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Math 104: Introduction to Analysis Summer 2019

Lecture 1: Introduction to logic and sets
Lecturer: Michael Christianson 24 June Aditya Sengupta

Note: BTEX format adapted from template for lecture notes from CS 267, Applications of Parallel Comput-
ing, UC Berkeley EECS department.

1.1 Course Overview

This class has three major sections:

1. The basics: logic, proofs, sets, numbers (Ross ch. 1)
2. Sequences and series (Ross ch. 2-4)

3. Derivatives and integrals (Ross ch. 5-6)

Along the way, we’ll cover metric spaces (generalizations of R), power series, and Riemann-Stieltjes integrals.

Some of the goals of this class include getting comfortable with proofs, with sequences and series, finding
out when it’s okay to swap limits, derivatives, and integrals, and overall developing a rigorous foundation
for calculus.

To do well on this class, consistent exposure to proofs is key. Use the homework to test understanding and
get practice; do problems and study examples, and ask questions frequently.

1.2 Logic

1.2.1 Statements

Definition 1.1. A statement is a sentence which is either true or false.

Example 1.1. p: “Every integer is even or odd” (true)

Example 1.2. q: “There are finitely many prime numbers” (false)
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Example 1.3. p(x): “x > 5 (depends on the variable: p(3) is false, p(6) is true)

1.2.2 Logical operators

Statements can be combined using logical operators. Let p and ¢ be statements. p And ¢ (alternatively
written as p A q) is true if p is true and ¢ is true; p Or ¢ (p V q) is true if p is true or if ¢ is true; Not p (—p)
is true if p is false; p = ¢ means p implies ¢, i.e. if p is true then ¢ is true; p <= ¢ means p is true if
and only if ¢ is true.

Remark 1.1. 1. p = q is a statement, and is equivalent to q V (—p).
2. If p is false, p = q is vacuously true.

3. p < q is the same asp — q and ¢ = p.

1.2.3 Quantifiers

Logic is also described in terms of quantifiers: the symbols V, meaning “for all”, and d, meaning “there
exists”, represent quantifiers. This set of logical operators, quantifiers, and the idea of a statement in total
represent “first-order logic”.

Example 1.4. Va, p(z) : “Every integer is greater than 5”. This is a false statement.

Example 1.5. 3z, p(x) : “There exists an integer greater than 5”. This is a true statement.
O

1.2.4 Negation

Negation of statements described in terms of logical operators or quantifiers follow these rules:

So negation turns ‘or’ into ‘and’, and vice versa.
b
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-(p = q) = pA(q)

—(p = q) = AN (9) V(@A (-p)
—(Vz,p(z)) <= 3z, (-p(z))
=(Jz,p(z)) < VYa,(-p(z))

Negation also turns ‘for all’ into ‘there exists’, and vice versa.

1.3 Sets

Definition 1.2. A set is a collection of objects (numbers, functions, other sets, metric spaces, etc.) satisfying
certain set axioms.

Remark 1.2. We’'ll use ZFC, i.e. Zermelo-Fraenkel set theory with the axiom of choice, but the exract
statement of the ZF axioms will be skipped due to lack of relevance.

(ref: Corteel, Math 113, Spring 2019) A set can be given explicitly, e.g. S = {2,5, 7}, or it can be given by a
characteristic property, e.g. T is the set of perfect squares, which is represented as T = {n? | n is an integer}.
Some common sets are

N  set of all nonnegative integers {0,1,2,...}

Z set of all integers {..,—-2,-1,0,1,2,...} = {£n | n € N}
Q set of rational numbers {$1a,beZ,b+#0}

R set of real numbers difficult (part of the point of this class!)
C set of complex numbers {a+bi|abeR}

Note that Ross does not include 0 in N but most other conventions do.

The superscript + on any set, e.g. ZT, refers to the set of positive elements of the regular set (such as the
positive integers), and the superscript * means nonnegative. ZT is equivalent to what Ross calls N.

Some more general notation includes

xes x is an element of S

x ¢S x is not an element of S

@ ={} the empty set (the set with no elements)
ACB A is a subset of B

ACB A is a proper subset of B

If A is a subset of B, that means every element of A is in B: Va € A,x € B. If A is a proper subset of B,
then A C B and A # B.

Two subsets are equal if and only if they are subsets of each other: S =T < SCTAT CS <= Vse€
S,seTAVteT, te§.
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Want to Show Approach

p = q Assume p holds then prove g is true

p <= q Prove p implies ¢ then prove ¢ implies p

Vo € S, p(x) Let € S be any element and use it to show p(z)
-V € S, p(x) Give a counterexample (find x € S s.t. —p(x))

Table 1.1: Basic Proof Approaches

Example 1.6. ZCR, RZZ.

Example 1.7. VS, C Sand S CS.
O

Definition 1.3. Let S and T be sets. The union of S andT is SUT = {z |z € S or x € T'}; the intersection
of S andT is ST ={z |z €S and x € T}; and the difference of S and T is S\T ={x € S|z ¢ T}.

(to do when I'm better at tikz: a Venn diagram with S on the left, T on the right, the intersection is ST,
and the two sides are S — T and T — S. The whole thing is S|UT".)

Definition 1.4. If SNT = @, we say S and T are disjoint.

1.3.1 Proofs

The aim of a proof is to show that a statement is true or false. Generally, this is done by starting with some
basic knowledge, and applying definitions, theorems, axioms and so on until it is proved.

Definition 1.5. We say x € Z is even if Iy s.t. © =2y and odd if Iy s.t. x =2y + 1.

Theorem 1.3. (sort of a trivial one just to demonstrate a proof) Vo € Z,x even = 12 even.

Proof. Let x € Z be even, i.e. Jy s.t. x = 2y. So

a? = (2y)® = 4y° = 2(2y°)

2

Therefore x is even by definition. O

1.3.2 Other Proof Techniques

1. Proof by cases
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Example 1.8. Vo € Z,xz(x + 1) is even.

Proof. Let x € Z. x is either even or odd.

Case. z is even. So Jy s.t. © =2y, sox(x+1) =2y2y+1) = 2(y(2y + 1)), so z(x + 1) is even by
definition.

Case. z is odd. So Jy s.t. x =2y+1, sox(xz+1) = 2y+1)2y+2) =2(2y+1)(y+1)), soxz(x+1)
is even by definition.

O

(To do: fix the ‘case’ numbering.)

Remark 1.4. Sometimes we can proceed with an assumption ‘without loss of generality’ (WLOG) and
avoid proving something by cases to get an assumption. We say ‘we may assume...” (w.m.a.) for these

cases)
Example 1.9. Let m,n € Z. By swapping m and n if necessary, w.m.a. m < n.
O
2. Proof by contradiction: assume —p and get a contradiction.
Example 1.10. V2 is irrational, i.e. V2eR \ Q.
O

Proof. To get a contradiction, assume /2 € Q. Therefore Ja,b € Z such that v2 = %- By cancelling
common factors, w.m.a. ged(a,b) = 1. Therefore

2
a . .
2= sz — 2b2 = a2 - CL2 1S even —— a 1S even

Therefore by definition, 3¢ s.t. a = 2¢, so 2b® = a® = (2¢)? = 4c?, so b*> = 2¢2. Therefore b? is even,

implying that b is even. So gcd(a,b) > 2 which is a contradiction. Therefore v/2 € R\ Q. O

3. Uniqueness proof

To prove 3!z, p(x), i.e. there exists a unique x with some property, we proceed by first showing 3z, p(z),
then letting z,y such that p(z) = p(y) and showing that this implies z = y.
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Example 1.11. Va € Z, if x is even, Jly such that z = 2y.

Proof. y exists by the definition of evenness. If y, z are s.t. * = 2y,x = 2z, then 2y =z = 2z —
Y=z O

1.3.3 Proof terminology

Please don’t use these words

e “Clearly”
e “Obviously”

e “Trivial” (most of the time)

7

Instead, use “it follows immediately from...” | “one can check directly from...” and cite a specific theorem or

definition.

1.3.4 Numbers

Our first goal is to define N, Z, Q, R rigorously. To start with, we can obtain N = {0,1,2,...} by starting
with 0 and adding 1 to it over and over. We have to understand what 0 and addition are for this.

Definition 1.6. N is a set equipped with an element 0 and a function s called the successor function, such
that the following azioms (the Peano azioms) hold:

P1. 0eN

P2. s : N — N is a function, i.e. Vn € N,s(n) € N (we would say s(n) = n+ 1 but we don’t know what
addition is yet)

P3. ¥Ym,n € N,;s(m) = s(n) = m=mn (s is “injective”.)

Pj. Bn € N such that s(n) = 0.

P5. VS CN,if0e S andVn € S,s(n) € S, then S =N.
The last of the Peano axioms gives us the principle of mathematical induction: if pg,p1,... are statements,
and pg is true, and p, = ppyt1, then p, is true VN. Mathematical induction does not have to start at

zero; in general if p,, is true where m is the lowest number such that we know upfront that p,, is true, then
Pr is true Vn € N,n > m.



Example 1.12. Vay,...,a, €R,a7...a, =0 = i s.t. q; =0.

Proof. The proof is by induction on n.
Base case: If n = 1, we assume a; = 0 so the statement is trivial.

Inductive step: Suppose true for n. Let aq,...,a,+1 € R such that ajas...a,41 =0.

(a1az...ap)(an+1) =0

We know that if the product of two numbers is zero, one of them is zero. Therefore either ajas...a, = 0,
or ant1 = 0. If apy1 = 0 the statement is true; if ajas...a, = 0 then we know 31 < i < n s.t. a; =0 by
the inductive hypothesis. Therefore the statement is true, and the proof is complete.

O

11
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Math 104: Introduction to Analysis Summer 2019
Lecture 2: Defining N, Z, Q; Ordered Fields
Lecturer: Michael Christianson 25 June Aditya Sengupta

2.1 The Well-Ordering Principle

Definition 2.1. The Well-Ordering Principle states that any S C N, S # & contains a minimum element,
i.e. dsg € S,r > soVr € S.

Note that this is not true of R. For example, (a,b) = {r € R | a < r < b} does not have a minimum element.
Theorem 2.1. The Well-Ordering Principle is equivalent to the proposition P5 (mathematical induction.)

The direction WOP to P5 is proved in Ross, or in Hutchings’ notes. (come back and add this just for
completeness). Here we will show that P5 implies the WOP.

Proof. We proceed by contraposition. Let S C N have no minimum element. By induction, we want to show
that S = @; that is, Vn € N,#m < n,m € S by induction on n.

Base case: If n = 0,Pm < n by P4.

Inductive step: Suppose Am < n,m € S. If 3Im < n+1,m € S, then m = n, so n € S is a minimal
element. This is a contradiction because we assumed S not to have a minimal element. Therefore no such m
exists, which implies that S = @. Therefore, based on mathematical induction (P5) we have shown that the
well-ordering principle holds, i.e. that the only subset of N without a minimal element is the empty set. [

2.2 Defining Operations

The usual notation for N is 1 = 5(0),2 = s(s(0)) and so on. To define addition and multiplication, we can
proceed inductively (recursively) based on the rules n+0 = n and n+s(m) = s(m+n),Vm,n € N. This allows
us to build up addition in general: n+1=n+s(0) =s(n+0) =s(n); n+2=n+s(1) = s(n+1) = s(s(n)),
and so on.

Similarly, we can build up multiplication based on the rules n-0 =0 and n - s(m) = n - m + n. This gives
usn-1=n-5(00=n-0+n=0+n=n;n-2=n-s(1) =n-1+n=n+n, and so on.

We can also define subtraction in this way: Vn,m s.t. n > m, i.e. n = s(s(...s(m))), then we define n —m
to be the unique element of N such that (n —m)+m = n. We can prove by induction on m that there exists
a unique element n — m such that this is true.

23 %

We can define Z based on N. As a set,
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Z={0} J{n,—n|neNn>0}={0,1,-1,2,-2,...}

We can define addition in Z for all m,n € N by the following rules:

n+m= same as in N

vrem= (T

(=n) + (=m) = —(n+m)

and multiplication by the following rules:

m-n = same as in N
m-(-n)=  —(m-n)

(-m)-n  —(m-n)
(—m) - (—n m-n

2.4 Q

It is more difficult to define Q than Z. A natural-seeming but incorrect definition would be to just make
pairs of elements (we haven’t defined division yet so this is strange, but that’s not why it’s incorrect):

Q # {% | ab e Z,b # 0}. This is not correct because elements of Q can be the same with different

representations but this definition counts them as different elements, e.g. % = 2. To resolve this we

2 1
introduce an equivalence relation.

Define the equivalence relation (a,b) ~ (¢,d) <= a-d ="0-c. Then this gives us the equivalence classes

[(a,0)] = {(c,d) | (a,b) ~ (¢, d),¢,d € Z,d # 0}

For example, the equivalence class corresponding to one half is [(1,2)] = {(n,2n) | n € N,n > 1}. Most
other equivalence classes are defined similarly to this, e.g. (an,bn) where a/b is the ratio in its most reduced
form. The exception is [(0,1)] = {(0,n) | n € N,n # 0}.

So the correct definition of the rational numbers is as follows:

Q:{[(a,b)”a,beZ,b#O}

We can define addition and multiplication:

[(a, )] + (¢, d)] = [(ad + be, bd)]
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[(a,0)] - [(¢; d)] = [(ac, bd)]

A potential problem with this is the representative you choose for a fraction: for example, we would want
[(1,2)] + [(¢,d)] = [(2,4)] + [(¢,d)]. This turns out to be the case, just because addition of fractions works.

2.5 Ordered Fields

Definition 2.2. A field is a set F' equipped with addition and multiplication such that Ya,b,c € F,

Al. Associativity: a4+ (b+c¢) = (a+b) + ¢
A2. Commutativity: a+b=b+a

A8. Identity: 30 € F,.0+a=a

AY4. Inverses: ' —a € F s.t. (—a)+a=0

M1. Associativity: a-(b-c) = (a-b)-c

M2. Commutativity: a-b="5b-a

MS3. Identity: AN € F,1-a=a

MJ. Inverses: ifa#0,3la ' € F st a-a=' =1

Additionally, the distributive law a-(b4+¢) =a-b+a-c, and 1 # 0: the multiplicative and additive identities
are distinct. This is equivalent to saying F' has more than one element.

Definition 2.3. A total order on a set S is a relation < such that the following hold:

01. Totality: Ya,b € S, either a < b or b < a.
02. Anti-Symmetry: Ya,b € S, ifa < b and b < a then a = b.
038. Transitivity: Ya,b,c € S, if a < b and b < ¢ then a < c.

Definition 2.4. An ordered field is a field F' equipped with a total order < such that the following hold:

04 Va,b,ce F,a<b — a+c<b+c

05 Va,b,ce F,a <b,0<c¢ = ac< bc.

@Q and R are ordered fields, which just means that arithmetic works the way you would expect.

Definition 2.5. Let F' be an ordered field and let a € F'. Define
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Theorem 2.2. Let a,b € F. Then

(a) la| =0
(b) la-bf = |a] - [0l
(¢) la+0b] <|af + 5]

The last one is the triangle inequality, which is really useful in a lot of different places.

Proof. (of the Triangle Inequality: the others are proved in Ross.)

If > 0, then —|a] <0 < a=|al, and if a <0 then —|a| =a <0 < —a = |a|. In either case —|a|] < a < |al.
Likewise, —|b| < b < |b|. Therefore
—lal + (=[b]) < a+ (=b) <a+b<la| +b < |af + [b]

So

—(la[+ [b]) < a+b < |a| + [b]

If [a4+b| = a+0b then |a+b| < |a|+ |b| and we're done. If |a+b| = —(a+b) then |a| + |b] > —(a+b) = |a+b]
and the inequality still holds. Therefore the proof is complete. O

Intuitively, we can understand the Triangle Inequality as saying that the direct distance between two points
is shorter than or of equal length to any other path described by some number of vectors. For example, say
a and b are two vectors lined up tip-to-tail; the magnitude of their vector sum represents the direct path,
and it is smaller than the sum of their magnitudes unless they are collinear, in which case they are equal.

2.6 Differences between Q and R

Theorem 2.3. Vx € R,z € Q iff x has a repeating or terminating decimal expansion.

Example 2.1. m and e are irrational because their decimal expansions never repeat or terminate
(though that is not how you would prove that they are irrational.)

O

Example 2.2. S 1072 =107t 41072 +107* +107% + - - = 0.11010001000. .. is irrational

because its decimal expansion does not terminate or repeat.

O



Example 2.3. log, 3 ¢ Q.

Proof. Suppose log,3 = 7 — 3 = om/n — 37 = 2™ but 3" is odd and 2™ is even which is a
contradiction. O

16
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Math 104: Introduction to Analysis Summer 2019

Lecture 3: Irrational numbers; defining R
Lecturer: Michael Christianson 26 June Aditya Sengupta

3.1 Irrational and Transcendental Numbers

An irrational number is any element z € R,z ¢ Q. It is any number whose decimal expansion does not repeat
or terminate. Examples include any log,, n,m,n € N,m,n > 1 with no common factors; transcendental
numbers, and some zeros of polynomials.

Definition 3.1. z € R is algebraic if there exists a polynomial p(x) = >.1" ,c;x" such that p(x) is not
constant (i.e. ¢; # 0 for some i > 0), ¢; € Z¥i, and p(a) = 0. We say in this case that a is a root or zero of

p(x).

If @ is not algebraic, it is said to be transcendental. For example, e, 7, e™ are all transcendental. In general,
if a and b are algebraic, with a # 0,1 and b ¢ Q, a’ is transcendental.

Remark 3.1. V> € Q, ™ is a root of nw —m, so = is algebraic. Therefore any transcendental number is

n
wrrational.

Every rational number is algebraic, but not every algebraic number is rational.

Theorem 3.2. (Rational Root Theorem) Let p(x) = >\ ¢;x" with ¢; € ZVi. Let r € Q s.t. p(r) =0, i.e.
r is a root of p. Then r =" for some m,n € Z s.t. gcd(m,n) = 1. Then m divides cy and n divides c,,.

Example 3.1. V2 is a root of p(x) = x? — 2, in which ¢, = ¢ = 1 and ¢y = —2. We know by
the rational root theorem that if v/2 is rational, then V2 = % where m divides —2
and n divides 1. Therefore m € {+2,41} and n € {£1}, so ™ € {£2,+1}. But
p(£2) =2 # 0 and p(£1) = —1 # 0, so no rational roots of p(z) exist. Therefore
V/2 is irrational.

O

Corollary 3.3. If ¢, =1, then any rational root of p(x) has to be an integer.

Example 3.2. The cube root of 12 is irrational. It is a zero of p(x) = 2® — 12. If ¥/12 € Q then
V/12 € Z dividing 12. However, we can check that 13 = 1,23 = 8, 3% = 27 exceeding
12. fn<0,n3<0 = n?#£12. If n>3,n% > 27 = n? # 12. Therefore by
exhaustion the cube root of 12 cannot be rational.
O

Note that not all “weird square roots” are irrational (see Ross, ex. 2.4ish).
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3.2 Defining R from Q

There are a few different potential ways to define R.

1. R is the set of all numbers that can be written in decimal notation.

‘R = {k.dldgdg s | keZ,d; € {0, 1,2,3,4,5,6,7,8,9}}”

A slight problem with this is duplication due to equal numbers with different decimal representations.
For example, 0.9 = 1. But you could imagine using the same kind of setup with equivalence classes
as we did with Q to resolve that. The bigger problem here is that this definition does not say much
about the properties of R.

2. Using intuition from number lines and completeness, we can define R rigorously using Dedekind cuts.
This tells us some of the properties of R, but is tedious to prove.

3. R is the “smallest complete metric space” containing Q. This is probably the best definition, but it
needs Cauchy sequences and metric spaces.

Definition 3.2. Let S C R be nonempty and let sg € S.
1. so is the mazimum of S if Vr € S,r < so. This is denoted by s = maxs. Not every set has a
Mazimum.

2. sg 1s the minimum of S if Vr € S,r > sg. This is denoted by sy = mins. Not every set has a minimum.

3. If M € R such that Vs € S;s < M, we say M is an upper bound for S. If 3 such M, we say S is
bounded above.

4. If 3m € R s.t. Vs € S,s > m, we say m is a lower bound for S. If 3 such m, we say S is bounded
below.

5. We say S is bounded if it is bounded above and bounded below.

6. If « € R is an upper bound for S and Vv < «,~y is not an upper bound, we say « is the supremum (or
least upper bound) of S. This is denoted by o = sup S.

7. If B € R is a lower bound for S and ¥y > B,v is not a lower bound, we say § is the infimum (or
greatest lower bound) of S. This is denoted by § = inf S.

Theorem 3.4. If S C R is nonempty and finite, max.S and min S exist. This can be proven by induction
on the size of S.

We often represent subsets of R in interval notation. Let a and b be real numbers; then

(a,b)={reR|a<r<b} open interval
[a,b] ={reR|a<r<b} closed interval
[a,b) ={reR|a<r<b} half-open interval
(a,b)={reR|a<r<b} half-open interval

The open interval (a,b) has no maximum because we can get arbitrarily close to b without actually reaching
b. Similarly it has no minimum. We can prove that sup((a,b)) = b and inf((a, b)) = a.

In the closed interval [a, b], the maximum is b and the minimum is a.
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Theorem 3.5. If S C R has a mazimum, then max S = sup S. This is because max S is an upper bound by
definition, and Vo < max.S,max S € S = « is not an upper bound.

Theorem 3.6. If S C R has a mazximum, then min S = infS. This is because min S is a lower bound by
definition, and ¥V > min S,min S € S = f is not an upper bound.

Example 3.3. S ={Z |neN,n>3} Sisbounded above by §, and 0 is a lower bound. In fact,
inf § = 0 and min S does not exist.
O

The intuition we should have for extending Q to R is that R has no “gaps”. This can be formalized in the
Completeness Axiom:

Theorem 3.7. VS C R nonempty and bounded above, then sup S ezists and is in R.

Corollary 3.8. VS C R nonempty and bounded below, inf S ezists.

Proof. Let —S ={—s|s € S}. Then —sup(—S5) =inf S. O

Theorem 3.9. (Archimedean Property) Let a,b > 0 be real. Then In € Z~q s.t. na > b.

Proof. We proceed by contradiction. Suppose na < bv¥n € Zsg. Then, define the set S = {na | n € Zso}. S
is nonempty and b is an upper bound for S. Therefore by the completeness axiom, sup S = « exists. Since
a > 0,a—a < «a. Since « is chosen to be the least upper bound, o — a is not an upper bound on S. Therefore
In € Z~¢ such that na > a — a. Therefore (n+ 1)a > a. But (n+1)a € S, so a cannot be an upper bound
for S. This is a contradiction; therefore the proof is complete. O

Theorem 3.10. (“Denseness” of Q) Let a,b € R,a <b. Then Ir € Q s.t. a <r <b.
Proof. By the Archimedean property, b —a >0 = 3n € Zsg s.t. n(b—a) >1 = nb>na+1. We
want m € N such that nb >m >na = b> " > a.

Intuitively, m should be the smallest integer greater than na. This can be shown explicitly: by the
Archimedean property, 3k € Zs( such that k-1 > |an|. Let S = {z € Z | an < z < k}. Because
ke S, S#o. Also, S is finite, because —k < an < k. Moreover, min S exists because S C Z and it is finite.
Let m =minS. Then m € S =— m > an, but m — 1 < a,,, because otherwise m — 1 would be min.S. So

an<m<an+1<bn

Therefore m exists, meaning 7* exists, so the proof is complete. O

Example 3.4. Consider again S = {-;; | n € N,n > 3}. We can show that inf S = 0.



Proof. # > 0vVn — 0 is a lower bound. We want to show that Voo > 0,dn > 3 s.t. 0 < 7712 < a. By
denseness of Q,37 € Q,0 < 7' < a. We may assume m,n > 0. So

Ml 1 >0
T TR T TN
Take N = max{n,3}. Then > € S => a is not a lower bound on 5. O

20
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4.1 More about inf and sup

If a minimum of a set exists, it is equal to its infimum; if a maximum of a set exists; it is equal to its

supremum.
For example, consider S = [a,b). We can see that min .S = inf S = a and sup S = b but no max exists.
Proof. a is a lower bound for S and b is an upper bound. Va > a, we want ¢ € S such that « > ¢ > a. This
is satisfied by ¢ = a. Therefore inf S = a.

Va < b, we want ¢ € S, < ¢. Let s = max{a,a} and let ¢ = %b. Then

a+b s+b

< b

a < 5 = <
s+b s+b

a<T<b=> es

Therefore we have found ¢ such that o < ¢ < b for any a € S, which tells us that no maximum exists.

Alternatively, we can proceed using the denseness of Q: Va < b, 3r € Q such that max{«a,a} < r < b. Then
r € [a,b), and r > «, so « is not an upper bound. O

4.2 Notes on +oo

1. Va € R, we define —oo < a < 4o00.

2. Math with +o00 has the following rules: Va € R,

a+ 00 = +00
a— 00 =—00

o0+ 00 = 0

—00 — 00 = —00
{+oo a>0

a-00=s8gna-o0 =
—0 a<0
-0 a>0

a+—00=—8gna-oco =
400 a<0

+oo - +oo =400
+o0 - Foo — 0
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Note that 0 - oo, co — 0o, and % are not defined. +oo ¢ R; this is clear from the fact that +oo do
not follow the common properties of R, such as a -0 = 0Va € R.

3. £o0o can be used in interval notation, with the following conventions:

(—00,a) ={z < a}
(—o0,a] = {x < a}
(a,+00) = {z > a}
[a,+00) = {z > a}

(—o00,00) =R

4. Suprema and infima;:

Definition 4.1. Let S C R be nonempty. If S is not bounded above, define sup S = +oo. If S is not
bounded below, define inf S = —oo.

Lemma 4.1. Let S C R be nonempty. Then inf S < supS.

Proof. S # @ = da € S. Then by definition

infS<a<supS

This holds even if inf S = —c0 or sup S = +o0. O
Remark 4.2. Often proofs like this require cases for sup S = oo or inf S = —oo.

Definition 4.2. We define sup@. Va € R,Vx € T,a > = vacuwously. Vx € &, —oc > x. Similarly,
inf @ = 400.

Remark 4.3. This is weird, and we’ll almost never use it.

4.3 Dedekind cuts

Lemma 4.4. Let a € R. Define S, = {r € Q| r < a} = (—o0,a)(Q, the rational numbers less than a.
Then, sup S, = a.

Proof. This is true because of the density of Q.

Vr € Sqg,a>r
Va<a,IreQa<r<a
. € 8§, by definition

O
Dedekind cuts are a way of defining R in terms of these sorts of subsets whose suprema are the corresponding

element of R. If we can define S, without using a, then S, somehow tells us what a is (by the fact that
sup S, = a).
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Definition 4.3. A Dedekind cut is a subset S C Q such that

(i) S#Q and S # @
(ii) Vs e S;re Qr<s = res.
(#i) max S does not ewist.
Proposition 4.5. Ya € R, S, is a Dedekind cut.

Proposition 4.6. VS C Q such that S is a Dedekind cut, let a =supS € R. Then S =.5,.

Proof. Let S C Q be a Dedekind cut. Write a = supS € R (because S is bounded above, a # +00.)
VreS,reQ,r<a. Butifr=athena €S = maxS =a. Sor#a = r<a = r € 5,. Therefore
S C S,. Conversely, let » € S,. r € Q,r < a. Since a = sup S, 7 is not an upper bound. This means
ds € S, s > r. By the second property of Dedekind cuts, r € S. So S, C § = 5 =5,. O

Corollary 4.7. The function {S C Q| S a Dedekind cut} — R, S — sup S has an inverse given by a — S,.
That is, there exists a bijection between the set of Dedekind cuts and the set of real numbers.

Definition 4.4. We define R ={S C Q| S a Dedekind cut} to be a set.

4.4 Structure of R

4.4.1 Q is a subset of R

QCcR:VeQS ={se€ Q] s < r}isa Dedekind cut and S, € R. Identify r with S,, then
{5, |reQ} CR.

4.4.2 Ordering

There is a notion of ordering in R. Let .S and T be Dedekind cuts. Wesay S <Tif SCT. If S=S5,,T =5,
then SCT <= a<b.

4.4.3 Addition

VS, TDedekind cuts,S+T ={s+t|se S,t € T}.
sup(S +T) =supS +supT

ie. if S, =5,8, =T, then S+ T + Sussp.

4.4.4 Additive inverses

Additive inverses: Let S, = (—00,a)(1Q. Then S_, = (00,—a)(1Q ={-b| b€ (a,400)} ={-b| b ¢
(00, al}.
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This definition almost works; it gives us —S = {—r | r ¢ S,r € Q}. The problem with thisis if S = S,,r € Q,
then —r € —S. This is a problem, because —S now has a maximum element which violates the definition of
a Dedekind cut. Therefore, the correct definition is

—S={-r|reQ,a’' eQstr’ <rr' ¢S}

One can check that S is a Dedekind cut and that S + (—S) = Sp, and S+ 5 = S.

4.4.5 Multiplication

A reasonable-looking definition for the product of two Dedekind cuts is S-T = {s-t | s € S,t € T}, but this
is not a Dedekind cut. Instead, for S,T > Sy, S-T ={s-t|se€ S,t €T,s >0Vt >0} We can check that
Sa - Sp = S, and that S - T is a Dedekind cut.

We can deal with the other cases by taking the negative (additive inverse) of a Dedekind cut. For example,
let S < So, T > Sp. =S > Sp,s0—((=5)-T)=5"-T.

4.4.6 Multiplicative inverses

St={reQ|3I' >rIscSr s<1}

We can check that S™' is a Dedekind cut, and that S -S~! = ;.

Note that now that we have definitions of addition and multiplication with well-defined inverses, we can
state that

Theorem 4.8. R is an ordered field.

4.4.7 Completeness

Theorem 4.9. Let A C R be nonempty and bounded above. Then sup A € R.
Proof. Let S = UpcaT C Q. We want to prove that S is a Dedekind cut and that S = sup A. These can

be shown from Dedekind cut properties (see notes/Ross and finish up the proof. Or do it.) O

4.5 Sequences

Definition 4.5. A sequence is a function whose domain is {n € Z | n > m} for some m.
Remark 4.10. Usually, m =0 or m = 1.

We denote a sequence by S : {n € Z | n > m} — R, the individual elements by s(n) = s,, the whole
sequence or subsets thereof by s = (5,)7°, = (Sm, Sma1s Sma2y---)-

n=m



Example 4.1.

)

Nel i

1
Sn = ﬁvn S Z>O(8n)n€Z>g = (]—7 17

25
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5.1 Sequences

Definition 5.1. A sequence is a function whose domain is {n € Z | n > m} for some m € Z. (Usually
m=0 orm =1, i.e. the domain is N or Z~y.

Remark 5.1. Sequences that start at m > 0 can be shifted by the bijection from the integers to the integers
7 — Z,n—n—m

Example 5.1. Let s, = #Vn € Zy.

B~ =
Nl

(Sn)nezeo = (Sn) = (51,52,83,...) = (1,

Example 5.2. Let a, = (—1)"Vn € N.

(an)nen = (an) = (1,-1,1,-1,...)

Example 5.3. Let ¢, = ¥/n,n € Z~yp.

(cn) = (1,\/57\73,\%1,..)

c100 ~ 1.0471 and cy990 &~ 1.0069, so it seems like the sequence is going to 1.
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Example 5.4. Let b, = (1 + %)n ,N € L.

(bn)nezso = (2, (2)2 : (;1)3)

b1oo ~ 2.7048, b1ggo ~ 2.7169. This sequence ends up going to e.
O

In the above two examples, we had a notion of the sequence getting closer and closer to something. We can
formalize this by defining convergence.

Definition 5.2. Let (s,,) be a sequence of real numbers and let s € R. We say (s,) converges to s if

Ve > 0,e e R,2IN € Rs.t.¥n € N, |s, — 8| < e.

In this case, we say s is the limit of (s,), and we write

lim s, =s
n—-+oo

or Sp —» § as n — oo.
If no such s exists, we say (s,) diverges.
Remark 5.2. We can consider |s, — s| to be a “distance from s, to s”. Based on this, we can interpret the

definition as saying “s, gets with € of s once n is big enough.”

For example, the limit of the sequence s,, = # is 0, as we would expect, because we showed that inf{s,, | n €
Z~o} = 0 and the sequence is decreasing. We will be able to formally prove this soon. However, a,, = (—1)"
diverges.

Lemma 5.3. Let (s,,) be a sequence. If (sy) converges, its limit is unique.

Proof. Let s,t € R be such that s, — s and s,, — t. We prove s = t.

Ve > 0,3N; € Rs.t.

Vn>N1,|snfs|<%
Vn>N2,\sn—t|<%

So, ¥n > max{Ny, N2}, we have
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[s —t] = |(s — sn) + (sn, — t)] adding and subtracting s,
< |sn —s|+|sn — | Triangle Inequality
< EL €
Sat ¢
2 2

Therefore

Ve>0,|s—t| <e.

By definition, Va € R, |a| > 0, but we know |s — t| < € for any € > 0. Therefore

|s—t|=0
s=t
O
Remark 5.4. 1. n € Z in this definition.
2. Can assume N € Z~g
3. Notice that N might depend on e.
Example 5.5. Prove lim -; =0.
n—+oo ™
O

Start with € > 0 and |s, — 0] < e. We want to solve for n in terms of e:

1
n2

|sn — 0] =

1
— <€ = 1<en
n
1
< —<n
€

— —=<n

Proof. Let € > 0. Define N = \% Then, ¥n > N = ﬁ, we want to show |s, — s| < e.
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S 1
n> —
Ve
1
n? > =
€
n%e > 1
1
€ > ﬁ
1 1
€>|s, — 0|
So by definition of the limit, # — 0. Therefore
1
n—+oo n
Example 5.6. Prove
lim 3n+1 3
nostoo Tn—4 7
Start with € > 0, and
3n+1 B 3 <
m—4 7|°°
(Bn+1)7—3(Tn —4) <.
7(Tn —4)
19 <
T —4)| =€

29

Note that we can assume n > 1 here, and in general it is okay to consider n > N for any N € N, because we

are working in the limit where n is sufficiently large that this is true.

So when n > 1, we have

19
<€ <= —<Tm—4
T —4°°¢ e S
19 4.
49¢ 75"
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Proof. Let € > 0. Define N = max{1, o + %} Then, Vn > N,

7 49¢

_19 4
49¢ 7
— €> 19
7 -4
Because n > 1, we know that 7(%9_4) > 0, so
s 19 B 19 _[3n+1 3
7(tn—4) |7(Tn—4)| |Tm—4 7
Therefore by the definition of a limit,
3n+1 3
% —
m—4 7
Example 5.7. Prove
3
lip A,
n—+oo M5 — 6
We start with € > 0 and
4n3 + 3n 4l <
nd—6
3n+24
n3 — 6
3 24
nB—l— < when n > 2
ns —6

30

Here, it seems like we’re stuck because it’s difficult to invert this expression. To resolve this, we replace this
expression with something similar that is at least as big.

3

In+24 < 3n+24n =27n

1 n3
3 3 3
—6>n%— -nd=—

Want%22<:>n3212 <~ n>3



Therefore, for n > 3, we have

This is easily inverted for an inequality on n,

Then, the usual proof can be set up.

n >

31

=~
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6.1 Proving a limit

In general, we want to prove a statement of the form

lim s,=s€¢R

n—-+oo

To do this, we first “work backwards” to find N in terms of e. Then, we start with ¢ > 0 and |s,, — s| < e.
Next, we want to simplify |s,, — s| to solve for n in terms of € in |s, — s| < e. Tactics here:

(a) Algebraic manipulation (get common denominators, factors, etc).
(b) Can assume n > a for any a € R.

(¢) Can replace |s,, — s| with any expression for n that is > |s,, — s|.

After this, we “solve” for n in terms of e. We should get something of the form

n > f(e)
Finally, we can start the proof.

Proof. Let € > 0. Define N = max{a, f(¢)}. Then, ¥n > N,

n > f(e) = reverse everything — |s, — s| <e€

Therefore, by definition of the limit, lilf Sy = S. ]

n—-+0o0

6.2 Proving a sequence diverges
1. By contradiction. Assume ds € Rs.t.s, — s. Pick a specific € > 0. By assumption, IN s.t.Vn >
N,|sn — s|] < e. Use this inequality to get a contradiction. (This may need multiple values of e.)

2. By a counterexample. Let s € R; we prove s # lirf sp. Pick a specific € > 0, show VN,3n >
n—-+0oo
Ns.t.|s, —s| > e
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Example 6.1. Prove a, = (—1)" diverges.

We first do a proof by contradiction.

Proof. Suppose a = lim a, exists. By definition, with e = 1,
n—oo

ANs.t (=) —a| = |an, —a| < 1

L —a| n even
<1
|1 +a| modd

Therefore if such a limit exists, it satisfies |1 —a| < 1 and |1 + a| < 1. Combining these two and using the
Triangle Inequality, we get

2=1+1=1-a+a+1|<|l—a|+|1+a|<1+1<2

Therefore, 2 < 2. But 2 = 2.

Therefore a does not exist. [
Next, we do a proof by counterexample.

Proof. Let a € R. We show a # lim a,. There are two cases:
n——+oo

Case. a # 1. Let 0 < € < |1 — al be any real number. Then, VN € R, pick n > N even. Then
anp—al=|1—a|l >e¢

Therefore a # lirf an by definition.
n——+0o0o

Case. a=1. Let 0 <e<|—1—a|=|1+a|l =2, i.e. pick any positive € < 2. Then, VN € R, pickn > N
odd. Then

lap, —al|=|—1—a|] >¢€

Therefore |a, — a| > €, i.e. a is not the limit.
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6.3 Bounded sequences

Definition 6.1. A sequence (s,)22,,, is bounded if the set {s, | n > m} is a bounded set.

Remark 6.1. A set S C R is bounded iff 3M € Rs.t.|s| < MVs € S.

Theorem 6.2. Any convergent sequence is bounded.

Proof. Let (s,),7>° be a convergent sequence, and let s = hr}rl Sp- Fix € > 0. By definition of the limit,
n—-+0oo
AN € Z~¢s.t.Yn > N,

sl —Is] <|lsnl = 8[| < [sn — 5| <e
= |sp| < |s|+¢

This proves that ¥n > N, the sequence is bounded. Only finitely many elements of the sequence remain.
Therefore, let

M = max{|sm|, |Sm+1ls---,|Sn], || + €}
Then, |s,| < MV¥n, so (s,) is bounded. O

This is a useful result, because an unbounded sequence cannot converge.

Theorem 6.3. Let (s,,) and (t,) be convergent sequences.
(@ L (o tin) = U ot it

b) lim spt,= lim s, lim ¢t
() n——+oo nen n——+oo nn—H—oo "

(¢) If s, # 0Vn and El:r_l Sn # 0, then

lim ¢
. tn n——+oo n
lim —=—1——
n—+00 Sy, lim s,
n——+o0o

Proof.  (a) Let e > 0. We want to find some Ns.t.Vn > N,

[$pn +tn —s—t| <e
|(sn —8) + (tn — )| <€

Because s, and t,, converge, we know that
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E'Nl,NQ € Rs. t.

Vn > Ny, s, —s| <

Vn > N2,|tn —tl <

NN Ee OR e )

Let N = max{Ny, No}. Then Vn > N we know n > N; and n > N,. Therefore

|$n +tn —s—t]| =|(sn — 5) + (tn — )| < |8 — 8| + |tn — ¢

L.
Sat ¢
2 2
Therefore, |s, +t, —s—t| <eand so lim (s, +t,) =s+t.
n—-+oo
(b) Intuitively, we know that
[Sptn — st| = |sptn — spt + spt — st|

< [sn(tn = )] + [t(sn — 5]
= [snlltn =t + [t|lsn — 5|
We expect |s,,| to be finite (because any convergent sequence is bounded) and |t,, — | to be arbitrarily
small (because t,, — t) and the same with the other two terms, i.e. the sum should go to zero.

Formally, let € > 0. (s,) converges =—> IM € R, M > 0s.t.|s,| < MVn. Then

3N, N, € Rs. t.

€
Vn>N1,|tn—t|<m

€
Vn > No,|sp — §| < ——=

where we take |t| + 1 so that we do not end up dividing by zero. Then, let N = max{Ny, Na}.

Yn > N,|sptn — st| < |spl|ltn — t| + |t]|sn — ]

€ €
M— t l)——
< Moy + I+ V5@
N
9727 c

(c) This is difficult to explicitly prove. First, we want to show that s # 0 = m = inf{|s,| | ¥n} > 0.
(See this in example 6, page 43 of Ross.)

Next, let ¢ > 0.IN € Rs.t.n > Ns.t.|s, —s| <e¢| <e-m-|s|. SoVn > N,
S — Sy

|5 — 54|

sl Il

S Sp

35
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We know from the statement on m above that |s,| > m and therefore

1 1 §— S €-m-|s
—— | < | n| S ‘ ‘ —¢
Sn 8 [s] - m [s| - m
Therefore liI_"I_l Si = % Therefore we can consider the sequence Si and use the above part to show
n——+oo °n n
the limit,
. 1t
lim — = lim ¢, =t —=-
n—+oo §, n—-+oo Sn S S

O
Theorem 6.4. (a) Va € R, a, = a converges to a.
(b) Vp > O,REIEOO -5 =0.
(c) Va € Rs.t.]a] <1, lim a" =0.
n—-+oo
: 1/n _

(d) nll)rfoon 1.

: 1/n _
(e) Va>0,ngrfooa 1.

. n346n2
Example 6.2. Show ngr_ir_loo #Snfz = %.
O

Proof.

P 4+6n?+7 14540
4n?+3n—4 4+3 -4

n2

nP

Because Vp > 0, hIJIrl L =0, we see that the limit of the numerator is 1 + 0 + 0 = 1 and the limit of the
n—-+0oo

denominator is 4 + 0 + 0 = 4. Therefore, the limit of the quotient is the quotient of the limits, so the limit
o 1
is 7. O

6.4 Diverging to +oo

Definition 6.2. Let (s,,) be a sequence. We say (s,) diverges to +00, i.e. hrf Sp = +00 if
n—-+0oo

VM > 0,dN € Rs.t.
Vn > N,s, > N,s, >M



and we say (s,) diverges to —oo if

VM < 0,3N € Rs.t.
Yn > N,s, <M

Remark 6.5. We say lirf Sy, exists if s, converges or if it diverges to £oo.
n—-+0oo
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7.1 Divergence

Definition 7.1. We say (s,) diverges to +oo if VM > 0,3N € Rs.t.Yn > N,s, > M.

Example 7.1. lim n?=+oo
n—-+oo
O
Example 7.2. nll}r_sr_loo(—n) =—00
O
Example 7.3. lim (—1)"n DNE.
n—r—+0oo
O
Example 7.4. liar_l Vn+T7=+oc0
n——+0oo
O

To prove this, we start with M > 0 and s,, > M.

Vn+7>M
vn>M -7
n>(M-72%*ifM>7

For M <7, \/n+ 7> MVn, so this doesn’t affect the proof.
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Proof. Let M > 0. If M < 7 then \/n + 7 > MYn, so we can choose N = 0. If M > 7, pick N = (M — 7)?
Then

Yn > N,n > (M —17)?
V> (M—-T2=|M~-7=M-7
Vn+7>M

Therefore, by definition, /n + 7 — +o0.

Example 7.5.

2
- n“+3 __
Prove nll)r_{loo = = +oo.

Start with M > 0:

n?+3
n+1

> M

We replace the expression with something simpler that is less than or equal to the sequence, but still greater

than M. We make the numerator smaller by setting it to n2, and the denominator bigger by setting it to
2n (as long as n > 1). So

n®>+3 n72
n+1 = 2n

g>M — n>2M

Proof. Let M > 0. Define N = max{1,2M}.

2
Vn>Nn>2M — > M
n

Also, n > 1, so

2 2
3
R 3snintl<on . 2SSy

n+1 — 2n

3

e . 2+3 o
Therefore, by definition, ngm T:L-'rl = +00.

oo
Theorem 7.1. Let (s,) and (t,) be sequences such that s, — +oo.
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(a) If lim t, > —oo then lim (s, +t,) = +o0.
n—-+00

n——+00

(b) Ifngrfoo tn, > 0, then ngrfoo(sn tp) = +o0.

1
(¢) If t, > OVn, then t, — 400 <=  — 0.

7.2 Monotone and Cauchy sequences
Definition 7.2. Let (s,) be a sequence of real numbers.

1. (sy) is increasing (or non-decreasing) if s, < Sp+1Vn.

. (sn) is decreasing (or non-increasing) if sp > Sp11Yn.

2 2
3. (sn) is monotonic (or monotone) if it is increasing or decreasing.

1

Example 7.6. ap = 1 — ~ is increasing.

Example 7.7. b, = # is decreasing.

Example 7.8. ¢n, = (—1)™n is not monotonic.

Theorem 7.2. Let (Sp)nen be monotonic. Define S = {s,, | n € N}; then

(a) if (sp) is increasing and bounded, then (s,) converges to sup S.
(b) If (sy) is decreasing and bounded, then (s,) converges to inf S.

(¢) If (s,) is increasing and unbounded, then lim s, = +o0.
n—-4oo

(d) If (sn) is decreasing and unbounded, then ET Sp = —00

Remark 7.3. (s,) increasing = sg < 81 < 82 <

40

.., which tells us that sg is a lower bound for S. If (s,)

is bounded, then sup S € R is “right next to” S. (s,,) will not converge to s if the sequence ends up oscillating

below sup S.
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Proof.  (a) Suppose (s;,) is increasing and bounded. Let s =sup S. Let € > 0. s — € is not an upper bound
for S, i.e.

dNs.t.sy >s—¢

Since (sy,) is increasing, Vn > N,

S>> 8, >SN >S—¢€
e>0>58,—85>—€ < |s, —s|<e¢
Therefore s, — s.
(b) Almost the same with inf instead of sup.

(c) If (s,) is unbounded and increasing, VM > 0, M is not an upper bound for S. Therefore IN s.t. sy >
M. (sy) is increasing, so s, > sy > M. So Vn > N, lirf Sp = +00.
n——+00

O
2
Example 7.9. Define (sy,) by s1 = 5,8, = 35;115. We claim that (s,) is bounded below by 0.
Proof. We prove this by induction.
Base case: s; =5 > 0. Inductive step: Suppose s,, > 0 for some n > 1. Then
2
+5
Sp41 = 528 >0

because s,, > 0. O
We claim that s,, is decreasing. (ref. Ross section 10ish)

O

Definition 7.3. A sequence is Cauchy if Ve > 0,IN € Rs.t.m,n > N = |s,, — sp| < €.

Lemma 7.4. Any convergent sequence is Cauchy.

Proof. Let (s,) be a convergent sequence, and let
s= lim (s,)Ve>0,3Ns.t.|s, —s| < Svn
n—-+oo 2

Then, Vm,n > N,

€ €
|8 — sn| = [(8m — 8) + (5 — sn)| §|5m_5|+|5n_5|<§+§:€



It turns out that any Cauchy sequence is convergent as well, but this is difficult to prove.

Lemma 7.5. Cauchy sequences are bounded.

Proof. Let (sp) be Cauchy. Set e = 1. Then

AN € Zwps.t.Ym,n > N, |sp, — sm| < 1

In particular,

|S'fl| - |$N+1‘ S |3n - SN+1| < 1Vn > N
|sn] < 14 |syi1l

Now, let M = max{|s1],...,|sn|,1+ |sn+1}. Then |s,| < M¥n, so (s,) is bounded. O

We're still not ready to prove that a Cauchy sequence necessarily converges; to do that, we need to build
the machinery of limsup and liminf. The idea of this is to take the limits of monotonic sequences made up
from (sy,).

Let u,, = sup{s,, | n > N} and I, = inf{s,, | n > N}.

Definition 7.4.

limsup(s,) = HETOO Uy = ngr-lr—loo sup{s, | n > N}
liminf(s,) = lim [, = lim inf{s, |n > N}
n—+o00 n—-+00

Note that limsup(s,) < sup{s, | n € N} but they are not “usually” equal.

Intuitively, we can think of lim sup as the number that infinitely many of the s,s get close to.
Remark 7.6. liminfs, <limsups, because l, < u,Vn.
Theorem 7.7. Let (s,,) be bounded.

(a) If lim s, ewxists, then lim s, =limsups, = liminfs,.
n—-+oo n—-+oo
(b) Conversely, if limsup s,, = liminf s,, then lim s, exists.
n—-+oo
Proof. We prove part (b); (a) is proved in Ross. For all n, if we define l,, = inf{sp+1,Snt2,...} and
Up = SUP{Sp+1, Snt2, ... }, then

ln < Sn+1 < Un

Taking limits,

lim/,, = liminf s,, = limsup s,, = limu,,

So by the squeeze lemma, lim s, = lim s,;1; =liminfs, = limsups,. O
n—-+oo n—-+oo
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Theorem 8.1. A sequence is convergent if and only if it is Cauchy.

Theorem 8.2. Let (s,) be a sequence. Then lir+n sp exists iff limsup s, = liminfs, and in this case
n——+00

lim s, =limsups, = liminf s,
n—+oo

Definition 8.1. Let (s,)nen; a subsequence is a sequence of the form (sn, )ken, where 0 < ng < ny < ng <
. are natural numbers.

Example 8.1. Let (sp) = (—1)"n?.

sp = (0,—1,4,-9,16,—25,...)

The subsequence (Sap,)nen 18

(s2n) = (0,4,16,36,64,...)

and the subsequence (S2,41)nen 18

(82n+1) = (—1, —9, —25, —49, .. )

lim s, does not exist, but lim s3, =+o00 and lim s9,+1 = —o0.
n—+00 n—+o00 n—-+oo
O
Example 8.2. Let ¢, = %,n € Zso; we see that (t,) — 0. We can take subsequences such as
(tn+5)nezso = (te, tr,ts, . ), O (tsn)nezso = (3, 8+ 55---)
O

Proposition 8.3. Let (s,) be a sequence such that lir+n Sp exists (i.e. is in R or is +o0o0). For all
n—-—+0oQ

subsequences (S, ) of (Sn), lim s,, = lim s,.
k—ro0 n—+00

Proof. First, we claim nyg > kVk. We show this by induction:

Base case: ng > 0 by definition. Inductive step: if ngy > k, ng+1 > ni > k = ng41 >k + 1.
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Case. lim s, =s€R.
n—-4o0o

Then Ve > 0,3N such that |s, — s| < e¥n > N. Then, Yk > n,ni, > k > N, so |s,, — s| < e. Therefore
klim Sp, = 8.
—+0o0

O

Theorem 8.4. Let (s,) be a sequence.

(a) For anyt € R, there exists a subsequence of (s,) that converges to t iff Ve, the set

Se={neN|ls, —t| <e€}

is infinite. (In this case, the subsequence can be taken to be monotonic.)
(b) If (sy) is not bounded above, there exists a subsequence diverging to +oo.

(c) If (sy) is not bounded below, there exists a subsequence diverging to —oo.

Proof. (a) The rough idea of the proof is that there is some sequence (s,,) that we place on a number line.
We want to show that infinitely many of these s,s are arbitrarily close to ¢. If 3(s,, ) converging to ¢,
then Ve > 0,3Ns.t.Vn > N,|s, —s| <e = n € S.¥n > N. This proves the theorem in the forward
direction. In the other direction, let k € N. The set Sy, is infinite, therefore Iny s. t. s,,, € S1/p. Then
Sy, — t] < 1.

(b) Suppose (s,) is not bounded above. Vk € N,k is not an upper bound for {s, | n € N} =
dngs.t.sp, > k. Then (s,,) — +oo. VM > 0,let N = M. Then Vk > N,s,, > K > N =M

so lim s,, =+4oo.
k— oo

O

Theorem 8.5. (Bolzano-Weierstrass theorem): every bounded sequence of real numbers has a convergent
subsequence.

The idea is that we want to prove that there exists a monotonic subsequence. Then, a bounded monotonic
sequence converges.

Definition 8.2. Let (s,,) be a sequence. A subsequential limit is some a € R|J{Zo0} such that a is the limit
of a subsequence of (sy).

Example 8.3. If lilf sp, exists, every subsequence has the same limit, so the set of subsequential
n——+0o0o

limits is { hT Sn}
n——+0o0

O

Example 8.4. sn = (—1)"n? has subsequential limits {+00, —co} from the subsequences (sz,,) and

(52n+1)-
O



We claim that in the second example, 00 are the only subsequential limits. We can show this as follows:
for all subsequences (s, ), the subsequence is unbounded. So, some subsequence of (s, ) diverges to either

+oo. Soif lim (sp,) exists, then lim s,, = oo because every subsequence has the same limit.
n—-+o0o n—-+oo

Lemma 8.6. Let (s,) be a sequence.

(a) There exists a subsequence whose limit is limsup s,,.
(b) There exists a subsequence whose limit is liminf s,,.

Theorem 8.7. Let (s,,) be a sequence of real numbers; then define

S = {subsequential limits of (sn)} = {a | I(sn,)s.t. kh{p Sn, = a}
—+00

(a) limsup s,,liminf s, € S. In particular, S # @.
(b) sup S = limsup S,inf S = liminf S.

(¢) lim s, exists <= S contains a single element.
n—+00
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9.1 More about subsequences

For the midterm, it is important to understand a proof of the following:

Proposition 9.1. If lim s, exists, then every subsequence of (s,) has a limit lim s,.
n—+00 n—+o00

To prove this, we showed that for any (s, ), nr > kVk. Then we applied the definition of a limit.

Proposition 9.2. If (s,) is not bounded above, there exists a subsequence (s, ) diverging to +oo.

Proof. Vk, pick ny such that s,, does what we want, i.e. cause sy, to be big when k is big. The simplest
choice here is sp, > k. Then k is not an upper bound on {s, | n € N}, that is, there exists nj such that
Sn, > k. Now apply the definition of a limit to show that lim s,, = +oo. O

k——+oo

Important statements that may be used in other proofs, but which we won’t have to prove:
Theorem 9.3. (Bolzano-Weierstrass) Fvery bounded sequence has a convergent subsequence.

Theorem 9.4. Let (s,,) be a sequence, and let S be the set of all subsequential limits.

(a) limsup sy, liminf s, € S.

(b) sup S = limsup s,,inf S = liminf s,

(¢) lm s, exists iff S contains one element.
n—-+oo

Proof. (c¢) If lim s, exists, then every subsequence has limit lim s,, therefore S ={ lim s,}. If S
n—-4o0o n—-4oo n—-4o0o

contains one element, lim sup s,, = liminf s,,, therefore lim s, exists
n—-+oo

O

Example 9.1. Let s, = 1+ (—1)", t, = ncos ().

(a) What are the subsequences of (s,) and (¢,)?

(s2k)ken = (2,2,2,...), which converges to 2, and (s2gx+1)ken = (0,0,0,...),
so S = {0,2} is the set of all subsequential limits.

For all subsequences (s, ) of (s,), either infinitely many of nj are even or in-
finitely many of ny, are odd. So, there exists a subsequence of (s, ) converging

to either 0 or 2. If lirf S, exists, every subsequence has the same limit, so
n—-+00
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nEI-ir-loo sn, € {0,2}.

For the subsequences of t,,, we do not see any constant terms; any subsequence
grows or decays to +oo. Since ¢, is not bounded above or below, we see that
+oo are subsequential limits. So T' = {, o0}.

What are lim sup and liminf of both?

limsup s, = supS = 2 and liminf s, = inf.S = 0; limsupt, = supT = +oo
and liminf ¢, = inf T = —c0.

Prove (s,) and (¢,) have no limit.

The sets S and T have more than one element, but this is not the case if
lim s, or lim ¢, exist.
n—-+oo n—-+4oo

Which of (s,,) and (¢,) are bounded?

We expect that (s,,) is bounded and (¢,) is not. If a sequence is not bounded
above, we expect that there exists a subsequence such that the limit of that
subsequence is 400, i.e. +00 is in the set of subsequential limits. The same
holds for being bounded below and the limit being —oco. Therefore, because
+oo € T, (t,) is not bounded, and because +0o ¢ S, (s,) is not bounded.

O
9.2 Using sequence properties
We can show that the rational numbers are countable in the form of a sequence argument,
Proposition 9.5. There ezists a sequence (rp)nen such that Vg € Q,3ns.t.7r, =¢
Proof. Cantor diagonalization. O

We can extend this to the following,

Proposition 9.6. Va € R, e > 0,3 infinitely many q € Qs.t.q € (a —€,a +¢).

Therefore the set

Se={q€eQllg—a|<e}={neN||r, —a| <€}

is infinite (there is a bijection between the two sets). Therefore, there exists a subsequence of (r,,) converging
to a. For all k, there exists an r,, € Q such that a — % < 1rp, < a by denseness of Q. So every real number is
a subsequential limit of (r,,). Also, (r,) is not bounded above or below, so £oo are also subsequential limits.



9.3 limsup and liminf

Recall that for a sequence (s,), if it is bounded above, its limsup is limsup s,, = Nlim (sup{s, | n > N})
—00

and lim inf is defined similarly if it is bounded below. If (s,) is not bounded above, limsup s, = +o0 and if
it is not bounded below, liminf s,, = —cc.

Let Iy = inf{s,, | n > N} and uy = sup{s, | n > N}. We see that Iy < unyVN, and therefore lim [y <

N —+oc0o
lim wup, so liminf s, < limsups,.

N—+o00
For all N, {s, | n > N+ 1} C {s, | n > N}, therefore un+1 < uyn and similarly Iy41 > Iy. So uy is

decreasing, i.e. lim exists, and [ is increasing, so lim [y exists.
N—+oco N—+oco

limsups, = lim uy <wu; =sup{s, | n>1} < +oo
N—+oo

Therefore if (s,,) is bounded above, limsup s,, € R or is —co. Similarly, if (s,,) is bounded below, lim inf s,
Iy =inf{s, | n > 1} > —oc0.

v

Theorem 9.7. For all decreasing sequences (sy,), lirf sn, = inf{s, | n € N}. For all increasing sequences
n—-+0oo

(sn), ngI}rloo sn = sup{s, | n € N}.

An alternative way of dealing with lim sup is

limsup s,, = Nlir_r& uy = inf{uy} = inf{sup{s, |n > N} | N € N}
— 400

liminfs, = lim Iy =sup{inf{s, |n > N} |N € N}
N—+oo

Theorem 9.8. Let (s,,) be a sequence. Then, 11111 sy exists iff limsup s,, = liminf s,, and in that case
n—-+0oo

limsup s, = liminfs, = lim s,
n—-+oo

Intuitively, it is important to understand that limsups, and liminfs, are like lim s, but are always

n—-+oo
defined.

Theorem 9.9. Let (s,,) be a sequence and let S be the set of its subsequential limits. Then

(a) limsup s,,liminf s, € S
(b) sup S = limsup sy, inf S = liminf s,

(c) If for all subsequences sy, of (sn) such that its limit exists, we have klim Sn, < a € R, then
—+o0

limsup s, < a.

This theorem has been written in lecture like three times, so I may go back and clean this up.
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10.1 limsup and liminf combinations

Proposition 10.1. Let (s,) be a convergent sequence and write s = lirf Sp-
n—r+00

(a) For all sequences (t,), imsup(s, + t,) = s + limsupt,.
(b) If s > 0, then for all sequences (t,), imsup(s,t,) = s - limsupt,.

(c) If s <0, then for all sequences (t,), limsup s,t, = s-liminft,

Proof. (of (a)): We claim lim sup(s,, + ) > s+ limsupt,. First, there exists a subsequence (¢,, ) such that

lim t,, =limsupt,. Then (s,,) — s, so s > —oco implies
k—+o00

ngr—ir-loo(snk + tnk) - ngr-&r-loo Sni Smy, + ngr-{-loo tnk =s+1im sup tn

Therefore imsup(s,, + t,) > lim (s,, +t,,) = s+ limsupt,.
n—-+oo . .

Next, we show that limsup(s, + t,) < s+ limsupt,. It suffices to show that there exists a subsequence
(Sny, + tny,) of (sp + tn) whose limit exists, such that

lim (sp, +tn,) < s+ limsupt,
k— 400

Let (sp, +tn,) be a subsequence whose limit exists. Then

lim t, = lim (s, +t, —s

k—>+oo Nk k—>+oo( ngk Nk TLk)
lim (s,, +tp,)— lim s
k—>+oo( Tk nk) k—4oc0 Tk

So limt,, exists, and limsupt, > limt,,. Add s =lims,, to both sides, and we get

s+ limsupt, > s+ lim t,, =lims,, +limt, = lim (sp, +ts,)
k— 400 k— 400 )
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Proof. (of ¢ given b): consider the sequence (—s,); limsup s, = — liminf(—s,).

Now, (—s,) = —s > 0 because s < 0. So, applying part (b) to (—s,) and (—t,), we get

lim sup spt,, = limsup((—sy)(—t,)) = —slimsup(—t,) = sliminf ¢,

10.2 Ratios and Roots

Theorem 10.2. Let (s,) be a sequence such that s, =0 Vn. Then

1/n

Sn+1 Sn+1 |

lim inf < liminf [s, |/ < limsup |s,|"/™ < lim sup

n n

Proof. We show the first part of this; let a = liminf |s,,|'/" and L = lim inf

we may assume L > —oo.

.IfL=-00,L<a. So

Sn+1
Sn

IfVL < L,L' < «, then L < o, because « is then an upper bound on (—oo, L) and the supremum of (—oo, L)
is L. Therefore o must be greater than or equal to the supremum, i.e. L < a.

Let L' < L; we show L’ < a.. There exists a subsequence of |s,|'/™ convergent to a. But |s,|"/" > 0 for all
n,soa > 0. Soif L’ <0, a > L' and we are done. Therefore, consider L' > 0.

By definition,

Sn+1

L’<L:NliIE inf{ |n> N}
—+00

n

So AN € Zsgs.t. L/ < inf{

Sn+1
Sn

|n> N}. So, ¥n > N, we have

Sn+1
L < |2t
Sn
Now Vn > N,
Sn Sp—1 SN+1
|sn| = : . |sn]
Sn—1 Sn—2 SN

= |sal > (L)Y

This last step uses the fact that L' > 0.

Now, let a = (L')"N|sn|. Then a € R, and



Isn] > (L')"a = L' -a'/™ < |s,|/"

As n — +00,a/™ — 1. Therefore liminf |s,|/" > L' lim a'/™.
n—oo

10.3 Review

A list of important things:

e Proofs by induction

e Irrational numbers, rational root theorem
e Definitions of supremum and infimum

e Completeness axiom

e Archimedean property

e Denseness of Q

o
;,OO‘O.

e How to work with plus or minus infinity: don’t do oo — oo,
e Combining limits: sums, products, etc

e Definition of finite limits (epsilon definition)

e Definition of infinite limits (distance greater than any finite M)
e Limit theorems for convergent sequences

e Limit theorems for infinite limits

e Examples of limits (theorem 9.7)

e Proving limits using limit theorems

e Types of sequences, subsequences, lim sup and lim inf

e Monotonic and Cauchy sequences

e Subsequences

e Know the theorems! (ex 10.10)

e Definitions of lim sup and lim inf

e Theorems in sections 10, 11
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12.1 Comparison, Root, Ratio Tests

Proposition 12.1. Let > a, and Y_ b, be series.

(a) If |bn| < an Yn and > a,, converges, then > by, converges absolutely.
(b) If by, > ay, foralln and Y a, = +oo, then > b, = +o0.
Theorem 12.2. (Root Test) Let 3. a, be a series and let o = limsup |a,|'/™.

(a) If a < 1, then >_ ay, is absolutely convergent.
(b) If @ > 1, then > a, diverges.
(¢) If a = 1, then the test is inconclusive.

Corollary 12.3. (Ratio Test) Let Y a, be a series.

(a) If limsup <1, then > a, converges absolutely.

An+41
An

(b) If liminf > 1, then > a,, diverges.

An+41
An

<1 < limsup , then the test is inconclusive.

(¢) If liminf

An 41
an

An 41
An
Proof. From section 12, we know that

Ap+1
Gnp

On+1 1/n

IN

lim inf < lim inf |an Y™ < limsup |ay|
n

Therefore (a) and (b) follow from this inequality and the Root Test.

For part (c), let a, = -L for some p > 0. Then

any1|  nP n \"
an | (n+1)P \n+1
p
lim () =17 =1
n+1
lim Antl )| _ lim sup ‘ Antl) _ lim inf dntl
an n an

But Y a,, diverges when p =1 and converges when p = 2.
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Remark 12.4. The Root Test works when the Ratio Test does, and the Root Test sometimes works when
the Ratio Test doesn’t. But if the limit of the ratio of successive terms is 1, then both give no information.

A few useful limits to know for the Root Test are lim n'/" = 1, lim «'/" = 1 for all @ > 0, and

n——+o0o n—-+oo
lim (n!)'/™ = 400 (which can be proved by the Ratio Test).
n—-+4oo
An+1

= —2_ which in the limit is 0. Therefore by the

Example 12.1.  Consider the series ) % ot —

Ratio Test, this series converges.

O

Example 12.2.  Consider the series Y >0 (n=2*("V" =041+ 2+ L + 1+ % 4+ ... The Ratio
Test gives us

N nodd

_ _1\n+1 n
ang1 _ (n+ 1)2+2(+(1)1) _ {(n+1)3 neven
an n—2+E=D"

n-_
n+1

So the series of ratios of terms has a subsequence with limit 0 and a subsequence
with limit +o0o. Therefore the lim inf is less than 1 and the lim sup is greater than
1, meaning the ratio test cannot give any information.

We consider the Root Test:

|1/n n- )1/n

n2)1/n .( 1)")1/n
1\ [ )\

_ . /n\" _ 1\n

= (nl/n> (n ) 1)

which in the limit is 1, so the root test gives no information.

|an,

(
= (

Example 12.3.  Consider the series -
parison test:

el 72 _31 This looks roughly like - ~7, 80 we use the com-




Therefore, > % converges — »_ (n;{g: converges by the comparison test.

12.2 Integral Test

Consider Y %; we can visually see by drawing the coarse Riemann sum that the sum is greater than the

corresponding integral flnH 4z " This integral evaluates to In(n + 1). Therefore, if we define s, = >;'_; 1,

then s, > In(n + 1) Vn, and liIJIrl In(n + 1) = +oo. (for all M > 0, let N =M. Then ¥n > N,In(n + 1) >
n—-+oo

Inn >IneM =M.) So lim s, =400, i.e. the sum diverges to +o0.
n——+oo

Theorem 12.5. Let p > 0. The series Y n—lp converges if p > 1 and diverges otherwise.

Proof. The case p = 1 is shown above. If p < 1, then n? < n]foralln, so nlp > % Vn. Therefore, n%,
diverges to +00 by the comparison test. For p > 1, let s, = >, _; kip This turns out to be less than the

da
integral [ when offset by 1:

"] " dx
sn=1+zﬁg1+/1 —
k=2

1
1-pn 1 —

So s;, < P for all n, therefore (sy,) is increasing and is bounded above by -5 and below by si. Therefore
Sp, CONVETEZES. 0

The integral test should be used when other tests don’t work, a, > 0 Vn, and there exists a nice function
f :[1,00) = R such that a, = f(n) ¥n, and f is decreasing, i.e. f(z1) > f(x2)Vr1 < 5. Further, it is
required that it is possible to compute or estimate fln f(z)dz for all n.

Theorem 12.6. Let f : [1,00) — R be a function such that [ is decreasing, and fln f(x)dx is finite for all
n € Zso. Let a, = f(n)Vn € Zsy.

(a) If lirf [{" f(z)dz converges, then Y- an, converges.
n—-—+0o0
(b) If ngrilw [, f(z)dz diverges to 400, then Y a, = +0o.

Definition 12.1. An alternating series is one of the form Y (—1)"a, where a, < 0Vn or a, > 0Vn.

Theorem 12.7. Alternating Series Test: let Y (—1)"a, be an alternating series such that a, > 0 Vn, (an)

is a decreasing sequence, and lim a, =0. Then Y (—1)"a, converges, and for all n, |s — s,| < a,, where
n—-+oo

s=>Y(—=1)"a, and s, = > p_o(—1)*ay.
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Proof. (sketch of a proof of the Alternating Series Test) Because (a,,) is a decreasing sequence, we know that
(sak) is decreasing. For all k, asgt3 < aggy2, SO

S2k43 = Sok+1 T A2k42 — A2k+3 = S2k41

Therefore (s2;41) is increasing.

Next, we show that for all m,n € N, so;+1 < s2,. When m = n, we get Sont1 = Son — Gont1 < Sap; When
m < n, Samt1 < S2ng1 < S2n; When m > n, san > Som > S2m1-

Now, for all K € N, 51 <53 <55 <+ < spp1 < Sopq1 < Sop < Sgp—2 < Sopg <o <sy < s,

(sar) is decreasing to s1 < sai, < s VK, so (s2r) is bounded and therefore it converges to some ¢;. Likewise,
(s2+1) converges to some ty. Then

t2—t1: lim S9k+1 — lim SS9k — lim S9k+1 — S2k
k—+oco + k——+o00 k—>+oo( + )

= lim (71)2k+1a2k+1 =0
k—+4oco

Therefore t; = t1, and we can show that lim s, =ty = ;. O
n—-+oo
Corollary 13.1. Let > 7 ((=1)"a, be an alternating series. Now, for all k € N, if the sequence (|ay|) is

decreasing and liIJIrl an, = 0, then the series converges.
n—-+0oo

Example 13.1.  Consider a,, = (1+2-(—1)")-27"; by computing a few terms we see that this series
is alternating. lir}rl a, =0, but |ag,| =3-272F > 2.272k = 2~ (2k-1) — |aok—1,
n—-+00

so (Jan|) is not decreasing. But a, < 327" Vn, which converges because it is a
geometric series, i.e. a, converges absolutely by the comparison test.
0

13.1 Continuity

Definition 13.1. Let S and T be sets. A function (or map) from S to T is a choice of f(s) € T Vs € S.
We denote this by f : S — T.



Lecture 13: Alternating Series, Continuity 56

Definition 13.2. Let S and T be sets and let f : S — T. S is the domain of f(dom F) and T is the
codomain of f.

For us, all functions are of the form f : S — R, where S C R. If dom(f) is not specified, it is the largest
subset of R where f is well defined.

Example 13.2.  f(z) = 1 dom(f) =R\ {0}

Example 13.3. g(z) = v4 — 22,dom(g) = [-2, 2]
O

Definition 13.3. Let f : S — R be a function and let a € S. We say f is continuous at a if there exist

sequences (ay) such that a, € S Vn and lim a, =a. We have
n—-+4oo

lim f(a,) = f(a) = f( lim_ay)

n——+oo n——+oo

We say f is discontinuous at a if f is not continuous at a.

We say f is continuous if f is continuous at x for all x € S.

Theorem 13.2. Let f: S — R and let a € S. Then, f is continuous at a if and only if

Ve> 0,36 > 0s.t.
Vo e Ss.t.la—z| <d,|f(a) — f(z)] <e

Proof. Suppose the § — e property holds; we want to prove that f is continuous at a.
Let (a,) be a sequence in S converging to a. Then, Ve > 0,3ds.t. Vo € S with |a —z| < 4, |f(a) — f(z)| < e.

Since lim a, = a, there exists some N such that |a — a,| < §. Therefore |f(a) — f(a,)| < €¥n > N.

n—-+4oo
Therefore lim f(a,) = f(a), so f is continuous at a.
n—-+o0o

In the reverse direction, we proceed by contraposition, i.e. if the § — e property does not hold, then f is not
continuous at a. If the § — € property doesn’t hold, then

Je > 0s.t. V6 > 0,3z € Ss.t.
la —z| <dbut [f(a) - f(z)] =€

For all n € Zsq, pick § = 1. Then there exists a, € S such that |a — a,| < § =1, but |f(a) = f(an)| > €.

n
Then (a,,) is a sequence converging to a, but | f(a)— f(a,)| < €is never true for any n. So liIJIrl flayn) # f(a),
n—-+0oo

so f is discontinuous at a. O
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Example 13.4.

Let f(x) = 222 + 1; we want to prove f is continuous.

Let a € R. For any sequence (a,) converging to a, we have

2
lim f(an):ngrfoo2a,%+1:2< lim an) +1=2a*+1= f(a)

n—-+oo n—-+oo

Therefore f is continuous at a.

We can prove the same thing using § — e: work backwards from

|f(a) = fla)] < e

We want to solve for z or |z| or |a — | in terms of things that do not involve x:

|f(a) = f(2)| = 120® +1 - 22% — 1| = |2(a + z)(a — )| = 2|a — | -|a + 2

We replace |a + x| with something larger. Assume |a — z| < 1. Then

1> [a—z| > |la] — |z]| = ||z] — |al| > |z] —|a]
Therefore
|z| <1+ |al
la + z| < |a| + |z] < 2]a| + 1
So

[f(a) = f(z)] < 2[a—=[(2la] +1) <e

€
a—2| < ———F——~
| | 2(2]al +1)

Now we can begin the proof.

Proof. Let € > 0. Define 6 = min{1, m} Then Vz € R such that |a — z| < 6,

2la — z|(2]a] + 1) < €. Also |a —z| < 1, so |z + a| < 2|a| + 1. Therefore

o7
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Example 13.5.

€>2la—z|(2la] +1) > 2[a — x|z + a| = [f(a) — f(z)|

So f is continuous at a by the § — e definition. O

Consider the function

Show that f is discontinuous at O.

We want to find some (a,) such that lim a, =0, but lim f(a,) # f(0) = 0.
—+00 n——+00

n

We want to find an (a,) such that sin(1/a2) = 1. This gives us

Then, lim a, = 0, but f(a,) = isin (a%) = i Therefore lim f(a,) =

n——+00 n——+

Jim - = 4oo # f(0).

Therefore f is discontinuous at 0.
O

Most familiar functions are continuous everywhere: e, sinx, cosx,log, ¥Vb > 0,2PVp € R. Note that when
we say a function is continuous everywhere, we mean throughout its domain.

Example 13.6.

Consider f(z) = |z|. To show that this is continuous, we want to show that for all
(an,) converging to a, ||an| — |a|| < |a, — a|] < € (by the triangle inequality). This is
true because f(x) = x is continuous.

(]



13.2 Combining functions

Given f: S —>R,g: T — R,

—_

. (f+9)(x) = f(z)+ g(z), with domain SN T
(f9)(x) = f(z)g(x), with domain SNT
() = kf(x).

)
(5) (z) gEz;, with domain {x € SN T, g(x) # 0}

o

3. Vk € R, (kf

e

5. max(f, g)(z) = max{f(z), g(z)}; min(f, g)(z) = min{f(x), g(x)}, with domain SNT.
6. (go f)(z) =g(f(x)), with domain {z € S | f(z) € T}.

Theorem 13.3. Let f: S - R,g: T —R,a € R.

(a) f and g continuous at a implies f + g, fg are continuous at a.

(b) Vk € R, f continuous at a implies kf is continuous at a.

(¢) f and g continuous at a and g(a) # 0 implies 5 is continuous at a.

(d) f and g are continuous at a, max(f,g) and min(f,g) are continuous at a.

(e) [ continuous at a and g continuous at f(a) implies go f is continuous at a.
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14.1 Bounded functions

Definition 14.1. Let f: S — R be a function. We say f is bounded if its image f(S) ={f(s)|s€ S} isa
bounded set, i.e. IM € R such that |f(s)] < M Vs € S.

Theorem 14.1. (Exztreme Value Theorem) Let a < b, and let f : [a,b] — R be a continuous function.
Then f is bounded, and f assumes its mazimum and minimum values on [a,b], i.e. 3, u € [a,b] such that

f() < f(x) < f(u) for all x € [a,b].

Example 14.1.  Consider f(z) =1 on (0,1).

Example 14.2.  Consider g(x) = 22 on (—1,1). For all 0 < a < 1, g(y/a) = a, but g(z) < 1 Vu.
O

Proof. We claim f is bounded and prove it by contradiction. Suppose f is not bounded. Then Vn € Z~,
Jz, € [a,b]s.t.|f(xy)| > n. Then (z,) is bounded, so the Bolzano-Weierstrass theorem implies that there
exists a subsequence (x,, ) of (z,) that converges to some y € R. Therefore x,,, € [a,b]Vk = y € [a, b)].

f is continuous at y, so f(y) = klirf f(zn,), so (f(zy,)) is bounded. Therefore (|f(xy, )|) is bounded. But
—+o00

i |f(zn,)| = lim [f(zn)] = +o0

k—+o00 n—-+oo

This is a contradiction, therefore f is bounded.

Let

M = sup{f(s) | s € [a,B]} € R

We find some u € [a,b] such that f(u) = M. For all n € Z~g, M — % is not an upper bound on f([a,b]).
Therefore there exists y, € [a,b]s.t. M — L < f(y,) < M, which can also be written as
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——<f(yn)fM<0<l
n
Fym) — M| < -

So (yn) is a sequence in [a,b] such that EIE flyn) = M. y, € [a,b]Vn implies that (y,) is bounded, so

there exists a convergent subsequence (y,,, ). Write u = limy,, ; then u € [a, b] be3cause y,, € [a,b]Vk. f is
continuous at u, therefore by continuity,

f(u) =lim f(yn,) = lim_f(yn) =M

n—-+o0o

Repeat this argument with — f in place of f for the minimum. We get that 3l € [a, b] such that — f assumes
its maximum at [.

So f assumes its minimum value at [. O

Definition 14.2. A subset I C R is an interval if a < b in RU{xoo} such that I has one of the following
forms: (a,b),[a,b],[a,b), (a,b].

Theorem 14.2. (Intermediate Value Theorem) Let I C R be an interval, and let f : I — R be a continuous
function. For all a < b in I and any y lying between f(a) and f(b), i.e. f(a) < f(y) < f(b) or f(b) <
f(y) < f(a), there exists x € I such that a < x < b and f(x) =y.

Proof. We prove the statement for f(b) < y < f(a). Define

S=A{rela,b]| f(z) >y}
a € S implies S # @, i.e. supS = x¢ is a real number. Since S C [a, b],x¢ € [a,b] C I. We show f(zg) = y.
First, we show that f(xo) > y.

For all n € Z~, xo—% is not an upper bound on S. Therefore, there exists s,, € S such that xo—% < 8n, < T,
. 1 . _

ie. [s, — x| <, 80 ngrfoo Sp = Xo.

Then, f is continuous at zg, so f(zg) = lm f(s,) > y. sn € SVn, so f(sn) > y.

n—-+o0o

Next, we show that f(x¢) < y. For all n € Z,t, = min{b,zg + %} Then, g < b and z¢ < xg + %, S0

1 1
To— — <xo<tph <m0+ —
n n
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So [t, —xo| < L, i.e.

lim tn = Z9-

n—-+o0o

For all n, t,, >z = t, ¢ S, so f(t,) <y. So continuity of f at xo gives us

Therefore f(zo) = y.

f(xO) = lim f(tn) <y.

n—-+oo

Definition 14.3. Let f : S — T be a function.

1. f is injective if Vs,s' € Ss.t. f(s) = f(s'), we have s = 5.
2. The image of f is f(S) ={f(s) | s € S}.
3. f is surjective or onto if f(S) =T, ki.e. Vt € T,3s € Ss.t. f(s) =t.

4. f 1is bijective if it is injective and surjective.

Corollary 14.3. Lert I C R be an interval and f : I — R be a continuous function. Then f(I) is either an

interval or a single point.

Proof. If sup f(I) =

inf f(I), then f(I) = {supf(I)}. For all y € f(I),inf f(I) < y < sup f(I).

instead inf f(I) < sup f(I), then I is an interval with end points inf f(I) and sup f(I). For all y such that
inf f(I) < y < sup f(I), there exists yo,y1 € f(I) such that yg < y < y1. By the intermediate value theorem,
there exists x € I such that f(x) =y = y € f(I). So

Example 14.3.

(inf f(I),sup f(I))  f(I) < [inf f(I),sup f(I)]

Let f :[0,1] — [0,1] be a continuous function. We show f has a fixed point, i.e.
Ja € [0,1]s.t. f(a) = a.

Let g(x) = f(z) — 2 on [0, 1]. Then

If g(0) # 0 and g(1) # 0, then g(0) > 0 > g(1), so Jz € (0,1)s.t.g(x) = 0 by the
intermediate value theorem, i.e. f(z) = x.

O

Definition 14.4. Let f: S — R.

1. f is strictly increasing if Vo1 < o € S, f(x1) < f(x2).



2. f is strictly decreasing if Vo1 < 29 € S, f(x1) > f(x2).

Theorem 14.4. Let I C R be an interval and f : I — R a continuous function. The following are equivalent:

1. f is continuous and injective.

2. f(I) is an interval, and f is either strictly increasing or strictly decreasing.

Proof. In the forward direction, f being continuous and injective implies that f(I) is an interval or a point.
But f being injective means it must be an interval.

We claim that Ya < b < ¢ in I, f(b) lies between f(a) and f(c) (strict inequalities because the function is
injective.) Suppose this is false; then either f(b) > max{f(a), f(c)}, or f(b) < min{f(a), f(c)}.

If f(b) > max{f(a), f(c)}, pick y € R such that f(b) > y > max{f(a), f(c)}. By IVT on [a,b] and [b,c],
Jzq1 € (a,b) and x5 € (b,c) such that f(x1) = f(x2) = y. But this implies 1 = x5 because f is injective,
which is a contradiction.. Therefore f(b) < max{f(a), f(c)}.

If f(b) < min{f(a), f(c)}, pick y € R such that min{f(a), f(¢)} <y < f(b). By IVT on [a,b] and [b, ],
Jz1 € (a,b) and 25 € (b,c) such that f(z1) = f(x2) = y. But this implies 1 = 25 because f is injective,
which is a contradiction.. Therefore f(b) > min{f(a), f(c)}.

In the backward direction, f strictly increasing or strictly decreasing implies that f is injective, because
1 <y = f(x1) < fx) or 1 < xg = f(x1) > f(x2) both imply that 1 < 2 = f(z1) # f(z2).
Therefore it suffices to prove continuity. We prove the case where f is strictly decreasing, and assume the
proof for the case f is strictly increasing follows similarly. (see Ross section 18).

Let a € I and let € > 0. Roughly, choose ¢ sufficiently small that it is in the image of the function around a
then finish the proof. O
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Definition 15.1. Let f: S — T be an injective function. The inverse of f is the function

FLf8) =8, =s

for the unique s such that f(s) =t.

Equivalently, f~1 is the unique function such that

ftof(s)=sVseS
fof ity =tVte f(S5)
Lemma 15.1. Let I C R be an interval, and let f : I — R be an injective function. If f is continuous,

then f=1: f(I) — R is continuous and injective. Moreover, f and f~1 are either both strictly increasing or
strictly decreasing.

Proof. f is either strictly increasing or strictly decreasing. If f is strictly increasing, Vo < y in f(S). Let
a,b € I such that f(a) =z, f(b) = y. Then,

azb — fla)> f(B)but fla) =z < fb) =y
Therefore a < b, so a = f~1(x) < b= f~!(y), which implies that f~! is strictly increasing. O
The image of f~1 = f~1(f(I)) = I is an interval, and f~! is strictly increasing or strictly decreasing,

therefore f~! is continuous.

Example 15.1. Let m € Zsg, f(z) = 2™ on [0,00). f is continuous and strictly increasing, which
can be shown by induction; if m = 1, f(z) =  which is strictly increasing. If 2™ is
strictly increasing, then

r<y = " <y™

xm+1 < zym < yym — ym+1

So f= : [0,00) — [0,00), f~*(y) = %/y is injective and continuous. Therefore,
for all y € [0,00),y has a unique mth root. This depends on the image being the
domain, i.e. f([0,00)) = [0, c0)
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Vo, f(z) >0 = I C[0,0)
Yy € [0,00),3b > 0s. t.
y < b (take )b = max{1,y}

Then, 0 = f(0) <

y<b
specifically, 30 < z < bs.

= f(b ) So by the intermediate value theorem, y € I;
( ) =
O

Definition 15.2. f : S — R is uniformly continuous on a subset T C S if Ve > 0,30 > 0s.t.Vz,y €
T,z -yl <d = |f(z) - f(y)| <e

f s uniformly continuous if f is uniformly continuous on S.

Example 15.2.  Consider f(z) = 25 on (0,00). We claim that f(z) is continuous on its domain.

Let a = (0,00), and we start to work backwards:

_ (a+x)(a—x)

z2q?

_|a—=l||a+ x|

\x|2a2

To proceed, we try to assume |z — a| < 1, which gives us

la] = || < la| = |z]| < |z —a| <1

However, this gives us |z| > |a| — 1, which is bad for the case a = 1. Therefore, we
take |z — a| < §, which gives us

w—al<3 = lol<lal+3

and

3a oa
|x+a|§|x|+|a|<?+a:7

Therefore
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o laal ()
#te) = Sl < =5
4.5 10
:|a—m|ﬁ:|a—x|$<e

Let 0 = min{$, %} Then, Vzs.t. |z —a| <4, |f(z) — f(a)] <€, so f is continuous
at a.

Now, we can discuss uniform continuity. We claim that Vb > 0, f is uniformly
convergent on [b, o). For all z,y € [b, c0),

(@ —y)(z+y) T+y
fl@) - 1) = ZH2H oy (S
We want to bound wﬁjzg in terms of [b, 00).
x+y 1 1
x2y2 - xy? + 2y
1 1 2
SETE TR
So
2
|f(@) = f <|z—yl 5
b
Let 6 = #. Then |z —y| <0 = % implies

&> lo =yl = > 15(@) ~ )]

Therefore f is uniformly continuous on [b, c0).

Finally, we claim that f(z) is not uniformly continuous on (0,00). Intuitively, we
can think of this in terms of the derivative, which blows up to —co as x — 0.
Because the rate of change of f(x) is unbounded, the function cannot be uniformly
continuous.

O

Theorem 15.2. Let f : [a,b] = R be a function. [ is continuous if and only if f is uniformly continuous.

Proof. If f is uniformly continuous then f is continuous by definition. Suppose f is continuous but not
uniformly continuous. Then there exists some € such that for every 4, there exist =,y € [a,b]s.t. |z —y| < §
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but [f(z) — f(y)| > e
For all n, take 6 = % Then, there exist @,y € [a,b] such that |z, — y,| < %, but |f(xn) — f(yn)| > e

(x5,) is bounded, so by the Bolzano-Weierstrass theorem, there exists (x,, ) convergent. Let z = kErf-loo Ty -

Then (yy, ) converges to z as well. T, ,yn, € [a,b]Vk,z € [a,b]. So f is continuous at z, which implies
lim f(zy,) = f(2) = lim f(yn,)
hmf(mnk) - f(ynk) =0

But |f(2n,) — f(yn,) > € for all k, which is a contradiction. Therefore f must be uniformly continuous. O

Definition 15.3. Let f : S — R. We say f: T — R is an extension of f toT if S C T and f(x) =
flz) Vz e S.

Example 15.3.  Let f(z) = zsin2 on (0,1]. An extension of f to include 0 would be

~ zsini 0<z<i
) = x =
f@) { e 0
O
Example 15.4. Let g(z) = sin% on (0, %] No extension of g to [0, ﬂ is continuous.
O

Theorem 15.3. Let f : (a,b) — R be a function. f is uniformly continuous iff there exists an extension

f: [a,b] = R of f such that f is continuous. Moreover, in this case, the extension fz's the unique continuous
extension.

Proof. (Only in the forward direction) If fexists, then fis uniformly continuous, so fis uniformly continuous
on (a,b), so f is uniformly continuous. O

Lemma 15.4. Let f : S — R be uniformly continuous. For all (s,) in S, if (sn) is Cauchy then (f(sy)) is
also Cauchy.

Proof. For all € > 0, we want N such that Vm,n > N, |f(sp) — f(sm)| < €. From the definition of continuity,
we know that exists ¢ > 0 such that Vz,y € S, |[zr —y| < d = |f(z) — f(y)| < €. Because (s,) is Cauchy,
there exists an N such that |s,, — s, < 0Vm,n > N, and so |f(s,) — f(sm)| < e¥m,n > N. O



Example 15.5.  Consider f(z) = 2 on (0,00). Let s, = 1; (s,) is Cauchy. But f(s,) = n?,
so lim f(s,) = 4+o0o0. Therefore (f(sy)) is not Cauchy and f is not uniformly

n—-+4+oo
continuous.

O

Now, we can do the backward-direction half of the proof of the unique existence of a continuous function
extension.

Proof. Assume fis uniformly continuous. Let (s,) be a sequence in (a,b) such that hIil s$n = a. Then,
n—-+0oo

(sn) is Cauchy, so (f(sn)) is Cauchy, i.c. (f(sn)) converges. So, define f(a) = EIJ? f(an). Likewise, let

(s!,) be a sequence in (a,b) converging to b. Then define f(b) = Erf f(sh,) and let f(s) = f(s) Ya < s < b.

We show fis continuous at a and b; let (¢,) be a sequence in [a, b] converging to a. Define a new sequence,

(Un) = (507t07 517t1’ SQatQa .. )

Then lim w, = a because (u,) is a combination of two sequences that converge to a. So by continuity

n——+0o
of f, (f(uy)) is Cauchy by the lemma above, so it converges, so its limit is the same as the limit of any
subsequence. Since (sy,) and () are both convergent to a, ngrfoof(un) = ngrfoof(sn) = nllbrfoo (tn) =
f(a) = lim f(t,). Therefore f is continuous at a. O
n—-+o00
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16.1 Uniform continuity from the derivative

Theorem 16.1. Let I C R be an interval, and let f : I — R be continuous. Let I° be I without any
endpoints. If f is differentiable on I° and f' is bounded on I°, then f is uniformly continuous on I.

Example 16.1.  Consider f(z) = % on [b, ) for b > 0.

1

Fel= |-z -w <7

— = =

g b3V:c € [b, 00)

So f’(z) is bounded on (b,c0), and f is continuous on [b, c0). Therefore f is uni-
formly continuous on [b, 00).

O

16.2 Limits of functions

16.2.1 Definitions

Definition 16.1. Let f : S — R, and let a, L € RU {x+oo}. Further, let T C S. We write

lim f(z)=1L

z—aT

if V(t,) € T converging to a, HI—F f(tn) =L.

Remark 16.2. f: S — R is continuous at a € S iff lim f(z) = f(a).

r—a

Definition 16.2. Let f : S — R and let L € RU {zxo0}.

1. We write lim f(x) = L if lim f(z) = L, where I = J ~ {a} and J is an open interval containing a.
r—a r—a
This is the two-sided limit.

2. lim+ flx)=Lif lim f(z) = L, where I = (a,b) for some b > a. This is the right-hand limit.
r—a r—a
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3. lim f(z) =L if lim f(z) =L, where I = (c,a) for some c < a. This is the right-hand limit.

r—a~ r—a

4. Wesay lim f(z)=Lif lim f(z)=L forl=(b,00). (and the same on the other side with —cc.)
T—+00 x—+ool

Example 16.2.  To show that lim ﬁ = 0, we pick b = 2. Then, we want to show that for all
T—>00
(sn) in (2,00) such that lim s,, = oo, liIJIrl f(sn) =0.
n——+00
O

16.2.2 Limit theorems

These work like they do with sequences. For example,

lim (f + ¢)() = lim_f(x)+ lim_g(x)

r—a r—a r—a

The above holds as long as it does not create an undefined expression like co — co.

Remark 16.3. f: S — R is continuous at a € S if and only if lims f@) = f(a).
Tr—ra

Theorem 16.4. Let f : S — R,a € R such that there exists a sequence in S converging to a. Let L € R.
Then

lim f(r) =L <= Ve> 0,36 > 0s.t.

x—as

VreS, |z —a| <8 = |f(z)— fla)] <e

Corollary 16.5. 1. liLn f(x) = L if and only if Ve > 0,30 > 0s.t.Vx # a,a—0 <z < a+d§ =

[f(z) = L <e.
2. Iligl+ f(z) = L if and only if Ve > 0,30s.t.a <z <a+6 = |f(x)— L| < e (and the same for
x—a ).
3. mhﬁngof(x) =L iff Ve > 0,3IM such that Va > M, |f(x) — L| < e.
Lemma 16.6. ;1_131 f(x) exists iff Ll_l}I(Ill_ = Ll_l}r(rlh (), and in this case, }1_% s equal to both.

16.3 Differentiation

Definition 16.3. Let f: S — R,a € S. The derivative of f at a is

) — 1 TO @

T—a r—a h—0

fla+h) = f(a)
h
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Definition 16.4. The derivative of f is the function [’ given by a — f'(a). dom f' C dom f.

Definition 16.5. f is differentiable at a if f'(a) exists and is finite.

Remark 16.7. f is differentiable at a if and only if a € dom(f’).

Proposition 16.8. Let f : S — R be a function and leta € S. f is differentiable at a implies f is continuous

at a.

Proof. We want g}lg(ll f(z) = f(a).

lim (z — a) - lim (’M) + lim f(a)

z—a T—a Tr—a T—a

lim f(z) = lim (z — a) (

r—a r—a

The above statement is valid because the limits all exist and are finite. We get

lim f(z) =0- f'(a) + f(a) = f(a)

r—a

Therefore f is continuous at a. O

Example 16.3.  Let g(z) = 22.

=limz+2=4
rx—2

Proposition 16.9. Let f, g be functions, a € R. Suppose f and g are differentiable at a.

(a) Ve € R, ¢ f is differentiable at a, and (cf)' (a) =c- f'(a).

(b) [+ g is differentiable at a, and (f + g)' (a) = f'(a) + ¢'(a).

(¢) fg is differentiable at a, and (fg)'(a) = f'(a)g(a) + f(a)g'(a) (Product Rule).
(d) 5 is differentiable at a, and if g(a) # 0,

(Quotient Rule)
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Proof. The first two subparts follow from limit theorems and definitions.

For the product rule, VY # a, the following holds:

f(@)g(x) — fla)gla) _ fz)g(x) - f(x)g(a) + f(x)g(a) — f(a)g(a)

r—a r—a

- (22000 g (L= L0))

r—a

In the limit x — a, this becomes

For the quotient rule,

O
Example 16.4. Let f(z) = ¢ for some ¢ € R. Then for all a € R,
— 0
f'(a) = lim f@) - f9) = lim =0
T—a Tr—a r—a l — Q
Therefore the derivative of a constant is 0 everywhere.
O

Example 16.5. Let g(z) = 2",n € Z~(. We claim that ¢’(z) = na" 1.
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Proof. We prove this by induction on n. When n =1,

T —

g (a) = lim ¢ lim1=1
T—a T —a z—a

Next, suppose ™ = nz" ! for some n. Then

(") = (z-2") =1-2" +na" -2 = (n+ 1)V

O

16.4 Chain Rule

Theorem 16.10. Let f be differentiable at a and g be differentiable at f(a). Then

(g0 f)(a) =g'(f(a))- f'(a)
Proof.
9(f(x)) —g(f(a)) _ 9(f(z)) —g(f(a)) f(z)— f(a)
P 7o) = fla) v—a
The first term simplifies to ¢’(f(a)) and the second simplifies to f'(a). O

16.5 Critical Points

Theorem 16.11. Let I C R be an open interval, f : I — R, and let a € 1. If f assumes a min or mazx at
a, i.e. f(x) < fla)Vx el or f(a) < f(z)Vx € I, and if f is differentiable at a, then f'(a) = 0.

Proof. Suppose f'(a) > 0.

>0

) — tin T8 = 1)

T—a Tr—a

There exists d such that r <a—0 <a+ 9 <y and

f(z) = f(a)

>0Vz e (a—d,a+9)
z—a

For any a < z < a+4,



f(z) = fla) >0 = [(z) > f(a)

Therefore f(a) is not a maximum. Similarly, f(a) is not a minimum (with the hypothesis f/(a) < 0) if we
consider a — ¢ < z < a. Therefore this is a contradiction and f/(a) = 0. O
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Lemma 17.1. Let g : S — R. If lim g(z) > b, then 30 > 0s.t.Vz € S, |z —a| <6 = g(x) > b.
T—a

Proof. By the 0 — € definition of lim f(z) = L, we know that (taking e = L — b > 0),

r—a

36 > 0s.t.V|z —al <4,
lg(x) — LI <e=L-b
b—L<g(z)—L<L—b
b<g(z)

O

We can use the expression lim f(z) in a few different ways: using the epsilon-delta definition, using the
r—ra

statement that lim f(z) = f(a) <= f is continuous at a (assuming f is defined on some interval containing
r—a

a), or using the sequence definition.

Theorem 17.2. Let f: I — R be a function and I = (a,b) be an open interval. If f assumes a maz or min

at x, then either f'(xzqg) does not exist or f'(x) = 0.

Proof. Assuming f'(zg) exists, we show that f’(z9) = 0. By replacing f by —f, we may assume f(xg) is a

maximum.

Suppose f'(x¢) > 0. Then

i @) = f(=o)
T—To r — X
There exists ¢ such that (xg — d,29 + ) C I and

f(@) = f(wo)

r — X

|z —zo| <0 = >0

Then, for any z such that o < z < ¢ + 4,

x—x9>0 = f(x)— f(zg) >0
— fz) > f(xo)

This is a contradiction, so f'(xg) is not greater than 0.



Lecture 17: Differentiation, MVT, L’Hopital’s Rule 76

If f'(x9) < 0, 36 such that

T—x| <6 = W<O
— Zo
Pick o — 0 < x < xp; then
r—29<0 = f(z)— f(zo) >0
=4 f((E) > f(x())

This is a contradiction, so f/(zg) is not less than 0.

Therefore, if f/(zo) is finite, it must be 0. O
Theorem 17.3. (Rolle’s Theorem): Let f : [a,b] — R be continuous, and differentiable on (a,b). If
f(a) = f(b), then Jc € [a,b]s.t. f'(c) = 0.

Proof.
Jxo,yo € [a, b]s. t.
fxo) < f(z) < f(yo) Va € [a, b]

Case. If zo,yo € {a,b}, then f(a) = f(b), so f(z) = f(zo) = f(yo)V, i.e. [ is constant. This implies that
f(e) =0 for all c € [a,b].

Case. If zg oryo are not in {a,b}, then either xg € (a,b) or yo € (a,b), i.e. either xy or yo is a minimum
or mazimum, of the function on [a,b]. Therefore f'(xo) =0 or f'(yo) = 0.

Rolle’s theorem is not inherently that useful, but it can be used to prove the Mean Value Theorem:

Theorem 17.4. (Mean Value Theorem): let f : [a,b] — R be a continuous function that is differentiable on
(a,b). Then 3c € (a,b) such that

f(0) = f(a)

7o =1

Proof. Let L(x) be the function whose graph is the line passing through (a, f(a)) and (b, f(b)), which can
be explicitly given by

L(z) = (M> (@ —a) + f(a)

Define g(x) = f(x) — L(x). g is continuous on [a, b] and differentiable on (a,b), and
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g'(c)=0
F(e)— L'(e) =0
f/(c) _ f(biii(a) =0

Corollary 17.5. Let f : (a,b) — R be differentiable. If f'(x) =0 Vz € (a,b), then f is constant.

Proof. Suppose f is not constant. Then,

Jz1 <2 € (a,b)s.t. f(21) # f(22)

Then, by the MVT on [z1,22], 3¢ € (21, 22) such that

f(z2) — f(z1)

T2 — 1

f(e) = #0

This is a contradiction. Therefore f must be constant.

Corollary 17.6. If f,g: (a,b) = R are such that f'(z) = ¢'(x)Vx € (a,b), then

de € Rs.t. f(x) = g(x) + vz € (a,b).

Proof.

Therefore f — g is constant.

Corollary 17.7. Let f: (a,b) — R be differentiable.

(a) If f'(x) > 0 Va € (a,b), then f is strictly increasing.
(b) If f'(x) > 0 Vz € (a,b), then f is increasing.

7
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(c) If f'(z) <0 Vx € (a,b), then f is decreasing.
(d) If f'(x) < 0 Vx € (a,b), then f is strictly decreasing.

Proof. Let 1 < z2 in (a,b). By MVT, there exists ¢ € (21, z2) such that

L2 — X1

0< f(c) =

For (a), f'(¢) > 0 and xo — 21 > 0 implies f(z2) — f(z1) > 0, which tells us that f is strictly increasing. The
other parts follow similarly. O

Theorem 17.8. (IVT for derivatives): let f : (a,b) — R be differentiable. Let v1 < x2 € (a,b). For all y
such that f(z1) <y < f(2) or f(z2) <y < f(z1),

Iz € (x1,22)s8. 1. f(z) = y.
Remark 17.9. If [’ is continuous, this is immediate from the intermediate value theorem. But there are

continuous functions whose derivatives have discontinuities, e.g. f(x) = zsin% is discontinuous at 0.

Proof. By replacing f by —f and y by —y, we may assume f'(z1) <y < f(x2). Define

Then, g(z) assumes a minimum on [z1, 2] at some xy € [z1,22]. (This is sometimes called the extreme
value theorem.) We want to show that ¢'(z9) =0 = f'(x0) = y. For this, we show that x¢ € (z1,x2).

Note that ¢'(z1) = f'(z1) —y <0, and ¢'(z2) = f/(x2) — y > 0. Therefore

9(x) — g(21)

351S.t.|(£—$1|<(51 — <0

So, for any z1 < z < z1+01, g(z) —g(x1) < 0, so g(z1) is not a minimum on [z1, x2]. Therefore g(z1) # g(zo)
and z1 # zg. Likewise, g(x2) > 0 gives us

9(@) — g(x2)
T — T2

3628.t.|$71‘2|<(52 — >0

and (1‘2 — 52,132 — 52) Q (Il,b).

So

Vs t.xp <o — 0y <& <o, € [x1,23) A — 29 <0
sog(w) = g(z2) <0
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So g(z2) is not a minimum for g on [x1, 23], therefore xo # .
Therefore g has a minimum in (21, z2). O

We can consider derivatives of function inverses. Let f : I — R be differentiable and injective. Then, we can
find (f~1)’. Assuming it exists, we can find it using the chain rule:

L=(f"of) (@)= (1) f@) f()

~1y _

Proposition 17.10. Let f : I — R be a continuous injective function with I an open interval. If f is
differentiable at a and f'(a) # 0, then £~ is differentiable at f(a) and

Cdt 1
dx z=f(a) f/(a)

(f=1'(f(a))

Example 17.1.  Let n € Z+( and let g(y) = {/y if n is odd, and [0, 00) if n is even. g is the inverse
of f(x) =a™. So for all a # 0 in dom(g), let a = zf = f(zo).

(a) = 1 _ 1
gla)= (o) mcgfl (al/n)nfl

1

1 1/n—1
’ 1-1/n @
a n

Sl— 3|+

O

Theorem 17.11. Let f,g : [a,b] — R be continuous on [a,b] and differentiable on (a,b). There exists
c € (a,b)s.t.

f()lg(b) — g(a)] = g'(c)[f(b) — f(a)].
Remark 17.12. This reduces to the MVT if g(x) = x.

Proof. Use Rolle’s theorem on
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Theorem 17.13. (L’Hopital’s Rule) Let s signify a,a*,a™,—occ or +oco (a € R). Let f and g be differen-
tiable functions such that ¢'(x) #0 “near” s and such that

f(x)
im =
z—s g'(x)
If either
lim f(z) = lim g(z) =0
or
lim [g(2)| = 400

then

lim ——= = L.
o g(w)

f(=)
9

Proof. Consider s = a™.

We claim that if —oco < L < oo, then for all L; > L, 3oy > a such that VYa < x < a1, we have % < L.

We also claim that if —oo < L < 400, then VLo < L, Jas > a such that Va < z < as, 583 > Lo.

If L is finite, both claims imply that

i 708 _
z—at g I)

If L = —o0, the first claim implies that

lim M:L

z—at g .T)
If L = 400, the second claim implies the same thing. Therefore, it is sufficient to prove the two claims. We
prove the first one, and assume the other one follows by symmetry.

To prove the first claim, we find (a,b) such that

g (z) < O0Vz € (a,b)
g (z) # O0Vz € (a,b)
(a,b) C dom(f) Ndom(g)



To do this, we pick k such that L < k < Ly. Then there exists § = a7 > 0 such that

f'(x)
g (v)

a<r <ol =0 —

—L‘<k—L—e

This is true because the limit from above of the ratio of the derivatives is L. This gives us

and so
lim = M <k<L
e—at  g(y)
So
o) _
9(y)
as desired.

81
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18.1 Using L’Hopital’s Rule

L’Hopital’s Rule can be used to resolve indeterminate forms of the type 3,+2,0 - c0,0%, 00%, 1%,

Example 18.1. Consider the limit hm+ xInz; we can rewrite this as
x—0
. Inz
lim xlnz = lim —
z—0t z—0t 1/.13
1
Z fim i

z—0t 71/3’]2

= lim —2=0
z—0t+

Example 18.2.  Consider the limit lim z%; we solve this as follows:
z—0t
. . T
lim 2% = lim e™*
z—0t z—0t
= lim e*!n®
z—0t+
=el=1

The last step used the limit composition theorem (20.5 in Ross), which states that
if lim f(z) exists and if g is continuous at f(a), then
r—a

lim g(f(2)) = g(lim f(x))

T—ra T—ra
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18.2 Integration

Definition 18.1. Let f : [a,b] — R be a bounded function. For all S C [a,b], write

M(f,S) = sup{f(x) |z € S}
m(f,S) =inf{f(z) |z €S}

Definition 18.2. A partition of [a,b] is a finite set P ={a =1ty <t; <--- <t, = b}.

Definition 18.3. The upper and lower Darboux sums of a function over a partition of its domain are

M(f, [te—1,t]) - (tk — tp—1)

M- IM-

U(f,pP)

L(f,P)="> m(f,[ti—1,tx]) - (tx — th—1)

ol
Il
-

Definition 18.4.

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

Definition 18.5. We say f is integrable if U(f) = L(f). In this case, we write

/a - / ' fa)de = U(H) = L(P)

where ff f is the Darboux integral of f from a to b.

The conceptual difference between a Darboux integral and a Riemann sum is that a Riemann sum picks
a specific point in each interval to sample the function (e.g. one of the endpoints or the middle) whereas
the Darboux integral picks the maximum or minimum function value over the interval (as denoted by the
infimum or supremum of each U(f, P) or L(f, P)).

Example 18.3.  Let f(z) = c¢. We expect f; c=(b—a)c.

M(f,S)=m(f,S)=cVS Cla,b]
= U(f, P ZCtk*tkl =c(ti —to+ta—t1+ - +t, —tn_1)
k=1

= c(tn, —to) = c(b—a)
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Similarly, L(f, P) = ¢(b — a). Therefore,

U(f) = sup{c(b — a)} = ¢(b — a) = inf{c(b - a)} = L(f)

This tells us that f(x) = c is integrable.

(]
Example 18.4.
1 z€Q
fz) =
0 z¢Q
For any partition P ={a=1tg <t; < -+ < t, < b},
n
U(f,P)=> 1-(tk—tr-1) =b—a
k=1
L(f,P) =) _0-(ty —tx—1) =0
k=0
So U(f) =b—a and L(f) = 0, which implies f is not integrable.
O

18.3 Properties of Darboux integrals

Lemma 18.1. Let f : [a,b] — R be bounded, and let P and Q be partitions of [a,b]. If P C Q, then

L(f,P) < L(f,Q) <U(f,Q) < U(f,P)

Proof. We show that U(f,Q) < U(f, P); the other subparts are proved in Ross.

We may assume that @ ~\ P = {u}. The idea is that this can be a base case for an induction proof, but it is
sufficient to just show the case where P and @ differ by one point, because both sets are necessarily finite;
for some finite set of k distinct points ¢; in @ not in P, we can define P; = PU{g; | 1 <14 < j}, and show

Let P and @ be defined as follows,

P:{a:t()<t1<"'<tn:b}
Q={a=to<ti < - <t <u<ty<---<t,=>b}
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Then, we know that

[th—1,u] C [tk—1,tx]
M(f, [te—1,u]) < M(f, [tr—1,tx])

Therefore

U(f,P)=U(f,Q) = M(f,[tk—1,tx]) - (tk — te—1) — M(f, [tx—1,u]) - (ut,_,) — M(f, [u, tx]) - (tx — )
> M(f, [tk—1,te]) - [(tx —th—1) — (u —tp—1 + 1 —u)] =0

Therefore U(f, P) > U(f, Q). O
Lemma 18.2. Let f : [a,b] — R be bounded, and let P,Q be partitions of [a,b]. Then L(f,P) <U(f,Q).

Proof. PUQ is a partition with P, C PU Q. Therefore,

L(f,P) < L(f,PUQ) <U(f,PUQ) <U(f,Q).

O
Proposition 18.3. L(f) < U(f)
Proof.
VP, Q,L(f,P) <U(f,Q)
L(f, P) <inf{U(f,Q)} =U(f) VP
= U(f) = sup{L(f, P)} = L(f)
O

18.4 The Cauchy criterion for integrability

Theorem 18.4. Let f : [a,b] — R be a bounded function. f is integrable if and only if Ve > 0,3 a partition
P such that

U(f,P)—L(f,P) <e

Proof. Suppose f is integrable. Ve > 0, there exist Py, P, such that

L(f, Pr) > L(f) -
U(f, P2) <U(f) +

NN O e )
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due to the definitions of inf and sup.

Let P = P, U P,. Then U(f,P) < U(f,P2) and L(f, P) > L(f, P,), so

U(f,P) = L(f,P) < U(f, P2) — L(f, P1)

<UN+5-(LH-5) =Uf) - L) +e=e

as required.

In the other direction, let € > 0, and pick P such that U(f, P) — L(f, P) < e.

< e+ L(f)

Therefore, U(f) is a lower bound on (L(f),00) so x(f) < inf((L(f),o0)) = L(f). But we know L(f) < U(f),
so this implies L(f) = U(f) and so f is integrable. O

18.5 Riemann sums

Definition 18.6. Let f : [a,b] — R bounded and let P be a partition of [a,b]. A Riemann sum for f is a
sum

NIE

flag) - (b — th—1)

>
Il

1

where P={a =1ty <t; <--- <ty =>0} and xy, € [tr—1,1k].
Definition 18.7. We define mesh(P) = max{ty —tx—1 |1 < k <n}.

Definition 18.8. f is Riemann integrable if there exists r € R such that

Ve > 0,36 > 0s.t.
V partitions of [a,b]Ps.t. mesh P < ¢

and any Riemann sum S associated to P,|S —r| <

Here, r is the Riemann integral of f.

Theorem 18.5. f is integrable if

Ve > 0,30 > 0s.t.mesh(P) <d = U(f,P)— L(f,P) <e.



Theorem 18.6. f is integrable if and only if f is Riemann integrable, and in this case the integrals are
equal.

Lemma 18.7. Let f : [a,b] — R be Riemann integrable. Let (s,) be a sequence of Riemann sums such that

lim mesh(P,) =0

n——+00

where P, is the partition associated to s,,. Then

b
lim sn:/ I
n—-+oo a

Theorem 18.8. Let f : [a,b] — R be bounded. If f is monotonic, then f is integrable.

Proof. We prove the case where f is decreasing. For all = € [a, b],

) < f(z) < f(a)

So if f(b) = f(a), then f is constant, therefore it is integrable. Therefore, we can assume f(b) < f(a).

Let € > 0. We want P such that U(f, P) — L(f, P) < epsilon. Pick P ={a =1ty <t; <--- <t, =b} such
that mesh(P) = m Then

Vk’M(fv [tk—latk]) = f(tk_l)
m<f7 [tkflatk]) = f(tk)

So

n

U(f. P) = L(f,P) =3 (M(f.[tr-1,te]) — m(f.[tn-1, 1)) - (tx — ti1)

k=1
< I;(f(tk—l) — f(tk)) - OEN0)
= Tl = f0) (f(to) — f(tn)) =€

Therefore f is integrable.
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Lecture 19: Proving A Lot Of Things Are Integrable
Lecturer: Michael Christianson 29 July Aditya Sengupta

19.1 Continuous Functions are Integrable

Recall the Cauchy criterion for integrability,

Theorem 19.1. Let f : [a,b] — R be bounded. Then, f is integrable if Ve > 0,3 a partition P of |a,b] such
that

U(f,P)— L(f,P) <e.

Also, recall the following consequence of that criterion, that monotonic functions are integrable. We can use
this to show that any continuous function is integrable.

Theorem 19.2. Let f : [a,b] — R. If [ is continuous, then f is integrable.

Proof. Let € > 0. f is uniformly continuous on [a,b]. Therefore there exists § > 0 such that

€

b—a

Va,y € la,b], |z —y[ <6 = [f(x) = f(y)| <

Pick a partition such that mesh(P) < d. Then, for all k, there exists o, yo € [tk—1, tx] such that

f(zo) < f(x) < flyo) Vo € [th1,tx]

Then,

M(f, [tk—1,tk]) = f(yo)
m(f, [tk—1,tx]) = f(xo)

and

‘.’I}o — y0| <tp —tr_1 < mesh(P) <4

Therefore, by choice of J,
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€

£ (yo) = f(zo)| <

b—a
M(f7 [tkfl - tk]) - m(f, [tkfhtk]) < b f a
Therefore
U(f,P)—L(f.P) = Z(M(fv [te—1,tk]) — m(f, [tk—1,tk])) - (tk — te—1)
k=1
< Z bia(tk —tr_1)
k=1
€ n
= (tx — tk—1)
b_a; k= th—1
= b_a~(bfa):e
Therefore f is integrable. O

19.2 Smashing Integrable Things Together Creates Integrable Things
Proposition 19.3. Let f,g : [a,b] — R be integrable.
(a) Ve € R, cf is integrable, and

/abcf:c/abf

(b) f+ g is integrable, and

/abf+g=/abf+/abg

(c) fg, min(f,g), and max(f,g) are integrable.

Proof. (a) If ¢ = 0 then ¢ f = 0, therefore cf is a constant function whose integral is ¢(b—a) = 0(b—a) = 0,
which is the same as 0 - f; f=0

Case. Consider ¢ > 0. For all S C [a,b], write ¢S = {cs | s € S}. Then

M(Cf7S):CM(faS>
m(cf,S) :c-m(f,S)
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So, for all partitions P,

U(Cfvp):C'U(faP)
L(Cf,P):C-L(f,P)

Therefore

L(cf) =sup{c- L(f,P) | P a partition }
=c-sup{L(f,P) | P a partition }
=c-L(f)

and similarly, U(cf) = cU(f). Therefore, cf integrates to U(cf) = L(cf) = cU(f) =

as required.

Case. Consider ¢ = —1. Use —sup(—S) = inf S; we get U(—f) = —L(f) and L(—f) =

Therefore,

b b
/ f=U() = L(f) = / (—f) = U(—f) = L(—f) = ~L(f) = ~U(f) =

Case. Consider ¢ < 0. Use cases 1 and 2:

/cf / Jelf =— abICf

(b) Let € > 0. We want P such that

Because f and g are integrable, there exist partitions Py, P; of [a, b] such that

U(f7P1)_L(f7P1) <

Ulg: o) — L(g. P») <

[NCNINCN NCHNe Y

Let P= P, UP,. P, C P implies

90



Lecture 19: Proving A Lot Of Things Are Integrable 91

U(fap)_L(f’P)SU(fvpl)_L(fv-Pl) <
U(Q’P)iL(gaP) SU(97P1)7L(97P1) <

[NCN e I NCR e

For all S C [a, b],

M(f+g,8) < M(f,5)+ Mg, S)
m(f +g,5) =m(f,S) +m(g,S)
Therefore
(f+9,P)<U(f,P)+U(g,P)
(f+9,P) = L(f,P)+ L(g, P)
So

U(f—l—g,P)—L(f—l—g,P)S(U(f,P)—l—U(g, )) ( (f7 ) (’P))

Therefore f + g is integrable.
Next, we want to show that f + g integrates to the sum of the integrals of f and g.

b
/ f+9=U(f+9) <U(f +9.P) <U(f.P) + Ulg, P)

f,)+ugm+g+§
)+

f)+L(g
/ f—i—/ g+e

I/\/\

Also,

b
/ ftg=L(f+9)>L(f +9.P) > L(f.P) + L(g. P)

>Mﬂﬂ—%+ﬂgm—%
>U(f)+Ul(g) -

[
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Therefore, f: f + g is arbitrarily close to fab f+ f: g in both directions. This implies

/abf+g=/abf+/abg

(¢) To be done on HW 6.

19.3 Splitting Integrable Things Up Creates Integrable Things

Lemma 19.4. Let f : [a,b] — R.

(a)
Ve, d] C [a, b],
f integrable on [a,b] = [ integrable on [c,d)

(b)

Va < ¢ < b,
f integrable on [a,c] A f integrable on [c,b] => f integrable on [a, b

/ /f+/f

(b) f is bounded on [a,c] and on [c, b], therefore f is bounded on [a, b].
Let € > 0. Pick P; a partition of [a,c|, P> a partition of [c, b].

Proof.  (a) See Ross 32.8

U(fapl)fL(fvpl) <
U(faPQ)fL(.ﬂPQ) <

N AN

Let P = P, UP,. Then

U(f,P)=U(f,P1) +U(f, P»)
L(f,P) = L(f, P) + L(f, P2
U(f,P)—L(f,P)= U(f, Pr) — L(f, P)+U(f, P2) — L(f, P»)
< s

=€
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Therefore, f is integrable on [a, b]. Further,

b
/ f=U(f) U, P) = U(f,P) + U(f, P2)

<L(f7P1)+§+L(f7P2)+§

and similarly in the other direction, f; f is arbitrarily close to and therefore equal to f: f+ fcb f.

Proposition 19.5. Let f,g : [a,b] — R be integrable.

(a) If f(z) < g(x) Yz € [a,b], then

/abfé/abg

(b) If g is continuous, g(x) > 0 Vz, and fabg =0, then g(x) = O0Vz € [a,b].

(c) |f] is integrable, and it integrates to something greater than or equal to the absolute value of the integral

of f.

Proof. (a) Let h =g — f. Then, h(x) > 0Vz. This implies

L(h,P) >0 VP

So

ogL(mP)gL(h)z/abhz/:g—/:f

So

/abfé/abg

(b) We proceed by contraposition. Suppose g(zg) # 0 for some z( € [a,b]. Because g is continuous,

lim g(x) = g(xo) >0

Tr—xo

Therefore there exists a ¢ such that |z — xzg| < ¢ implies g(z) > 0. Let c =9 — 6 and d = g + 6. We
may assume [c,d] C [a,b]. g is integrable on [e, d], and

b c d b d
/9:/9+/ g+/gZ/g
a a c d c



We know this because g > 0 on [a, ] and [d, b].
Then, g(z) > g(zo)Vx € [c,d], which implies

/;92/;192/Cdg(xo):g(xo).(d_c)>0

Therefore fab g > 0.

First, we show that |f| is integrable. We claim that V.S C [a, ],

M(|f],S) —m(|f],S) < M(f,S5) —m(f,5)

This is true by the “reverse” triangle inequality. This implies

for all partitions P. So for all € > 0, pick P such that

U(f,P)—L(f,P) <e

Therefore

U(f], P) = L(If, P) <€

Therefore |f| is integrable. Then

—[f(@)| < fz) < [f(2)|ve

By part (a),

/ab—lflé/abfs/ablf

Therefore

/abf g/:m

94



Lecture 20: Integration contd. 95

Math 104: Introduction to Analysis Summer 2019
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Last time, we covered some properties of integrals, which we continue to discuss here.

Remark 20.1. |f]| integrable does not imply f is integrable.

Corollary 20.2. If f(z) < g(x)Vz, then f;f < fabg

Proof. Let h =g — f. Then h(z) > OVz. This implies

b b
/hZ/OzO

If f; h = 0, then h(x) = 0Vz. But h(z) > 0 at any point implies fab h > 0, therefore fab f< fab g. O

Lemma 20.3. Let f,g: [a,b] = R. Suppose g is integrable at f(x) = g(x) for all but finitely many x. Then
. b b
[ is integrable, and [ f= ['g.

Proof. Let {z1,...,x,} be such that f(z) # g(z) if x = x; for some i. The proof is by induction on n.

Base case: Let h = |g — f|. We show that h is integrable and that it integrates to 0. Notice that h(z) =0
for all  # x;. By swapping h with —h, we may assume h(z1) > 0. For all partitions P, x; is in at most two
intervals in P. For all intervals I not containing x1,

M(h,I) = 0.
Therefore
U(h, P) < 2h(z1) mesh(P)
So, picking mesh(P) < Wezl) for any € > 0, we get

U(h) <U(h,P) <2-h(z1) -mesh(P) < e

This is true for any € > 0, therefore U(h) must be less than the lowest possible value € can take:

U(h) <inf((0,00)) =0
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But h(z) > 0Vz = U(h,P) > 0VP = U(h) >0

Therefore U(h) = 0. Similarly, we can show L(h) =0, and so U(h) = L(h) =0 = fb

a

h.

Inductive step: Suppose true for some n > 1. Let

o1(z) = {gm T# T

f(x) T =Tnt+1

Then, g1(z) # f(z) iff x € {z1,...,2,}. Because ¢g1(x) = g(z) for all x # 41, by the base case, g is
integrable, and

b b
forfn
Therefore, by the inductive hypothesis, f is integrable, and ff g1 = fab f.
Then, h + g = f is integrable, and

/abf:[lbg+/abh:ng

as required. O

Definition 20.1. A function f : [a,b] — R is piecewise monotonic (and respectively piecewise continuous) if
there exists a partition P of [a,b] such that f|(tk_1’tk) is monotonic (and respectively uniformly continuous.)

Recall that on a closed interval, being continuous means the same as being uniformly continuous, but not
on an open interval.

Theorem 20.4. If f : [a,b] — R is piecewise continuous, or bounded and piecewise monotonic, then f is
integrable.
Proof. Let P be a partition as in the definition of a function being piecewise monotonic or piecewise contin-

uous.

If f is piecewise continuous, then f |(tk,1 te) is uniformly continuous, and therefore it extends to a continuous
function

fr: [tk—htk] — R

f1 is continuous, so it is integrable.

If f is bounded and piecewise monotonic, then f |(tk-—1 ) extends to a monotonic function

Jrtte—1,te] = R
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If fl, | is increasing, set fy(tx—1) = inf{f(z) | z € (tp—1,tx)} and fu(tr) = sup{f(z) [ z € (tp—1,tx)}-
If f‘(tk—latk) is decreasing, then swap the inf and sup. Then, fx : [tg—1,tx] — R is monotonic, so fi is
integrable.

Now, f‘(tkfl-tk) (z) = fr(x) except possibly at the endpoints. However, there are finitely many endpoints,
and if two functions differ at a finite number of points and one is integrable, then the other is also integrable,
and they integrate to the same value. Therefore,

f|(tk_1’tk) integrable Vk = f integrable on [a, b]

Further, we can say that

b n 2
o=l

using the property of splitting up integration intervals and induction ([a, c] U [¢, b] = [a, b] where you replace
¢ by any tj.) O

Theorem 20.5. (“IVT” for integrals) Let f : [a,b] = R be continuous.

b
dz € (a,b)s.t. f(z) = bia/ I

Proof. Let xg, yo € |a,b] such that

f(xo) < f(2) < f(yo)Ve € [a, 0]

If f(x0) = f(yo), then f is constant, and this is trivially true:

b
o [ f= @0 ) = f@ € oy

If f(zo) < f(yo), then

f(yo) — f(z) > OV
f(yo) = f(zo) >0

Therefore
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.'./abf(yo)—/abf>0

b
f(yo)~(b*a)>/f

1 b
f(yo)>m/a f

Likewise,

b
fa <52 [ f
O

Definition 20.2. Let f : (a,b) — R be a function. We say f is integrable on [a,b] if every extension of f
to [a, b] is integrable. In this case, we define

b b
Lo=17
where f: [a,b] = R is any extension of f. This does not depend on the choice of f

Theorem 20.6. (FTC 1) Let g : [a,b] — R be continuous. Suppose g is differentiable on (a,b) and that

/

g : (a,b) = R is integrable. Then

b
/ ¢ (@)dz = g(b) — g(a)

Proof. The key idea here is to use the mean value theorem to relate ¢’ to g.

Let P be a partition of [a,b]. For all k, there exists xj € (tx—1,tx) such that

9(tk) — g(tr—1)

!
X)) =
9 (zk) ra——

This is true by the MVT. This gives us

g (xr) (tr — te1) = g(te) — g(tr—1)

Summing up over all k, we get
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D9 @)t —tr1) =D (g(tr) — g(tr-1))

k=1 k=1

This is a telescoping sum, that ends up with just

Then, for all P,

3

L(g",P) < ) g'(xk)(ty — th—1) <U(g', P)

Also,

This gives us

<U(¢,P)—L(g,P)

b
/ g — (g(b) — 9())

Because ¢’ is integrable, we know that the difference between U(g’, P) and L(g’, P) is arbitrarily small:

Ve > 0,3Ps.t.U(g',P) — L(¢',P) < ¢

b
/ g — (g(b) - g(a)

< eVe >0

b
— / g = g(b) — g(a)

Definition 20.3. Let f : [a,b] — R be integrable. We define

[r-
[r-f



Theorem 20.7. if FTC is so great why isn’t there an (FTC 2): Let f : [a,b] — R be integrable. Define
F:la,b] > R by

Flz) = / F(t)dt

(a) F is continuous on [a,b]
(b) Yxo € (a,b), if f is continuous at xg then F is differentiable at xo and F'(xg) = f(xo)
Proof. (a) f is bounded implies there exists B € R such that Va € [a,b], | f(z)] < B. Let € > 0 and define

0 = & Then Va,y € [a,b] such that |z —y| < § (we may assume z < y),

F(y) - F(a)| = / yf(t)dt’

[s[r< [ yous [ pa=ny-o <

Therefore F' is uniformly continuous, so it is continuous.

(b) Suppose f is continuous at xg; then Va > xg,

F(x)— F(zy) 1 /I

r — X r — X

F(t)dt

Zo

We also know that

1
r — X

/ " fwo)dt = f(z)

Therefore

PP gy~ 2 [0) -~ saoa

Tr — X Tr — X

Let € > 0. f is continuous at xg, so there exists ¢ such that V¢ € (a,b) such that |t — xo| < 4,
|f(t) — f(z0)| < €. Therefore, for all x > x¢ such that |x — zo| < 9, |t — zo| < 0Vt € (0, x). So

1
r — X

F(x) = F(zo)
r — X

f(xo)‘g / () — flwo)ldt <x_1x0/ edt = ¢

zo
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21.1 Integral Properties
The second FTC can be used to derive a number of properties of integrals.

1. Antiderivative formulas. For example, let

anrl
g(x) = 1
g (x) =a"

Then

2. w-substitution (analogous to the chain rule)

3. Integration by parts (analogous to the product rule)

Theorem 21.1. (u-substitution) Let J C R be an open interval, let u : J — R be differentiable, let I be an
open interval such that u(J) C I, and let f : I — R be continuous. If v’ is continuous, then for all a,b € J,

/ " Flula)l () = / (()) f(w)du

Proof. Let ¢ € I and let

Flz) = / F(t)dt

Let g = F ou. f is continuous, therefore F' is differentiable, so g is differentiable and by the chain rule,

g'(x) = F'(u(z)) - v/ (x) = f(u(x)) - v/ (z)

Therefore
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b b
/ f(u())d (2)dz = / g (2)dz = g(b) — g(a)
— F(u(b)) - F(u(a))
u(b) u(a)
— [ rwar- [ s

u(b)
- / F(t)dt
u(a)

O

Theorem 21.2. (Integration by parts) Let u,v : [a,b] = R be differentiable on (a,b) and suppose u',v' are
integrable on [a,b]. Then

b b
/ o (z)v(z)dx —|—/ uw(z)v' (z)dxr = u(b)v(b) — u(a)v(a)

Proof. Let g =u-v. Then ¢’ = v'v + uv’ is integrable, and

Example 21.1.  Consider some f : [0,2] — R continuous, and

G(z) = /0 e

We see that G = Fog where F(z) = [, f(t)dt and g = 2®. Because f is continuous
on [0,2], F is differentiable, so G is differentiable on [0, 2], and by the chain rule,

G'(z) = F'(g(2))g' () = 22 f(2?)
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21.2 Riemann-Stieltjes Integrals

The Riemann-Stieltjes integral is a tool for dealing with expected values in probability theory.

Example 21.2.  Suppose you have a weighted die such that P(2) = 1,P(5) = §,P(1) = P(3) =
P(4) = P(6) = &.
The expected average roll is
: 1 1 1
E(z) = k-Pk)y=(1+3+446)- —+2--+4+5--=3
(x)kz::1 (k) =(1+3+446)- 5 +2-5+5-¢
If the die is unweighted,
1+24+3+44+54+6
Ble) = LH2H3 144546
6
U

Suppose the probability is continuous, not discrete, and it is given by the function (PDF) P : R — [0,1].
Let ¢(y) = P(X < y) be the CDF; then if X € Z,

PX=k)=P(X<k)—P(X <k-1)=c(k) —c(k—1)

So in the above example, we can rewrite the expected value as

6 6
E(x)=Y k-P(k)=> k- (c(k)—c(k—1))
k=1 k=1
This looks like a Riemann sum, with each interval [t;_1, ;] being weighted by a function c.
Definition 21.1. Let f : [a,b] — R be integrable and let o : [a,b] = R be increasing.
For all partitions P of [a,b], define

Ua(f, P) =Y M(f.[th-1,tx]) - (a(ti) — altr—1))

k

Il
-

NE

Lo(f,P) =) m(f [tk—1,tk]) - (a(t) — alty—1))

>
Il

1
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You could call these Darbouz-Stieltjes sums. Or you could not do that.

Similarly to a reqular Darbouz sum, we define the upper and lower sums,

Ua(f) = inf{U,(f, P) | P a partition }
Lo (f) =sup{Lu(f, P) | P a partition }

If Lo (f) = Us(f), [ is Riemann-Stieltjes integrable (a-integrable), and

b
/ f(@)da = Ua(f) = La(f)

Example 21.3.  If a(z) = zVz, this reduces to a normal Riemann sum.
O
Example 21.4. If « is differentiable on (a,b) and o’ is integrable on [a, b], then
b b
/ fda = / f(x)d (z)dx
O

Example 21.5. If

then

/ ’ fle)de = £(c)

If (¢,) is a sequence such that ¢, > 0, (s,,) is a sequence in [a, b], then
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b n
/ f@)da =3 caf(sn)
@ k=1

That is, the integral with respect to a step function ends up summing up a sequence’s

function values weighted by some other nonnegative sequence.
O

21.3 Applications

If X is a random variable with cdf ¢ : [a,b] — [0, 1], then

b
B(f(x)) = / fde

If m(x) is the mass element at some position x, then the moment of inertia of the object is

b
I:/xdm

In stochastic calculus, the Ito integral is really just a R-S integral.

Mathematicians see Riemann-Stieltjes integrals as a special case of the Lebesgue integral, an even more
general concept in measure theory.

21.4 Review

A list of important things:

e Series

Continuity

Derivatives

Integrals

Limits of functions

This is a pretty vague list.
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21.4.1 Integrals

e Use definition of U(f, P) and L(f, P) and the U(f, P) — L(f, P) < € theorem (Cauchy integrability)

See section 32 up to theorem 32.5
PCQ = L(f,P)<L(f,Q) <U(f,Q) <U(f,P)

Explicitly compute fab f from the theorems

Maybe basic proofs: do the section 32 exercises

Section 33: write a lot of the thms and definitions

Section 34: use the fundamental theorem on a composition (see hw 6)

21.4.2 Series
e Tests: comparison, root, ratio, integral, alternating

e > a, converges means lim a, =0

li
n—4oo
e Cauchy criterion

Partial sum definition

Use tests or basic proofs (e.g. 14.6 or 14.7)

21.4.3 Limits of Functions

Roughly in order of usefulness:

e ) — ¢ definitions of limits

e fis continuous at a if and only if lim f(x) = f(a), assuming f is defined on an open interval containing
r—ra
a.

e More generally, if lim g(z) = b and f is continuous at b, then
r—a

lim f(g(x)) = f(lim g(z)) = £(b)

r—a r—a

Limit theorems (the same as for sequences)

Occasionally, we’ll use the fact that a limit exists if the left and right limits exist.

Occasionally, if hgl f(x) > b, 36 > 0 such that V|z — a| < § we have f(x) > b. (Not necessarily worth

space on the note sheet, but do it for practice)

Sequence definition of a limit (can be useful to prove a limit doesn’t exist)



21.4.4  — € definitions

lim f(z) =L < Ve>0,30 >0s.t. |z —a|<d = |f(x)—L|<e

r—a

For & — a*, switch the |z — a| < 6 for x € (a,a + §) and for x — a~, switch it for x € (a — 6,a).
For x — oo, replace |z — a| < § with Ja > 0 such that Vo > a, and for x — —o0,3Ja < 0s.t.Vz < a.

If L = 400, replace Ve > 0 with VM > 0, and replace |f(z) — L| < € with f(z) > M. If L = —o0, replace
Ve > 0 with VM < 0, and replace |f(z) — L| < e with f(x) < M.

21.4.5 Derivatives

e Use the definition of the derivative for doable examples.

e Differentiable implies continuous

e Probable go-to counterexample is =" sin% forn=0,1,2.

e Know the chain rule and product rule but nothing much from there.

e Be able to use L’Hopital’s.

e MVT and applications: know results in section 29, and there’ll probably be a proof that uses the MVT.

e See exercises in section 29.

21.4.6 Continuity

e § — ¢ definitions of continuity
e Prove discontinuity with tthe sequence definition

e Theorems in section 19 are important
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22.1 Definition of power series

Definition 22.1. A power series is a series of the form

o0
E anx™ = ag + a1 + agx® + ...

n=0

where x is a variable and a, € RVn.
Remark 22.1. We take 2° = 1 even when x = 0 only in the case of power series.

Theorem 22.2. Let >~ ,a,z™ be a power series. Define

B = limsup |a, |/

0 B =400
R=<400 =0
% otherwise

(a) For all x such that |x| < R, anx™ converges.

(b) For all x such that |x| > R, a,a™ diverges.

Proof. For all z € R~ {0}, we have

o = limsup |apz"|V/™ = limsup |a, |/ - |z, 2"

= |z|limsup |a, |*/™

We can carry out this last step by the following statement that tells us that it is possible to pull out constant
factors from lim sups:

For all subsequences t,, = (|z|- |ank_|1/”k)k6N,

n——+00 |JJ| . nhr-ir-loo ‘anl
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so the suprema of both are also equal, i.e. the lim sups are equal.
Therefore, we see that o = |z| - 3. Now, we take three cases.

Case. If0 < R < 400, then a = |z|8 = liR‘ Therefore

|r] < R = a <1 = convergence by Root Test
|z] > R = a>1 = divergence by Root Test

Case. If R = +o00, then a = |z|8 = 0 Vx. Therefore |x| < R for all x and > anz™ always converges by the
Root Test. The second statement is vacuously true.

Case. If R = 0, then 8 = 400, so a = |z|8 = 400. So > anz™ diverges for all x # 0 by the Root Test.
Therefore, ¥|z| > 0= R = Y anz™ diverges.

Definition 22.2. R in the above theorem is called the radius of convergence of > a,x™.

We have shown that if R = 0, the sum diverges except if x = 0; if R = 400, the sum converges for all z;
otherwise, if 0 < R < oo, the sum converges in some open interval (—R, R), diverges outside that, and may
or may not converge for z = £R.

Definition 22.3. If R # 0, the interval of convergence is the interval of x values such thaty_ a,z™ converges.
This may be open, half-open, or closed.

Corollary 22.3. Let Y a,z™ be a power series. Let

_ Ap+1
5 o nllH-oo Ay, ‘
and let R be defined as above.
(a) For all x such that |z| < R,> anz™ converges.
(b) For all x such that |x| > R, a,x™ diverges.
Proof. 1If 8 exists, then § = lirJIrl lan|*/™ = limsup |a,, |*/™. O
n—r+00
Example 22.1.  Consider > %L Let a, = 3.
|
B = lim dntl) _ iy —— .
n—+oo | a, n—too (n+ 1)1 1

= lim
n—+oon + 1

=0 R=+4+0 = Z x—| converges Vx € R.
n

n=0
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It turns out that this is the definition of e*.

Example 22.2.  Consider Y~  z", ie. a, = 1Vn.

1
B = limsup |a,|'/™ = limsupl =1 = R = 3 =1

Therefore Y-, 2" converges for all |z| < 1. Also, it diverges when z = £1 because
we can analyze this with geometric series. Therefore the interval of convergence is

(-=1,1).
O
Example 22.3. Consider
(o) _1)n
n=0 n
B= lim |&*| = hm -2 —1
n—+oo | ay n—+oon + 1
1
R=-=1
B
We check the endpoints,
S
r=1: Z converges by the alt. series test
n=0 n
o~ (=)™ (=D)" [
= —1 . _— = OO_ - d .
az ,; - sumyo-— diverges
Therefore the interval of convergence is (—1, 1].
O

Example 22.4.  Consider
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[e%S)
E 2—711_371
n=0

The wrong way to do this is to take f = limsup(2~")Y/" = % But a, # 27".
Instead,

27"/3 5 mod3=0
Gy =
0 n mod 3 #0

Therefore,

8 = lim sup |an|1/" = lim \27"/3|1/" — o 1/8
n—-+4oo

Therefore, R = % = 91/3,

At the endpoints, we get > 27" - 2™ = >~ 1 which diverges, and > 27" - (=2)" =
S(—1)" which also diverges. Therefore the interval of convergence is (—+/2, v/2).
O

We can also consider power series of the form > ° a,(z — b)™. Let y = x — b; then > ° a,y™ converges
for |y| < R and diverges for |y| > R. Therefore the interval of convergence becomes (b — R,b+ R).

Example 22.5.

Consider

n

Z (_:L-) (LE _ 1)n
n=0

We previously showed that the unshifted version of this has an interval of conver-
gence of (—1,1]. Adding 1, we see the interval shifts to (0, 2].
O

22.2 Differentiability and integrability of power series

Let a power series be defined by fo:o anx™, and let the power series have radius of convergence R. Then
f:(=R,R) = R, f(z) =," ;a,z™ is a function. We want to know whether this function is differentiable
or integrable, and what its derivative or integral might be.

Consider the partial sums
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ful(z) = Zakxk.
k=0
These are all polynomials, so they are continuous and differentiable, and we can use the power rule. For all
z € (—R,R), ErJIrl fu(z) = f(x).

So given a sequence of continuous functions (g, )nen, is the function g(z) = lim g, (x) continuous wherever

n—-+oo
it is defined? It turns out that this is not the case.

Example 22.6. Let g,(z) = (1 — |z|)* for x € (—1,1). g, is continuous for all n, and Vz €
(-1,1),0<1—z| <1. Soif z #0,

lim g,(x)= lim (1—|z))" =0

n—+oo n—-+oo

If x =0, g,(0) = 1¥n, so lim g,(0) = 1. Therefore,

n—-+oo

which is not continuous.
O

Definition 22.4. Let (f,) be a sequence of functions with dom(f,) =S C RVn. We say the sequence f,
converges pointwise to a function f : S — R if liIJIrl fu(z) = f(z)Vx € S. We denote this by f, — f
n—-+oo

pointwise, or lim f, = f pointwise.
n——+00

Example 22.7. If f(z) = Y7 a,2" with radius of convergence R, and f,(z) = > p, axz”, then
fn — f pointwise on (—R, R).
O

Notice that f, — f pointwise iff

Vo € S,Ve > 0,aANs.t.¥n > N, |f(z) — fu(z)] <e.

Note that N can depend on both x and e.



Definition 22.5. We say (f,) converges uniformly to a function f: S — R if Ve > 0, IN such that
|f(z) — fn(z)| < eVz € S,n > N.

We denote this by f, — f uniformly, or ll}I}_l fn = f uniformly.

Example 22.8.  Let f,(z) = L sin(nz). We claim that f,, — 0 uniformly.

T n

SN

|0 — frn(x)| = 'isin(nm) = %| sin(nz) <

Therefore, for all € > 0, let N = % Then for all n > N,

<1
— =c
N

3=

O

Recall that f: S — R is uniformly continuous if Ve > 0,30s.t.Va,y € S, [z —y| <d = |f(x) — f(y)| <e.

Theorem 22.4. Let (f,) be a sequence of functions with domain S. If f, — f uniformly on S, and if f,
is continuous at a¥n, then f is continuous at a.

Proof. The key idea is

[f (@) = fla)] = [f(2) = fu(2) + fu(x) = fu(a) + fnla) — f(a)|
= /(@) = fu(@)[ + [fn(2) = fula)] + [fn(a) = f(a)|

By uniform convergence with g, there exists some IV such that Vy € S;n > N, we get

@)~ £ < §

Also, continuity of fiy141 at a gives us d such that

|fnii(z) — fypa(a)| <e

when [z — a| < 0. Therefore all three parts can be bounded by g, i.e. |f(z) — f(a)| < € so f is continuous
at a. 0
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Proposition 23.1. A sequence of functions (f,) on a set S converges uniformly to some function f if and
only if

Jim sup{|f(2) = fa(2)| |z € 5} =0

The proof will be on HW7 (exercise 24.12). This proposition is useful if f — f,, is differentiable.

Note that the above limit is not the lim sup, because it is the limit over all x, not as n >some V.

Example 23.1.  Let fu(z) = 5. Iz # 0, lirf fo(x) =0, and if z = 0, f,(0) = 0 =
n—-+0oo
lim f,(0) =0. So f, — 0 pointwise on R.

n—-+4+oo

We claim that f,, — 0 uniformly on R. To show this, we want to show that for any
n €N,

Jm  sup{|fa(e) |2 € R} =0
We do this by examining the derivative:

vy (T+na?)-1—z(2nz)  1—na?
fale) = (1 + na?)? " (1 + na?)?

Therefore f/ (z) is defined for all . This means f, can only attain a maximum
when f] (z) = 0, which is at = :I:ﬁ. At these points, f, (iﬁ) = :l:ﬁ.

We claim that f, has a global maximum at these points. This is the case because
Vo > ﬁ, fn is decreasing; Va € (—ﬁ, %), fn is increasing, and Vz < —ﬁ, -z >

L = o (F) 2 fal-2) = —fal@) 50 fu (Z2) = fale).

This gives us

sup{|fn(2)| | & € R} = o (;ﬁ) _ 1
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and because hm 5 f =0, f, = 0 uniformly.

Definition 23.1. A sequence of functions (f,) on S is uniformly Cauchy if

Ve > 0,3N s.t.
Ym,n > N, |fn(x) — fm(2)] < V2 € S, (fr(2))nen

Theorem 23.2. Let (f,) be a sequence of functions on S. (fy) is uniformly convergent on S if and only if
it is uniformly Cauchy on S.

Proof. In the forward direction, suppose f,, — f uniformly for some f : S — R.

Ve >0,3INs.t.
Vn > N, |f(z) — fau(z)] < %vx €S

Therefore, Vm,n > N and Vx € S,

[fn(2) = fm(2)| = Ifn(x) f(@) + f(2) = fn()
z) = f(@) + |f(z) = fm(2)|

fa(
n €
2~

l\J\m

Therefore (f,,) is uniformly Cauchy.

In the backward direction, suppose (f,,) is uniformly Cauchy for all € S§ Then the sequence (f,,(z))nen is
Cauchy so it is convergent. So, define f: S — R by

f(.%‘): lim fn()

n—-+o0o

fn — f pointwise by definition. We show f,, — f uniformly.

Let € > 0. (f,) uniformly Cauchy tells us that

INs.t.Vm,n > N,
|fn(@) = fin(2)] < gw es

So for a fixed n, fm(2) € (fu(®) — §, fu(x) + §). Therefore, Va € S,

m>N = lim fn(@) € [fa(e) = 5. fule) + 5]
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Therefore

7@) = fala)| < 5 <

This works for all n > N,z € S, so f, — f uniformly by definition. O

Definition 23.2. A series of functions on S is a sum

[e%e}
Z g’ﬂ7
n=0

where g, : S — R is a function. Let s,(z) =Y 1 _, gr(z). Then

o
E gn = lim s,.

n—-+oo
n=0

By definition, s, — > g, pointwise by definition.

Example 23.2. A power series Y a,x™ with radius of convergence R is a series of functions g, (z) =

anx” = > anx™ = gn.
O

Definition 23.3. We say a series of functions > g, converges uniformly if the sequence (s,) of partial sum
functions converges uniformly if the sequence (sy,) of partial sum functions converges uniformly.

Theorem 23.3. Let Y _ g be a series of functions. If > g, converges uniformly and g, is continuous for
all n, then Y gn is continuous.

Proof. Let sp(x) = Y. o gk(z). Then s, — > g, uniformly by assumption, and s,, is continuous for all n
because gy, is continuous for all k. Therefore > g, is continuous. O
Definition 23.4. A series of functions > g, satisfies the Cauchy criterion uniformly if the sequence of

partial sum functions (s,) is uniformly Cauchy.

> gn satisfies the Cauchy criterion uniformly on S iff Ve > 0,INs.t.Vn > m > N,

n

> g(x)

k=m

<eVrels.
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Theorem 23.4. (Weierstrass M-Test): Let > g, be a series of functions on S. For all n, let M,, € R be

such that

lgn(z)| < M, Vz € S
If Y~ M, converges, then > g, converges uniformly on S.

Proof. > M, satisfies the Cauchy criterion. So Ve > 0,3Ns.t.n > m > N,

n

> -

k=m

n

D My

k=m

<€

SoVx e Sand Vn>m > N,

> gr(x)
k=m

<3 lgulo)|
k=m

< zn: M <€
k=m

Therefore Y g, satisfies the Cauchy criterion uniformly.

Example 23.3. Let ¢ : R — R be defined by

1. p(x) = |z|Vx € [-1,1]

2. p(z+2) = p(z)Vx

and let g,(z) = (3)" p(4"z). Consider >0 gn.

0<op(x)<lvzeR

0< gula) < (i) Vo e R

We know that > (%)n converges, so Y g, converges uniformly on R by the Weier-
strass M-test. Also, ¢ is continuous, so g,, is continuous on RVn. Therefore fo:o In

is continuous. But it turns out that Y g, is nowhere differentiable. This is sad.
O
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Example 23.4.  Consider

[ee]
E 27 "™
n=0

Un —Jimsup2~! =

B = limsup |27"|

o NI

R =

| =

Therefore Y 272" converges for all x € (—2,2). We can check the endpoints and
see that it diverges at both.

We claim that ) 272" is continuous on (-2, 2).

Proof. For all a € (—2,2),3b > 0s.t.a € [-b,b] C (—2,2) (take |a|] < b < 2). For
all x € [-b,b],

b n
|27’nxn| — 271’an S 27nbn — <2>

Because b < 2, the series is geometric with ratio less than 1, so it converges.

Therefore Y 27 ™2™ is continuous on [—b, b], so it is continuous at a € [—b, b]. There-
fore Y 27™z™ is continuous on (—2,2). O

However, Y 272" does not converge uniformly on (—2,2), because sup{|2~"a"| |
ze(=2,2)}=2""2" =1.
O

Lemma 23.5. If > g, converges uniformly on a set S, then

Jim  sup{|gn(z)] |2 € §} =0

Uniform convergence is a sufficient but not a necessary condition for continuity.

Theorem 23.6. Let > g, be a series of functions on [a,b]. If

1. gn is continuous on [a,b]¥n,
2. " gn is continuous on [a,b], and

3. gn(x) > O0Vzx € [a,b],n € N

then > gy, converges uniformly.



23.1 Uniform Convergence and Swapping Limits

Let f,, be continuous at a for all n, and let f,, — f uniformly. Then f is continuous at a, so we can say

lim f(z) = f(a)

lim (hm fn(a:)) = lim f,(a) = f(a) = lim f(z) = lim ( lim fn(x)>

n—-+oo \r—a n—-+oo T—a r—a \ n—+oo

Uniform convergence implies we can swap limits.
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Last time, we saw that limits could be swapped in the case of uniformly convergent sequences of functions;
we can see that this is a useful property because it doesn’t necessarily hold when uniform convergence does
not hold. For example, consider

lim lim = lim 0=0
m—oon—+oo M + N m— o0

lim lim = lim 1=1
n—+4ocom—o0 M + n n—-+oo

Often, uniform convergence allows us to swap limits and derivatives/integrals.

Theorem 24.1. Let (f,) be a sequence of functions on [a,b]l. If f, — [ wuniformly on [a,b] and f, is
integrable for all n, then f is integrable, and

b b b
lim /fn(x)dx:/ ngrfoofn(m)dx:/ f(z)dx

n—-+oo

Proof. ¥n, let

sn = sup{|f(z) = fu(@)| | © € [a,b]}

Because f,, — f uniformly, we can say lirf S, = 0. Further, for all z € [a, b],
n—-+0oo

|f($) - fn(l')| S Sn Vn

Therefore

fu(@) = sn < f(2) < ful@) + 50

Now, for all S C [a, b],

m(fn - STHS) < fn(x) -5, < f(l') Ve eS
m(fn - Sn,S) < m(f7 S)
L(fn — 8n, P) < L(f,P) < L(f) V partitions P

b
/ ful) = sz = L(fo — 50) < L(f)
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Likewise, M(f,S) < M(fn + sn,S), so

U(f, P) < U(fn + sn, P)VP

b
U(f) <U(fn+ sn) =/ fo(z) + spdx

Therefore

/ fn(x) — spdx < L(f / fn(x) + spdx

We can rearrange this to get a bound on the difference between Darboux sums,

U(f) - L(f) s/ab<fn+sn>—/ab<fn—sn> =2/@bsn — 25,(b—a)

So s, — 0 as n — oo implies

Ve > 0,dN s. t.

n< —— N
s (b_a)Vn>

= U(f) = L(f) <2sp(b—a) < e¥n >N

So U(f) — L(f) is less than every positive number, so U(f) = L(f). Therefore f is integrable.
This tells us that

</abfn> Sn(ba)SL(f)—U(f)_/abe (/abfn> + sn(b—a)
_s"(b_a)</abf—/abfn<sn(b—a)

Because s,, — 0, by the squeeze lemma we can say

b b
ngrfoo/a fn=/a f

as desired. O

The Dominated Convergence Theorem gives us another case in which we can swap integrals and limits.

Theorem 24.2. (Dominated Convergence Theorem) Let (f,,) be a sequence of functions on [a,b] Suppose



Lecture 24: Uniform convergence 122

1. fn — f pointwise on [a, b,
2. f is integrable and f, integrable ¥n,
3. AM > 0s.t. | fn(x)] < MV¥n € N,z € [a,b].

Then

Ly e / /nklfoofn

To swap integrals, the required condition ends up just being continuity.

Theorem 24.3. Let f : [a,b] x [¢,d] = R be continuous. Then

/cd (/abf(x,wdx) dy = /ab (/Cdf(w,y)dy> dz

Intuitively, we think about the result of the integral over dz as being a function F(y):
y) = /a f(z,y)dz = ngrfoo/a f(a,y)dx

Then F,(y) — F(y) pointwise.

If f is continuous and F,, — F uniformly on [c,d], then

/cd </aoof(x7y)da:> dyZ/:o (/jf(x,y)dy) dx

If both integrals are improper, then uniform convergence is not enough.

Example 24.1.

z2 — y T
/ / dxdy =2

y 7r
/ / @2 dydx ~
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Similarly, we can consider derivatives.

Example 24.2.

(@) = %sin(nm)

fn — f uniformly on R where f is identically zero.

In(z) = %cos(nx) -n = cos(nz)Vx € R

But HI_{I 11 (z) does not exist in general for z € R. So we can’t have lim f/ (z) =
n—-+0oo

n——+oo
f'().
U

The condition for derivative-limit swapping is given by the following theorem:

Theorem 24.4. Let f,, — f pointwise on [a,b]. If f, is differentiable on (a,b) for all n, and the sequence
(f1) converges uniformly on (a,b), then

(a) fn — f uniformly
(b) f is differentiable on [a,b], and

n——+oo n——+oo

(0 Jim_fie) = £ = (Jim fn(x))/

24.1 Power Series

Theorem 24.5. Let Y a,x™ be a power series with radius of convergence R > 0.
(a) VR18.t.0 < Ry < R, the series Y an,x™ converges uniformly on [—Ry, Ry].
(b) > anz™ is continuous on (—R, R).

Proof. (a) If 0 < Ry < R, then Vz € [—Ry, Ry],

|anz"| = lan|l2]" <lan|RY
S |an |z has the same radius of convergence as 3. a,z"(8 = limsup |a,|"/" and R is defined using

B). So Ry € (—R, R), which implies >_ |a,|R} converges. Therefore 3 a,z™ converges uniformly on
[—R, R].
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(b) Let z9 € (—R, R). Pick R such that

0< |IEO| <Ri<R = xp€ [—Rl,Rﬂ.

By part (a), Y anz™ converges uniformly on [—Ry, R;] = > ana™ continuous on [— Ry, Ry]. There-
fore Y a,z™ is continuous at .

O

We would hope that integrating and differentiating power series works by integrating and differentiating
term-by-term, i.e. that

flx)= ianx” = f'(z) = inanm"_l
n=0 n=

1
x oo a
t)dt = n_pntl
/Of() 3 e

Lemma 24.6. Let > a,x™ be a power series with radius of convergence R. Then

o] o0 a
E na,x", E n 1 "t
n=1 n=0 n+
both have radius of convergence R.

Proof. Let 8 = limsup |a,|*/™. Then

1/n 1/n

limsup |(n + 1)aniq|"™ = limsup(n + 1)Y"|ap 41|

Vn,nt/" < (n+ 1)1/” < (2n)1/” —9ol/n pl/n
o.squeeze lemma:  lim (n + 1)1/” =1

n——+oo

Now, consider the derivative power series:

o0 1 o0
E napa"t == E na,x"
x
n=1 n=1
Therefore the derivative power series has the same radius of convergence as Y na,z™. So,

lim sup [na, |'/" = limsup(n'/"|a,|*/")
. 1/ny 1 1/n
nEIJrrloo (n*/™) - lim sup |ay,|

= limsup |a,|"/" = 3
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Therefore the radius of convergence of > na,z™ is R.

An N
R So

Similarly, the integral power series has the same radius of convergence as >

1/n

lim sup 1

1
—timsup ( (————) - |an[V/"
(n+1)Y

: 1 : 1/n
= () msuplonl

= limsup |a,|"/" = 3

Theorem 24.7. Let f(z) = > 7" anx™ be a power series with radius of convergence R > 0.

(a) Vx € (=R, R), [ is integrable on [0,z], or [x,0] if <0, and

‘ _ - an n+1
/0 feydt=>" P

n=0

(b) f is differentiable on (—R, R) and Vx € (—R, R),

fl(x) = i napz" !

n=1

Proof. (a) Vx € (—R, R), assume x > 0, then f is continuous on [0, z]. Therefore f is integrable on [0, z].
Also, Y~ ana™ converges uniformly on [0, z]. So we get

t)dt = lim apt® | dt = lim / apt®dt
/0 f() /0 (nHJroo];) k ) n~>+oo];) 0 k

The two swaps in the last step were possible because of uniform convergence. Then, we can integrate
term-by-term to get

g(x) is continuous on (—R, R), so G(z) is differentiable on (=R, R) and G’ (x) = g(x) for all z by FTC.
Therefore, G(z) + ag = f(x) is differentiable, and



fl(z) = G'(x) + 0= g()
O

The above does not discuss the continuity of > a,a™ at = £R. We can handle that separately by Abel’s
theorem:

Theorem 24.8. (Abel) Let f(x) = > anz™ have a radius of convergence R > 0. If >~ anx™ converges at
x = R, then f is continuous at R. If Y a,z™ converges at x = —R, then f is continuous at —R.

We know that ZZOZO " = ﬁVm € (—1,1). We can use the derivative and integral properties above to say
that

oo 1
n—1 __
ngﬂmc B Vo e (-1,1).

and similarly,

- 1

If we replace x by —z, we can get

s n+1
In(1 + ) Z n+1 2" Ve € (—1,1)

At x = 1, we get an alternating series that converges, so the power series is continuous at 1 by Abel’s
theorem. Since In(1 + ) is also continuous at x = 1, we can say that
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25.1 Taylor series

We have seen that power series are infinitely differentiable, which suggests that we can construct expansions
of any infinitely differentiable function into a power series.

Suppose we have f : (—b,b) — R such that f(x) = > a,2™ Va € (—b,b). We successively take derivatives
and evaluate them at 0,

f(0) =ao

f(x) = inanx" !

}le((l)) =1-a

' (z) = in(n Dapz™ 2
- (0

In general,

8 (z) = i n(n—1)-(n—k+ 1a,z"*
n=~k

()
!

f(k)(O) =klapy = ay =

Therefore

% ¢(n)
n=0 '

In general, if we have f : (a,b) — R and ¢ € (a,b) and f has a power series representation

f@) = anlz =)

% 1) .
fa) =3 T oy
n=0 :
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This is the Taylor series of f at ¢. When f is given by a power series, this power series is uniquely specified
by the Taylor series. We are left with the question of when we are allowed to write f as a power series.

Definition 25.1. Let f : (a,b) — R be a function.

(a) We write f € C*(a,b) if f', f",..., f*) exist and are continuous for k > 1.
(b) We write f € C%(a,b) if f©O = f, i.e. if f is continuous.

(c) We write f € C*™(a,b) (or f is smooth) if f has derivatives of all orders. We have seen that all power
series are in C™.

(d) f is analytic at ¢ € (a,b) if f is equal to its Taylor series at ¢ for all x “near” c, i.e. there exists an
open interval I > ¢ such that

() (¢
f(x):zf |()(xfc)”V:v€I.
n=0 :

n

(e) f is analytic if f is analytic Ve € (a,b).

(f) ¥Yn>1,c € (a,b), we define the nth remainder or partial sum of the Taylor series centered at c,

Note that f is analytic at ¢ if and only if hr—? R n(z) =0 Vz near c.
n——+0o0

n! n—-+00

< e(n) (e
E It )(m —¢o)"= lim (f(z)+ Ren(x)) = f(x)
n=0

Theorem 25.1. Let f : (a,b) — R be such that f™) exists on (a,b) for somen > 1. Leta < ¢ < b (we
allow a = —o0 and/or b = +00). Vz € (a,b),x # ¢,y between ¢ and x such that

(y may depend on x.)
Proof. Let M be implicitly defined by
0@ e M=o

Ren(@) = 1) = Y 2w = o =

k=0

n!

We want to show that M = f(")(y) for some y.
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Let g(t) = f(t) — Z;é f(kk)!(c) (t—c)F — w, g(z) = 0 by definition of M, and g(c¢) = 0. So by the Mean

Value Theorem on the interval [c, z] or [z, ¢], 31 between x and c¢ such that

9(z) = g(c)

g'(x1) = =0

This holds for the kth derivative if k& < n by construction of g, so we can extend this to say

Vk < n,3dxy s.t.g(k) (xg) =0

and for each xj we can say by the mean value theorem that x; is between z_1 and c. If we take k = n, we
get

g = f"(t) - M

because the other terms die under the n derivatives. So

g(”)(xn) =0 = f(")(xn) =M

Therefore, if we take x,, = y, the proof is complete. O

Corollary 25.2. Let f: (a,b) — R be C*®(a,b). Suppose there erists C € R such that

|f™(x)| < C Yz € (a,b),n > 1.

Then Ve € (a,b), lim Rc,(z)=0Vz, i.e. f is analytic on (a,b).

n—-+4oo

Proof. By the above theorem, Ve, z € (a,b),n > 1,

™ (y)

n!

(=) < o —d]”

Ran(e)] =

Let s, = fracen!|x — ¢|™. Then by the Ratio Test,

s |_ g (et w
n—+oo \ (n4+1)! |z —¢”

Sn

lim

n—-+oo

Therefore ll)r}_l sp =0 = lim R.,(z)=0Vz,c. O

n——+o0o
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Example 25.1.  Consider f(z) = e*, which has f(")(z) = e*. The derivative evaluated at 0 is 1 for
all orders. Therefore the Taylor series is

oo

1 n
> e

n=0

For all z € R, |f™(t)] < e*t'Vt € (—z — 1,z + 1). Therefore by the corollary,

oo

f(t)zz%t” Vie (—z—1,z2+1)

n=0

Take t = x; this proves that e” is analytic and equal everywhere to its Taylor series.

U
Example 25.2.
: _ — (_1)71 2n—+1
SImmx = ngo mx
(D"
cosx = nz:% @n)] Gial
These hold for all 2 € R because |sinz|, |cosz| < 1 Vz € R.
O

Theorem 25.3. The remainder of a Taylor series can be expressed as the following integral:

Rente) = [ = 1 o

25.2 Non-analytic functions

A smooth function is not equal to its Taylor series at ¢ if the Taylor series has radius of convergence 0.
Additionally, the Taylor series could converge, but not to f(x).
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Example 25.3.

Let

Let g, (z) = e ™ cos(n?z). For all z € R, |g,(x)| < e™". Therefore f(z) converges
uniformly by the Weierstrass-M test.

For all k > 1,|g7(f) (z)] < e ™n?* ¥z € R. We claim that Vk > 1,37 e "n?*
converges. Suppose there exists an N such that n?* < "2 ¥n > N. Then

|efnn2k| _ efn,rLQk <. en/2 _ efn/Q

—n/2

and e converges. Therefore Y > e~ "n?*F converges by the comparison test.

Let h(z) = e®/?2 — 22*. We want to show that h(z) > 0 for large =. By applying
L’Hopital’s Rule 2k times, we get that the limit is +oo:

ik (& I 3
11m = 1m
z——+00 sz T—+00 (2k !

Therefore, there exists some x > 0 such that h(z) > 1, and we can take N = [z].

Therefore, the comparison test argument from before holds and we get > gﬁlk) (x)
converges uniformly for all x € R. Therefore

P @) =3 9P ()
n=0

Take ¢ = 0; then

F®(0) = fj 95 (0) = fj e ?"(2n)?"
n=0 n=0

@)
So the kth coefficient of the Taylor series is ! k!(o) x¥, which is equal to
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—2(91)2\ *
_ (J;e(lc)) = (ze24k)F > 1 VE large

Therefore,

(k)
lim f k'(o)xk >1Ve#0

k—+o0 !

Therefore the Taylor series of f diverges for all x # 0.

Example 25.4. Consider the function

We claim that £ (0) =0 Vn.

For all z > 0, we have

fM(z) =e V7. p, <1> >0

T

where p,, is some polynomial of degree n. We can show that f(©(0) = f(0) = 0,
and by induction we can show that all the other derivatives are 0:




Therefore the Taylor series of f at 0 is 0. But f(x) # 0Vz > 0.

25.3 Weierstrass’s approximation theorem

We previously showed that if f(z) is given by a power series, i.e. if there exists a sequence of partial sums
sn(x) = > p_gana™ converges to f uniformly on [—Ry, R1]V0 < Ry < R, then f can be “approximated
uniformly” by polynomials. Now, we consider the case where f is not analytic. For example, f(z) = |z| is
not differentiable at = 0. We want to approximate this function by polynomials, even close to zero.

Theorem 25.4. (Weierstrass-Stone) Let f : [a,b] — R be continuous. Then there exists a sequence of
polynomials (py,) such that p, — f uniformly on [a,b).

Example 25.5.  Consider the Bernstein polynomials,

B.f(z) = 2_) f (7’2) : (:) 2*(1 — z)n*

k=0

Then, B, f — f uniformly on [0,1] for all f : [0,1] — R.
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Lecture 26: Metric Spaces

Definition 26.1.

1. A metric d on a set X is a function d : X x X — R such that

(a) Vz,y € X,d(x,y) >0 and d(z,y) =0 < z =y.
(b) Yo,y € X, d(z,y) = d(y,z)
(c) the metric obeys the triangle inequality:

Va,y,z € X, d(z,z) < d(z,y) + d(y, 2)

2. A metric space is a pair (X, d), with X a set and d a metric on X.

Example 26.1.

Example 26.2.

Example 26.3.

(R, d) is a metric space, where d(x,y) = | — y|. From the triangle inequality that
we are familiar with, we can see that d obeys the third requirement to be a metric
(the first and second are clear):

[z —2l=le—y+y—2<|lz—yl+ly—2|

(R¥ d) ¥k > 1 is a metric space, with the Euclidean distance as the metric d:

d([E, y) =

The case k = 1 is the real-line distance in the previous example, and the case k = 2
is the distance between two points on a plane, v/(z1 — y1)% + (72 — y2)2.

O

It is easy to define a trivial metric that is valid but not very useful, e.g.

e ={y T2
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O
Example 26.4.  Consider the set of infinitely differentiable functions,
C*(a,b) ={f : [a,b] = R s.t. f is smooth.}
We can define the following metric on this set:
d(f,g) = sup{|f(z) — g(x)| | = € [a, b]}
O

Lemma 26.1. A subset Y of a metric space (X,d) is also a metric space (Y, d|y .y ).

The key idea with metric spaces is to think of everything in terms of open balls.

Definition 26.2. Let (X,d) be a metric space and let r > 0. Then

B(z,r) ={y € X [ d(z,y) <r}

Example 26.5. With X =R, B(x,r) is the open interval (z — r,2 + r). We can therefore say that
x is arbitrarily close to a in more generality by saying = € B(a, ).
U

Definition 26.3. Let (X,d) be a metric space and let S C X.

1. We say x € S is interior to S if Ir >0 s.t. B(x,r) C S.

2. The interior of S is

S° ={x € S|« is interior to S}

3. We say S is open if S° = 5.

Example 26.6.  B(z,r) is always open Va € X,r > 0. In particular, (a,b) is open in R for all a < b.
A set is always open in itself. So [a,b] is open in [a, b], but is not open in R.
O



Lecture 26: Metric Spaces 136

Definition 26.4. Let (X,d) be a metric space, S C X.

(a) The complement of S in X is S® =X\ S.
(b) S is closed if S¢ is open.

(¢) The boundary of S is S~ S°.

(d) The closure of S is S = Nx5y-seiosed V-

(e) The boundary of S is S~ S°.

Example 26.7.

[a,b]¢ = (—00,a) U (b, 00) open
= [a, b] closed.

In general, we can say that {y | d(x,y) < r} is closed for all X € X,r > 0.

The closure of a boundary is the original set of which the boundary is a subset, and the boundary of a
boundary is D \ B(z,r) = {y | d(z,y) =r}.

Definition 26.5. Let (X,d) be a metric space and let S C X. x € X is a limit point of S if Vr >
0,B(z,7)NS # &, i.e. if Vr>0,B(z,r)NS contains a point other than x.

Proposition 26.2. Let (X,d) be a metric space.
1. X and @ are both open and closed. (Openness and closeness, and not-openness and not-closeness, are
all not mutually exclusive.)
For any collection {Uy }aer of open sets Uy, in I, UnerU, is open.
For all collections {Vy}acr of closed sets Vi, in I, Naer Vi is closed.

For any finite collection of open sets {Uy,...,U.},Ni_U; is open.

For any finite collection of closed sets {V1,...,V,},Ul_,V; is closed.

Example 26.8.  Consider X = [0,1) and let U, = [0,1) Vn > 1. Then the intersection N2, U,, =
{0} is closed and not open.
O

Proposition 26.3. Let (X,d) be a metric space, S C X.



(a) S is closed, and S C S.
(b) S is closed iff S = S.
(c) If S' is the set of limit points of S, then S =SUS’.

Definition 26.6. Let (X,d) be a metric space and let S C X be a subset.

(a) An open cover of S is a collection of open sets {Uy tacr such that S C UyerU,.

(b) We say S is compact if ¥V open covers {Uq }acr, 3 a finite subcover, i.e. a finite subset J C I such that
{Ua}aes is an open cover for S.

(¢c) We say S is bounded if there exists some x € X,r > 0s.t.5 C B(x,r). This is the case if and only if
M € Rs.t.d(z,y) < MVz,y € S.

Proposition 26.4. Let (X,d) be a metric space and K C X compact. Then K is closed and bounded.
Proof. First, K is bounded. If K = @, then we’re done. If K # @, let x € K. Then for all n € N, let

U, = B(z,n). Forall y € K,3n > d(z,y) = y € Uy, 80 {Up}nen is an open cover of K. Therefore there
exists a finite subcover {Uy, }1<i<,. Let R = max{n;}1<i<,; then

U; C B(z,R)=Ug Vi
= U;_,U; C B(z,R)
K C B(z, R).
Therefore K is bounded.

Next, we show that K is closed. Let x € K¢. We show Jrs.t.x € B(z,r) C K€ For all y € K, let

d(z,
U,NV, =2 Vy

Then {V,}ycx is an open cover of K. Therefore there exists a finite subcover {Vj, bi<i<n. Let r =
min{% |1 <i<n}. Then

B(z,r) C U,
B(z,r)NV,, =0
Bla,1) 0 (U, Vy,) =
B(z,r)NK =@
B(z,r) C K°.
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27.1 Review of definitions

Definition 27.1. Let (X,d) be a metric space and E C X be a subset.

1. E is open if Vo € E, x is interior to E, i.e. Ir > 0s.t. B(x,r) C E

2. E is closed if E€ is open.

3. The closure E is the set E = NVSE closed

Example 27.1.  We claim that (a,b) C R is open.

Vz € (a,b), let r = min{z — a,b — z}. Then

z—r>z—(x—a)=a
x+r<z+((b—z)=>b

Therefore

B(z,r) = (x —r,z+7) C (a,b)

Definition 27.2. z € X is a limit point of E if Vr > 0, B(xz,r) N E contains a point other than x.

E = EUE', where E' is the set of all limit points of E.
A set is closed if it contains all of its limit points.

The boundary of any point in a metric space is open in that metric space; Vy € B(x,r) for some r > 0,z € X,
let v’ = r — d(z,y) > 0. We want to show that B(y,r’) C B(z,r). For all z € B(y,r’),

d(z,2) <d(z,y) +d(y,z) < d(z,y) + 7" =d(z,y) +r —d(z,y) =r
~2€B(wr) = Bly.r') C Blz,1).
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Theorem 27.1. (Heine-Borel) VE C R¥, E is compact if and only if E is closed and bounded.

Suppose there does not exist a finite subcover of {U,} for [a,b]. Either [a, ] or [c, b] has no finite subcover,
call this interval I. Do this repeatedly and define a sequence of these itnervals I,; then dzs.t. = € I,Vn.
Then z C B(x,r) CU, = I, C B(z,r) for n large.

Proposition 27.2. Let (X,d) be a metric space.

1. If K C X is compact and E C K is closed in X, then E is compact.

2. If Ky, Ky, ..., K, CX are compact, then U}_, K; is compact.

Proof. 1. Let {Uq4 }aer be an open cover of E. Then E€ is open, therefore { E°}U{U, }acr is an open cover
for K. Since K is compact, there exists a finite subcover {Uy,, ..., U,, } plus possibly E°. Exclude E°
if present; then {U,,,...,U,,} is a finite subcover of E.

2. Let {Uy}aer be an open cover of K. For all i, {U,}aer is an open cover of K;, so there exists a finite
subcover U; C {Uy}aer. Then U = U, U; is a finite subcover of K.

O

27.2 Convergence in metric spaces
Definition 27.3. Let (X,d) be a metric space and let (x,,) be a sequence of points in X.

1. We say (x,) converges to x € X if lim d(x,,z)=0.

n—-+4oo
2. (x,) is Cauchy if Ve > 0,3AN s.t.YVm,n > N, we have
d(xm, zn) < €
If X =R, this reduces to the usual Cauchy criterion.

Theorem 27.3. Let (X,d) be a metric space, K C X be compact, and (x,) be a sequence in K. There
exists a convergent subsequence of (Ty,).

Corollary 27.4. (Bolzano-Weierstrass) Any bounded sequence (x,) in R¥ has a convergent subsequence.

Proof. (x,) bounded implies that {2, },en € B(z,r) for some x,r, therefore B(z,r) is compact by Heine-
Borel. O

27.3 Completeness and denseness

Definition 27.4. (X,d) is complete if every Cauchy sequence in X converges.



Example 27.2. R is complete, and R” is complete for all k.

O
Example 27.3.  Q is not complete, because there exist sequences in Q converging to /2. These are
Cauchy, but not convergent in Q.
O
Definition 27.5. £ C X is dense if E = X.
Example 27.4. Q is dense in R.
O

Theorem 27.5. Let (X,d) be a metric space. Then 3 a metric space (X, d) such that

(a) X is a dense subset of X.

(b) d|, =d.
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