Q can also be obtained

from the integers “algebraically” as the ring of quotients. This is typically discussed in a course
on algebra [3]. However, the real numbers are quite different.

Proposition 2.5. V2 is not a rational number.
An easy fact helps to prove this.”
Lemma 2.6. A natural number p € N is odd if and only if p* is odd.®

Proof. If p is odd, i.e. of the form p = 2n + 1 with n € NU {0}, then (2n +1)? =4n®> +4n + 1 =
2(2n%+2n) + 1, which is odd. Conversely, suppose p? is odd and suppose to the contrary that p is

even, i.e. of the form p = 2m with m € N. Then p? = 4m? = 2(2m?) contradicting the assumption
that p? is odd. [ |

Proof of Proposition 2.5. Suppose, to the contrary, that v/2 is a rational number, i.e. V2 = § for
two integers p and ¢, which can be chosen so that p and ¢ have no common factor. Squaring gives
2¢* = p?, which shows that p? is even, which by Lemma 2.6 is even if and only if p is even. Hence,
p = 2n for some n € N, so that 2¢®> = 4n? giving ¢*> = 2n? showing that ¢?, and hence ¢, is even.
Thus, 2 is a common factor of p and ¢ contradicting the assumption that p and ¢ have no common
factor. [ |

"This is cheating a bit. One does not perform a proof in this backwards manner by first concocting a fact that is
useful to prove a claim. This fact was only realized after the proof was begun. When trying to prove statements, one
typically asks what the goal is and what all the assumptions and data are. Then one tries to use these assumptions
to achieve the goal. During the process, certain facts might be needed. Therefore, if one is trying to learn how to
prove statements, I recommend first reading the proof of the proposition and then referring to the lemma.

8Recall, “statement A if and only if statement B” means that “statement A implies statement B” and “statement
B implies statement A.”



The following sequence of rational numbers is a better and better approximation to the value
corresponding to V2.
1,1.4,1.41,1.414,1.4142,1.41421, . . .. (2.7)

Notice that the rational numbers are getting bigger in this case (there are also sequences that
better approximate /2 that are not necesserily increasing). The set of rational numbers is an
example of an ordered field, and to better understand what real numbers are, we need to review
this concept.

Definition 2.8. A field is a set F' together with addition and multiplication operations satisfying

the following conditions.”

commutativity of addition) z +y =y + « for all x,y € F.

(a
(b) (commutativity of multiplication) zy = yx for all z,y € F.
(c) (associativity of addition) (z +vy)+ 2z =2+ (y + 2) for all x,y,z € F.
(

(e
(f

) (
) (
) (
d) (associativity of multiplication) (zy)z = x(yz) for all z,y,z € F.
) (unit for addition) There exists an element 0 such that x + 0 = x for all z € F.
) (unit for multiplication) There exists an element 1 such that 1 = x for all x € F.
) (

inverses for addition) For every z € F'\ {0}, there exists an element —x € F' such that
z+ (—x)=0.

(g

(h) (inverses for multiplication) For every x € F'\ {0}, there exists an element x~! € F such that
rr! =1.

(i) (distributive law) x(y + 2) = zy + z2 for every z,y,z € F.

Example 2.9. As stated above, the rational numbers Q with their usual definitions of addition,
multiplication, and identities, is a field.

Example 2.10. Let p be a prime number. For another integer ¢ € Z, the number (known as the
remainder)
r:=q modp (2.11)

is the unique integer in {0, 1,...,p— 1} satisfying the condition that there exists an integer n € Z
such that
g=np+r. (2.12)

Then Z, :={0,1,...,p — 1} together with addition and multiplication defined via modular arith-
metic, namely
r+y:=(x+y) modp Vuz,yeZ, (2.13)

9Mathematical objects, such as fields, are often defined by specifying data/structure (in this case, a set F
together with two binary functions +,- : F' x F' — F') and conditions. Simply writing a definition does not
guarantee such objects exist. One should also have a variety of examples.

9



and
ry:=(xy) modp Vuz,y€eZ, (2.14)

is a field. The identity for addition is 0 and the identity for multiplication is 1. The only non-trivial
thing to check is that every nonzero element ¢ € Z, has a multiplicative inverse, meaning that
there exists a ¢~! € Z, such that

qc[1 mod p=1 mod p. (2.15)

[ leave showing the existence of such an inverse as an exercise (you may want to consult a book
on algebra or number theory [3]).

Note that neither N nor Z are fields with their usual definitions of addition, multiplication,
and identities. Even more surprisingly, Z,, is not a field if n is not prime.

Definition 2.16. An ordering on a set K is a relation R C K x K, with (z,y) € R written as
x <y, satisfying the following conditions.

(a) For any pair of elements z,y € K, either x < y or y < z (or both).
(b) If z <y and y < z, then x = y.
(c) If  <yandy <z then z < z.
If x <y and x # y, then one often writes x < y. A set with an ordering is called an ordered set.
Definition 2.17. An ordered field is a field F' together with an ordering < satisfying the following.
(a) If y < zwithy,z€ F,thenx+y <z + 2z forall z € F.
(b) f 0 <z and 0 < y, then 0 < xy.
Example 2.18. Q is an ordered field.
Although Z, for p a prime number is a field, it is not an ordered field.
Exercise 2.19. Show why Z, is not a field.
Exercise 2.20. Show why 7Z is not a field.

Exercise 2.21. Show why Z,, is not a field if m € N is composite, i.e. there exist a,b € N\ {1}
such that m = ab.

Exercise 2.22. (Challenge)'® Show that Z, is a field if and only if p is prime.

Don’t forget, there is a Quiz on Tuesday on all the material we have covered! This includes
Sections 1.1, 1.2, and most of the subsection called “Field and Order Properties” from Section 8.4
(pages 245-246) in [2]. Because we ended class before getting to suprema and infema, the above
exercises are meant to give you additional preparation so you might want to think about them.

10¥ou will not be responsible for being able to prove this on quizzes or exams.

10



3 September 6

Definition 3.1. Let K be an ordered set. A subset A C K is bounded (from) above (in K) if
there exists an element y € K such that for all x € A, x < y. In this case, y is called an upper
bound for A.

Note that y need not be an element of A in the definition of an upper bound for A. It is also
helpful to imagine the bounded from above condition x < y for all x € A as an arrow

r—y VreA (3.2)

Example 3.3. Let
A={reQ : <2} (3.4)

Then 1.4143 € Q is an upper bound for A. 1.4142 € Q is not an upper bound for A because
1.4142 < 1.41421 € A.

Definition 3.5. Let K be an ordered set and A C K a subset. An element y € K is a least upper
bound (a.k.a. supremum) for A if y is an upper bound for A and if for any other upper bound
z € K of A, then y < z. In this case, the supremum is denoted by

supA =y (3.6)

(or more appropriately sup, A = y). If such a least upper bound y exists and y € A, then y is
said to be a maximum of A.

Analogous definitions can be made for a greatest lower bound (a.k.a. infimum) and a minimum.
The infimum of A is denoted by inf A. In terms of arrows, we may sometimes use the notation

: (3.7)

to denote the property of the least upper bound. We will later see that this is an example of a
universal property, and we therefore refer to it as the universal property of the least upper bound
of a set.

Remark 3.8. It might also be helpful to think of the supremum of A in K in the following
diagrammatical way. Imagine we could draw all the elements of A

° ° ° ° ° ° o (3.9)

where the arrows denote that the element at the tail of an arrow is less than or equal to the element
on the head of an arrow. An upper bound of A is an element % in K (it might be in A) such that

N* // .

11




meaning that x is greater than or equal to every element of A. A least upper bound is an element
® in K such that it is an upper bound of A (meaning it is one of the ’s from before) and that for
any other upper bound % of A,

®—x (3.11)

In other words, the least upper bound of A is the “closest” upper bound of A.
Proposition 3.12. Let K be an ordered set and A C K. If supy A exists, it is unique.
Proof. See Abbott (this is a good exercise, so try it on your own). [ |

Example 3.13. Even though the set A :={r € Q : r* < 2} is bounded from above, A does not
have a supremum in Q.

This example also motivates the need for a number system that contains the least upper bound
of a bounded set in Q. But first, we look at one more example.

Example 3.14. Let

A= {T : m,neNandm<n}. (3.15)

n
The set of such elements looks like

m=1m=2|m=3|m=4

n=1

n=2 (3.16)

=3 | 3 '
1 2 3

R

n=5| 3 5 5 5

On the left column, we have a subset of rational numbers given by % for all natural numbers n > 1.
As n increases, these numbers tend to 0. On the diagonal, the rational numbers are increasing and
are of the form %5 for all natural numbers m. As m increases, these numbers tend to 1. Thus

supA =1 & inf A = 0. (3.17)

Exercise 3.18. Prove these claims (Hint: you will be better equipped to do this after Lemma
3.31).

Theorem 3.19. There exists an ordered field R satisfying the conditions
(a) every nonempty subset of R that is bounded above has a least upper bound and
(b) R contains Q as a subfield.

We will not prove this theorem until possibly after we have introduced Cauchy sequences in a
few weeks. We will simply take this fact for granted. Condition (a) is referred to as the Aziom of
Completeness. We will treat the ordered field R as we normally have done before you signed up
for this class.

12



Remark 3.20. The ordered field R in Theorem 3.19 is unique in a certain sense. To state this
uniqueness property rigorously, one needs to introduce the notion of a morphism of ordered fields.

A morphism of ordered fields is a function from one field to another satisfying certain properties. If
there are two fields R and R’ satisfying the conditions of Theorem 3.19, then there exist a morphism
f:R — R and a morphism ¢ : R — R such that fo¢g = idr and go f = idg. In other words, the

two fields are isomorphic. In fact, the uniqueness of R is even better than this, but to explain that
further, one should introduce limits in categories, which we probably will not, at least not yet.

See https://ncatlab.org/nlab/show/real+number#the_complete_ordered_field and http:
//math.stackexchange.com/questions/839848/category-theoretic-description-of-the-real-
numbers for further discussion.

Definition 3.21. A (finite) interval in R is a subset of R of one of the following forms

la,b] :={x eR : a<z<b} (3.22)
(a,b) :={x €R : a<z<b} (3.23)
la,b) :={x eR : a<z<b} (3.24)
(a,b] :={z €R : a<z<b} (3.25)

Here a,b € R with a < b. The first is called a closed interval, the second is called an open interval,

and either of the last two is called a half-open interval.

Theorem 3.26 (Nested Interval Property). Let
I, :=[an, by (3.27)

be a sequence of closed intervals in R satisfying

L2213 2. (3.28)

Then -
(1. # 2. (3.29)

n=1

Proof. The goal is to construct an element of ()7, I,. First note that the set A := {ay,as,0a3,...}
is bounded above. In fact, every b, serves as one such upper bound. By the Axiom of Completeness,
a := sup A exists. We claim that a € (., I,,, i.e. a € I, for all n € N. Since @ is an upper bound
of A, a > a,. Furthermore, a < b,, by the universal property of least upper bounds (since a,, < b,
and a, < a, it follows that a <b,). Hence, a € I,,. [ |

It should be clear that there is no smallest positive rational number nor is there any largest
rational number. For instance, to see the former, let IE) be the supposed smallest number. Then
# is smaller still and rational. This is slightly less clear in R because we have added several new
elements, but it is nevertheless true.

Definition 3.30. Let R denote the set of strictly positive real numbers, R* := {r €¢ R : r > 0}.

13
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Lemma 3.31. Let A C R be a bounded subset of R and let s € R be such an upper bound. Then
s =sup A if and only if for every e € RT, there exists an element a € A such that s — € < a.

Proof. See Lemma 1.3.8 in [2] (or Lemma 1.3.7 in [1]). [ |
Proposition 3.32 (Arithmetic of sup). Let A and B be nonempty bounded subsets of R. Define
the sets
A+B:={a+b : acAbe B}
(3.33)
AB:={ab : a€ A be B}.
Then
sup(A + B) = sup(A) + sup(B). (3.34)
Furthermore, if A and B are subsets of nonnegative numbers, then
sup(AB) = sup(A) sup(B). (3.35)

Proof. The first part of this is listed as Exercise 1.3.6 in [2]. The second part is also left to the
student as an exercise.'! [ ]

After this lecture, it is recommended the student works through problems 2, 3, 4, 5, and 6
on HW #1. Additional recommended exercises include exercises 1.2.7, 1.3.5, 1.3.6, 1.3.7, 1.3.8,
1.3.11, and 1.4.4 from [2] (or equivalently exercises 1.2.6, 1.3.5, 1.3.9, 1.3.7, 1.3.6, 1.3.4, and N/A
from [1]).

"' These proofs are nontrivial!
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4 September 8

Theorem 4.1 (Archimedean Property of R).
(a) For every x € R, there exists an n € N satisfying n > x.
(b) For every y € RT there exists an n € N satisfying % <.
Abbott has a great discussion following this theorem, please read it.
Proof.

(a) Suppose, to the contrary, that + > n for all n € N, i.e. N is a bounded subset of R. By the
Axiom of Completeness, a least upper bound of N exists. Hence, let s := sup N in R. Because
R is an ordered field, s — 1 € R. Since s — 1 < s, s — 1 is not an upper bound of N. Hence,
there exists an n € N such that s — 1 < n, i.e. s < n + 1, which shows that s cannot be an
upper bound of N, contradicting our assumption.

(b) By (a), there exists an n € N such that n > i, ile. <y

Theorem 4.2 (Density of Q and I in R).

(a) For any two real numbers a,b € R with a < b, there exists a rational number r € Q satisfying
a<r<b.

(b) For any two real numbers a,b € R with a < b, there exists an irrational numbert € Q satisfying
a<t<b.

Proof.

(a) By assumption,'? b — a > 0. By the Archimedian Property of R (Theorem 4.1), there exists

an n satisfying

1

—<b-—a. 4.3

- (4.3)
It therefore suffices to find an integer m such that na < m < nb or equivalently, a < = < b.
Again by the Archimedean Property of R, there exists an integer M satisfying M > na. Let
m be the smallest such integer. Hence, m — 1 < na and na < m. The first inequality can be

rewritten as

m<na-+1
1
<n <b — 5) +1 by (4.3) (4.4)
= nb.

This proves na < m < nb and hence a < 7+ < b.

12The idea is to first find a rational number smaller than the spacing between a and b. Then, using this rational
number, we will scale it by successive positive integers until the value lies within (a,b). Abbot has a nice picture
for this.
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(b) Note that

b a b—a
= >0 4.5
N (4.5)

since b — a > 0. Hence, by part (a), there exists a rational number * satisfying

a m b
— << —. 4.6
NI (4.6)
Multiplying by v/2 throughout gives
a<2V2 <. (4.7)
n
The claim then follows from from the fact that %\/5 is irrational.'
[ |

Theorem 4.8. '* For every positive real number x € RY and every natural number n € N, there

exists a unique positive real number y € R such that y* = x. This number y is written as /™

VT

Before we prove this, let’s have a discussion.

or

(a) What are our data/assumptions? These are a real number z > 0 and a positive integer n > 0.
(b) What are our outputs/goals? This is the construction of a real number y.

(¢c) What are the conditions? The conditions required of y are that it satisfies y” = x and that
there is no other z > 0 such that 2" = x.

The idea of the following proof will be to consider the set of all real numbers ¢ such that t" < x.
If this set is nonempty and bounded from above, we can use the Axiom of Completeness for R to
construct our desired y. Then we will have to prove that y satisfies the required condition 3" = x
and that there is no other z such that 2z = x. A proper and clear proof is given in Rudin’s book [6].
The following proof hopefully will provide a little more intuition and explanation.

Proof of Theorem 4.8. Let

E={teR : t" <z} (4.9)
E' is nonempty because the number ¢ := - satisfies
0<t<l1 & t<uz (4.10)

13You should check this. In fact, you should do Exercise 1.4.2 in [1] (Exercise 1.4.1 in [2]), which is a more
general fact.
14T was unable to prove Theorem 4.8 and Corollary 4.25 during the class time.

16



and therefore satisfies!®
" <t<u. (4.11)

Let s := 1+ x so that s > 1 and s > x. Hence,'® s" > s > x showing that s is an upper bound for
E. Hence, by the Axiom of Completeness, the supremum exists. Let

y:=sup F. (4.12)

To show that y™ = z, we will prove that y" < x and y™ > x both lead to contradictions.

Assume y"™ < z. The goal is to find an integer m > 0 such that y+ % is still in F/, contradicting
that y is an upper bound. To show the existence of such an integer m, we will work backwards to
obtain a condition on m such that

1 n
<y + —) < x. (4.13)
m
Note that subtracting y™ from this desired inequality turns it into
1 " n n
y+— | -yt <ax—y". (4.14)
m

Now, the right-hand-side is a positive quantity by assumption.!'” Meanwhile, the left-hand-side is
of the form " — a™ with b > a > 0, which can be factored into*®

n

" —a" = (b—a)) b"Fa! (4.15)
k=1
Since b > a,
bt —a” < (b—a) Y bR = an L= (b—a)nb" (4.16)
k=1

15Tt’s not immediately obvious why this is true. We will prove this by induction by first proving the base case and
then doing the induction step. By assumption, 0 < a < 1, i.e. 0 < a and a < 1. Rearranging the latter inequality
gives 0 < 1 — a. By Axiom (b) of the definition of R being an ordered field, 0 < a(1 — a), which upon rearranging
proves that a? < a. Now, a? # a because if this were true, dividing by a would give a = 1, which contradicts our
initial assumption. Now suppose that 0 < a™ < a < 1 for some integer n. Then by Axiom (b) of the definition of
R being an ordered field, 0 < a™(1 — a), which shows a"*! < a™ < a, proving the induction step. The reason this
proof is so complicated is because we are technically assuming only that R is an ordered field containing Q as a
subfield and there are many common facts we have not yet proved about R. We will often avoid these technicalities
for now, but the preceding argument indicates what one might do to proceed carefully.

16 A similar proof to the previous footnote applies here by considering %

1Tt would be nice if we could use the Archimedean Property here, but that would require an inequality of the
form %u < x — y", where u only depends on x,y, and n but does not depend on m. We must therefore find an
explicit expression for u to achieve this goal.

18You should check this yourself, but here is the calculation:

n—1
b*denkk 1 an (k— 1 ankk p" <ankakbnkak>an_bnan.
k=1
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In our case, this means!'?

1\" n 1\""" ny+1)!
(y+—) —y”<—(y+—> <& (4.17)
m m m m
as long as m > 1. In order to prove our desired inequality (4.14), we should choose m so that
1 n—1
n(y+1) <g—yn (4.18)
m
but rearranging this inequality gives
1 _ n
R - (4.19)

m Sy )
Such an integer m > 1 exists by the Archimedean Property of R since the right-hand-side is a
positive quantity.
Now assume y"” > x. The goal is to find an integer m > 0 such that y— % is still an upper bound
for E, contradicting that y is the least such upper bound. Again, we work backwards restricting
m to satisfy (y —4 )n > z. This time, multiplying by —1 and adding 3™ to both sides gives

1 n
y" - (y - —) <y" -z (4.20)
m

This is again in the form 0" — a™ so the same trick should work. Expanding out the left-hand-side
and using the earlier inequality gives

. 1\" n 1\ ny!
y'-ly—— ) <—\|y—— < (4.21)
m m m m

as long as m > 1 and y > i (once we show an m exists, we can choose a larger m if necessary so

that this latter condition can be satisfied by using the Archimedean Property again). In order to
prove our desired inequality (4.20), we should choose m so that

n—1

ny

<y -, (4.22)

but rearranging this inequality gives
n

Yy —

m nyn—l :

(4.23)

Such an integer m > 1 exists by the Archimedean Property of R since the right-hand-side is a
positive quantity.

Finally, now that we have shown an n-th root exists, we must show it is unique. Suppose that
y1 and y, are two positive numbers that satisfy y] = y5 = . Then either y; < Y92, y2 < Y1, Or
Y1 = yo. The first is not possible because

Yl <yt < <yuys Tl < b (4.24)

A similar argument shows that the second is impossible. Thus, y; = y» and the n-th root is
unique. |

19Realizing that the previous inequality is one way to prove our claim is the least obvious step in the proof and
requires some insight. If you have a simpler proof or a clear explanation for how to easily see this, please let me
know!
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Corollary 4.25. For every pair of positive real numbers a,b € R* and every positive integer
n €N,
(ab)'/™ = at/mpt/m. (4.26)

Proof. Since the n-th root of any positive real number exists by the previous theorem, it makes
sense to set o := a'/™ and 8 := bY/". Then

ab (aB)" (4.27)
Taking the n-th root of both ends gives
(ab)™ = af = a'/"p"™. (4.28)

By the uniqueness of such roots by the same theorem, the right-hand-side is the unique n-th root
of ab. |

Theorem 4.29.

(a) The set Q of rational numbers is countable.
(b) The set R of real numbers is uncountable.
Proof.

(a) Let Ap := {0} and set

A, = {il_? : where p,q € N have no common factors and satisfy p + ¢ = n} (4.30)
q

for each n € N. Note that the rational number § (with p and ¢ having no factors in common)
appears in the set A, 4|, showing that

Qc A (4.31)
n=0

This calculation also shows that g appears in A, for a unique n € N. Hence, A, N A,, = @ if
n # m. Conversely, A, C Q for all n € N so that

U4a.ca (4.32)
n=0

This shows that -
U4a.=q (4.33)
n=0

Since the left-hand-side is a countable union of finite sets, it is countable.?’

20n fact, a countable union of countable sets is countable. This is claimed in Theorem 1.5.8 in [2] with a proof
outlined in Exercise 1.5.3 in [2]. I recommend you work this proof out (you should have actually already done it
since I suggested it on day 1). A proof of this is also explained in the references provided at the end of the first
lecture.
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(b) Suppose, to the contrary, that R is countable. Then there exists a bijection f : N — R and let
x, := f(n) for all n € N. Let I; := [aq, by] be a finite closed interval that does not contain ;.
Suppose that I, := [a,, b,] has been inductively defined to satisfy the condition that I,, C I,,_4
and x,, & I,,. f x,11 ¢ I,, then one can set [, = I,,. lf 2,11 € I, then a,, < x,41 < b, with a
strict inequality on at least one side. Without loss of generality, suppose that a,, < x,+1. Then
by the Density of Q and I in R, there exists a real number b, satisfying a,, < b1 < Tpi1-
Hence, set 1,11 := [an, byy1]. A similar argument can be done if x,, ;1 < b,. Thus, the collection
{I,}nen satisfies

[n+1 g In & Ln+1 ¢ [n-l—l VneN. (434)
By the Nested Interval Property,
J=1.#2 (4.35)
n=1

Let x be such an element. By assumption that R is countable, there exists an m € N such that
f(m) = x. But by construction, x ¢ I, and therefore cannot be in J, which is a contradiction.

After this lecture, it is recommended the student works through the rest of the problems on
HW #1. Additional recommended exercises include 1.4.5, 1.4.6, and 1.4.7 from [2] (or equivalently
exercises 1.4.3, N/A, and 1.4.6. from [1]). Any other exercises in Abbot that have not already
been mentioned are also good. In particular, go over Cantor’s argument for the uncountability of
R. Don’t forget that HW #1 is due the next class!
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5 September 13

Abbott has some great motivation for some of the weird properties possessed by infinite sums in
Section 2.1. (you should read it). Given a countable set of real numbers {a1, as, as, ...}, what is
the meaning of ) a,? Abbott discusses how the order in which the sum is taken may alter the
value of such a sum so that it doesn’t make sense to define the sum of the elements of an arbitrary
countable set such as {ay, as,as, ... }.?! However, perhaps the sum may be defined if the order is
specified. This leads one to the notion of a sequence.

Definition 5.1. A sequence of real numbers is a function N — R.

Definition 5.2. A set A is at most countable if A is either finite or countable.

Proposition 5.3. A sequence determines, and is determined by, an at most countable subset
A C R together with a bijection {1,... , N} — A if A is finite and has cardinality N € N or
N — A if A is countable.

Proof.

(=) Let a : N — R be a sequence. Then the image of a, namely a(N), is an at most countable
subset of R.??

(<) Let A C R be an at most countable subset of R. If A is countable, let @ : N — A be a bijection.
Since A C R, this precisely defines a sequence N — A <« R.23 If A has cardinality N € N, let
a:{1,...,N} — A be a bijection. Set

a(n) :=a(N) Vn > N. (5.4)
This defines a function a : N —+ A < R and hence a sequence. |

Hence, a sequence can be viewed as an at most countable subset of real numbers with additional
data, namely a particular order in which the elements are specified. Note that the sequence
associated to an at most countable subset of R is not unique. Because of Proposition 5.3, we can
write a sequence a : N — R as {a, }neny or more abusively as {a,}. It is also common to write
a sequence as (aj, ag, as,...) or more succinctly as (a,),en or abusively as (a,). I personally find
most of these a bit ambiguous and will mostly use a : N — R or (a,,)nen to avoid as much confusion
as possible.

Definition 5.5. Let a : N — R be a sequence®* of real numbers, whose value at n € N is written
as a,. The partial sums of a is the sequence S : N — R given by

NSm e Spi= ) an. (5.6)
n=1

21Remember, elements in a set are not ordered in any particular way. The sets {cat,dog} and {dog, cat} are
exactly the same.

22This is left as an exercise: Let A be a countable set, X a set, and f : A — X a function. Then f(A) is an at
most countable subset of X.

23The notation A < R is used to describe the inclusion function associated to a subset A C R and is often used
for more general subsets of arbitrary sets.

24An at most countable subset instead of a sequence would not be enough data to unambiguously define the
partial sums.
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If all the a,, are non-negative, one might try to define
Z an, 2 sup{St, Sa, ...} (5.7)
n=1

if the supremum is defined. In fact, we will define > | a,, more generally for arbitrary sequences
and prove that (5.7) is true. This result will follow from the Monotone Convergence Theorem and
will be the subject of the next lecture.

Definition 5.8. A sequence a : N — R converges to a real number lim a if for every € > 0, there
exists an /N € N such that
la, —lima| <e  Vn>N. (5.9)

If a sequence converges, it is said to be convergent. If a sequence does not converge to any real
number, it is said to be divergent.

If we use the notation (a,),eny to describe a sequence, the limit is often written as lim a,,.
n—oo

Note that N depends on € in (5.9). If we wanted to be a bit more clear, we might write N, since
a different choice of € may require a different choice of N.

Proposition 5.10. If a sequence a : N — R converges, then the number it converges to is unique.

Proof. Suppose a converges to both real numbers x and y. Then for every e > 0, there exists an
N € N such that

\an—x]<§ & ]an—y\<§ Vn>N (5.11)

(because such an N exists for both z and y, we can take the largest of the two values). Hence, for
any € > 0, e .

0<|z—y|l=lx—an+a,—y| <|x—a,|+|a, —y| < St =€ (5.12)

for all n > N by the triangle inequality.”> Thus |z —y| = 0 (by Lemma 3.31 for infima, which was

part of your HW #1) so that z = y. [ |

Example 5.13. Abbott considers the sequence
1
Non—— (5.14)

NLD
and shows that it converges to 0. Please look at the proof and understand how given any € > 0,
the required N, is constructed.

An example of a sequence that does mot converge to any real number is the sequence

None— (-1)™ (5.15)

Exercise 5.16. Show that .
lim In (1 + —) =0. (5.17)

n—oo n

Recall, the logarithm to the base e was defined in HW #1.

25The triangle inequality was an exercise in Chapter 1 of Abbot.
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Example 5.18. Fix p > 1. Consider the sequence of partial sums

n

1
N>n+—a, ::Zﬁ (5.19)
k=1
and find the limit lim a,. To do this, it helps to write out the first few such partial sums
n—oo
1 p+1 p’+p+1 P+’ +p+1
ap = —, A9 = s a3 — AR ay — 1 (520)
p p p p
and more generally
n—1 n—2 .. 1
o, =2 FP i ApAl (5.21)
pn
which can be rewritten as
-1 n—1 n—2 . 1 no_ 1
o = DAt p D) p (5.22)
(p—1)p" (p—1)p"
(the second equality follows from a formula we used in Lecture 4). We claim (as you might now
guess)
1
lim a, = —. (5.23)

n—00 p—1

To check this, we take the difference

1 1
an, — ‘ = (5.24)
p—1] (p—1)p"
Given an € > 0, we want to find an N € N such that
1
— <€ 5.25
(p—Dp" (5:25)
for all n > N. Hence, we want to solve this equation for n. Rearranging gives
1
<p". 5.26
elp—1) (5.26)

Applying the base p logarithm (which was defined in HW #1) gives
1
1 <n. 5.27
o (o) <7 27
By the Archimedean Property of R, there exists an N, such that

log, <ﬁ> < N.. (5.28)
Hence, we have found the desired N, € N. We should check that this /N, in fact works. Therefore,
let € > 0 be fixed. Then, choosing N, as in (5.28),
1 1
p—1] (p—1)p"

L Vn> N, (5.29)
(p —_ 1)p10gp(m)
€

Ap —

IN

proving (5.23).
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Proving this result would have been much simpler if we could prove that

1
L om( )
lim = - . 5.30
n—oo (p — 1)p" Tim (p—1) (5.30)

This is in fact true, but we need to prove that we can manipulate limits in this fashion. Before
stating the general fact (Theorem 5.35), we need a definition and a result to help us.

Definition 5.31. A sequence a : N — R is bounded if there exists a real number M > 0 such that
la,| < M for all n € N (equivalently, if the subset a(N) is bounded above by M and below by
—M).

Lemma 5.32. FEvery convergent sequence is bounded.

Proof. Let a : N — R be a sequence that converges with limit lima € R. Fix some € > 0. Then,
by definition of a converging to lim a, there exists an N € N such that

la, —lima| <e Vn>N (5.33)

Set
M := max {|a1, |as], ..., |an_1], |lima| + €}. (5.34)
Then the sequence a is bounded by M. |

Theorem 5.35 (Algebraic Limit Theorem for Sequences). Let a,b : N — R be two sequences.
Then

(a) lim (xza,) =z lim a, for all x € R,
n—oo n—oo

(b) lim (a, +b,) = lim a, + lim b,
n—o0

n—oo n—o0

(c) Jgrgo(anbn) = (lim an> (hm bn> , and

n—oo n—oo

n—oo \ b, lim b,
n—0o0

lim a,
(d) lim (a_n) = 7 provided that®® lim b, # 0.

We will prove this in the next lecture.

Exercise 5.36. (Challenge). Make rigorous sense of the expression

1—\/2—\/3—\/4—¢F (5.37)

and determine if it has a (real) numerical value. You do not need to determine this value if it
exists. Email your solution to Professor Stuart Sidney by 3:00 PM September 22, 2016 for a prize.

After this lecture, it is recommended the student works through problems 1, 2, and 3 on HW
#2. You may use the Algebraic Limit Theorem for any problems unless it is explicitly stated in
the problem that you should not. Additional recommended exercises include exercises 2.2.4, 2.2.5,
2.2.7,2.3.1, 2.3.6, 2.3.7, 2.3.9, 2.3.10, and 2.3.12 in [2] (I'll upload the corresponding exercise in [1]
shortly).

261f b,, = 0 for some n, the meaning of 7= is meant only for sufficiently large n, so that b, # 0.
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Proof of the Algebraic Limit Theorem.

(a) Notice that the claim is obviously true when z = 0.27 Hence, suppose that x # 0. Let ¢ > 0.

By assumption, there exists an N € N such that?®
) €
|an—hma|<ﬂ Vn>N.
x

Multiplying throughout by |z| gives

|z||a, — lima| = |za, —xlima| <e  Vn>N.

(b) Let € > 0. By assumption, there exist N,, N, € N such that*

]an—lima|<§ Vn>N, & \bn—limb\<§ Vn> N,

Let N := max{N,, Ny}. Then, by the triangle identity

|(an + b,y) — (lima +lim b)| = |a, — lima + b, — lim b
< |a, — lima| + |b, — lim b|

€ €
< =4+ = Yn>N
575 "=

=€ Vn>N.

(6.1)

(6.2)

(6.3)

(6.4)

(c) First consider the case lim b # 0. Since convergent sequences are bounded (Lemma 5.32), there

exists an M > 0 such that
la,| <M VneN.

Let € > 0. Since (b, )nen converges to lim b, there exists an NV, € N such that

€

b, —limb
by, 1m|<2M

Vn Z Nb.
Since (a,)nen converges to lim a, there exists an N, € N such that

la,, —limal < Vn > N,.

€
2| lim b|

(6.5)

(6.6)

(6.7)

27T normally dislike saying that things are ‘obvious’ because it presupposes some superiority. Nevertheless, this
really is obvious if you think about it: the sequence constructed is constant, so the only thing to show is that a
constant sequence converges to that same constant. It’s good practice to check your understanding of the definition

of convergence by writing these few details out explicitly.

28The choice of ﬁ was made by first thinking about the desired conclusion, namely, the calculation in (6.2).

29 Again, the choice of § was made by first thinking about the desired conclusion, namely, the calculation in (6.4).
In practice, one works backwards. This should not be too unfamiliar. When you learn about integrals in calculus,
usually you think about functions whose derivatives are what you start with. With practice, you get better and

better at ‘guessing.’
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Putting these two conclusions together, using the triangle inequality, and setting N := max{N,, N, }
gives
| @b, — lim alim b| = |anb, — a, limb + a, lim b — lim a lim b)|
= |ay (b, — limb) 4 lim b(a,, — lim a)|
< |an (b, — limb)| + | limb(a,, — lima)|

= |an||b, — limb| + |lim b||a,, — lim a| (6.8)
€ €

< M— + |limb Vn>N
ong T mlGT "=

=¢ Vn>N.

Now consider the case limb = 0. Let M be as above. Then, since limb = 0, there exists an

N’ € N such that .
b <57 Yz A (6.9)

Therefore,
€

M
(d) Because limb # 0, there exists an N; € N and a 6 > 0 such that

lanbn| = lag||bn] < M— =€  Vn >N (6.10)
|by| > Vn> Ni. (6.11)

Since (b, )nen converges, there exists an Ny € N such that
b, —limb| < edlimb  Vn > Ns. (6.12)

Setting N := max{Ni, N2} and putting these two together gives

11| |limb—b,
b, limb| | b,limb
1
= — b, — limb
|by| | lim b | | (6.13)
1
- lim b > N
< (5|limb\65 im Vn>
=c Vn>N,

which proves that

(6.14)

li 1
The claim lim G _ 4 then follows from the fact that lim dn _ lim (an—> and part

n—oc b,  limb n—oo by,  nooo \ by

(¢) of this Theorem.
|

Theorem 6.15. [Order Limit Theorem] Let a,b: N — R be two convergent sequences with limits
lima and lim b, respectively, satisfying a, < b, for all n € N. Then lima < lim b.
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Proof. See Abbott. n

Definition 6.16. A sequence a : N — R is non-decreasing if a,,1 > a, for all n € N and

non-increasing if a,y1 < a, for all n € N. A sequence a : N — R is monotone if it is either

non-decreasing or non-increasing.

Theorem 6.17 (Monotone Convergence Theorem). If a sequence a : N — R is monotone and
bounded, then it converges. In fact, if a is non-decreasing, then lima = sup{aj,as,...}. If a is
non-increasing, the lima = inf{ay, as, ... }.

Note that the claim in the proof makes sense because the supremum and infimum of a bounded
set always exists in R by the Axiom of Completeness. Also note that this confirms our earlier
guess from the beginning of lecture 5 about how we should define infinite sums whose terms are
all non-negative.

Proof of Theorem 6.17. We will prove the statement for a non-decreasing. Set s := sup{ay, as, ...}
and let € > 0. Since s is the supremum, s — € is not an upper bound of a(N). Hence, there exists
an N € N such that s — e < ay. Since a is non-decreasing, ay < a, for all n > N. Since s is an
upper bound of a(N), a, < s for all n € N. Putting all these inequalities together gives

s—e<any<a,<s<s+¢ ¥Vn>N. (6.18)

Subtracting s from every term gives

—€e<a,—s<e€ Vn>N, (6.19)

i.e.
la, —s| <e ¥n>N. (6.20)
Hence lim a = sup{ay, as, ... }. [ |

Definition 6.21. Let a : N — R be a sequence and let S : N — R be the associated sequence of

partial sums (see Definition 5.5). Then the expression®

[e.9]

> a,=1limS (6.22)

n=1
is called an infinite series. The infinite series Y - | a, is said to converge if lim S exists.

Example 6.23. For every n € N, let a,, := n—12 Then the infinite series

[e.9]

> % (6.24)

n=1

associated to a converges. This follows from a slick calculation showing that the partial sums are
bounded by 2 (see Abbott). Because the partial sum sequence is non-decreasing, the Monotone

30There is some abuse of notation in (6.22) because the limit lim S need not exist.
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Convergence Theorem shows that this sequence converges. Calculating the limit is another story
though and is quite involved. Time permitting, we may prove

o0

1 s
n=1

later in this course.

After this lecture, it is recommended the student works through problems 4 and 5 on HW #2.
Additional recommended exercises include exercises 2.4.1, 2.4.6, and 2.4.7 in [2] (I'll upload the
corresponding exercise in [1] shortly).
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7 September 20

Last week, we learned that convergent sequences are bounded. The converse, however, is false: a
bounded sequence need not converge. Abbott provides several examples. Nevertheless, a bounded
sequence does have convergent subsequences. But before we discuss subsequences, let us talk about
sequences that we know converge, but for which we might not know the limit. Recall, to show
that a sequence a : N — R converges, we needed to know the limit lima to prove that for any
€ > 0, there exists an N € N such that |a, —lima| < € for all n > N. If we did not know this limit,
given our current state, we might not be able to prove it converges. The only method we have to
prove it converges to something is if we prove it is bounded and monotone. These are somewhat
stringent conditions! But there are other ways. What if the distance between elements far out in

the sequence tends to zero very quickly? This is the motivation behind Cauchy sequences.?!

Definition 7.1. A sequence a : N — R is a Cauchy sequence if for every ¢ > 0, there exists an
N € N such that

la, —am| <€  VYn,m>N. (7.2)
Cauchy sequences are closely related to convergent sequences.
Theorem 7.3. Fvery convergent sequence is a Cauchy sequence.
Proof. This is one of your homework problems. |

Cauchy sequences are incredibly useful because of the following phenomenal fact showing that
the converse is true.

Theorem 7.4 (Cauchy Criterion). A sequence converges if and only if it is a Cauchy sequence.

Remark 7.5. The sequence must take values in R or a suitable space for this theorem to hold.
When/if you learn about sequences in arbitrary topological spaces, this theorem may fail. Never-
theless, it is true in a plethora of topological spaces.

The usefulness of this theorem is paramount. It can be used to prove that certain solutions
to rather complicated partial differential equations exist. More generally, it can be used to prove
many interesting properties of operators in analysis, which themselves tell us important results in
quantum mechanics. The reason is because if you have an approrimate solution to some problem
but you do not know the actual solution, and you can construct a sequence of solutions that
are better and better approximations, you might be able to check if these solutions converge to
something by checking that this sequence (of functions) is Cauchy. If they are, then by Theorem
7.4, that means the solution exists! We will prove Theorem 7.4 today after introducing several
concepts and facts, which may have otherwise seemed un-motivating.

Definition 7.6. Let a : N — R be a sequence. A subsequence of a is a sequence of the form

NL NS R, where f : N — N is a non-decreasing one-to-one sequence of natural numbers.The
value of a o f at n € N is often written as ay(,).

31'We are doing this slightly out of order with Abbott’s book. Instead of talking about subsequences (section
1.5), we are first going over Cauchy sequences (section 1.6) for motivation.
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Figure 2: Visualizations of the first n elements in the sequence a for n = 4, 8,12, 28, and 64, with
a=+v2—1 from Example 7.7.

Example 7.7. Fix a € [0,1] N L. Let a : N — R be the sequence defined by
N> n~a, :=na— |na. (7.8)

The first few elements of this sequence are depicted in Figure 2. On the one hand, this sequence
seems to be “filling up” the entire interval. On the other hand, the successive elements in the se-
quence jump around somewhat sporadically. An amazing fact about this sequence is the following:
“For any r € [0, 1], there exists a subsequence b : N — R of a such that limb = r.” We won’t prove
this—for a proof, take a course in ergodic theory. If you think about it, it’s nuts! We will see a
similar example when we construct R from Q next week (you might see a similar example in your
homework!).

Remark 7.9. The previous example shows up in ergodic theory, which includes the study of
systems of large numbers of particles such as gasses and fluids. It is a simple example that
illustrates some features of ergodic systems.

Theorem 7.10. Subsequences of a convergent sequence converge to the same limit as the original
sequence.

Proof. See Abbott. n

Theorem 7.11. [Bolzano- Weierstrass Theorem] Every bounded sequence contains a convergent
subsequence.

Proof. Let a : N — R be a sequence bounded by M. Thus, |a,| < M for all n € N. Then at least
one of the intervals [—M, 0] and [0, M| contains an infinite number of terms in the sequence a.
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Choose one of these intervals, denote it by I, and let f; : N — N be the non-decreasing 1-to-
1 function corresponding to the subsequence of a all of whose elements are contained in Iy, i.e.
ao fi : N — R with (ao f1)(N) C I;. Similarly, let I, be an interval of length % in I; such that
one of the endpoints of I, agrees with an endpoint of I; and contains an infinite number of terms
in the sequence a o f;. Let fo : N — N be the non-decreasing 1-to-1 function corresponding to
this subsequence, a o f; o fo. Inductively, let I,, be the closed interval of length 2,1% satisfying the
conditions

(a) one of the endpoints of I,, agrees with one of the endpoints of I,,_; and
(b) I, contains an infinite number of terms in the sequence ao fjo---0o f,_;.

Let f, : N — N be the non-decreasing 1-to-1 function corresponding to the infinite subsequence
ao fio---o f,_q10 f, of a contained in I,. Define a new sequence o : N — R by

Nanw— Ot(n) = (a @) fl O:---0 fn—l e} fn> (1) = afl("'(fnfl(fn(l)))"')' (7.12)

Then « is a subsequence of a. To show this sequence converges, note that
(1. #2 (7.13)
n=1

by the Nested Interval Property. In fact, since these intervals are such that there is only a single
element in this intersection,*? call it z. Let ¢ > 0 and choose N € N such that

M
N > log, (—) + 1. (7.14)
€
Then, because
M :
a, — x| < S since oy, x € I,
<— 2 yasw (7.15)
210g2(?)+171
=¢ Vn>N,
the sequence a converges to x. |

Lemma 7.16. Cauchy sequences are bounded.

The proof is similar to the proof that convergent sequences are bounded.

Proof. Let a : N — R be a Cauchy sequence and let ¢ > 0. By definition of a being a Cauchy
sequence, there exists an N € N such that

lan — am| <€ Vn,m>N. (7.17)

Let
S :=max {|ai|, |az], ..., |an-1],|an]| + €} . (7.18)
Then |a,| < S for all n € N showing that a is bounded. [ |

32To prove this, suppose that @,y € ()., I, with z # y and show that there is a contradiction.
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We can now prove the Cauchy Criterion.

Proof of Theorem 7.4.

(=) If a sequence converges, it is Cauchy by Theorem 7.3.

(<) Let @ : N — R be a Cauchy sequence. By Lemma 7.16, a is bounded. By the Bolzano-
Weierstrass Theorem (Theorem 7.11), there exists a convergent subsequence, a o f, of a with
f N — N non-decreasing and 1-to-1. Denote the limit of this subsequence by

x:=lim(ao f). (7.19)

The claim is that x = lim a. To prove this, let ¢ > 0. Since a is a Cauchy sequence, there exists an
N, € N such that

| — | < % Vn,m> N,. (7.20)

Since « is a converging sequence, there exists an N, € N such that

lapm) — | < % V'n > N,. (7.21)
Let
N := max{N,, N, }. (7.22)
Then, by the triangle inequality
lan — x| = |a, + Afn) — Af(n) — x|
< lan = agm| + lagm) — 7| 7.23)
€ € .
<-4 Vn>N
5 + 5 n =
=€ Vn>N.
The third line follows from the fact that f(n) > n. [ |

After this lecture, it is recommended the student works through problems 6 and 7 on HW #2.
Additional recommended exercises include exercises 2.5.2, 2.5.3, 2.5.9, 2.6.2, and 2.6.4 in [2] ('l
upload the corresponding exercise in [1] shortly).
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8 September 22

We can now discuss many aspects of series that have motivated our discussions of sequences. Some
of these facts follow [6].

Theorem 8.1. The series associated to the sequence

1
N = — 8.2
where n! :=[,_, k and 0! := 1, converges. This limit is denoted by
= v~ 1L 8.3
= ZO o (8.3)

and is called BEuler’s constant.

Proof. The partial sums S are given by

"1
NBnHS(n)::ZE
k=0

—1+1+1+1+1++1
N 1 1-2 1-2-3 1-2-3-4 1-2----n
) 1 1 1 1 1
R TR AT (8.4)
on—1 _ 1
141+ - -
MR I DT
1
=3- 53
<3

by Example 5.18, where we looked into the geometric series. Because S is bounded and increasing,
it converges by the Monotone Convergence Theorem (Theorem 6.17). |

Theorem 8.5 (Cauchy Criterion for Series). Let a : N — R be a sequence. The series Y - ay,
converges if and only if for any € > 0, there exists an N € N such that

|@mi1 + Qmao + -+ ap| <€ Vn,m €N withn >m > N. (8.6)

Proof. Let S : N — R be the associated sequence of partial sums of a. Then S converges if and
only if S is Cauchy by the Cauchy Criterion for sequences (Theorem 7.4). By definition, S is
Cauchy if and only if for any € > 0, there exists an N € N such that

|S, — Sm| <€ VYm,m>N. (8.7)
But the left-hand-side of this inequality is precisely
ISy — S| = |ams1 + Gmaa + -+ an| <€ Vn,meN withn >m > N, (8.8)

supposing, without loss of generality, that n > m. [ |
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Theorem 8.9 (Absolute Convergence Test). Let a : N — R be a sequence. If the series Y | |ay]
converges, then the series >~ a, converges.

Proof. By the Cauchy Criterion for Series (Theorem 8.5), >>>° | |a,| converges if and only if for
any € > 0, there exists an N € N such that

|ams1] + |@mge] + -+ |an]| <€ VYn,meNwithn>m > N. (8.10)

But the left-hand-side of this inequality satisfies

|am+1 + Amp+2 + -+ an| S |am+1| + |am+2| + -+ |an|

|amir| + amia| + - + |an| (8.11)

<€ Vn,méeNwithn>m>N
by the triangle inequality. Again, by the Cauchy Criterion for Series, >~ | a, converges. |
This theorem motivates the following definition.

Definition 8.12. Let a : N — R be a sequence. The associated series Y~ | a,, converges absolutely

if the series > - |a,| converges. The series Y > | a, converges conditionally if the series Y > | |ay|

diverges but > ° | a, converges.

Theorem 8.13. Let a : N — R be a sequence. If the series Y .~ a, associated to a converges,
then lima = 0.

Proof. By the Cauchy Criterion for Series (Theorem 8.5), for any € > 0, there exists an N € N
such that
|Gmi1 + Qo+ -+ an| <€ Vn,meN withn >m > N. (8.14)

In particular, when n := m + 1, this implies
lams1]| <€  Vm>N (8.15)
so that lima = 0. |

The converse of this statement is not true! We will give an example later. However, the
converse is true if an additional sufficient condition holds.

Theorem 8.16 (Alternating Series Test). Let a : N — R be a non-increasing sequence with
lima = 0. Then the series

> (-1)a, (8.17)

n=1

CONVETGES.

Proof. Exercise 2.7.1 in [2] asks the reader to supply three different proofs of this theorem. You
should try to produce them all! |

Definition 8.18. Let a : N — R be a sequence. A rearrangement of a is a sequence of the form
ao f with f: N — N a bijection.
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Warning: If f : N — N is a bijection and a : N — R converges, this does not mean that a o f
converges! In fact, you may have guessed this by the examples provided in Section 2.1 of Abbott’s
book. This is particularly relevant for series associated to a whose partial sums are given by

n

Non Sn)=>a (8.19)

k=1

The partial sums associated to a o f are given instead by
None S'(n) =Y asw. (8.20)
k=1

Example 8.21. Let a : N — R be the sequence given by

-1 n+1
Nanw—a,:= =0 (8.22)
n

and let S be the associated sequence of partial sums. By the Alternating Series Test (Theorem
8.16), S converges. In fact, it converges to In2 where In := log, and e is Euler’s constant defined
earlier in this lecture. Let S denote the sequence of partial sums of the sequence a. Let f : N — N
be the function defined by

nifn odd
Nané{"ﬂfbj nne (8.23)
4

J if n even

For the first few natural numbers, this looks like

1 2 3 4 5 6 7 8 9 10

Then, the partial sums associated to the sequence a o f are given by

Nome D aje =) auyg) + D Gy (8.25)

n=1 n odd n even

The first few terms of this rearranged series are
] 1 1+1 1 1+1 1 1+1+ 1 1+1 1+1 1+
2 4 3 6 8 5 10 12 7 2 4 6 8 10 12
1 1 1
2 6 0 (8.26)
1 o= (=1)"*!
"3l

This shows that upon a particular rearrangement, the value of the series was halved!

Theorem 8.27. If the series associated to a sequence converges absolutely, then any rearrangement
of the sequence gives an associated series that converges to the same limit.
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In other words, the “sum” in an absolutely convergent series is commutative.
Proof. See Abbott. |

Just as there was an Algebraic Limit Theorem for Sequences, there is one for series. However,
there are subtleties for the products of two series. Let a,b : N — R be two sequences with
associated partial sums S and T respectively. Then the product of the partial sums S and 7' is
given by the product of the associated partial sums, namely

Nonw— (5T), =S,.1, := <z”: ai> (i: bj> = Zn: Xn:aibj. (8.28)

Theorem 8.29 (Algebraic Limit Theorem for Series). Let a and b be two sequences with associated
convergent series A=Y " a, and B =" b,. Then the following hold.

(a) 377 ca, = cA for all c € R.
() S5 (an +ba) = A+ B.
(¢c) If either of the series Y " a, or Y -, b, converge absolutely, then
nh_)ngo (ZI: 2; aibj) = AB = nh_)n;() (; akbnk> ) (8.30)
1= J= =

Proof. The first two are immediate consequences of the algebraic limit theorem for sequences. The
last one is non-trivial. A lengthy proof of the first equality is given in Abbott while a shorter proof
of the second equality is given by [6]. [ |

After this lecture, it is recommended the student works through problems 8 and 9 on HW #2.
Additional recommended exercises include exercises 2.7.1 (I highly recommend this one!), 2.7.2,
2.74, and 2.7.8 in [2] (I'll upload the corresponding exercise in [1] shortly).
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9 September 27

Today we will construct R from Q in groups. The following are my notes on this construction. I
will also make available the work of the students once ready.
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10 September 29

The next few lectures will focus on topological concepts from R. There are many (equivalent) ways
to present this material. The definitions of what it means to be open, closed, and so on may differ
from reference to reference. Nevertheless, most definitions are all equivalent. My presentation
prefers to choose the definition to be something satisfying a particular condition and then proving
that there is a construction for those things. This only slightly differs from the presentation in
Abbott’s book.

Definition 10.1. Let a € R and € > 0. The e-neighborhood of a is the set??

Vi(@):={z€eR : |[x—a|<e}=(a—¢€a+e). (10.2)

Definition 10.3. A subset A C R is open if for every a € A, there exists an € > 0 such that
V() C A,

Example 10.4. Q is not an open subset of R. To see this, let »r € Q and fix ¢ > 0. Then
Ve(r) = (r —€,7+¢€) and by the density of [ in R (Theorem 4.2), there exists an irrational number
s € (r,€). Therefore, V.(r) € Q. Since this happens for every € > 0, Q is not open.

Theorem 10.5.

(a) R and & are open subsets of R.

(b) The union of an arbitrary collection of open sets is open.
(c) The intersection of a finite collection of open sets is open.
Proof.

(a) Let a € R and € > 0. Then (a — €,a + €) C R showing that R is open. @ is open vacuously
since there is no element in & so that the required condition automatically holds.

(b) Let A be a set and {Uj}aen a collection of open sets in R indexed by A. Let a € | J,., Ux. By
definition of the union, a € U, for some A € A. Since U, is open, there exists an € > 0 such
that V.(a) C Uyx. Then V.(a) C U,cp Un-

(c) Let {Uy,...,U,} be a finite collection of open sets in R. Let a € (2, U;. Then, by definition
of intersection, a € U, for all i € {1,...,n}. Hence, since each Uj is open, there exists an ¢; > 0
such that V (a) C U;. Set € := min{e, ..., ¢,}. Then Vi(a) C N, U; because V.(a) C U; for
alli e {1,...,n}.

33The definition of an e-neighborhood seems a little useless at this point because it turns out the just be an open
interval. These definitions become a little more useful in higher dimensional Euclidean spaces, abstract manifolds,
and even more general spaces, where the notion of an interval is no longer available, but an e-neighborhood still
makes sense.
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This theorem is the foundations for the study of topology, the subject that studies spaces
deformable under continuous transformations. Because it is so important, and closely related to
this theorem, we provide the definition.

Definition 10.6. Let X be a set. A topology on X is a subset 7 C P(X) of the power set of X
satisfying the following conditions.

(a) X, @ € T.
(b) For any collection of sets U : A — 7 with Uy := U()), Uycp Ur € T
(c) For any finite collection of sets {Uy,...,U,} with U; e T foralli =1,...,n, (), U; € 7.

It took many years to come up with the above definition as a robust enough approach for a
study of continuity.

Definition 10.7. Let A C R be a set and 7 the set of open sets in R. An open cover of A is a
collection of open sets U : A — 7 such that

Ac o (10.8)
AEA
Theorem 10.5 and Definition 10.7 have interesting consequences. Even though we know that
@ is not an open set, we can still cover it by open sets. A naive guess would think that every open
cover of Q would contain every irrational number since the rational numbers are spread throughout

all of R in such a way that between any two irrationals is a rational. Nevertheless, this turns out
to be false.

Example 10.9. Let ¢ : N — Q be an enumeration of the rationals. Fix p > 1 and consider the
sequence of open intervals given by

1 1
Non— J,:= (gp(n) — 2]'7,90(71) + 227) : (10.10)

Then the set of all {.J,,},en form an open cover of Q,
Qc | (10.11)
n=1

In particular, | J;7, J,, is an open set by Theorem 10.5 and it contains Q. Even more surprisingly,
the length (a.k.a. measure) of | J7, J, is finite and bounded from above by

=1 1
> —=— (10.12)
—~p p-1
Although closed sets in R are usually thought of as closed intervals, the latter are just a special
case of the former. Closed sets are sets which contain limits of sequences, whenever they exist,
that are contained in them.

34Tt is bounded from above by this value because any two of these open sets might intersect, and this sum
overcounts the length due to the overlaps.
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Definition 10.13. Let A C R. A point € R is a limit point of A if for any € > 0,
Ve(z)n (A\ {z}) # 2. (10.14)
A point a € A is an isolated point of A if it is not a limit point of A.

Example 10.15. Let a : N — R be a convergent sequence with limit lima ¢ A, where A := a(N)
is the image of the sequence a as a subset of R. Then lim a is the only limit point of A, i.e. lima
is a limit point of A and a,, is an isolated point of A for all n € N.
To see the first claim, note that by definition of lima, for any € > 0, there exists an N € N
such that
la, —lima| < e Vn>N. (10.16)

In other words, a,, € Vi(lima) for all n > N. Since a,, # lima for all n € N, this shows that lima
is a limit point of a(N).
To see that a,, is an isolated point®® of a(N) for any n € N, let
|a,, — lim al

L= T 10.17
€ 5 (10.17)

Note that €, > 0 since a,, # lim a by assumption. Since a converges to lim a, there exists an M € N
such that

la,, —lima| < €, Vm > M. (10.18)
Let
K:={ke{l,....M =1} | ax # a,}. (10.19)
Since ay # a, for all k € K| set
€ 1 — ’CL]C — CLn‘. (1020)
Finally, set
¢ := min ({ek ke K} U {en}). (10.21)
Then V,(a,) contains a,, but
Ve(an) N (A\ {an}) = 2. (10.22)

A picture for this proof is given by the following

2ep=|ay—an|
7\

~ N

ay Qp ai  Qm lima Qg

VvV Vv
2en=|an—limal 2¢en=|an—limal

Definition 10.23. A set A C R is closed if it contains its limit points.

35Kevin Pratt pointed out another (simpler) proof of this fact. Suppose, to the contrary, that a,, is a limit point
of a. Then, for all € > 0, there exists an N € N such that ay € V.(a,) \ {an}, i.e. Vi(an) Na(N)\ {a,} # 2.
Setting €, = % for each m € N, this shows there exists a subsequence a o f of a, with f : N — N one-to-one
and nondecreasing, such that lim(a o f) = a,. But since every subsequence of a must converge to lima since a is
convergent by Theorem 7.10, this contradicts that a, # lima.
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Theorem 10.24. Let A C R. A point x € R is a limit point of A if and only if there exists a
sequence a : N — A\ {x} with lima = x.

Proof.
(=) Let x be a limit point of A and let € : N — R be the sequence

1
Nan—e, =—. (10.25)

n
Since z is a limit point of A, there exists an a, € V,, (x), with a, # z, for all n € N. Then the
associated sequence a : N — R has lim a = x because for every €, > 0, there exists an N, > é by

the Archimedean Property of R so that

la, —z| <

SRS

1
< <& Yn2N. (10.26)

(<) This direction was essentially proved in Example 10.15. More precisely, let a be such a
sequence. Then that example showed that lima is a limit point of a(N), but since a(N) C A, lima
is also a limit point of A. [ |

This result has many useful applications.

Example 10.27. Every point of QQ is a limit point of Q, but Q is not closed, i.e. Q has limit points
that are not contained in Q. The first statement follows from the Density of Q in R. The second
statement follows from the previous lecture and the fact that every real number is expressed as a
Cauchy sequence of rational numbers. In other words, every irrational number is also a limit point

of Q.

Theorem 10.28. A set A C R is closed if and only if for every Cauchy sequence a : N — A,
lima € A.

Proof. This is one of your homework problems. |
Theorem 10.29. A set A C R is open if and only if A“=R\ A is closed.

Proof.

(=) Let A be open and let x be a limit point of A°. Suppose to the contrary that z € A. Then,
since A is open, there exists an € > 0 such that V.(z) C A. In particular V.(z) N A° = @. This
contradicts that x is a limit point of A°. Therefore, x € A°.

(<) Let A€ be closed and let y € A. Since A° is closed, y is not a limit point of A¢. Therefore,
there exists an € > 0 such that V,(y) N A° = @. By definition of complement and intersection, this
means V,(y) C A showing that A is open. [ |

Corollary 10.30. A set is closed if and only if its complement is open.

Proof. Since taking the complement is an involution (an operation that squares to the identity),
this follows from Theorem 10.29. |

Theorem 10.31.
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(a) @ and R are closed subsets of R.

(b) The union of a finite collection of closed sets is closed.

(c) The intersection of an arbitrary collection of closed sets is closed.

Proof. This follows from Theorem 10.29 and DeMorgan’s laws. See exercise 3.2.9 in [2]. |

Definition 10.32. Let A C R. The closure of A, is a closed subset, A, of R satisfying

(a) AC A and
(b) for any other closed subset B C R with A C B, A C B.

The definition of closure of a set should remind you of the definition of the supremum of a
bounded set. An explicit construction of A is given by the following fact.

Theorem 10.33. Let A C R. Then
A=AULy, (10.34)

where L4 is the set of limit points of A. In addition,
A=(\B (10.35)
B
where the intersection is over all closed sets containing A. In particular, A is closed if and only if
A=A
Proof. Exercise. |
Exercise 10.36. Prove that Q = R.

After this lecture, it is recommended the student works through problems 2, 3, and 4 on HW
#3. Additional recommended exercises include exercises 3.2.1, 3.2.2, 3.2.7, 3.2.8, 3.2.9, 3.2.11, and
3.2.14 in [2] (I'll upload the corresponding exercise in [1] shortly).
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11 October 4

Definition 11.1. A subset K C R is compact if every sequence in K has a subsequence converging
to a point in K.

Example 11.2. Let A be a finite subset of R and let a : N — A be a sequence in A. Because A is
finite, at least one of the elements, say x, of A will appear infinitely many times in the sequence
a. Thus, the subsequence of a given by N 3 n — x converges to x, which is in A.

Example 11.3. Every closed interval [a, b], with a < b, is compact.

Theorem 11.4. Let
Ki2Ky 2 K3 2Ky 2+ (11.5)

be a nested sequence of nonempty compact subsets of R. Then

ﬁ K, # @. (11.6)

n=1

This theorem should be compared to the nested interval property. If “compact” is replaced
by “closed” above, the statement is false. A counter-example is given by the collection of closed
unbounded intervals [n, co) for each n € N.

Proof. Because each K, is non-empty, let a,, € K,,. Let a : N — K; be the sequence defined by
N > n — a,. Since K; is compact, there exists a one-to-one non-decreasing function f : N — N so
that ao f : N — K is a convergent subsequence of a with limit lim(ao f) € K;. Because f : N — N
is non-decreasing and one-to-one, ay,) € Kyn) € K, for all n € N. Therefore, for every N € N,
let o : N — N be the function defined by ¢xn(n) := N +n. Then ao f o py is a subsequence of
a o f contained in K. Since a o f converges, a o f o ¢y converges to the same limit by Theorem
7.10. Since Ky is compact, lim(a o f o py) € Ky. This shows that lim(ao f) € Ky for all N € N
showing that lim(a o f) € 2, Ki. [ |

A “picture” for this proof is

ai a2 as Gy Qs ag a7 as Qag @10 a11 12
m m Mm Mm Mm m m Mm Mm Mm m m

KiDKyDK3 DKy DK DKg DKy DKg2D Kg2 Kyp2 K1 2Ky 2 -+ (11.7)
w w w w w w w
ara) ar(2) ar(3) Qray Af(s) are) af(7)

The reason for the shift ¢y is so that the sequence is completely contained in K.
Lemma 11.8. Compact subsets of R are closed.

Proof. Let K be compact and let x : N — K be a convergent sequence in K. By Theorem 7.10,
every subsequence of z is convergent and converges to the same limit. Because K is compact, this
limit is in K, i.e. limx € K. Therefore, K is closed. [ |

Lemma 11.9. The intersection of an arbitrary collection of compact sets is compact.
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Proof. Let A be a set, {K)}ea such a collection, and

a:N— (] Ky (11.10)
AEA

a sequence in the intersection. Fix Ao € A. Since K, is compact, there exist convergent subse-
quence ao f : N — K,, (f : N — N is one-to-one and non-decreasing) with lim(a o f) € K.
Because a lands in the intersection of all these compact sets, this subsequence lands in the inter-
section as well, namely
(ao f)(N) C [) Kx (11.11)
AEA

Since every compact set is closed by Lemma 11.8 and since an arbitrary intersection of closed sets
is closed by Theorem 10.31,

lim(ao f) € (] Ka. (11.12)
AEA
Thus, a o f is a convergent subsequence of a : N — (,., K whose limit is in (), K. |

Definition 11.13. Let A C R, 7 the set of open sets in R, and U : A — 7z an open cover of A.
A subcover of U : A — 7g is an open cover of A of the form U oi :  — 7, where 2 C A and
1 : < A is the inclusion. If € is a finite, then the subcover is said to be a finite subcover.

Theorem 11.14 (Heine-Borel Theorem). Let K C R. The following statements are equivalent.
(a) Every open cover of K has a finite subcover.

(b) K is closed and bounded.

(c) K is compact.

Proof. In this proof, we will show the following sequence of implications (a)=-(b)=-(c)=-(a). In
the process of proving (c)=-(a), we actually prove (c)=-(b) so we include that separately as well.
(a)=-(b) Let € := 1. The collection

U:={V(z)|ze K} (11.15)

of e-neighborhoods around all points in K is an open cover of K. By assumption, there exists a
finite subset {x1,...,2,} C K such that

< Vi) (11.16)
i=1
Thus, K is bounded, for instance by
max{|x; + €|, |z; — €|} (11.17)

Instead of proving that K is closed directly, we prove the contrapositive. Namely, we prove that
K is not closed implies there exists an open cover of K that does not have a finite subcover. Let
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x be a limit point of K that is not contained in K. Set ¢y := 1. Since x is a limit point of K, there
exists an x; € K NV, (x). Recursively, set

_ |z — x|

11.18
2 ? ( )

€n
where x,, € KNV, _ (x). x, always exists because €, 1 > 0 for all n € N and z is a limit point of
K. Then, for each n € N, define

C

Up: =V, () =(—00,2 —€,-1) U (x+ €,_1,00). (11.19)

This is an open set for each n € N by Theorem 10.29. Furthermore, by construction, x,, € K NU,
for all n € N and each z,, is distinct. In other words, {U, },en is a countably infinite open cover
of K that does not have a finite subcover containing K.

(b)=(c) Suppose K is closed and bounded and let a : N — K be a sequence in K. Because K
is bounded, the Bolzano-Weierstrass Theorem (Theorem 7.11) implies there exists a convergent
subsequence ao f : N — K with f : N — N one-to-one and non-decreasing. Because K is closed,
Theorem 10.28 guarantees that lim(a o f) € K.

(c)=(b) Let K be compact. K is closed by Lemma 11.8. To see that K must be bounded as well,
we will prove the contrapositive, namely K not bounded implies there exists a sequence a : N — K
with no convergent subsequence. For each n € N, define

Ky:=K & K, = Kn(—n,n)". (11.20)

By assumption, K, is nonempty for all n € N. Thus, for each n € N, let a,, € K,,. Thena : N — R,
defined by N 3 n +— a,, is a divergent sequence in K containing no convergent subsequence.
(c)=(a) Let K be compact. By the previous paragraph, K is bounded and closed. Let M € R
be such a bound for K, i.e. K C [—M,M]. Now, let {Uy} ea be an open cover of K. Suppose,
to the contrary, that {Uy},ea does not contain a finite subcover of K. Set Iy := [—M, M]. By
assumption, it must be that at least one of the two sets [-M,0] N K or [0, M] N K cannot be
covered by a finite subcover of {Uy}ea (if both of them could be, then taking the union of the two
finite subcovers would give a finite subcover of K). Let I; be one such choice of [—M, 0] or [0, M].
Define I,, inductively in this way. Namely, suppose I,, := [a,, b,| with a,,b, € R and a,, < b, and
no finite subcover of {Uy} e covers I,, N K. At least one of the two intervals

1 1
{an, b, — 2—n] or [an + o bn] (11.21)

satisfies the condition that there does not exist a finite subcover of {U, }ca covering its intersection
with K. Choose one and set I,,11 = [apnt1,bnt1] to be this choice. This gives collection of sets

K, =I,NK (11.22)
that are compact by Lemma 11.9. Furthermore, this gives a nested sequence of compact sets

Ki DKy DK3 DKy D---. (11.23)
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By Theorem 11.4,
() K. # 2. (11.24)
n=1

Because these intervals are decreasing in length to zero as n increases, (-, K, consists of only a
single point; call this point x. Because x € K, there exists a A\, € A such that € U,,. Because

U,, is open, there exists an ¢ > 0 such that V.(x) C U,,. Since lim a,, = x = lim b,, there exists
n—oo n—oo

an N € N such that a,,b, € V.(x) for all n > N. In particular, I,, C V() C U,, for all n > N.
This contradicts that there is a finite subcover of I,, for n > N. [ |

Remark 11.25. This theorem is of significant importance. You might run across sequences in
spaces that do not have a notion of distance. Being bounded and convergence of sequences both
use such a notion of distance. However, in a more abstract setting where one might not have a
natural notion of distance (or in instances where one can make statements independent of such a
notion), item (a) can be used as a definition of compactness.

Remark 11.26. Part of the proof of the Heine-Borel theorem illustrates the connection between
the definition of a subset of R being compact that we gave and the equivalent concept of that
subset being closed and bounded in R. A subset K C R is compact if and only if either of the two
columns are true (and the horizontal conditions are equivalent for any subset K of R)

. . Bolzano-Weirest .
Every sequence in K contains a Cauchy subsequence e e, K is bounded

The limit of every Cauchy sequence in K is in K e K is closed

After this lecture, it is recommended the student works through problem 5 on HW #3. Ad-
ditional recommended exercises include 3.3.8., 3.3.10, and 3.3.12 from [2] (I'll upload the corre-
sponding exercise in [1] shortly).
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12 October 6

Unfortunately, I have to throw some definitions at you. I'm not entirely sure how much of these
are necessary for what we will do in this course. I know connectedness will be crucial for functions
and continuity. I also know the dense subsets show up a lot in many areas of mathematics (also
see Remark 12.12). T've personally never used the fact that a set was perfect or nowhere dense to
prove anything, but who knows what will happen in the future.

Definition 12.1. A subset P C R is perfect if it is closed and contains no isolated points.
Example 12.2. All closed intervals and unbounded closed intervals are perfect.

Example 12.3 (The Cantor Set). Define C,, to be the subset of [0,1] depicted in the following
figure.

Co °
C, e o ° °
C, e . . . . . . .
C; oo oo oo o o oo o o oo o o
The Cantor set is the intersection of all these sets
C = ﬁ C. (12.4)
n=1

Proposition 12.5. The Cantor set is perfect.

Proof. To see this, first notice that it is closed because it is the intersection of closed sets (see
Theorem 10.31). Now let x € C and fix € > 0. Then, there exists an n € N such that 37" < e.
Because = € C, x € C,,. In particular, x is contained in some interval [a,b] C C,,.

Because n was chosen to satisfy 37" < e, it follows that a,b € V.(z). Since the endpoints of any
interval in C), is in C, this proves V.(x) N C'\ {z} # @ showing that x € C' is not isolated. [ |

Corollary 12.6. The Cantor set is compact.
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Proof. This follows immediately from the fact that perfect implies closed and since C' C [0, 1], it
is bounded and therefore compact by the Heine-Borel Theorem (Theorem 11.14). [ |

Exercise 12.7. Prove that the Cantor set is compact explicitly (straight from the definitions)
without referring to the Heine-Borel Theorem or Lemma 11.9.

Theorem 12.8. A nonempty perfect set is uncountable.
Proof. See Abbott. |

Definition 12.9. Two nonempty subsets A, B C R are said to be separated if AN B and AN B
are both empty. A subset £ C R is disconnected if there exist separated subsets A, B C E with
E = AUB. A set E is connected if it is not disconnected.

Theorem 12.10. A subset E C R is connected if and only if for any a,b € E with a < b implies
(a,b) C E.

Proof. See Abbott. |

We may take this theorem as the definition of connectedness in this course. However, please
be aware that the more general definition is more relevant in higher dimensions.

Definition 12.11. A subset G C R is dense if for any open subset U C R, GNU # .

Remark 12.12. Density is a very useful concept. We will use this time and time again when we
begin discussing functions and convergence of functions. Often, we will be able to prove theorems
about dense subsets. We will then use density to extend the result to larger classes of functions.

Example 12.13. Q is a dense subset of R.
Theorem 12.14. A subset G C R is dense if and only if G = R.

Proof.

(=) Let G be dense and let # € R. Since G is dense, for every € > 0, Vi(z) NG \ {z} # &. By
definition and since V,(z) is open, this means z is a limit point of G. Thus, z € G.

(<) The proof will be by contrapositive. Suppose G is not dense. Then there exists an open set
U C R such that GNU = @. Let « € U. Since U is open, there exists an ¢ > 0 such that V,(z) C U.
Then U® is a closed set (by Theorem 10.29) containing G. Hence G C U°. Since x ¢ U¢, = ¢ G
and so G # R. ]

To understand all of these different topological definitions, it helps to keep a table of several
examples. The following table provides some. In this table, C' is the Cantor set, a < b (strict
inequality), and & is the empty set. It a property holds, T is written. If a property does not hold,
F is written.
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open | closed | bounded | perfect | compact | dense | connected
R T T F T F T T
I F F F F F T F
Q F F F F F T F
7, F T F F F F F
(a,b) T F T F F F T
a, b] F T T T T F T
[a, b) F F T F F F T
[a, 00) F T F T F F T
C F T T T T F F
1%} T T T T T F T
{0} F T T F T F T
{% | n € N} F F T F F F F
{oyu{s|neN}| F T T F T F F

Exercise 12.15. Verify the table. Try to prove each and every claim.

Definition 12.16. A subset £ C R is nowhere dense if E contains no nonempty open sets.

Theorem 12.17 (Baire’s Theorem). R is not a countable union of nowhere-dense sets.

Abbott has a nice discussion at the end of chapter 3 regarding Baire’s theorem and its signifi-
cance. Please read it to somewhat appreciate this result a bit more.

After this lecture, it is recommended the student works through problems 6, 7, and 8 on HW
#3. Additional recommended exercises include 3.4.2, 3.4.5, 3.4.6, 3.4.9, 3.5.8, 3.5.9, and 3.5.10
from [2] (T'll upload the corresponding exercise in [1] shortly).
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13 October 11

Today we finish up what I didn’t finish up from the rest of chapter 3.

50



14 October 13

Today we will review chapters 1 through 3 by going through a practice exam and any other related
problems.
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15 October 18

Today is the exam. Good luck!
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16 October 20

Finally, functions! Please read Abbott for motivation. One of the points about Abbott’s discussion
is that what we might think of as being a generic function, which is often smooth, is far from
generic in the technical math sense. In fact, in the set of all functions of a real variable, most of
the functions aren’t smooth—in fact, most of them aren’t even continuous! This is a result of the
definition of function as it was carved over many years.

Definition 16.1. Let A C R and let f : A — R. Let ¢ be a limit point of A. L is said to be a
limit of f as x approaches c, written

lim f(z) = L, (16.2)

T—C

if for any € > 0, there exists a 0 > 0 such that f(x) € V(L) for all z € Vs(c) N A\ {c}. L is called
a functional limit of f as x approaches c.

Please note that if ¢ is actually an element of A, a limit of f as x approaches c¢ is completely
independent of the value of f at ¢. Also note that a limit itself need not exist (the proof of the
next theorem will illustrate what this negation means explicitly). Another way of phrasing this
definition is: “L is a limit of f as x approaches c if for any € > 0, there exists a § > 0 such that
x € Vs(c) M A\ {c} implies f(z) € V.(L).” A picture for this definition is

Lemma 16.3. Let A C R, let f : A — R, and let ¢ be a limit point of A. If L and L' are both
limits of f as x approaches ¢, then L = L', i.e. functional limits are unique.

Proof. Suppose that L and L’ are both functional limits of f as x approaches ¢ and suppose to
the contrary that L # L'. Without loss of generality, suppose L < L’. Then, by density of real
numbers, there exists an € > 0 such that L + 2¢ < L. By assumption, there exists a 6 > 0 such
that |L — f(z)| < e and |L' — f(x)| < € for all = € V5(c) N A\ {c}. However, these two inequalities
cannot hold simultaneously, which leads to a contradiction. |

The textbook illustrates a few examples of functions that have functional limits at certain limit
points in their domain.
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Example 16.4. Let e : R — R be the exponential function (sometimes denoted by exp to avoid
confusion with the number e) defined by?3¢

= z"
Rz — 16.5
x—e(x ;O py ( )
which we (essentially) proved converges several lectures ago. Let ¢ € R and let L := e Fix

¢ > 0 and consider the e-neighborhood around L (depicted as a vertical blue solid interval in the
following figure).

2 1 1

To find an appropriate d, consider the expression |e* — L| < e. When z > ¢ = In(L), this becomes
e” — L < e and solving for x gives In(L) < = < In(e + L). When z < ¢ = In(L), the inequality
becomes L — e* < €, which upon solving for = gives In(L —€) < x < In(L). Thus, we should choose

§ := min { In(e + L) — In(L), In(L) — In(L — e)} (16.6)

motivated by a zoomed in graph of this function

The smaller of these two values is the first (as can also be seen from the figure above). Hence, set
d:=1In(e+ L) —In(L). Then for z € (¢ — ¢, c),

L € €
T _ = — et — c=6 = — =9 = — = — =
e Ll=L—-e"<L—e L(l—-e?)=1L (1 p—y L) L (e n L> < L (L) e. (16.7)

36 Actually, we defined e in an earlier lecture. We also defined what it means to raise an arbitrary real number

to a real power. Hence, e can also be defined in this (apriori different) manner.
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Similarly, for z € (¢,c+9),

L
|ex—L|:ez—L<eC+5—L:L(e‘5—1):L(Ez —1)=L(GEL) <L<%>:e. (16.8)

Theorem 16.9. Let ACR, let f: A— R, and let ¢ be a limit point of A. Then lim f(x) = L if
Tr—cC
and only if for for every sequence a : N — A\ {c} with lima = ¢, it follows that lim(f o a) = L.

Keep in mind that there are two different usages of the symbol lim in this theorem. This
theorem relates the two.

Proof.
(=) Suppose lim f(z) = L and let a : N — A\ {c} be a sequence with lima = ¢. Fix € > 0.
T—cC

Then, by assumption, there exists a § > 0 such that |f(z) — L| < € for all z € A\ {c} satisfying
|z — ¢| < 0. But since lima = ¢, there exists an integer N € N such that |a, —c| < ¢ for all n > N.
This implies |f(a,) — L| < € for all n > N proving that lim(f o a) = L.

(<) The proof will be by contrapositive. In other words, suppose il_)ni f(z) # L. This means that

there exists an € > 0 so that for all § > 0, there exists an = € Vs(c) N A\ {c} with f(x) ¢ V.(L).

In particular, for each n € N, set §, := . Then there exists an a, € Vs, (c) N A\ {c} with

f(a,) ¢ Ve(L). Since lim 6, = 0, the sequence a : N — A\ {c} converges to c. Furthermore, since
n—oo

f(a,) ¢ Ve(L), the sequence n +— f(a,) does not converge to L. [ |
The following result is useful whenever one wants to show that a functional limit does not exist.

Corollary 16.10. Let A C R, let f : A — R, and let ¢ be a limit point of A. If there exist two
distinct sequences a,b: N — A\ {c} such that lima = ¢ and limb = ¢ but im(f o a) # lim(f o b),
then the limit of f as x approaches ¢ does not exist.

Proof. Exercise. [ |

Example 16.11. A simple example illustrating this fact is the function

-1 forz<O
Ro>zx— h(x) =<0 forx =0 (16.12)
1 forx >0

and the sequences n +— a,, := _71 and n — b, = % The limit of both of these sequences is 0 but
f(a,) = —1and f(b,) =1 for all n € N. In terms of the functional limit definition, set € := 1, say.
Then |f(z) + 1] < 1 for all z € (—00,0) while |f(x) — 1| < 1 for all x € (0,00). Therefore, there
does not exist an L € R and a ¢ > 0 such that |f(x) — L| < for all x € (—4§,0) U (0,9).

Example 16.13. Another example is the function

1 1 el
R>z flz) = o (16.14)
0 forze@
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known as the Dirichlet function. This function has no limit points for any real number. To see
this let ¢ € R. If ¢ € Q, then the sequences defined by

1 2
ap = Cc+ — & bn ::c—i—\/—_ (16.15)
n n

for all n € N both converge to ¢ but a,, € Q while b, € 1. As a result, the associated sequences after
applying f are f(a,) =0 and f(b,) = 1 for all n € N. These are constant sequences converging to
two different values. If ¢ € I instead, then the sequences defined by

_ [ 10"~ 1c|

1
Qp = C+ ” & Bn 10n—1

(16.16)

for all n € N both converge to ¢ but «,, € I while 3, € Q. Note that the sequence (,, is the decimal
expansion of ¢, which is why each [, is rational.

Exercise 16.17. Let g : R — R be the function defined by

z ifzxel
g(z) == .
0 ifze@

Find the values of ¢ € R for which lim g(x) exists and then find the limit when it exists.

r—C

After this lecture, it is recommended the student works through problems 1 and 2 on HW #4.
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17 October 25

Theorem 16.9 allows us to use several facts about sequences that we have already proved.

Corollary 17.1. [Algebraic Limit Theorem for Functional Limits] Let A C R, let f,g: A — R,
and let ¢ be a limit point of A. Furthermore, suppose that lim f(x) = L and lim g(x) = M. Then
Tr—rcC Tr—cC

the following facts follow.

(a) };Hi [(kf)(x)] = kL for all k € R.
(b) lim [(f+9)(x)] =L+ M.

(¢) lim [(f9)(x)] = LM
(d) Let B C A be the domain over which g is nonzero and so that c is also a limit point of B.

L
Then lim {(i) (:E):| = provided that M # 0 (here g is defined on B).

Tr—C g

Proof. Exercise. |

Definition 17.2. Let A C R and let f : A — R be a function. f is continuous at ¢ € A if for every
€ > 0, there exists a d > 0 such that f(z) € V.(f(c)) for all z € V5(c) N A. If f is not continuous
at ¢ € A, then f is said to be discontinuous at ¢ € A. f is continuous on A if f is continuous at ¢
for all ¢ € A.

The first definition can be rephrased as: “f is continuous at ¢ € A if for every ¢ > 0, there
exists a § > 0 such that = € V5(c) N A implies f(z) € V.(f(c)).” Yet another way of rephrasing
this even more concisely is: “f is continuous at ¢ € A if for every € > 0, there exists a ¢ > 0 such

that f(Vs(c)) € Ve(f(c)).”
Problem 17.3. Let | - | : R — R be the floor function.

(a) Show that for z € Z any integer, the function | - | is discontinuous at n.

(b) Show that for r € Z¢, i.e. for any real number that is not an integer, the function | - | is
continuous at r.

Answer. The graph of the floor function looks like the following

2+ — |z]
1+ e—O
: : P . T
-2 -1 1 2




(a) Fix some integer z € Z. Set € :=

1
2

and consider the e-neighborhood around |z] = z depicted

as follows (in the figure, z = 1 and is represented by a purple bullet and |z]| = z is projected

onto the vertical axis in purple as well)

2+ — |z
m“’{ | 2] o
+ t @ t X
-2 -1 z 2
- 41
oo 1.9

The region between the two dashed blue lines intercepts the vertical axis along the blue

interval shown. Consider now an arbitrary 6 > 0, with § < 1, and the associated interval

Vs(z) = (2—6,z+9) in the domain (in the figure, vertical dashed green lines depict this region

after intersecting with the horizontal axis)

Every such é-neighborhood (z — §, z + ) around z contains real numbers z_, z; with

z2—0<z.<z<zy<z+0.

Then, by definition of the floor function,
lz_|=2—-1

Notice that |z_| is not in the e-neighborhood
z € L.

(b) Fix some real number r € Z¢. Then

Ir] <z<|r|+1

(17.4)

& (17.5)

l24] = 2.

around |z] = z. Hence, | - | is discontinuous at

(17.6)

with |r| € Z. Thus, r is between two consecutive integers. To prove continuity of | - | at r,

fix some € > 0.
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,,,,,,,,,,,,,,,,, 7] — [z]
P 1 :IE,,,,’T:TQ,, 7001 in = - T[T T TTTTTTTTTT :”’
¢ T 3
2 1 17 2 ;
*— —]_ 3 N :e T
! ‘/r
— o + -2 ] |
Because |r| <r < |r|+ 1, set
6 :=min{r — |r],[r] +1—7}. (17.7)

This choice is motivated by the following picture (the horizontal direction has been scaled
differently for better viewing)

With this choice of 4, it follows that |[z] € V.(|r]) for all z € Vj(r). Therefore, | - | is
continuous at r € Z¢.

The following two exercises were given in Professor Ben-Ari’s advanced calculus course during
a quiz.

Exercise 17.8. Let f: A — R be a function on a domain A satisfying the condition
[f(2) = fy)] < |2® = ] (17.9)
for all x,y € A. Show that f is continuous.

Exercise 17.10. Let f : A — R be a function on a domain A satisfying the condition

[f(@) = fW)l < (@ = )| (17.11)

for all z,y € A. Show that f is continuous. In fact, what kind of a function is f?
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Proposition 17.12. Let ACR and let f: A — R be a function. If c € A is an isolated point of
A, then f is continuous at a.

Proof. By definition of ¢ being isolated, there exists a d > 0 such that Vs(c) N A\ {c¢} = @. Hence,
for any € > 0, it is vacuously true that = € Vs(c)N A\ {c} implies f(z) € V.(f(c)) since the former
set is empty. |

Theorem 17.13. Let A C R, let f: A — R be a function, and let ¢ € A. Then f is continuous
at ¢ if and only if for every sequence a : N — A with lima = ¢, it follows that im(f o a) = f(c).
Furthermore, if ¢ is a limit point of A, these conditions are equivalent to lim f(z) = f(c).

Tr—rcC

Proof.

(=) Suppose f is continuous at ¢ and let a : N — A be a sequence with lima = ¢. Fix € > 0. By
assumption, there exists a § > 0 such that z € Vs(c) N A\ {c} implies f(z) € V.(f(c)). Since a
converges to ¢, there exists an N € N such that a,, € Vs(c) for all n > N. Hence

|f(e) = flan)| <€ ¥n>N. (17.14)

Note that if a,, = ¢, the left-hand-side of this inequality is zero, which is less than e.

(<) The proof will be via contrapositive. Namely, suppose that f is not continuous at c¢. Then
there exists a € > 0 such that for all § > 0, there exists an z € Vs(c) N A with f(z) ¢ V.(f(c)).
In particular, for each n € N, setting 4,, := % provides the existence of elements a,, € Vj, (¢) N A
satisfying f(a,) ¢ Ve(f(c)). The sequence a : N — R satisfies lima = ¢ by construction. However,

since f(a,) & Ve(f(c)) for all n € N, lim(f o a) # f(c). |

Remark 17.15. If f satisfies the condition “if for every sequence a : N — A with lima = ¢, it
follows that lim(f o a) = f(c),” then f is said to be sequentially continuous at c¢. The distinction

between this type of continuity and the definition we have presented is relevant on more general
topological spaces, where these two definitions need not be equivalent.

Corollary 17.16. Let A C R, let f : A — R be a function, and let ¢ be a limit point of A with
c € A. [ is discontinuous at ¢ if and only if there exists a sequence a : N — A with lima = ¢ but
foa does not converge to f(c).

Proof. Exercise. |

Warning. Let A C R and let f : A — R be a continuous function. If a : N — A is a Cauchy
sequence, it is not true that f o a is always a Cauchy sequence. The homework asks you to give
an example of such a domain, function, and sequence.

Theorem 17.17 (Algebraic Continuity Theorem). Let A C R, let f,g : A — R, and let ¢ € A.
Furthermore, suppose that f and g are continuous at c. Then the following facts follow.

(a) The function kf is continuous at ¢ for all k € R.
(b) The function f + g is continuous at c.

(c) The function fg is continuous at c.
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(d) Let B C A be the domain over which g is nonzero and so that ¢ € B. Then the function % i8
continuous at c.

Proof. Exercise. [ |

Theorem 17.18. Let f : A — B C R and g : B — R be functions continuous at ¢ € A and
f(c) € B, respectively. Then the composition go f: A — R is continuous at c.

It is more robust to prove this theorem using the definition of continuity rather than the
sequential characterization.

Proof. Fix € > 0. By continuity of g at f(c), there exists a 6 > 0 such that

yeV(f@)NB = gy eVi(s(f(0)). (17.19)

By continuity of f at ¢, there exists a v > 0 such that
reVy(c)NA = f(z) € Vs(f(e)). (17.20)

Therefore, if € V,(c) N A, then f(z) € V5(f(c)) N B, which implies g(f(z)) € Vﬁ<g(f(c))>. [ |

Exercise 17.21. Give a proof of Theorem 17.18 using the definition of sequential continuity for
fand g.

Exercise 17.22. For each of the following conditions, give an example of, or state that the request
is impossible, two functions f: A -+ B C R and g : B — R such that f o g is continuous at ¢ € A
but

(a) f is not continuous at c.
(b) g is not continuous at f(c).

(c) f is not continuous at ¢ and g is not continuous at f(c).

Definition 17.23. Let A C R. A subset U C A is said to be open in A if there exists an open set
VCRwithVNA=U.

Theorem 17.24. Let ACR and f : A — R a function. Then f is continuous on A if and only
if for every open set U C R, the set f~1(U) C A is open in A.

Proof.

(=) Suppose f: A — R is continuous. Let U C R be open and let ¢ € f~1(U). Since U is open,
there exists an € > 0 such that V;(f(c)) C U. By continuity of f at ¢, there exists a § > 0 such
that f(z) € V.(f(c)) C U for all z € Vs(c) N A. But this implies V5(c) N A C f~1(U). Since ¢ was
arbitrary, f~1(U) is open.

(<) Suppose that f~'(U) is open for all open U C R. Let ¢ € A. Fix € > 0. Then V,(f(c)) is an

open set. By assumption f~! (VF_ (f(c))) is open and ¢ € f~! (V6 (f(c))) Therefore, by definition

of open sets and open sets in A, there exists a § > 0 such that Vs(c) N A C f! <V€ (f(c)))

Therefore, f (V;;(C)) C V€( f (c)) proving continuity of f at c. Since ¢ was arbitrary, this proves that
f is continuous. n
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It is very important that the preimage of an open set is open for a function to be continuous.
It is not true that a function is continuous if the image of an open set is open.

Definition 17.25. Let A C R. A function f: A — R is open if f(U) is open in R for every open
set U in A. f is closed if f(C) is closed in R for every closed set C' in A.37

Example 17.26. An example of a continuous function f : R — R that is neither open nor closed
isR>x— f(r):=sin(2rx).?

VAN N/aNVANYAY
VARV AR

This is because

f((o,l)) —-1,1] & f (G {n— 10— 1+i (1 . 2n1+2)]> —[0,1).  (17.27)

n=1

The set

U {n—l,n—1+1— 2n+2:| =Jn (17.28)

n=1

is closed as can be seen by the following depiction of the individual components

N N NN
VR VYAaARVYARVARYa

The converse is not true either. Namely, an open function need not be continuous. To construct

such a function, we state a definition and some facts that are surprising in their own right.

Definition 17.29. Let A, B C R. A function f : A — B is a homeomorphism if f is a continuous
bijection and f~!: B — A is continuous.

Theorem 17.30. Let a,b € R with a < b. There exists a homeomorphism f : (a,b) — R.

37 Analogous to the definition of an open set in A is that of a closed subset of A. A subset C of A is said to be
closed if there exists a closed set B C R such that C = BN A.

38Technically, we have not defined this function nor shown that it is continuous. We will be able to define it
later geometrically in terms of integrals. If you are uncomfortable with this, instead, defined the function f to be

flz) =

-2 ifxel,y [z—l—i,z%—%]
r—1 ifrel,y [z—i,z+%]’

which achieves the same desired goal.

62



Proof. Let f: (a,b) — R be the function

r—a

Zofath)  for atb < g py
b—x 2 —

2z—(a+b) f <r< a+b
fla) = { s T= (17.31)

The continuity of this function is a consequence of problem 2 on HW #4 and the Algebraic
Continuity Theorem (exercise). The inverse of this function is given by

2—x
(a+b)+bx
24z

(17.32)

. ath)—az g o< 2<0
[ (=) =

for0<z <o

Since this function is also a ratio of two continuous functions where the denominator never vanishes,
it is continuous by the Algebraic Continuity Theorem. ]

Incidentally, this theorem shows that the image of a bounded set under a continuous function
need not be bounded, not even under a homeomorphism.

Theorem 17.33. Let a € R. There exist homeomorphisms (—oo,a) = R and (a,00) = R.
Proof. Exercise. |

Theorem 17.34. Let a,b,c,d € R with a < b and ¢ < d. There exists a homeomorphism (a,b) —
(c,d).

63



Proof. Exercise. [ |

Example 17.35. The present example came from StackExchange®® Let C' be the Cantor set
described as the intersection C' = (2, C,, of a finite union of intervals. The complement of the
Cantor set is an infinite union of disjoint open intervals (two of which are unbounded). Namely,
using the notation from my solutions to HW #3, the Cantor set is given by

O:(j U Lo, (17.36)

ai,...,0n €72

where the [,, ., are the closed intervals making up C,,, the n-th iterate for the construction of
the Cantor set. By De Morgan’s laws, the complement of this is given by

e = G (| 150 | =(-0,00U (U JA> U (1,00). (17.37)

n=1 Q1 5oy EZ2 A€A

Here A is just some indexed set used to enumerate the open intervals Jy in [0,1] N C°. For each
such open interval, let fy : Jy — (—1,1) be a homeomorphism and let f_ : (—o00,0) — (—1,1)
and f; : (0,00) — (—1,1) be homeomorphisms as well. Set J_ := (—00,0) and J, := (0,00) and
A = AU{-}U{+}. Then the function f: R — R defined by

(17.38)
0 fzxeC

fu(z) if x € Jy for some X € A
fx) =
is open but is discontinuous at every point of C.

After this lecture, it is recommended the student works through problems 3 and 4 on HW #4.
Additional recommended exercises include exercises 4.3.6 and 4.3.8 from [2].

3%http://math.stackexchange.com/questions/75589/open-maps-which-are-not-continuous.
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18 October 27

Today we will state and prove both the Extreme Value Theorem (EVT) and the Intermediate
Value Theorem (IVT). This is a slight departure in the presentation from the book—we will save
different kinds of continuity for the next lecture.

Theorem 18.1. Let K C R be a compact subset of R and let f : K — R be continuous. Then
f(K) CR is a compact subset of R.

Remark 18.2. This result should surprise you. This is because continuous functions preserve
neither closed subsets nor bounded sets (remember that by the Heine-Borel theorem, compact is
equivalent to closed and bounded). Indeed, Example 17.26 illustrates that continuous functions
need not send closed subsets to closed subsets and Theorem 17.30 shows that continuous functions
need not send bounded sets to bounded sets.

Abbott offers a proof of this theorem using the definition of compactness. Instead, we will use
our characterization for what it means for a function to be continuous in terms of open sets.

Proof. Let U := {Uy}rea be an open cover of f(K). Since f is continuous, V := {Vy := f~1(Uy) }rea
is an open cover of K. Since K is compact, there exists a finite subcover {Vy,,..., V) } of V for
K. Then {U,,,...,U,,} is a finite subcover of U for f(K). [ |

Theorem 18.3 (Extreme Value Theorem). Let K C R be compact and let f : K — R be a
continuous function. Then there exist x,z € K such that f(x) < f(y) < f(z) for ally € K.

Proof. Since f(K) is compact by Theorem 18.1, it is closed and bounded. Hence, M := sup f(K)
exists. Furthermore, since f(K) is closed, M € f(K) so that there exists an x € K with f(z) = M.
Similarly, L := inf f(K) exists and is in f(K) so that there exists a z € K with f(z) = L. |

Lemma 18.4. A subset E C R is disconnected if and only if there exist nonempty open sets U C E
andV C E suchthat UNV =@ andUUV = FE.

Proof.
(=) Suppose that (A, B) is a separation for E. Set

U=E\(ANE) & V:=E\(BNE). (18.5)
Then U and V are open subsets of E, and they are nonempty and disjoint because
Unv = (E\(ZmE)) N (E\(EnE))
— B\ ((ZmE) u(EmE))
=5\ (En(AUB)) (18.6)
=FE\FE
=g
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by De Morgan’s laws (as subsets of ) and a question from the first quiz in our class. Furthermore,
their union is

UuV:(E\(ZmE))u(E\(EmE)):(ZmE)m(EmE). (18.7)
again by De Morgan’s laws. Also, note that A C A because AN B = @ and A = E\ B. Hence,
UuV=(ANEYN(BNE)CANBNE=9 (18.8)

because (A, B) is a separation for F.
(<) Suppose that there exist nonempty disjoint open subsets U and V' of E such that UUV = E.
Set

A:=FE\U & B:=FE\V. (18.9)

Then A and B are disjoint and closed subsets of E. Because they're closed, (AN E)N B = @ and
(BNE)NA=@. Finally, AUB =UUYV = E by De Morgan’s laws. Thus (4, B) is a separation
for E. |

Theorem 18.10. Let A C R be a connected subset of R and let f : A — R be continuous. Then
f(A) CR is a connected subset of R.

Proof. Suppose to the contrary that f(A) is disconnected. Then by Lemma 18.4, there exist
disjoint nonempty open sets U,V C R such that

(UNFA) U (VN F(A) = F(A). (18.11)

Because f is continuous f~1(U) and f~1(V) are open. Furthermore, they are disjoint by definition
of the inverse image and because U and V' are disjoint. Finally,

OV V) = UuV) = f71(f(4) =A (18.12)
contradicting the assumption that A is connected. |

Theorem 18.13 (Intermediate Value Theorem). Let a,b € R with a < b and let f : [a,b] — R
be a continuous function. Then for any L satisfying either f(a) < L < f(b) or f(a) > L > f(b),
there exists a ¢ € (a,b) with f(c) = L.

Proof. Let L € (f(a), f(b)).*" By Theorem 18.10, f([a,b]) is connected and contains f(a) and
f(b). By Theorem 12.10, [f(a), f(b)] C f([a,b]). Hence, for any L € (f(a), f(b)), it follows that
L € f([a,b]). Therefore, there exists a ¢ € (a,b) such that f(c) = L. [ |

Definition 18.14. Let A C R. A function f : A — R is non-decreasing if f(x) < f(y) for all
x,y € Awith x <vy. fis non-increasing if f(x) > f(y) for all x,y € A with x > y. f is monotone
if it is either non-increasing or non-decreasing.

Before giving an example of such a function, we discuss some properties of monotone functions.

40Note that there is nothing to prove if f(a) = f(b). The following proof is modified from what it was before
and is based on Kevin Pratt’s idea.
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Definition 18.15. Let a,b € R with a < b. A function f : [a,b] — R has the intermediate value
property if for all z,y € [a,b] with z < y and all L € (f(z), f(y)), there exists a ¢ € (z,y) such
that f(c) = L.

Theorem 18.16. Let a,b € R with a < b. Let f : [a,b] — R be a monotone function with the
intermediate value property. Then f is continuous.

Proof. Exercise. [ |
Definition 18.17. Let f : A — R be a function. Let

Dy :={x e A : fis discontinuous at z} (18.18)
be the set of points at which f is discontinuous.

Example 18.19. For each n € N, define a function

1 1 0 ifn=1
l——1—— |2z~ fu(lx) = 18.20
{ on—1 2”) Jn() {2"% otherwise ( )
The function f:[0,1) — R defined by
1 1
0,1) >z f(z) = fu(z)ifz € [1 b=t 1- 2—n) : (18.21)
1 &
-0
—O
&——-oO
o % €T
1

Then f is non-decreasing and has a countable set of discontinuities.

The set of discontinuities on R can be separated into three types of interest. To define these
types, we define left and right limits.

Definition 18.22. Let A C R, let f : A — R, and let ¢ be a limit point of A. The left-hand
limit of f as x approaches ¢ (ak.a. limit of f as x approaches ¢ from the left) is a real number
L_ := lim f(z) satisfying the condition that for every ¢ > 0, there exists a § > 0 such that

r—c™

flx) € V(L) for all x € (¢ — d,¢) N A. Similarly, the right-hand limit of f as x approaches c
(a.k.a. limit of f as x approaches ¢ from the right) is a real number L, := hm+ f(z) satistying the
Tr—rC

condition that for every e > 0, there exists a 0 > 0 such that f(z) € V.(Ly) for all z € (c,c+9)NA.
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Theorem 18.23. Let AC R, let f: A— R, and let ¢ be a limit point of A. Then

lim f(z) =L (18.24)
Tr—rC
if and only if
lim f(z)=1L & lim f(z)= L. (18.25)
T—c™ z—ct
Proof. Exercise. [ |

Definition 18.26. Let A C R, let f: A — R, and let ¢ be a limit point of A with ¢ € A.

(a) If lim f(z) exists but does not equal f(c), then f is said to have a removable discontinuity at
Tr—cC -
c.

(b) If lim f(x) and lim f(z) both exist but are not equal, then f is said to have a jump discon-
Tr—cC

e
tinuity at c.

(c) If lim f(z) does not exist for some other reason, then f is said to have a essential discontinuity
Tr—cC -

at c.

Theorem 18.27. Let C' C R and let f : C — R be a non-decreasing function and let ¢ € C be a
limit point of C' such that

(—00,c)NC # @ & (c,00)NC # @. (18.28)
Then lim f(x) and lim+ f(x) both exist and satisfy
lim f(z) < lim f(z). (18.29)
T—c™ Tz—ct

In particular, the only allowed discontinuities for a mon-decreasing function are jump discontinu-
ties.

Proof. Since f is non-decreasing and (18.28) holds, the sets
A= f((—00,c)NC) & B:= f(CN(c,0)) (18.30)

are both nonempty and bounded from above and below, respectively. Then the theorem will follow
if it is shown that
lim f(z) =sup A & lim f(z) =inf B (18.31)

T—c~ T—ct

since the latter quantities exist by the Axiom of Completeness. Set
s:=sup A & i :=inf B. (18.32)

Fix e > 0. By Lemma 3.31, there exists an element a € A such that s —e_ < a. But by definition
of A, this means there exists an element y € A such that f(y) = a. Thus, s —e_ < f(y). Set
d_ := c—y. Note that 5_ > 0 because y € (—oo,c)NC. Hence, for all z € (c—0_,¢)NC, it follows
that

s—e_ < fly)=flc=d_) < fx) <s<s+e (18.33)
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because f is non-decreasing. Thus f(x) € V._(s) showing that lim f(z) = s. A similar argument
shows that zli_}rg f(z) =inf B. o

The last claim follows from the fact that the elements of A are all lower bounds for B because
f is non-decreasing. Thus, A is contained in the set Lg of all lower bounds of B. By a problem
from our first homework set, sup Lp = inf B (this was problem 4). By another exercise earlier

in the semester, since A C Lp, it follows that sup A < sup Lg. Combining these two inequalities
gives sup A < inf B. |

Theorem 18.34. Let f : A — R be a non-decreasing function. Then Dy is at most countable.

Proof. Let ¢ € Dy. Then
lim f(z) < lim f(x) (18.35)

T—c~ z—ct
by the previous theorem and the fact that ¢ is a discontinuity. By the Density of Q in R, there
exists a rational number r. satisfying

lim f(z) <r. < 1im+ f(z). (18.36)

r—Cc— T—C

Because f is non-decreasing, the function

Dy —
1= Q (18.37)
CHTe
is one-to-one. This identifies D; with a subset of Q and is therefore at most countable. [ |

Remark 18.38. Given a countable subset C' of (a,b) with a < b and a,b € R, Rudin [6] (see
Remark 4.31) provides a surprising construction of a monotone function f : (a,b) — R for which
f is discontinuous at all points in C.

Theorem 18.39. Let a,b € R with a < b. Let f : (a,b) — R be a continuous 1-1 function. Then
f is monotone. Let g : [a,b] — R be a continuous 1-1 function. Then g is monotone and attains
its maximum and minimum at a and b.

Proof. Exercise. [ |

After this lecture, it is recommended the student works through problems 5 and 7 on HW #4.
It goes without saying that the reader should also attempt the exercises listed in these notes.
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19 November 1

Today we will discuss different kinds of continuity for functions, their properties, and their relations
to each other. To be pedantic, we will review the definition of continuity itself but this time be
very careful about the notation to illustrate how every quantity depends on every other quantity.

Definition 19.1. Let A C R and let f : A — R be a function. f is continuous at c € A if for
every € > 0, there exists a d(c,e) > 0 such that f(z) € V.(f(c)) for all € Vj(c) N A. [ is
continuous on A if f is continuous at ¢ for all ¢ € A.

Remark 19.2. Note that the 0 in the definition of continuity depends on both the point ¢ € A
and the number €. To be honest, I should have been careful from the start about this. In other
words, if I wanted to show that a function f is continuous on A, if you provide me with a family

of €’s parametrized by the elements ¢ € A, I would have to come up with a ¢ that may depend on
both ¢ and e.

Definition 19.3. Let A C R and let f : A — R be a function. f is uniformly continuous on A if
for every € > 0 there exists a d(e) > 0 such that |f(x) — f(y)| < € for all pairs of elements =,y € A
with |z —y| < d(e).

Remark 19.4. Using this more precise notation, we see that the definition of uniform continuity
no longer depends on the point ¢ € A but depends only on the number €. In other words, if I
wanted to show that a function f is uniformly continuous on A, if you provide me with a single e,
I would have to come up with a ¢ that depends only on e.

Example 19.5. The function f~! from the proof of Theorem 17.30 is uniformly continuous. As

a simplification, we set a = —1 and b = 1 so that
5= for —co<x <0
Rozr fl(z):=2" B (19.6)
2+Lx for 0 <z <o

To see that this function is uniformly continuous, fix € > 0.

\
2C
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It is apparent from a visualization of this function that the steepest curvature occurs at x =
0. Hence, if we find an appropriate d(e¢) at x = 0, this d(e) should work for all other points.
Fortunately, this d(e) is easy to solve for because the function is increasing.*’ Furthermore, we
know the inverse, so we just plug in z = € for the right-hand-side of the piece-wise defined function:

2
d(e) := . _66 for e < 1. (19.7)

If € > 1, any number 6(e) > 0 will work. To check that this d(e) works at every point, there

are four cases to check since any pair of numbers z,y € R could be in either (—oo, 0] or [0, c0).
However, by symmetry, it suffices to check only two cases. Thus, first suppose z,y € [0, 00) with
x <yand |y — x| <d(e). Set

o=y — . (19.8)

By these assumptions, 0 < o < d(¢€). Then,

‘fﬁl(y) - fﬁl(x)‘ = ﬁyy 3 —ix_ . since f~! is increasing and = < y

y(2+ ) —z2(2+y)
2+y)(2+2)
(4 a)2+2) 22+ +a)
B 2+z+a)(2+x)
2c
2+2)?2+2+2) (19.9)

since x > 0

IN
Q

)
Qe

since f~! is strictly increasing and a < 9

AN
[\]
4
>,

2¢
2(1 —€) +2¢

= €

The other cases are treated similarly and are left to the reader. Thus, f~! is uniformly continuous.

Before we give an example of a continuous function that is not uniformly continuous, let us
explicitly say what it means for f : A — R to not be uniformly continuous on A. f is not uniformly
continuous on A if and only if there exists an € > 0 for which there is no d(¢) > 0 satisfying the
condition that |f(z) — f(y)| < e for all z,y € A satisfying |z — y| < d(¢). In other words, f is not
uniformly continuous on A if and only if there exists an € > 0 such that for all §(¢) > 0, there exist
z,y € A satisfying |z — y| < (e) but |f(z) — f(y)] > e

Example 19.10. The function f : (a,b) — R from the proof of Theorem 17.30 is not uniformly
continuous. Again, for simplicity, we set a = —1 and b = 1. In this case, this function is given by

x+1

12%“" for0<z <1
xX

(19.11)

f(x)::{Q_x for —1<z<0

41Exercise: prove that f=: R — (—1,1) is strictly increasing.
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To see that f is not uniformly continuous, it suffices to find an ¢ > 0 for which there does not exist
a 0(e) > 0 satisfying |f(x) — f(y)| < € for all z,y € (—1,1) satistying |z — y| < d(¢). It turns out
that we can do better. We will show that for every e > 0, there does not exist a §(¢) > 0 satisfying
the above property. Thus, fix € > 0 and fix d(¢) > 0. It suffices to assume that §(e) < 2 to begin
with since the domain of f is (—1,1). Then, set

z:=1-19(e). (19.12)

|

p—
ISX J
—_

If 2 > 0, then set y to be any number in the range*?

20(€)

_—2+65(e) <y<l (19.13)

The following two inequalities obtained from this are useful:
1 26
_ 2
1—y  2+4+¢€d(e)

Note that such y satisfies 1 —20(¢) < y < 1 (in fact, it satisfies 1 —d(€) < y < 1). With this choice
of y,

&  y(2+ed(e)) > 2+ ed(e) — 25(e). (19.14)

\f(y) _ f($)| _ 12_yy _ 2(15—<3(€))

B 20(e) — 242y
(=)o)
- (26(e) — 2+ 2y) (2 + € (e)) (19.15)
25(€)?
B (26(e) — 2) (24 €d(e)) + 2y (2 + €d(e))
25(e)?

> €.

42This choice was motivated by considering the desired inequality

2y 2(1—=46(e))
1—y  6(e) - €
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In other words, the two previous examples illustrate that even if a homeomorphism is uniformly
continuous, the inverse of the homeomorphism need not be.

Proposition 19.16. Let f: A — R be a uniformly continuous function and let B C A. Then the
restriction of f to B is uniformly continuous.

Proof. Exercise. [ |

From the previous examples, one might conjecture that a bounded continuous function is uni-
formly continuous. This is not the case. However, it is a little difficult to prove this using €’s and
0’s as we have done above in Example 19.10. To help us, we will provide a test for lack of uniform
continuity in terms of convergent sequences, similarly to how convergent sequences can be used to
prove that a particular function is not continuous.

Theorem 19.17. Let A CR and let f : A — R be a function. f is not uniformly continuous on
A if and only if there exists an € > 0 and two sequences a,b: N — A satisfying

imb—a)=0 &  |f(a,) — f(bs)| > € VneN (19.18)

Proof.

(=) Suppose f is not uniformly continuous. Fix € > 0. Then, by the discussion preceding Example
19.10, for every n € N, there exists a pair of elements a,,b, € A with |a, — b,| < % satisfying
‘ fla,) — f (bn)| > ¢. By construction, these sequences satisfy the required conditions.

(<) Suppose there exists an € > 0 and two sequences a,b : N — A satisfying (19.18). Then, for
any ¢ > 0, since the sequence a — b converges to zero, there exists an N € N such that |a, —b,| < ¢
for all n > N. By assumption { fla,) —f (bn)’ > ¢ showing that f is not uniformly continuous. H

Example 19.19. An example of a continuous bounded function that is not uniformly continuous

) (0,1] 3 2 = f(z) := sin (Q—W) (19.20)

T
as is discussed in Abbott’s book.

Remark 19.21. This function is also useful in topology where it provides several counterexamples
(its graph with the origin included is connected but not path-connected). It is known as the
topologist’s sine curve.

Exercise 19.22. Prove or disprove the following. Let A, B C R with B bounded and let f : A — B
be a homeomorphism. Then f is uniformly continuous.

Theorem 19.23 (Uniform continuity on compact sets). Let K C R be a compact set and let
f: K — R be a continuous function. Then f is uniformly continuous.

Proof. See Abbott. |

Definition 19.24. A function f : A — R is called Lipschitz if there exists an M € R such that
‘M’ <M (19.25)
r—y
for all z,y € A with = # y.
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Theorem 19.26. Let A C R and let f : A — R be a function. If f is Lipschitz continuous the f is
uniformly continuous. If f is uniformly continuous then f is continuous. Neither of the converse
statements are true.

Proof. Exercise. [ ]

Instead of proving this theorem in full, we merely provide an example of a uniformly continuous
function that is not Lipschitz.

|
I

-1 1

8

and leave it to the reader to show that this function satisfies the mentioned properties.
After this lecture, it is recommended the student works through problem 6 on HW #4.
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20 November 3

It is often useful to express physical phenomena in terms of differential equations. These equations
describe the rates of change of particular quantities depending on at least one variable. For
example, Schrédinger’s equation describes the rate of change of a vector ¢ in some (usually infinite-
dimensional) vector space subject to dynamics described by a self-adjoint operator H on that vector
space

—1d%2—7(5t) = (Hy)(t). (20.1)
Knowing the rate of change of such a quantity, one can, in principle, predict the future state of a
system given some initial condition. Only the rate of change is sufficient to determine the future,
which is why Schrodinger’s equation is a first order differential equation. Incompressible fluid flow
can be described as a second order differential equation (known as the Navier-Stokes equation) by
@ +{(a,V - i) = VP +vV2i, (20.2)

ot P

where u(z,y, z,t) is the velocity of the fluid at some position (z,y, z) at the moment in time ¢, P
is the pressure (also a function of space and time), p is the density of the fluid, v is some constant,
and V is the gradient. As exciting as these and related differential equations are, we will first

dedicate some time to understanding the notion of a rate of change of a function.

Remark 20.3. It is worth pointing out that it is not known whether there always exist reasonable
solutions to the Navier-Stokes equation under some physically reasonable conditions. This question
has been deemed so important that it has a bounty of $1,000,000.

Definition 20.4. Let A C R and f: A — R. Let ¢ be a limit point of A with ¢ € A. Then the
deriwative of f at c is defined to be the functional limit

P R (C

Tr—C Tr — C

(20.5)

if it exists. When the derivative of f at c exists, f is said to be differentiable at c. If f is
differentiable at ¢ for all ¢ € A, then f is differentiable on A.

Proposition 20.6. f : A — R is differentiable at ¢ € A if and only if there exists a linear
function® D, f : R — R such that

i 1@) = F©) = (Def)la — o)

T—C r —C

— 0. (20.7)

Proof.
(=) Suppose f is differentiable at ¢ with derivative f'(c). Define the function D.f : R — R to be

R >y = (Df)(y) = f(c)y. (20.8)

43A function g : R — R is linear if g(az + y) = ag(x) + g(y) for all a,z,y € R.
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Then, by the Algebraic Limit Theorem for functional limits

i 8 = f(€) = (Def)(z —c) _ . (M B f’(c)) by (20.8)

T—C r —cC T—cC T —cC

= l:im (M> —lim (f'(c)) by Corollary 17.1 (20.9)

—C xr — C Tr—c

= f'(e) = f'(¢)
= 0.

(<) Suppose that there exists a D.f : R — R as in the description. Set

£1(0) == (D)D) (20.10)
Then, by a similar calculation to the previous direction,
0= lim LB == D =0) (M - f’(c)) . (20.11)
T—C r —cC T—cC Tr —cC

By Exercise 2.3.10 part (a)* in [2] and the sequential characterization for limits (see Theorem
16.9), this implies

tim L =Sy f'(e) = f(c). (20.12)

r—c T — C Tr—cC

Definition 20.13. Let f : A — R be differentiable at ¢. The linear function D.f : R — R from
Proposition 20.6 is called the differential of f at c.

Remark 20.14. This equivalent definition of the derivative provides a useful perspective when
generalizing to higher-dimensional derivatives.?> We will also see in a moment that the chain rule
is expressed particularly elegantly in terms of differentials.

Example 20.15. See Abbott.

Theorem 20.16. Let f : A — R be a function that is differentiable at a limit point ¢ of A with
c€ A. Then f is continuous at c.

For this proof, it will be useful to recall the equivalent notions of continuity from Theorem
17.13 so that we may avoid an explicit € and § proof for continuity.

Proof. By the Algebraic Limit Theorem for functional limits

i (/(0) ~ £1)) = i ( ({221 ) - 0)

_ }Eﬁ (W) }clir}: ((x — c)) by Corollary 17.1 (20.17)
= (£(0)(0)
=0,

4This exercise says that if two sequences a,b : N — R satisfy lim(a — b) = 0, then lim a = lim b.
45If you recall from calculus, if you have a function f : R? — R, then Vf, the gradient of f, has as its input a
vector ¥ at some point x € R3 so that (Vf)(z) describes the derivative of f at z in the direction @. However, to

—

be consistent with our notation, we would instead write this as (V, f)(?)
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which, again by Exercise 2.3.10 part (a) in [2] and the sequential characterization for limits (see
Theorem 16.9), this shows that

lim f(z) = f(c). (20.18)
Tr—cC
This proves that f is continuous at ¢ due to the functional limit characterization of continuity
from Theorem 17.13. ]

Theorem 20.19 (Chain rule). Let A, B C R, let f: A — R with f(A) C B and letg: B — R. Let
¢ be a limit point of A with ¢ € A and let f(c) be a limit point of B. Suppose that f is differentiable
at ¢ and g is differentiable at f(c). Then g o f is differentiable at ¢ and its derivative is given by

(gof)(c)=g'(f(c)f(c)- (20.20)

The chain rule takes a particularly appealing form if expressed using the equivalent definition
of the derivative in terms of linear functions (see Proposition 20.6).

Theorem 20.21 (Differential form of the chain rule). Let A, B C R, let f : A — R with f(A) C B
and let g : B — R. Let ¢ be a limit point of A with c € A and let f(c) be a limit point of B. Suppose
that f is differentiable at ¢ with differential D.f and g is differentiable at f(c) with differential
Dy¢yg. Then go f is differentiable at ¢ with differential

Dc(go f) = Dgeyg o Def. (20.22)

Proof. The goal is to show?

fm ((g o f)(z) — (g0 f)(C:Z - éDﬂc)g o Def)(x = 0)) _o. (20.23)
Set
bz o= WD) = (90 N)(€) = (Drgg o Def) & — ) (20.24)

Tr —cC

Then h splits into two terms as follows

9(F(2)) = 9(£()) = (Dyi09) ((2) = £(e) = (F@) = £(0) = (Do) = ©)) )

Mz) = x—c
_9(f(@) —9(f(0)) = (Ds09) (f(x) = f(c)) + (Dyog) ( F(@) = fle) — (Dof)(z — c)) |
(20.25)
Focusing on the second term, because Dy g is linear,
lin(Dy(09) (f (z) - f (C)x—_(fcf)(x - C)) — Doy (ilin f@)—f (C)x—_(fcf)(w — ¢
(20.26)

= (Dy(09)(0)
=0

46The present proof follows the proof in [7] rather closely.
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by part (a) of the Algebraic Limit Theorem for Functional Limits. The first term will involve a
rather intricate € and ¢ argument. Fix € > 0. The goal is to show that there exists a o > 0 such
that

9(£()) ~ 9(/(0)) ~ (Dyog) (f(a) (@) < elr—c] V€ V(o) (20.27)
Because f is differentiable at ¢, there exists a 6; > 0 such that*”
‘f(x)—f(c)—(Dcf)(m—c)} <l|z - Ve Vs (e) (20.28)
Set ]
Eg = m (2029)
Because g is differentiable at f(c), there exists a §, > 0 such that
‘g(y) —9(f(c)) = (D) (v — f(C))‘ <ely—fle)]  VYyeV(flo). (20.30)

Since f is differentiable at ¢, f is also continuous at ¢ by Theorem 20.16. Therefore, there exists
a ¢’ > 0 such that
|f(z) = flo)| <6, Ve V(o). (20.31)

Set
§ :=min{d’, 0} (20.32)

Putting all these inequalities together gives

9(£(2)) = 9(£() = (Dyi9) () = £())]

< €g|f(z) = f(c)| Dby (20.30) and (20.31)
= ¢g|f(x) = f(e) = (Def) (@ =€) + (Def) (& — )|
, , (20.33)
< &(|/@) = 1(0) = (Df)w = &) + |(Def)(@ = )] ) by the triangle inequality
< 69<|x — e+ ()| — c|> by (20.28) Proposition 20.6
=¢elxr—c| VaeVs(c) by (20.29),
which proves that
i 9(f()) —g(f(c)) - (lzf@g) (f(@) = () _ (20.34)
Therefore, lim h(z) = 0 and the chain rule is proved. n

r—cC

Remark 20.35. Equation (20.22) depicts a form of the Chain Rule that can be visualized dia-
grammatically as follows. The functions g, f, and their compositions form a diagram

B

;//\< (20.36)

R A

gof

47The €¢ here was chosen to be 1.
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and this diagram gets sent to the diagram

R

Df<c7 ycf (20.37)

]R Dc(gof) R

upon applying the differential. We say that this latter diagram commutes because first performing
the transformation D, f and then applying Dy g gives, by definition, Dyygo D, f, but the diagram
indicates that this latter transformation must be equal to D.(g o f).

Theorem 20.38. [Algebraic Differentiability Theorem] Let A C R, let f,g : A — R, and let
c € A. Furthermore, suppose that f and g are differentiable at ¢ with derivatives f'(c) and ¢'(c),
respectively. Then the following facts hold.

(a) The function kf is differentiable at ¢ for all k € R with deriwative (kf) (c) = kf'(c).

(b) The function f + g is differentiable at ¢ with derivative (f + g)'(c) = f'(¢) + ¢'(¢).

(¢) The function fg is differentiable at ¢ with derivative (fg)'(c) = f'(¢)g(c) + f(c)g'(¢).

(d) Let B C A be the domain over which g is nonzero and so that ¢ € B. Then the function g s
differentiable at c with derivative <§>/ (c) = W.

Proof. Exercise. [ ]

After this lecture, it is recommended the student works through problems 1 and 2 on HW #b5.
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21 November 8

Today we will present many of the great theorems of calculus. Rather than reproving the same
theorems in Abbott, we will prove only those that were left as exercises. Abbott discusses an
example of a function that is differentiable everywhere, but its derivative function is not continuous.
However, we have not yet established the necessary results to talk about this function. We will be
better prepared to do so after a few more lectures when we discuss series of functions and their
derivatives. At that point, we will define the sin and cos functions and explore their derivatives.
We will also be able to discuss the derivative of the exponential function.

Theorem 21.1 (Interior Extremum Theorem). Let a,b € R with a < b and let f : (a,b) — R be a
function that is differentiable on (a,b). If there exists a point ¢ € (a,b) for which either f(x) < f(c)
for all x € (a,b) or f(x) > f(c) for all x € (a,b) then f'(c) = 0.

Proof. See Abbott. ]

Lemma 21.2. Let a,b € R with a < b and let g : [a,b] — R be a function that is differentiable on
la, b] satisfying
g'(a) <0< g'(b). (21.3)

Then there ezist x,y € (a,b) satisfying
gla) >g(x) & gly) <g(b). (21.4)
Proof. Set € := —¢'(a). Since g is differentiable at a, there exists a § > 0 such that

—e< W—g'(a) <e Vze€la,a+d). (21.5)

Since x — a > 0, multiplying throughout, using the fact that e = —¢’(a), and rearranging gives
g(x) < g(a) Vo€ laa+0). (21.6)

This proves that there exists some x € (a,b) such that g(x) < g(a). A similar argument shows
that there exists a y € (a, b) such that g(y) < g(b). [ |

The proof of this theorem actually showed more than the statement provided. In fact, under
the same hypotheses, there exist neighborhoods around the points @ and b for which the value of
g satisfies the inequality provided for all such points.

Theorem 21.7 (Darboux’s Theorem). Let a,b € R with a < b and let f : [a,b] — R be a function
that is differentiable on |a,b]. Then f' satisfies the intermediate value property.

Proof. Let a € R satisfy f'(a) < o < f'(b) if f'(a) < f'(b) or f'(a) > o > f'(b) if f'(a) > f'(b).
Without loss of generality, consider the first case.*® Define g : [a,b] — R by

[a,b] >z — g(x) = f(x) — ax. (21.8)

48The goal is to prove that there exists a ¢ € (a,b) such that f/'(c) = a.
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Then g is differentiable and, by the Algebraic Differentiability Theorem, ¢'(x) = f'(z) — « for all
x € [a,b]. By assumption, ¢'(a) < 0 < ¢'(b). By the previous Lemma, there exist points z,y € (a, b)
such that g(a) > g(z) and g(y) < g(b). By the Extreme Value Theorem, g attains its minimum on
la, b] (because g is continuous). By the preceding facts, the minimum of ¢ is not attained at a or b
since it was shown there exist z and y satisfying g(a) > g(x) and g(y) < g(b). Hence, there exists
a ¢ € (a,b) for which g(c) < g(2) for all z € [a, b]. By the Interior Extremum Theorem, ¢'(c) = 0.
By definition of g, this means f’(c¢) = . Thus f satisfies the intermediate value property. [ |

This result makes it seem even less plausible for the existence of a function that is differentiable
yet its derivative function is discontinuous.

Theorem 21.9 (Rolle’s Theorem). Let a,b € R with a < b and let f : [a,b] — R be a function
satisfying

i) f is continuous on |a, b,
ii) f is differentiable on (a,b), and
ut) f(a) = f(b).
Then there ezists a point ¢ € (a,b) with f'(c) = 0.
Proof. See Abbott. |
A slight generalization of Rolle’s theorem is the Mean Value Theorem.

Theorem 21.10. [Mean Value Theorem] Let a,b € R with a < b and let f : [a,b] — R be a
function satisfying

i) f is continuous on |a,b] and
it) f is differentiable on (a,b).

Then there ezists a point ¢ € (a,b) with

(21.11)

Proof. See Abbott. |
Rolle’s Theorem is a special case of the Mean Value Theorem obtained by setting f(a) = f(b).

Theorem 21.12 (Generalized Mean Value Theorem). Let a,b € R witha < b and let f, g : [a,b] —
R be two functions satisfying

i) f is continuous on |a,b] and

i1) f is differentiable on (a,b).
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Then there exists a point ¢ € (a,b) with

(f(b) = f(a))d'(c) = (9(b) — g(a)) f'(c). (21.13)
Furthermore, if, in addition, g is never zero on (a,b), then
f'(e) _ fb) — f(a)
7@ b —gla)’ .
Proof. Define h : [a,b] — R to be the function
he=[f(b) = f(a)]g — [9(b) — g(a)] f. (21.15)

Then, by the Algebraic Differentiability Theorem, A is continuous on [a,b] and differentiable on
(a,b). Furthermore,

h(a) = f(b)g(a) —g(0)f(a) &  h(b) = g(a)f(b) — f(a)g(b), (21.16)

showing that h(a) = h(b). By Rolle’s Theorem, there exists a ¢ € (a,b) such that h'(c) = 0, i.e.
there exists a ¢ € (a,b) such that

Lf(0) = f(a)]g'(c) — [9(b) — g(a)] f'(c) = 0. (21.17)
This proves the claim. |

The Mean Value Theorem is the special case of the Generalized Mean Value Theorem with
g(xz) =z for all z € [a,b]. To see this more clearly, notice that because a < b, the conclusion can
be equivalently written as

(ﬂgiimog%ﬂ:<g%;%@>f@) (21.18)

Theorem 21.19 (L’Hospital’s Rule: 0/0 case). Let a < b and let ¢ € [a,b]. Let f, g : [a,b] — R be
continuous functions and suppose that the restrictions of f and g to [a,c)U (¢, b] are differentiable.
Furthermore, suppose that f(a) = g(a) =0 and ¢'(x) # 0 for all x € |a,c) U (¢, b]. Then

lim f,(w) L = Im> Y=L (21.20)
z—e ¢'(7) z—e g(x)

Notice the very crucial direction of implication in this theorem.
Proof. Exercise. |

Theorem 21.21 (L'Hospital’s Rule: oco/oo case). Let a < b and let ¢ € (a,b). Let f,g : (a,c) U
(c,b) — R be differentiable functions. Furthermore, suppose that ¢'(x) # 0 for all x € (a,c)U(c, b).
If glﬂgrrig(m) = 400, then
/
lim f,(x) O A L (21.22)
Proof. See Abbott. n

After this lecture, it is recommended the student works through problems 3 and 4 on HW #b5.
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22 November 10

Earlier, we saw that a monotone function has an at most countable set of discontinuities (an
arbitrary function can have an uncountable number of discontinuities, such as the Dirichlet func-
tion). We also mentioned that given a domain A and any at most countable subset C' C A, there
exists a monotone function whose set of discontinuities coincides with C. In analogy to the set
of discontinuities of a function, we could ask what are the possible points at which a function is
not differentiable? Such a concept is meaningless for functions that are discontinuous since it is
necessary that a differentiable function is continuous. Thus, we could ask what the set of points
at which a continuous function is not differentiable looks like. Can we construct a continuous
function that is not differentiable on any arbitrary at most countable subset of its domain? Today
we will construct an example of a continuous function that is not differentiable at any point in its
domain.

Example 22.1. Let hg : R — R be the function defined as follows. For any z € Z, if © €
22 — 1,22 + 1], set
ho(z) == |z — 22|, (22.2)

as depicted in the following graph.

| | | |
T f T T f T x

-3 -2 -1 1 2 3

For each n € N, set h,, : R — R to be the function defined by
1
R >z hy(z) = 2—nh0(2”x). (22.3)

For n = 1,2, 3, these functions are depicted in the graph below

1%%
h/[J
SANAINANAINANS vyvyv@f”x
-3 -2 -1 1 2 3

Then, for each x € R, set
g(x) =Y ha(z). (22.4)
n=0

This sum converges (absolutely) for each € R because

ho(2'2)| _ 1

22.5
on | = on (22.5)

e =
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since ho(z) is bounded by 1. Thus,

o) <35 =2 (22.6)

n=0
showing that the partial sums "  h,(z) are bounded. Because this sequence of partial sums is

monotone non-decreasing, by the monotone convergence theorem, it converges. However, notice
that if we want to study the properties of the function g : R — R defined by

R >z g(x), (22.7)

we would need to establish some results concerning infinite sums of functions. For example, is it
true that ) , h, is a continuous function? Before we can answer any of these questions, we should
talk about sequences of functions and what properties (such as continuity and differentiability)
are preserved when taking an infinite sum of such functions. Therefore, we must put this example
on hold and study these concepts.

Example 22.8. Incidentally, we will also be able to use these concepts to provide an example of
a function that is differentiable everywhere but its derivative function is discontinuous. Such a
function is given by the following

0 ite=0
Rz o (_1)rgtntd ‘ (22.9)
n=0 "G otherwise

The derivative of this function is discontinuous at x = 0. However, it is not obvious that one can
apply the derivative to each constituent in the infinite series and then sum said derivatives to
obtain the derivative of the entire series.

Definition 22.10. Let A C R and let R4 denote the set of functions from A to R,
R4 :={g: A— R}. (22.11)

A sequence of functions® from A to R is a function f : N — R4 whose value at n € N is written as

fn- Often, a sequence f is also written as (f,,)nen or just (f,) for short. For every element z € A,
let ev, : R4 — R denote the evaluation at x function defined by

R 5 g+ evy(g) := g(z). (22.12)

A sequence f : N — R4 converges pointwise to a function lim f : A — R, also denoted by lim f,,
n—oo
iff for all z € A,

(lim f)(x) = lim(ev, o f). (22.13)

Note that the expression ev, o f is a sequence (of real numbers) because it is the composition
of functions N 25 R4 = R. Hence, the limit on the right is the limit of a sequence of numbers
and the limit on the left is a limit of a sequence of functions. The same notation is used because
the two concepts are similar. In terms of the variable n € N, the equality (22.13) can be written
as

(nm fn> (2) = lim fo(2). (22.14)
n—o0 n—oo

These functions need not be continuous.
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Example 22.15. Let A := [0, 1] and consider the sequence f : N — R of functions given by

0,1] 3z — fu(x) := V. (22.16)

0.8+
0.6
0.4

0.2 ]

0 02 04 06 08 1

Then '
(hm fn) (x) = {O =0 (22.17)

n—00 1 otherwise

Notice that in this example, the limit of continuous functions need not be continuous.

Going back to Definition 22.13, notice that when A = {x} is a single point, then a sequence
of functions is precisely a sequence of real numbers in the ordinary sense. To see this a bit more
clearly, it is helpful to express the definition in terms of the definition of convergence of a sequence.
Namely, a sequence f of functions on A converges pointwise to lim f : A — R iff for every ¢ > 0
and x € A, there exists an N, € N such that

|fa(2) = (lim f)(z)| <€ Vn =N (22.18)

The fact that A can have more than a single point allows one to ask for an /N that depends on €
alone or both € and x. This is analogous to how continuity differs from uniform continuity.

Example 22.19. Consider the case where A is a finite set of points A = {z1,...,x;}. Then a
function from A to R is defined by a k-tuple of numbers. Hence, a sequence f : N — R4 is a
sequence of k-tuples of numbers. Thus, studying sequences of functions on a finite set with £
elements is equivalent to studying sequences of points in R¥, a topic for next semester. It is a little
unfortunate that in our textbook, we jump from studying ordinary real numbers and sequences
of real numbers all the way to a complicated extreme of sequences of functions before we study
sequences of finite tuples of numbers, something that should logically be in-between the two topics.

Example 22.20. As another special case, consider A := N. Then the set RY is precisely the set
of all sequences of real numbers.

Remark 22.21. In general, for any three sets X, Y, and Z, there is a (natural) bijection
72 = (79X (22.22)

After this lecture, it is recommended the student works through problem 1 on HW #6.
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23 November 15

Definition 23.1. Let A C R. A sequence f : N — R4 of functions on A converges uniformly on

A to a function lim f : A — R, also denoted by lim f,, iff for every € > 0, there exists an N € N
n—oo

such that

| fo(z) — (lim f)(z)| <e Vn>NandVazeA (23.2)

It would be more precise to write N, instead of N in the definition of uniform convergence
since N, depends on €. The following result explains why the same notation lim f is used for both
pointwise and uniform convergence.

Theorem 23.3. Let A C R and let f : N — R4 be a sequence of functions converging uniformly
to a function lim f € RA. Then f converges pointwise to lim f.

Proof. Exercise. |

The examples of pointwise and uniform convergence from Abbott’s book are quite nice, so we
will repeat one of them here.

Example 23.4. Let f : N — R be the sequence of functions defined by

2
NXxR > (n,z)— folz) = ’ +nx. (23.5)
n
. fl ................ 1..-- ................................ .....
f2 :
f3
1 0.5 |
— f5
lim f
~1 —0.5 0.5 1
—0.5 |
..... T R
By the Algebraic limit theorem, for each x € R,
2 2 2
lim f,(2) = lim 2 _ fim <x—+x) = lim (95_) + lim (2) = =. (23.6)
n—oo n—oo n n—oo n n—o0 n n—oo

50Take a moment to convince yourself that a function f : N — R4 is equivalent to a function, denoted by the
same letter, f : N x A — R. Also, see Remark 22.21.
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This shows that f converges to idg pointwise, written either as lim f = idg or simply lim(ev,o f) =

x for all x € R. However, the sequence f does not converge uniformly to idg on R. To see this, fix
€ > 0 and fix x € R. Then

22 + nx x?
n(x) —id =|— x| =—. 23.7
[falw) = idg(e)| = | 0 = 2 (237
Set N, € N to be large enough so that
2
New > —. (23.8)
€
Then, for this choice,
|fo(z) —idg(z)| <€  Vn> Ne,. (23.9)

However, notice that as a function of =, N, is unbounded. Therefore, it will not be possible to
find a single N, independent of = for which |fn(x) — idR(ZC)‘ < eforall n > N, and for all z € R.
However, if the domains of the functions changed to a compact domain, say K, so that f describes
a sequence of functions f : N — RX then by the Heine-Borel theorem, K is bounded so that there
exists an M such that K C [—M, M]. Set N, € N to be an integer satisfying

N, > —. (23.10)

Then,
’fn(a:)—idg(a:)|:g§—<e Vn>N.andVaze K. (23.11)

This shows that for the sequence of functions f : N — R¥ defined analogously to (23.5) but
restricted to the domain K, lim f = idk.

In your homework, you will prove a more general result about uniform convergence on compact
sets (Dini’s Theorem). However, it should be pointed out that it is not true that if K C R is
compact and if f : N — R¥ is a sequence that converges pointwise to some function lim f, then it
converges uniformly to lim f.

Example 23.12. The sequence in Example 22.15 converges pointwise to (22.16). This convergence
is not uniform because given 1 > ¢ > 0 and z € [0, 1], one needs to choose N, € N to satisfy

log()

Nep > —————— 23.13
7 log(l—¢) ( )

and lim+ N, = oo. This choice of N, illustrates that the sequence converges pointwise but not
z—0

uniformly on [0, 1].%!

In fact, the assumptions can be strengthened even more. Consider the following example of
a sequence of functions on a compact domain that consists of continuous functions that converge
pointwise to a continuous function but not uniformly to a continuous function.

51Notice that this happened even though all of the f,,’s were continuous on a compact domain and even increasing!
Compare these assumptions to the assumptions in your homework problem.
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Example 23.14. Let ¢ : N — R be the sequence defined by

1 2 H1\"
Nonm—c, :Z(%) vVn? 41 (23.15)

and let f: N — R be the sequence

N x [0,1] 3 (n,2) = fu(x) := ¢, V(1 — )" (23.16)

0-3 1T fl

f2

f3

fa

/ f5

0.2 1 / fe
0.1 1

0 i i i 1 \ >
0 0.2 0.4 0.6 0.8 1

Exercise: show that f converges to the zero function pointwise but does not converge to this
function uniformly. This example illustrates that the condition “the sequence f is increasing” in
Dini’s theorem cannot be dropped.

As for sequences of real numbers, we might want to know that a sequence converges even when
we do not have a candidate limit in mind.

Definition 23.17. Let A C R and let f : N — R” be a sequence of functions. f is a (uniform)
Cauchy sequence iff for every € > 0, there exists an N € N such that

’fn(x) — fm(a:)| <e€ Vn,m>NandVaxeA. (23.18)

Theorem 23.19. Let A C R and f : N — R4 a sequence of functions. f converges uniformly if
and only if f is a uniform Cauchy sequence.

Proof. You can try to prove this as an exercise, but we will also prove this theorem in much greater
generality next semester. |

Theorem 23.20. [Continuous Limit Theorem/] Let A C R and let f : N — R4 be a sequence of
functions converging uniformly to a function lim f € R4, Let ¢ € A. If f,, : A = R is continuous
at ¢ for every n € N, then lim f is continuous at c.
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Although this theorem is proved in Abbott, it is important and we present a proof here as well.
Proof. Fix € > 0. Because f uniformly converges to lim f, there exists an N € N such that

|(lim f)(z) — fu(z)| < Vn>NandVaze A (23.21)

Wl o

For every n € N, f,, is continuous at ¢, so that there exists a 9,, > 0 such that
| fulz) = fulo)| <€ VaeV(c)nA (23.22)

In particular, for n = N, set § := . Using these facts,

|(lim f)(2) = (tim f)(c)| = |(tim f)(z ( )+ fn(x) — fN(C) + fu(e) — (lim f)(c)|
< |(tim f)(x (@) + v (@) = fx ()| + [ fx(c) — (lim f)(c)|
by the trlangle inequality (23.23)
< % + % + % by (23.21), (23.22), and (23.21), respectively
=€
for all z € Vs(c) N A. Therefore, lim f is continuous at ¢ € A. [ |

Example 23.24. We already provided an example where the theorem is false if the sequence f
only converges pointwise to lim f (see Example 22.15).

Exercise 23.25. Prove or disprove: Let A C R and let f : N — R4 be a sequence of functions
converging uniformly to a function lim f € RA. If f, : A — R is uniformly continuous for every
n € N, then lim f uniformly continuous.

Exercise 23.26. In a similar vein to the previous exercise, see Exercise 6.2.6 in [2].

Remark 23.27. The Continuous Limit Theorem can be phrased in the following diagramatic way,
but to do so, we need to introduce some notation. Let C(A,R) be the set of continuous functions
on A, let (RA) denote the set of sequences of functions with a well-defined pointwise limit, and

let (R4)Y, denote the subset of (R*)N for which the limit converges to a function uniformly on
A. Let

(CARY )y =CARNERYY, &  (C(AR)Y)u = C(AR)NRYY, (23.28)

be the set of sequences of continuous functions on A for which the limit is a (well-defined) function
on A and for which the sequence converges uniformly, respectively. The pointwise limit of a
sequence of functions on A can therefore be described as a function

(RN, 12 R4, (23.29)

This defines the function lim on all subsets of (R*)Y including (R4)},, (C(A, R)Y),y, and (C(A,R)Y)un
However, in each case, all we know is that the codomain of the function lim is always R4. The
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Continuity Limit Theorem states that there exists a unique lift lim : (C(A,R)N)yn — C(A,R), ie.
the diagram
C(A,R)

lim ,

y (23.30)
(C(AR) )un

RA

lim
commutes. It is common to say that the function lim factors through C' (A, R). We, however, abuse
notation slightly, and denote the function lim simply by lim.

Let A C R. Given a sequence f : N — R4 of differentiable functions on A, it is not always true
that lim f is differentiable even if the sequence f converges to lim f uniformly (compare this to
to the Continuous Limit Theorem above). The following example illustrates this.

Example 23.31. Let h : N — RI=5U be the sequence of functions defined by

N x [~1,1] 3 (n,2) = hy(z) i= z' T2, (23.32)
..... 1--
0.5 |
~1 —0.5 0.5 1
— m i
ha
. —0.5 |
- h4
— hy
| ——lmh | ... T

Then each of the h,, are differentiable, converge to lim A uniformly, but lim A is not differentiable
at 0.

However, an additional assumption guarantees that the limiting function will be differentiable.

Theorem 23.33. [Differentiable Limit Theorem] Let a,b € R with a < b and let f : N — R®? pe
a sequence of functions satisfying the conditions

i) f converges to lim f pointwise,
i1) fn is differentiable for alln € N, and

iii) the sequence f': N — R (defined by (f'), := f) converges to a function lim f' uniformly.
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Then lim f is differentiable and (lim f)" = lim f’.

Proof. Fixc € [a,b] and € > 0.°? First, since f’ converges to lim f’ uniformly, it converges pointwise
by Theorem 23.3. Hence, there exists an N; € N such that

a0 —(im )@ <5 Vo= N (23.34)

Since f’ converges to to lim f” uniformly, Theorem 23.19 asserts that there exists an Ny € N such
that

m n

I (x)—f’(x)|<§ Yn,m> Ny and ¥V z € [a,b]. (23.35)

Set N := max{ Ny, No}. Since each f, is differentiable at ¢, fy is differentiable as well so that there
exists a 0 > 0 such that

fn(z) — fn(e)

r—cC

Ve Vi(e)Nla, b\ {c}. (23.36)

-1y <

Now, notice that because the absolute value function is continuous and because f converges to
lim f pointwise,

o [ 20 = ) o) = )] _ [ @0 /)(0) = (i) o) = )] g
m—00 r—c r—c r—c r—c
for all x € Vs(c) Na,b] \ {c} and all n € N. However, before taking this limit, set
Fi=fr— fu, (23.38)
and rewrite the left-hand-side as
fm(x)_fm(c) . fn(x)_fn(c) _ ‘(fm_fn)(x>_(fm_fn)(c) _ 'F@j)_F(C) (2339)
r—c r—c r—c r—c

for all z € Vs(c) N[a,b] \ {c} and all m,n € N. Note that F' : [a,b] — R is differentiable by the
Algebraic Differentiability Theorem (Theorem 20.38). In particular, restricting F to [z, c] or [c, 2]
depending on whether x < ¢ or ¢ < z, respectively, the Mean Value Theorem (Theorem 21.10)
holds for F' so that there exists an o € (x,¢) or a € (¢, x), respectively, satisfying

w = F'(a). (23.40)
Hence, (23.39) becomes
‘w = |F'(a)] = | fr(@) = fi(e)] < g Vn,m>N (23.41)

52The goal is to show there exists a § > 0 such that

(lim f)(z) — (lim f)(c)

- ~ (lim f")(c)

<€

for all € Vs(c) N[a,b] \ {c}. The idea of the proof will actually be similar to the proof of the Continuity Limit
Theorem.
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by the inequality (23.35). Since such an a can be found for any pair of distinct elements = and ¢,

fml(@) = fu(e) _ ful2) = fule)| _

r —C Tr —C

€

3

Then, by the Order Limit Theorem (Theorem 6.15) and (23.37),

(lim f)(z) — (im f)(¢) _ falx) = fu(c)
T —c r—c

Using the triangle inequality and the inequalities (23.37), (23.36), and (23.34),

Vo e Vs(c)Nia,b]\ {c} and n > N. (23.42)

< % Ve Vs(e)na,bl\ {c} and n > N. (23.43)

i ) — ) _ 5,y < (i) = 00 _ )= )
# (DAL o) 1yt = im0 (g4
< g + 5 + g
=€ Ve Vs(e)Nla,b]\ {c}.
Since this is true for all ¢ € [a, b], it follows that (lim f)" = lim f’. [ |

Example 23.45. Let f : N — R¥ be the sequence defined by
x

R n(r) = ——. 23.46
N xR (n,2) = fule) = 1 (23.46)
0.6 +
— N1
f2
f3 0.4 +
I5
— fo
0.2 +
f20
— 0.5 1
For each = € R,
lim(ev, o f) = 0. (23.47)

Thus, lim f 5 0 In fact, this convergence is uniform. To see this, first notice by the Algebraic
Differentiability Theorem (the quotient rule in Theorem 20.38),

1+ naz? — 2nz? 1 — na?
NxR>3 (n,z)— fl(z) = 0+ i) = AT na?)? (23.48)

92



— f
f3
f3
f3

— £ 5t

/
— f20

—-0.5

The zero’s of this function provide sequences y : N — R and 2z : N — R that describe the minima
and maxima of the sequence f. Namely, for each n € N, set

Yp = ——— & 2y = . (23.49)

Then y,, is the point at which f, achieves its minimum and z, is the point at which f, achieves
its maximum. Furthermore, at these points, the value of f,, is given by

1 1
) = =5 7= o) = 5= (23.50)
so that 1
(7)< —— VzeR. 923.51
@] <5 VYae (25.51)
Therefore, to see that lim f = 0, fix € > 0. Set N € N to be a natural number satisfying
N> (23.52)
1 .
Then, with this choice
1
|fn(x)|§m<e Vn>NandVzeR. (23.53)
However, notice that
1 ifx=0
lim f')(x) = 23.54
( @) 5 {0 otherwise ( )
whereas
(lim f)' () =0 VzeR. (23.55)

This does not contradict the Differentiable Limit Theorem (Theorem 23.33) because the sequence
f' does not converge to the function in (23.54) uniformly.
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Example 23.56. See Exercise 6.3.4 in [2] for another counter-example to this theorem when the
assumption that f’ converges to lim f’ uniformly is dropped but it is assumed that f converges to
lim f uniformly.

Remark 23.57. Just as the Continuity Limit Theorem can be described diagrammatically, so can
the Differentiable Limit Theorem. Again, for this, we need some notation. Let Diff' (A, R) denote
the set of differentiable functions on A. Note that Diff'(A,R) C C(A,R). Let

(Diff' (A, R)")py := Diff ' (A, R)"N(RA)S, &  (Diff' (A, R)"), := Diff' (4, R)" N(RA),. (23.58)

n:

In addition, let D : Diff'(A,R) — R# denote the function that assigns the derivative to any
differentiable function. Similarly, let DV : Diff'(4, R)N — (R*)N denote the function that assigns
the sequence of derivatives to any sequence of differentiable functions. Finally, let

(Diff' (A, R)N),, := Diff' (A, R)N N (R)
(Diff' (A, R)N),, := Diff' (4, R)N n (RN, (23.50)
(Diff" (A4, R)™) pp : —{feDiffl(A,R)N : DNf e (R} '
(Diff" (4, R)Y) pun == {f € DIff (A, R)N : DVf e (RY)},}
and denote intersections of these appropriately with commas. So for example,
(Diff' (A, R)™) puw, poan = (DHF' (A, R)Y) pon N (R, (23.60)

denotes the set of sequences of differentiable functions that converge pointwise and whose associ-
ated derivative sequences converge uniformly. The Differentiable Limit Theorem then says that
there exists a unique lift lim : (Diff' (4, R)Y) . poun — Diff' (A, R) such that the diagrams

Diff' (A, R)
lim /1
. (23.61)

7
7

(Diff' (A, R)™) pw. Doun

RA

lim

and
(D (A, R)Y)pue o — 2 Diff (A, R)

DNL jp (23.62)
(RA)3 R4

lim

both commute. It is common to say that the function lim factors through Diff' (A, R). We, however,

abuse notation slightly, and denote the function lim simply by lim .

After this lecture, it is recommended the student works through problems 2, 3, and 4 on HW
#6.
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24 November 17

Definition 24.1. Let A C R and let f : N — R4 be a sequence of functions. The partial sums of
f is the sequence of functions S : N — R4 defined by

N>n— i o (24.2)

Lemma 24.3. Let A CR and let f : N — R4 be a sequence of functions.

(a) If f, is continuous for every n € N, then the partial sums are all continuous.

(b) If f. is uniformly continuous on A for every n € N, then the partial sums are all uniformly
continuous on A.

(c) If fn is differentiable for every n € N, then the partial sums are all differentiable and

Sy = Zn: i (24.4)

for all n € N.
Proof. Exercise. n

Since the partial sums themselves are sequences, the results from last lecture immediately imply
the following facts.

Theorem 24.5. [Term-by-term Continuity Theorem] Let A C R and let f : N — R? be a sequence
of functions. If f, is continuous for every n € N and the partial sums, S, of f converges uniformly
to lim S| then lim S is continuous on A.

Proof. This follows from Lemma 24.3 and the Continuous Limit Theorem (Theorem 23.20). N

Theorem 24.6. [Term-by-term Differentiability Theorem] Let a,b € R with a < b. Set A := [a, b].
Let f : N = R4 be a sequence of differentiable functions on A and let S denote the associated
sequence of partial sums of f. Suppose that f and S satisfy

i) S converges to lim S pointwise,

it) fn is differentiable for alln € N, and
iii) the sequence S’ : N — RI*¥ (defined by (S"), := S!,) converges uniformly to a function lim S’
Then im S is differentiable and (lim S)" = lim S’

Proof. This follows from Lemma 24.3, the fact that
S=>Y_fn (24.7)
m=1

by the Algebraic Differentiability Theorem (Theorem 20.38), and the Differentiable Limit Theorem
(Theorem 23.33). [ |
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Theorem 24.8. [Cauchy Criterion for Uniform Convergence of Series] Let A C R and let f :
N — R? be a sequence of functions on A. The series Y oo [ converges uniformly on A if and
only if for every e > 0, there exists an N € N such that

{fmﬂ )+ frngo(x )+fm+3(x)—|—---+fn(m)‘ <€ VYn>m>N andV z € A. (24.9)
Proof. This follows from Theorem 23.19 applied to the partial sums associated to f. |

Theorem 24.10 (Weierstrass M-test). Let A C R and let f : N — R4 be a sequence of functions
on A. Suppose that for each n € N, there exists an M, € R such that

|fal2)] <M, VazeA (24.11)
If 570 | M, converges, then Y | f, converges uniformly on A.

Proof. Notice that for each = € A, the partial sums of the sequence of numbers ev, o f satisfy

N N
NN =Y |falz)] <> M, (24.12)
n=1 n=1

By the Comparison Test, this shows that

S fal@)] <> M, (24.13)

n=1

showing that > 7 | f,.(z) converges (in fact, absolutely) for each x € A. In particular, the sequence
of partial sums is Cauchy. Hence, for any € > 0, there exists an N € N such that

|fm+1 ) 4 fr2(x) + frngs(@) + -+ fulz)| <e Vn>m>NandVze A (24.14)

Thus, by the Cauchy Criterion for Uniform Convergence of Series (Theorem 24.8), "> | f, con-
verges uniformly on A. |

Example 24.15. We can use the Weierstrass M-test to prove that the sequence of partial sums
Gn = an_zlo hpm from Example 22.1 converges uniformly to the function g : [0, 2] —> R defined
in that same example. As was shown, |h,(z)| < 5 for all z € [0,2]. Since >~ 5 = 2, the
Weirstrass M-test guarantees that >~ hy, Converges uniformly on [0, 2]. Unfortunately, nothing
yet can be said about the derivatives because h,, is not differentiable for any n € N.

Exercise 24.16. Let R € (0,00) and set A := [—R, R|. Prove that the functions exp, sin, cos :
A — R defined on x € A by

X n o n 2n+1 o n 2n

exp(x Z I—!, sin(x Z 2n O & cos(z Z (24.17)

n=0 n= n—=

are all continuous and differentiable on A. Furthermore, show that
exp’ = exp, sin’ = cos, & cos’ = —sin. (24.18)
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Example 24.19. A better example of a sequence of functions whose associated partial sums
converge to a function that is continuous but not differentiable is given by the following. Let
g : N — RE be the sequence defined by

~ cos(2" ')

g1 1
g2
g3
94
95 5
| p—
\
6 LA = Z
—=0.5 |
-1 +

— S 2 4
8
S
Se
—6 —4 = 2 4 6
-1 1

with lim .S looking something like
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lim S

though of course this graph depicts only an approximation. Because cos is bounded by 1, the
Weierstrass M-Test applies by setting M,, := 2% Thus, S converges to lim S uniformly and lim S
is continuous on R. As for the differentiability (or lack thereof) of S and lim S, notice that

gn(x) = —sin(2""'z) (24.21)

by the Chain rule and Exercise 24.16. Thus, by the Algebraic Differentiability Theorem,
Si(x) == sin(2" 'z). (24.22)
m=1

There are three conditions that must be satisfied in Theorem 24.6. The one that fails for this
sequence g and S is the third one. Namely, it is not true that S’ converges to a function lim S’
uniformly. This can be seen as follows. First, notice that S/ is continuous for each n € N. If S’
were to converge to lim S’ uniformly, Theorem 24.5 would imply that lim S” (if it is even defined)
is continuous. The first three such functions in the derivative sequence look like
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WLVJM .

while the fifth term already looks incredibly sporadic

/
SB

Furthermore, Theorem 24.6 would require

(lim S)'(x) = lim S’(z) (24.23)

for all x € R, which in particular, implies that lim S’(x) must be defined for all x € R. However,
to see that the function lim S’ is not differentiable at 0, consider the two sequences y,z : N — R

given by sending n € N to
™ ™

Yp 1= ~on & 2y = —. (24.24)
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Both of these sequences satisfy limy = 0 = lim z. Now, consider the associated sequences Y :=
(limS") oy, Z := (limS") o z : N — R given by
N n
N3n Y, = (limS)(y,) = lim Y sin (27" 7r) = "sin (270 V7) (24.25)

N—o0
m=1

and

N—oo

N3nw— Z,:=(limS)(z,) = lim ( Zsm (2m- (D) ) Zsm (2m~ ) . (24.26)

Notice that
Y, >0> 2, VneN (24.27)

and Y is a strictly increasing sequence while Z is a strictly decreasing sequence. Therefore, we
have exhibited two sequences y and z converging to 0 but satisfying

lim ((lim §")oy) > 1> 0= (lim $’)(limy) = (lim ') (limz) = 0 > —1 > lim ((lim S")oz). (24.28)
This violates the necessary condition that the function lim S’ be continuous.

Example 24.29. The present example illustrates that not every differentiable function has a
continuous derivative. We began this discussion in Example 22.8 with the function f : R — R
defined by

- o [0 if 2 =0 0 if 2 =0 2150)
r = g(x) = = Cnon .
z?sin (1) otherwise Yoo % otherwise

By Theorem 24.6, the product rule, and Exercise 24.16,

() = ’ =0 (24.31)
g 2x sin (1) — CoS (%) otherwise '
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3

The function ¢’ is discontinuous at 0. One can see this by considering the two sequences a,b : N — R
assigning n € N to

1 1
o & b=t 24.32
T o @2n+ D (24.32)
since lima = 0 = lim b but
lim ¢'(a,) = —1# 1= lim ¢'(by). (24.33)
n—oo n—oo

Recall our earlier results on the different notions of continuity and differentiability for a function
f :la,b] = R. f differentiable = f Lipschitz = f uniformly continuous = continuous. Today, we
showed that there exist continuous functions that are differentiable nowhere. But what if we took
a uniformly continuous function? Namely, does there exist a uniformly continuous function that
is nowhere differentiable? What if we took a Lipschitz function? It turns out that if f is Lipschitz
continuous, then f is differentiable almost everywhere. Here, the phrase “almost everywhere” has
a precise mathematical meaning in terms of measure theory [7].

Definition 24.34. A subset £ C R has measure zero if for any € > 0, there exists an at most
countable cover {I,, = [an, by] fnescy of E consisting of closed intervals such that

> by —an) < (24.35)
nes
Example 24.36. Any at most countable subset of R has measure zero. In particular, Q has

measure zero. The proof of this follows from the calculations in Example 10.9.

Theorem 24.37 (Rademacher’s Theorem). Let f : [a,b] — R be a Lipschitz continuous. Then
Dy, the set of discontinuities of f, has measure zero.

Proof. Look elsewhere. |

After this lecture, it is recommended the student works through problems 5, 6, and 7 on HW
#6.

101



25 November 29

In Exercise 24.16, we introduced examples of what are known as power series. Unfortunately, I
cannot find a precise enough definition of a power series in our textbook, so I have attempted to
provide you with one below, first introducing some notation, and then providing a definition.

Definition 25.1. Let p : N — R® be the sequence of functions sending n € N U {0} to the
monomial p, : R — R defined by"?

R > 2+ p,(z) = 2" (25.2)

Let p,, also denote the restriction of p, to A for any subset A C R. Let a : NU {0} — R be a
(shifted) sequence of real numbers. The power series associated to the sequence a consists of the

subset A C R defined by
A= {xGR : Zanx”
n=0

together with the function a - p: A — R defined by

< oo} (25.3)

o0
Asz— (a-p)(x) = Z anx". (25.4)
n=0
An immediate question arises from this definition. Given two distinct (shifted) sequences a and
b, is it possible for the associated power series to be the same? Before we answer this question,
let us first analyze some facts about the domain A associated to the power series associated to a
fixed sequence.

Theorem 25.5. Let a : NU {0} — R be a (shifted) sequence and let A be the domain of the
associated power series. Let xo € A. Then

i a,x" (25.6)
n=0

converges absolutely for all x € R satisfying |x| < |xo|. In particular, ( — |zol, |x0]) C A

There are two surprising statements being made here. The first statement says that if zq € A,
then the entire open interval (— ||, |2o|) is also in A. The second statement is that for points z in
this interval (— | o], \xo\), the series not only converges, but it converges absolutely! Although this
theorem is proved in Abbott, we’ll present the proof here because I find this result quite surprising.

Proof. First note that if 2o = 0, the claim is vacuously true since the interval ( — |zol, |zo|) is
empty. Hence, consider the case xy # 0. The sequence NU {0} > n — a,zy is bounded since the
series converges at zg. Let M > 0 denote such a bound, i.e. |a,zf| < M for all n € NU {0}. Let
z € (= |zo|, |zo|). Then,

n

<M

n
T

Zo

T

(25.7)

|ane"| = lanzg]|

53] contemplated using the notation '3/ instead of p, as an offered suggestion by Ralf Schiffler. I might do
this in the future, but for now, let’s use p,.
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Hence,

T

o0 o0 T n o0 T n I_O
a,r"| < M|—| =M — =M < 00. 25.8
2t s M =M lal =M =
— — — o
Therefore, o a,z" converges absolutely for all z € ( — |z, |zo|). [ |

Definition 25.9. Let a : NU {0} — R be a (shifted) sequence and let A denote the domain of
the associated power series a - p. The radius of convergence of the power series associated to a is

either a real number R € R satisfying the two conditions

(a) (a-p)(z) converges absolutely for all x € (—R, R) and

(b) for all € > 0, the interval (—R — €, R + €) is not contained in A
or is infinite.

Hence, the previous theorem says that if a nonzero number R is in the domain of a power
series, then that domain automatically contains an interval of the form (—R, R), where R is the
radius of convergence of that power series.

Exercise 25.10. Let a,b : N — R be two sequences with associated domains with a common
nonzero radius of convergence R > 0. Then, a = b if and only if the associated power series are
equal on (—R, R), i.e. if and only if

o0 o0

Y aa"=> ba"  Vae(-RR). (25.11)
n=0

n=0

There are several results that describe whether the domain extends beyond the radius of con-
vergence if the radius is finite and what type of convergence holds on these domains. However,
the only possibilities of such an extension are to include the limit points of these intervals.

Theorem 25.12. Let a : NU {0} — R be a sequence and let A C R be the domain of the power
series associated to a. Let xog € A be a point such that (a - p)(xg) converges absolutely. Then the
partial sums of a-p converges to a - p uniformly on [— |0l |x0|]. In particular, a - p is continuous

on [ = |xo, |zol].

Proof. Let z € [ — |zol, |zo|] and set M, := |a,z}| for each n € NU {0}. Then

la ™| < M, VneNU{0} (25.13)

and .
> M, < oo (25.14)

n=0

by the assumption that > 7  ja,zj converges absolutely. Hence, by the Weierstrass M-test, the
partial sums of a - p converges uniformly to the function a - p on [ — |zo], |x0|]. Continuity of a - p
on [ — |zol, |x0” follows from the Term-by-term Continuity Theorem because the partial sums of
a - p converge uniformly to a - p on [ — ||, |x0|] and the partial sums are continuous since they
are all polynomials. |
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Referring to Theorem 25.12, one can remove the condition of absolute convergence of a power
series at some point but the domain on which uniform convergence holds might not extend in both
directions.

Theorem 25.15 (Abel’s Theorem). Let A C R and let a : NU{0} — R and let xy € A be positive
and such that the series (a-p)(xg) converges (not necessarily absolutely). Then the partial sums of
a - p converges uniformly to a -p on [0, :r;o]. In particular, a - p is continuous on [O, xo}. Similarly,
if o is negative, and (a - p)(xg) converges, then the partial sums of a - p converges uniformly to
a-pon [xo,()] and a - p is continuous on [xo,()}.

Proof. See Abbott. |

Example 25.16. Consider the (shifted) sequence

0 ifn=0

NU{0} 3n—a, =1 (25.17)
—  otherwise

The domain of the associated power series is [—1, 1). Notice that 1 is not contained in this domain
(=Dt

even though —1 is. This is because the series Y~ , does not converge absolutely.

Theorem 25.18. Let a : NU {0} — R be a sequence and let A be the domain of the associated
power series. For any compact set K C A, the partial sums of a - p converge uniformly to a - p on
K. In particular, a - p is continuous on all compact subsets of A.

Proof. See Abbott. |

The above statements are regarding the nature of continuity of power series. Below is a result
on differentiability of power series.

Theorem 25.19. Let a : NU {0} — R be a sequence and let A be the domain of the associated
power series. Then a - p is differentiable on any open interval (—R, R) C A and the derivative is

given by
(a-p)(x) = Z na,z" ! Vze(—R,R). (25.20)
n=1
Furthermore, a - p is infinitely differentiable on (—R, R) and
(n) - m' m—n
(a-p)™(z) = mzn L Ve (—RR), (25.21)

where (a - p)™ denotes the n-th derivative of a - p.
Proof. See Abbott. |

Power series have a surprising relation among the coefficients defining them.

Theorem 25.22 (Taylor’s formula). Let a : NU {0} — R be a sequence with associated power
series a - p defined on some interval (possibly infinite or semi-infinite) A C R containing 0. Then

(a-p)™(0)

- (25.23)

Ap =

104



Proof. By Theorem 25.19,

(a-p)™0) 1 [ m!
pn! "l (Z (m—n— 1)!ampm_”> (0)

1 & m!
- Emzn (m—mn— 1)'ampm_"(0)
s ! (25.24)
:Emzz;(m—n—l)'a Omm
1 n!
:ﬁ(n—n—l)!an
= a,,

where ¢ is the Kronecker-delta function

1 ifm=n
(NU{0}) x (NU{0}) > (m,n) — dpp := {0 thorwise (25.25)

This theorem motivates the following definition.

Definition 25.26. Let A C R be a subset (containing some interval centered at 0) and let
f A — R be a function that is infinitely differentiable. The Taylor series of f centered at 0 is
the power series associated to the sequence, called Taylor coefficients,

f™(0)

n!

NU{0} 3 n (25.27)

where f(™ denotes the n-th derivative of f (f(© := f).

The previous theorem begs the question whether or not arbitrary infinitely differentiable func-
tions f : A — R can be represented by their Taylor series. If true, this would be somewhat
surprising. The reason is because to specify a function requires a specification of |A| many num-
bers (here |A] is the cardinality of A). However, as we've learned, continuous functions have some
constraints and so it might seem that less data captures their information. Infinitely differentiable
functions are even more restricted and so one might ask if their information is completely cap-
tured by their Taylor coefficients. The answer to this suspicion is “no” as the following example
illustrates.

Example 25.28. Consider the function

0 ite=0

_ 2 .
e /7 otherwise

Rz f(x):= { (25.29)

Then the Taylor coefficients of f at 0 all vanish, f™(0) = 0 for all n € N U {0}. However, the
function f is not identically zero on any open interval around 0 showing that the Taylor series
does not converge to f in any such neighborhood.
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Nevertheless, the following theorem provides an error bound on how well a sufficiently differ-
entiable function is approximated by its associated Taylor series.

Theorem 25.30 (Lagrange’s Remainder Theorem). Let R > 0 and let f : (—R,R) — R be a
function that is differentiable N 4+ 1 times with N € N. Set

) (0
{0,1,...,N}5nr—>an::fn'(), (25.31)
define the function Sy : (=R, R) — R by
N
(—=R,R) >z +— Sy(z) := Zanx", (25.32)
n=0
and the function Ex : (—R,R) — R by

Then, for any x € (—R, R) \ {0}, there exists a ¢ € (—|x|,|z|) such that

(N+1) (.
Ey(z) = J(CN—H()!)xN“ (25.34)

for that particular value of x.
Proof. See Abbott. n

We will not prove this theorem, and instead we will aim to understand what it is saying. Given
any differentiable function f, the theorem says that the value of f at some point = € (=R, R)\ {0}
can be expressed in terms of two quantities. The first is a polynomial evaluated at x all of whose
data comes from the (successive) derivatives of f at a single point, namely 0. This is “infinitesimal
data.” The second quantity is essentially what is left over. However, it, too, can be expressed as
a polynomial of the next degree. This is no longer infinitesimal since the point ¢ could in general
be larger than 0. The importance of the term E is not so much that it is the difference, but the
actual expression for it in terms of ¢ € (—|xz|, |x|) illustrates that if the higher order derivatives of
f are not unreasonably large, then the error term is very small.

Example 25.35. Consider the function f: (—1,00) — R given by
(—1,00) 3 2 — f(x) :=In(z +1). (25.36)

The derivative of the logarithm function is obtained by the inverse function theorem from the
previous problem set. The first few approximations using only the polynomial terms associated to
the derivatives of f at 0 is given on the graph on the left while the difference between these Taylor
approximations from the partial sums .S,, and the actual function f is drawn on the graph on the
right.
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As the graph on the right indicates, the error term approaches zero as n increases. We can
try to provide a bound for this error term using Lagrange’s Remainder Theorem. Note that for

N e NuU {0}, 1

WD () = ~——L 25.37
FO) = (25:37)
for all x € (—1,1). Hence, fix x € (=1, 1). Then, for all ¢ € (—|z|, |z]),
N!
(N+1) _
|f ()] = o (25.38)
so that N N
f(N+1)(C) N+1 < N' |x’ i 1 ‘x’ i (25 39)
S—— 1 =— | — : .
(N +1)! T (N+ D! \e+1 N+1\c+1
If ¢ were arbitrary, this could tend to infinity, so a blind estimate will not help (take for example
x = —0.9 and ¢ = —0.8). Therefore, let us instead restrict attention to = € (—%, %) . In this case,
|z
— <1 25.40
c+1 ( )
so that
lim |Ex(z)| = 0. (25.41)
N—o0

Lagrange’s Remainder Theorem is a useful pointwise result about the value of a function at
a point x. However, the point ¢ depends on x so that the theorem does not say much about
the relationship between the entire function f and polynomials. Furthermore, as we saw in the
previous example, it has its limitations. The Weierstrass approximation theorem provides a much
stronger relationship.

Theorem 25.42 (Weierstrass Approximation Theorem). Let a,b € R with a < b and let f :
[a,b] = R be continuous. For any € > 0, there exists a polynomial p on |a,b] satisfying

|f(z) —p(z)] <€ YV x € [a,b]. (25.43)
In other words, there exists a sequence of polynomials on [a,b] that converges uniformly to f.

After this lecture, it is recommended the student works through problems 1 and 2 on HW #7.
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26 December 1

Read Abbott for fantastic motivation and history. One important message I would like to em-
phasize is the following. Historically, according to Abbott, the integral was thought of in terms
of anti-derivatives. However, it was also noticed that such anti-derivatives are closely related to
areas and volumes. Conceptually, a breakthrough was made when an alternative definition of the
integral was sought out using the perspective of calculating areas and volumes. This perspective
led to the notion of the Riemann integral and to several other kinds of integrals as well such as
the Riemann-Stieltjes integral and the Lebesgue integral in increasing order of generality.®® The
Lebesgue integral is particularly important as it focused on a deeper question—what is the mean-
ing of measure? How does one measure area, volume, and so on? What is the “length” of the
rational numbers? As we saw earlier, we found that the rationals have measure zero. We also saw
that the Cantor set has measure zero as well. We will not pursue the direction of measure here
and will instead be content with focusing on specific kinds of measurable subsets of R, namely,
intervals. This perspective has its drawbacks in that Lebesgue integrable functions are more robust
and have a characterization in terms of linear functionals on the space of all functions. However,
it is visually simpler to understand and a good first step in the direction towards more general
integrals. The following consists of several important definitions used for integrating functions.

Definition 26.1. Let a,b € R with a < b. A finite partition P of [a, b] consists of a a finite distinct
ordered set of points xg, x1,...,2,_1,Z,, where n € N, such that

a=20 <1 <+ < Xp_1 < Ty =>0. (26.2)

Let f :[a,b] = R be a bounded function. The lower sum of f with respect to P is

n

LIf; Pl =) () — x5_1) _inf ]{f@)}. (26.3)

TE|Tp—1,T
= [tr—1,Tk

The upper sum of f with respect to P is

n

Ulf; Pl =) (zx—x1) sup {f(2)}. (26.4)
k=1 T€[Tp—1,7]
Lower sum Upper sum
/ /
a T T T3 Ty b a I ) T3 Ty b

54You might think that it is difficult to do research in mathematics since there is so much to learn. However, if
you ask the right question and view something that seems to be pretty well-understood from a different perspective
that has never been done before, you could discover an entire new field of mathematics. Therefore, ask questions
until you are completely satisfied. And do not be afraid to question traditional material, especially if you can back
up your confusion with sound logic.
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Note that the bounded condition on f is crucial. Indeed, there exist unbounded functions on
closed intervals (remember, the functions we are considering need not be continuous).

Example 26.5. Let f : [0,1] — R be the function defined by

% ifx:ﬁforsomenEN
0, 1] 32— f(z) =4 -2 ifz= ﬁ for some n € N (26.6)
0 otherwise

Then f is unbounded from above and below. In fact, since every partition of [0, 1] must have some
interval containing 0, all upper and lower sums for all partitions are undefined.

Definition 26.7. Let P and @) be partitions of an interval [a,b]. @ is a refinement of P, written
P < Q, if Q contains all the points of P. Let P° denote the set of all partitions of [a, b].

Definition 26.8. Let P,Q € P°. A common refinement of P and @ is a partition PV Q € PP
satisfying

i) P<PVQand Q< PVQ and
ii) for any other partition R € P? satisfying P < R and Q < R, then PV Q < R.

It can be shown that common refinements exist and are unique. In other words, the common
refinement of P and () is the smallest partition that contains both P and ().

Lemma 26.9. Let a,b € R with a < b and let f : [a,b] — R be a bounded function.

(a) Refinement < is a partial order on P°. This means

i) if P,Q € P° with P < Q and Q < P, then P = Q, and
i) if P,Q,R € P’ with P < Q and Q < R, then P < R.

(b) If P.Q € P; and P < Q, then L[f; P] < L[f; Q] and U[f; P] 2 U[f;Q].

(c) If P,Q € P, then L[f; P] < U[f;Q].

(d) Let
Upi=(b—a) max (@)} &  Ly=(b-a) min {f(@)}. (26.10)
Then
Ly <L[f;P)<U[f;P)<U; VYPeP (26.11)
Proof.

(a) This follows immediately from the definition.
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(b) Let P = (a = xo,21,...,%y_1,2, = b) be a partition of [a,b] and let @) be a refinement of P
obtained by adding one extra point y, between, say zj_; and xj for some k, i.e. Q@ = (a =

Loy L1y-v -y Lh—15Ys Ly -+ 3 Tn—1,Tn = b) Then7
(zx —y) lnf {f()} +(y—xp—1) inf {f(2)}
z€[y,zk) TE€[TK—1,Y]

> (ze—y) _inf  {f@)}+@—ma) inf {f@)} (26.12)

TE[TR—1,Tk] TE[TR—1,Tk]

= (v —xp_q) inf {f }

TE[TR_1,Tk)

Hence,

n

Lif;Q] = Z(xifl — ;) e[inf {f(x)}

- x€[w; 1,24
=1
ik

+ (z, —y) inf {f }+(y—xk1 mf {f }

€Y, xK] Tr_1,Y]

> Z T —x;) inf {f } + (z, — x5—1) inf {f(:c)} (26.13)

TE€[Ti—1,%4] TE[Tp—1,Tk]

z;ék

—Zm,l ; 1nf {f }

ZL[f;P]-

Since every refinement of P is obtained by such “single step” refinements, this proves that
Lif; P] < L[f; Q] whenever P < Q.

f N

I
a T ) T3 Ty b aly Ty Tz T4 Tz TgI7 g b

A similar proof shows that U[f; P] > U[f; Q).

(¢) Let PV @ be the common refinement of P and ). Then, by definition of the upper and lower
sums along with part (b) of this Lemma,

LIf;P] < LIf; PV QI < USSPV QI < ULSQ)L (26.14)

(d) Let I be the partition I = {a,b} consisting of only the endpoints (the letter I is used for the
word “initial”). Notice that I < P for any partition P € P?. Furthermore, Uy = U[f; ] and
L; = L[f;I]. Thus, by part (b), the conclusion follows.
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With this Lemma, the following definition can be made.

Definition 26.15. Let a,b € R with a < b and let f : [a,0] — R be a bounded function. The
upper and lower integrals of f on [a,b] are

/ o= g {U1f:P) / f = sup {LLf; PI}, (26.16)

Pepg

respectively. A function f as above is said to be Riemann integrable iff

7Zf :[;f (26.17)

and its Riemann integral over [a,b] is given by this common value and is denoted by fab f or

Note that the upper integral and lower integrals always exist for bounded functions on closed

intervals by the previous Lemma (L is a lower bound for all U[f; P] and Uy is an upper bound
for all L[f; P]).

Example 26.18. Consider the Dirichlet function f from Example 16.13 restricted to the domain
—1
[—1,1]. Then [ f=1and Ik 1_1 f = 0 since every interval of nonzero length contains (infinitely

many) rational and irrational numbers. Therefore, the Dirichlet function is not integrable.
We now list some necessary and /or sufficient conditions for functions to be Riemann integrable.

Theorem 26.19 (Integrability Criterion). Let f : [a,b] — R be a bounded function. Then the
following are equivalent.

(a) f is Riemann integrable.

(b) For every € > 0, there exists a partition P. of |a,b] such that

Ulf; P] = LIf; P] <e. (26.20)

(c) There exists a sequence of partitions (Py, Ps, P3,...) of |a,b] satisfying

lim (U[f; Pl - Lif; Pn]> ~0. (26.21)
n—oo
Proof. See Abbott. |
Theorem 26.22. Let f : [a,b] — R be a continuous function. Then f is Riemann integrable on
[a, b].
Proof. See Abbott. |
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We will discuss more robust necessary and sufficient conditions for integrability in the next
lecture. For homework, you will prove the following fact.

Exercise 26.23. Show that if f : [a,b] — R is monotone, then f is Riemann integrable on [a, b].

Lemma 26.24. Let a,b € R with a < b and let f,g : [a,b] — R be two Riemann integrable
functions. Let P be a partition of |a,b]. Then

ULf +g; P < ULf: P + Ulg; P (26.25)

and
Lif+g;P] > L[f; P]+ L|g; P]. (26.26)

Proof. Let the partition P be given by the ordered set P = (a = o, 1, %2, ...,Tp_1,2, = b). For
any k € {1,...,n} and for any y € [xy_1, x|,

fly) < S ]{f(x)} & gly) < S }{g(fc)} (26.27)
Hence,
fy) +gly) < i }{f(x)}Jr S ]{g(w)}, (26.28)

which shows that Sup,e(y, {f(2)} +SUD e (o 4] {g(z)} is an upper bound for the set { f(y)+
gy) : y € [rp_1, xk]} But because the supremum of this set is the least upper bound, it follows
that

s {f@) +g@}< s {f@}+ s {g@)}. (26.29)

TE[TR_1,Tk] x€[x)_1,78] xr€lx_1,%1]
Hence,

n

Ulf +9:Pl=> (zi—ze1)  sup  {f(z)+g(2)}

TE[Tp—1,Tk]

<Som( g {f@)+ sw {o)})

TE[TR—_1,Tk] TE[TR_1,Tk (2630)
= Z(:ck — 1) sup {f(z)}+ Z(mk —z,1) sup {g(2)}
k=1 z€[rg_1,7k] k=1 TE[Tp_1,Tk]
= Ulf; P] + Ulg; PI.
A similar calculation shows that L[f + g; P] > L[f; P] + L|g; P]. [

Theorem 26.31. Let a,b,c € R with a < b < ¢ and let f : [a,¢] — R. Then f is Riemann
integrable on [a,c| if and only if f is Riemann integrable on [a,b] and [b,c|. In this case,

/:f:/abf+/bcf. (26.32)

Proof. See Abbott. |
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Theorem 26.33. Let a,b € R with a < b, let f,g : [a,b] — R be Riemann integrable, and let

k € R. Then the following facts, hold.

(a) f+ g is Riemann integrable on |a,b] and

/ab<f+g)=/abf+/abg-

(b) kf is Riemann integrable on [a,b] and

/ab(kf) :k/abf-

(¢) Let m,M € R satisfy m < f(x) < M for all x € [a,b]. Then

m(b—a)S/ f<M(b—a).

(d) If f(z) < g(x) for all x € [a,b], then

(e) fg is Riemann integrable on |a,b].

(f) |f| is Riemann integrable on [a,b] and

/abf s/ablfl-

Proof.

(26.34)

(26.35)

(26.36)

(26.37)

(26.38)

(a) Fix e > 0. By the Integrability Criterion, there exist partitions Py and P, of |a, b] such that

Ulfi Pl = LIfi Pl <5 &  Ulgi PRyl - Llg: P

(26.39)

Set P, := PV P, to be the common refinement of Py and P,. Then, by Lemma 26.9 part (b),

U[f;PE]_L[f;PE] <

DN ™

Hence, by Lemma 26.24,

Ulf +g; P — L[f + g9; P] < U[f; P] + Ulg; P.] — L|f; P.] — L[g; P.]
< €

+ by (26.40)

2

[ NOR e}
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N
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(26.41)



By the Integrability Criterion, this shows that f + g is Riemann integrable. The fact that
/ ; (f+9) = f; f+ ff g follows from the following list of equalities and inequalities

[ [ Lo+]
/ \

inf {U[f; P} + inf {Ulg; P]} sup {L[f; P]} + sup {L[g; P]}
PePb PeP? PeP? PePy
Y IN (26.42)
inf {U[f +g; P} sup {L[f + g; P]}
PEP PeP?

\ /

—b

/a(f+g):/b(f+g)

—aQ

where the inequalities follow from Lemma 26.24 and the equalities between the upper and
lower integrals follow because f, g, and f + g are Riemann integrable.

(b) See Abbott.

(c) See Abbott.
(

)
)
d) See Abbott.
(e)
(f) See Abbott.

Remark 26.43. For homework, you will also show that for any non-negative Riemann integrable
function f : [a,b] — R (f is non-negative iff f(z) > 0 for all x € [a,b]), the integral satisfies
fab f > 0. Let I’ denote the set of integrable functions on [a,b]. Putting the previous theorem
and this fact together shows that f; can be viewed as a linear function ff : I’ — R that sends
non-negative elements (non-negative functions) to non-negative numbers. Similarly, given any
Riemann integrable function g : [a,b] — R, the function

b
[39fr—>/ fg (26.44)

is also linear and non-negative whenever ¢ is non-negative (it is well-defined by the previous
Theorem). One could then ask, are all linear and non-negative functions I> — R of the above
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form? Namely, given an arbitrary linear and non-negative function ¢ : I° — R, does there exist a
non-negative function g € I” such that

b
)= [ 19 Vel (26.45)

If you've taken linear algebra, this should seem like a familiar question. First note that the above
theorem says, in particular, that I° is a real vector space (in fact, an algebra, since the product
of two Riemann integrable functions is Riemann integrable). In the context of linear algebra,
the question is phrased as follows. Let V' be a vector space with an inner product ( -, - ) and
¢ : V — R a linear function. Does there exist a vector v € V such that p(w) = (v,w) for all
w € V? T won’t answer the above question for I® and leave you to contemplate it—one often finds
an answer in a course on measure theory or functional analysis.

After this lecture, it is recommended the student works through problem 3 on HW #7.
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27 December 6

Theorem 27.1. Let a,b € R with a < b and let f : N — Rl be a sequence of Riemann integrable
functions that converge uniformly to lim f. Then lim f is Riemann integrable and

b b
lim / fn :/ lim f. (27.2)
n—oo a a

Proof. See Abbott. |

We will give a counter-example when the convergence in Theorem 27.1 is not uniform.

Example 27.3. Let A := QN [0,1]. Since A is countable, there exists a bijection ¢ : N — A.
Define the sequence of functions f : N — R by

1 if x = p(m) for some m € {1,2,...,n}

N x [0,1] 3 (n,2) — fu(z) = { (27.4)

0 otherwise

Then, each f, is Riemann integrable and its integral is (exercise!)

1
/ @:0. (27.5)
0

However, lim f is the Dirichlet function

mmﬁ@g:{l ifoed (27.6)

0 otherwise

which we have shown is not integrable. Therefore,

lim b fn # /blim f. (27.7)

—
n—oo a

In fact, the right-hand-side is not even defined. Abbott gives an example of a sequence of integrable
functions where the right-hand-side is defined but the two limits disagree.

Theorem 27.8 (Fundamental Theorem of Calculus). Let a,b € R and let f : [a,b] — R be
Riemann integrable.

(a) Let F :[a,b] — R be a function satisfying F' = f on |a,b]. Then
b
(/f:F@—Fm) (27.9)

(b) Define G : [a,b] — R by
[a,b] > z+— G(z) := /95 f. (27.10)
Then G is continuous on |a,b|. Furthermore, if, in addi%on, f is continuous at ¢ € [a,b], then
G is differentiable at ¢ and G'(c) = f(c).
Proof. See Abbott. |

Theorem 27.11 (Lebesgue’s Theorem). Let f : [a,b] — R be a bounded function. Then f is
Riemann integrable if and only if Dy, the set of discontinuities of f, has measure zero.

Proof. See Abbott. |
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28 December 8

Today we will review for the final.
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