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Chapter 1. Number systems: rational and real numbers 1

Chapter 1

Number systems: rational and
real numbers

Notation: In what follows, we will use the following notation:
e N is the set of all natural numbers (positive integers);
e Ny is the set of all non-negative integers;

e 7 is the set of all integers;

Q is the set of all rational numbers;

e R is the set of all real numbers;

C is the set of all complex numbers.

1.1 A brief introduction to “complete ordered fields”

We begin by reviewing a couple of definitions. You have seen “fields” in Linear
Algebra, and you have seen “strict total orders” in Discrete Math. The formal
definitions are as follows.

Fields. A field is an ordered triple (IF, +,-), where F is a set, and + and - are binary
operations on F (i.e. functions from F x F to ), called addition and multiplication,
respectively, satisfying the following axioms:

1. [Associativity of addition and multiplication] addition and multiplication
are associative, that is, for all a,b, ¢ € F, we have that a + (b+¢) = (a +b) + ¢
and a-(b-c)=(a-b)-¢

2. [Commutativity of addition and multiplication] addition and multiplica-
tion are commutative, that is, for all a,b € F, we have that a + b = b+ a and
a-b=">b-a;
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Chapter 1. Number systems: rational and real numbers 2

3. [Additive and multiplicative identity] there exist distinct elements Op, 1y €
F such that for all a € F, a + 0 = a and a - 1g = a; Op is called the additive
identity of F, and 1y is called the multiplicative identity of F;

4. [Additive inverses] for every a € F, there exists an element in F, denoted by
—a and called the additive inverse of a, such that a + (—a) = Op;

5. [Multiplicative inverses]| for all a € F \ {Op}, there exists an element in F,
denoted by a~! and called the multiplicative inverse of a, such that a-a~' = 1y;

6. [Distributivity of multiplication over addition] multiplication is distribu-
tive over addition, that is, for all a, b, ¢ € IF, we have that a-(b+c) = (a-b)+(a-c).

Notation: Usually, we write simply “field F” rather than “field (IF,+,-).” When F
is clear from context, we write simply 0 and 1 instead of O and 1, respectively.

Example 1.1.1. All the following are fields:
L (Q7+7‘); L4 (R7+7'); L4 ((C7+))
However, the following are not fields:

o (N,+,-); o (No,+,-); o (Z,+,).

Strict total orders. A strict total order on a non-empty set A is a binary relation <
on A that satisfies the following two axioms:

1. [Transitivity] For all a,b € A, if a < b and b < ¢, then a < c.

2. [Trichotomy] For all a,b € A, exactly one of a < b, a = b, and b < a is true.
Ordered fields. An ordered field is a field F with a strict total order < such that:

e ifa<b thena+c<b+g

e if 0 < a and 0 < b, then 0 < ab.

We define < as follows: a < b if a < b or a = b. Furthermore, we write a > b when
b < a, and we write a > b when b < a.

Remark: It is not hard to show that, in an ordered field, all the usual algebraic
properties of the relations < and < hold. We omit the proof.

Fact 1.1.2. Q and R are ordered fields (under the usual < relation). However, C is
not an ordered field.

Irena Penev
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Chapter 1. Number systems: rational and real numbers 3

Upper and lower bounds. If F is an ordered field, S CF, x € F, then
e 1 is called an upper bound for S if for all s € S, we have s < x;

e z is called the least upper bound (or supremum) for S if x is an upper bound
for S, and every upper bound y for S satisfies x < y.

e z is called a lower bound for S if for all s € S, we have z < s;

e 1 is called the greatest lower bound (or infimum) for S if = is a lower bound for
S, and every lower bound y for S satisfies y < x.

A subset of F is bounded above if it has an upper bound, and it is bounded below
if it has a lower bound. A subset of [ is bounded if it is both bounded above and
bounded below.

Remarks:

e An upper or lower bound for a set S may, but need not, belong to S. In
particular, the supremum or infimum of a set S (if it exists) may, but need not,
belong to S.

e A subset of an ordered field does not necessarily have an upper or a lower
bound. For instance, in the ordered field R, the set R itself has neither an
upper nor a lower bound.

e If a set does have a supremum, then that supremum is unique, and the same
goes for the infimum (see Proposition below).

Example 1.1.3. In R:
e the set [—2,3) has both a supremum (namely 3) and an infimum (namely —2);
e the set (—o0,4] has a supremum (namely 4), but no infimum;
e the set (2,00) has no supremum, but does have an infimum (namely 2);

o the set (2,3)U(5,7) has both a supremum (namely 7) and an infimum (namely 2).

Proposition 1.1.4. Let F be an ordered field, and let S CF. Then S has at most
one supremum and at most one inﬁmumﬂ

Proof. Suppose that x and y are suprema of S; we must show that x = y. Since z
is an supremum of S and y is an upper bound of S, we have that x < y. Similarly,
since y is a supremum of S and z is an upper bound of S, we have that y < z. Since
both < y and y < x hold, we see that = y. This proves that S does indeed have
at most one supremum. Analogously, S has at most one infimum. ]

1Once again, supremum of S, if it exists, may or may not belong to S, and the same applies to
the infimum.
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Chapter 1. Number systems: rational and real numbers 4

Notation: If F is an ordered field and the set S C F has a supremum, then by
Proposition that supremum is unique, and we denote it by sup(S). Similarly, if
S has an infimum, then by Proposition that infimum is unique, and we denote
it by inf(.S).

Complete ordered fields. An ordered field [F is complete if every non-empty subset
of F that is bounded above has the least upper bound (i.e. supremum).

Remark: It is not hard to show that in a complete ordered field, every non-empty
set that is bounded below has the greatest lower bound (i.e. infimum).

Fact 1.1.5. R is a complete ordered field. In fact, up to “isomorphism” (essentially,
a renaming of elements), R is the only complete ordered field.

Remark: In particular, Q is not a complete ordered field.

We omit the proof of Fact To give a formal proof, we would need to fully
formalize the field of real numbers (e.g. using “Dedekind cuts” or equivalence classes
of “Cauchy sequences” of rational numbers), which is beyond the scope of this course.
The point is that when we speak of a “complete ordered field,” we are in fact referring
to R (equipped with the usual addition, multiplication, and less-than relation).

Remark: The fact that R is a complete ordered field is essential for formally defining
functions such as sin, cos, exp (and many others).

Example 1.1.6. Note that the set S = {x € Q | 2% < 2} is bounded in Q (and
therefore in R as well). For example, 2 is an upper bound of S (both in Q and in R).
In R, /2 is the least upper bound (i.e. supremum) of S. In Q, S does not have the
least upper bound. Here, we are using the well-known fact that v/2 is an irrational
number.

Actually, let us formally prove that v/2 is irrational!
Theorem 1.1.7. /2 is irrational.

Proof. Suppose otherwise, and set v/2 = %, where p € Z, ¢ € N, and p, q are relatively
prime (i.e. they have no common divisor greater than 1). Then p? = 2¢?, which
implies that 2 | p?. Since 2 is prime, it follows that 2 | p. Thus, there exists some
r € Z such that p = 2r. Now 472 = 2¢?, and it follows that 2r? = ¢?. Now 2 | ¢2,
and so since 2 is prime, we see that 2 | g. But now 2 is a common divisor of p and g,
contrary to the fact that p and ¢ are relatively prime. O

1.2 Cardinality: comparing infinities
We know that
NS ZSQSRESC
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Chapter 1. Number systems: rational and real numbers 5

So, in a sense, there are “more” integers than there are natural numbers, “more”

rational numbers than integers, “more” real numbers than real numbers, and “more’
complex numbers than real numbers. However, there is another way of comparing
the sizes of two sets: using bijections. Let us first recall the definition of a bijection.

)

Injections, surjections, and bijections. A function f: A — B (where A and B
are some sets) is:

e one-to-one (or injective, or an injection) if for all aq,as € A such that aq # as,

we have that f(a1) # f<a2)E|

fl.
I
A B

e onto (or surjective, or a surjection) if for all b € B, there exists some a € A
such that f(a) = b;

VI ]

|

N

B

e bijective (or a bijection) if it is both one-to-one and onto.

f

TYYVYY

A

Sy

Remark: Recall that if f: A — B is a bijection, then it has an inverse function
f~': B — A such that for all b € B, f~1(b) is the unique element a € A such that
f(a) =0b. In other words, if f: A — B is a bijection, then for all a € A and b € B,
we have that f(a) = b if and only if f~1(b) = a. Clearly, the inverse of a bijection is
also a bijection.

2Equivalently: if for all a1,a2 € A such that f(a1) = f(az2), we have that a; = as.
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Chapter 1. Number systems: rational and real numbers 6

A
Y ¥V ¥

A B

Cardinality. Sets A and B are said to have the same cardinality if there exists a
bijection f: A — B, and in this case, we write |A| = |B].

Remark: Thus, we can think of two sets as being of “the same size” (or having
“the same number of elements”) if we can set up a bijection between them.

Proposition 1.2.1. All the following hold:

(a) for all sets A, |A| = |A[;

(b) for all sets A and B, if |A| = |B|, then |B| = |A|;

(c) for all sets A, B, and C, if |A| = |B| and |B| = |C|, then |A] = |C].

Proof. Fix sets A, B, and C.
For (a), we simply observe that the identity function on A is a bijectionﬂ
For (b), we observe that if f : A — B is a bijection, then so is f~!: B — A.
For (c), we observe that if f; : A — B and fo : B — C are bijections, then
foo f1: A— C is also a bijection. O

Proposition 1.2.2. |N| = |Z|.
Proof. We define the function f : N — Z by setting

fln) =

—n/2 if n is even

{ (n—1)/2 ifnisodd

for all n € N. Thus, we have the following:

o f(1)=0;
o £(2)=—1; o f(3)=1;
o f(4)=-2 o f(4)=2;
o f(6)=—3; o f(7)=3;

3The identity function on A is the function Id4 : A — A given by f(a) = a for all a € A.

Irena Penev
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Chapter 1. Number systems: rational and real numbers 7

and it is not difficult to formally check that f is a bijectionﬁ This proves that
IN| = |Z|. O

Given sets A and B, we say that the cardinality of A is no greater than the cardinality
of B, and we write |A| < |B| if there exists a one-to-one function f : A — B.
Notation: For sets A and B:
e we write |A| > |B| if |B| < |Al;
e we write |A| < |B| if |A| < |B| and |A| # |B| (i.e. there exists a one-to-one
function from A to B, but there is no bijection between A and B);

e we write |A| > |B| if |B| < |A|.

Remark: Note that if sets A, B, and C satisfy |A| < |B| and |B| < |C|, then
they also satisfy |A| < |C|. Indeed, if f1 : A — B and fy : B — C are one-to-one
functions, then fs o f; : A — C is also a one-to-one function.

Cantor—Schroder—Bernstein theorem. If sets A and B satisfy |A| < |B| and
|B| < |A], then |A| = |B].

Proof. Omitted. O

Remark: The Cantor—Schroder—Bernstein theorem may seem obvious, but it is in
fact not! Fully spelled out, it states the following:

For all sets A and B, if there exist one-to-one functions f; : A — B and
fo 1 B — A, then there exists a bijection f: A — B.

The statement is indeed true, but the proof is beyond the scope of this course.

Remark: It is possible to prove that for all sets A and B, either |A| < |B| or
|B| < |A|]. However, the proof (which we omit) is not easy and uses the so called
“Axiom of Choice.”

Proposition 1.2.3. For all sets A and B, if A C B, then |A| < |B|.

Proof. Let A and B be sets such that A C B. Then the function f: A — B given
by f(a) =a for all a € A is one-to-one, and consequently, |A| < |B|. O

Remark: Since
NGz S Q& REC,

Proposition |1.2.3| guarantees that

IN| < |Z] < |Q < [R] < |C|,

4Check this!
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Chapter 1. Number systems: rational and real numbers 8

and moreover, by Proposition we further have that |[N| = |Z|.

Countable and uncountable sets. A set S is countable if one of the following
holds:

e S is finite;
e there exists a bijection f: N — S.

A set is denumerable (or countably infinite) if it is both countable and infinite. So, if
S is infinite, then it is countable if and only if its members can be enumerated as
81, 82,83, .. E] A set is uncountable if it is not countable.

Remark: By Proposition Z is denumerable (i.e. countably infinite).
Theorem 1.2.4. Z x Z and Q are both denumerable.

Proof (slightly informal). The picture below shows that Z x Z can be enumerated
as (p1,q1), (p2,92), (P3,q3), . ... So, Z x Z is countable.
A

=, 3 3 u ]
m] m 3 m]
m] m]
-5 —4 -3 -2 -1 0 1 2 | 3 4 5
m] ] m]
-1

i
m,
u]
|
o
u]
u]
m,

Rational numbers correspond to Z x Z in a natural way. Indeed, a fraction
% corresponds to the ordered pair (p,q). Except that there’s a problem: each

rational corresponds to more than one ordered pair of integers (because e.g. i 3—2).

SHere, the elements, s1, s2, s3,... are required to be pairwise distinct, and all the elements of S
must appear on the list s1, s2, 83, . ...

Irena Penev
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Chapter 1. Number systems: rational and real numbers 9

Furthermore, the denominator of a fraction can never be zero. We deal with this as
follows. First, we take our list of ordered pairs of integers, and we delete from it all
pairs (p,q) where ¢ < 0. Then, we remove all ordered pairs (p,q) where p and ¢ are
not relatively prime. Now each rational corresponds to exactly one ordered pair on
the remaining list. This proves that QQ is countable. ]

Theorem 1.2.5. R is uncountable.

Cantor’s diagonal proof. Suppose otherwise. Then in particular, the interval [0, 1] is
countable. We now enumerate the members of [0, 1] as followsﬁ

I = 0.:6171{51’21'173371,4 e
T = 0.%271.%2721‘2’3.7}2’4 e
xr3 = 0.%371$372l‘3’31‘3’4 e

T4 = 0.0410427T4 3744 . - .

We now create a number a = 0.aja0a3a4 ... as follows. For each i € N, we set
5 if :L‘m' 7'5 5
a; = .
6 if Tii = 5
But now a € [0,1], and it does not appear on our list (sequence) x1,x2,x3,..., a

contradiction. So, R is uncountable. ]

Remark: It can be shown (but we omit the proof) that |R| = |C|. This, combined
with Propositions and and Theorems and yield the following:

Nl = |z] = |Q < [R] = |C].

Density of rationals in the reals. Theorems and essentially imply that
there are “many more” reals than rationals. We do, however, have the following.

Fact 1.2.6. Q is dense in R, i.e. for all a,b € R such that a < b, there exists some
c € Q such that a < ¢ < b.

Remark: We omit a formal proof of Fact but we note that this fact is the
reason why we are able to approximate real numbers by rationals (with an arbitrarily
small error).

5Note that 1 = 0.9999999. . ..
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Chapter 1. Number systems: rational and real numbers 10

1.3 A (very) brief introduction to metric spaces

A metric space is an ordered pair (M,d), where M is a non-empty set, and
d: M x M — Ris a metric on M, i.e. a function satisfying the following properties:

o forall z,y € M, d(x,y) >0,
o forall x,y € M, d(x,y) = 0 if and only if x = y;
o forall x,y € M, d(z,y) = d(y, x);
o forall x,y,z € M, d(x,z) <d(x,y) + d(y, 2).
The inequality from the third bullet point is referred to as the triangle inequality.

d(zx, 2)

The discrete metric. For any non-empty set M, the function d : M x M given by
0 ifx=y

for all z,y € M is a metric, called the discrete metric.

The Euclidean metric. Each of Q, R, C can be turned into a metric space simply
by setting d(z,y) = |x — y| for all  and y.

As a matter of fact, R? can also be turned into a metric space by setting
d(x,y) = |z — y|, where for a vector

we have [v| = {/v? 4+ -+ + v2. This metric is called the Fuclidean metric.

We will soon start studying sequences. We will develop the theory of sequences
for R. However, many (most) of the properties of real sequences are fully generalizable
to sequences in general metric spaces.

For future reference, we give the following inequalities.
The Triangle Inequality. All x,y € R satisfy |z + y| < |z| + |y
Corollary 1.3.1. All z,y € R satisfy |x —y| > |z| — |y|.

Proof. Fix z,y € R. The triangle inequality applied to x — y and y implies that
|(x —y) +y| < |z —y|+ |y|, and it follows that |x — y| > |z| — |y|. O
N————

=|z|

Irena Penev
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Chapter 1. Number systems: rational and real numbers 11

1.4 Bernoulli’s inequality

Bernoulli’s inequality. For all integers n > 0 and all real numbers r > —1, we
have (1 4+ x)" > 1+ nx.

Proof. We fix a real number x > —1, and we proceed by induction on n.

Base case: For n = 0, we have

1+2)°=1=1+0-

Induction step: Fix a non-negative integer n, and assume inductively that
(I1+2)" > 14 nz.

We must show that
(14+2)"™ > 14 (n+1)z.

We now compute:
1+2)" = (1+2)"(1+2)

by the induction hypothesis
>

> (L+nz)(l+z) and the fact that 1+ 2z >0
= 1+ (n+ 1)z + na?

> 1+ (n+1).

This completes the induction. O

Irena Penev
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Chapter 2

Sequences

2.1 Limits of sequences: definition and examples

A sequence of real numbers is any function a : N — R. By convention, we write
a, instead of a(n). We denote sequences by {a,}°°, by {an}nen, or simply by
ay,ag,das,....

Remark: One can also speak of sequences of rational numbers, complex numbers,
vectors in R%, etc. However, we will work almost exclusively with sequences of real
numbers.

We now define the “limit” of a sequenceE] Intuitively, L is the limit of a sequence
{an}>2 if, when n is very large, a, is very close to L. Let us now formalize this.

The limit of a sequence. We say that a sequence {ay}22, of real numbers
converges to a real number L provided that the following holds:

For all real numbers € > 0, there exists some N € N such that for all
n € N: if n > N, then |a, — L| < e.

o0

> 1, and

Under such circumstances, we say that L is the limit of the sequence {ay}
we write

L = lim a,,
n—0o0

or
an, —+ L as n — oo.

A sequence is convergent (or converges) if it has a limit. Otherwise, it is divergent
(or diverges).

Remark: Note that
la, — L| < € — L—-—e<a,<L+e¢

— a,€(L—¢eL+e).

"Warning: Not all sequences have limits!

Irena Penev
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Chapter 2. Sequences 13

Thus, informally, “L = lim a,” means that no matter how small we choose our
n—o0

real number € > 0, at some point, the a,’s all start landing in the open interval
(L —e,L+¢€). Or, more formally, no matter how small we choose our € > 0, we
can find some positive integer N, so that, with the possible exception of a1,...,an
(the first N terms of our sequence), all the a,’s belong to the interval open interval
(L—¢e,L+e¢).

Remark: It turns out that if a sequence converges, then its limit is unique. We will
prove this (see Theorem [2.2.1)), but first, let us take a look at a couple of examples.

Example 2.1.1. Show that lim % =0.
n—oo

Solution. Fix e > 0. Let N € N be such that N > 1. (Thus, + <e.) Fixn € N
such that n > N. Then

This proves that lim % = 0. 0
n—oo

Example 2.1.2. Show that lim (1+ ) =1.
n—oo

Solution. Fix € > 0. Let N € N be such that N > ﬁ Note that this implies that
ﬁ < e. Now, fix n € N such that n > N. We now have the following;:

|(1+%)—1| = # because#>0
< ﬁ because n > N >0

<

o

This proves that lim (1 + ) = 1. O
n—00 n
Example 2.1.3. Show that lim (1+ (—3)") = 1.
n—oo

Solution. Fix e > 0. Let N € N be such that N > logy(2). (Thus, 2%\, <e.) Fix
n € N such that n > N. Then

This proves that lim (1 + (—%)") =

n—oo

O

2This footnote is not a formal part of the proof (think of it as being on “scratch paper”), but
here’s how we “guessed” the correct value of N. Our goal is to get |(1+4 -5) — 1| < e. This is
equivalent to % < g, and that, in turn is equivalent to n > % Thus, we should choose N € N

such that N > %

Irena Penev
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We now take a look at a couple of examples of divergent sequences, i.e. sequences
that do not have a limit. By definition, a sequence {a, }5° ; of real number diverges
if the following is satisfied:

For all L € R, there exists some real number £ > 0 such that for all
N € N, there exists some n € N such that n > N and |a,, — L| > e.

In other words (informally), {a,}2°; diverges if no matter which L we choose, we
can find some small enough € > 0 such that infinitely many a,’s land outside of the
interval (L —e, L +¢).

Example 2.1.4. Prove that the sequence {\/n}>2, diverges.

Remark: Clearly, /n gets very large (arbitrarily large) as n gets very large. So,
the sequence {\/n}o2, “diverges to infinity.” However, the goal is to prove formally
that a limit does not exist.

Solution. We must prove the following statement:

For all L € R, there exists some € > 0 such that for all N € N, there
exists some n € N such that n > N and |\/n — L| > e.

Fix an arbitrary L € R. Next, fix some € > OE| Fix an arbitrary N € N. Now,
choose n € N so that n > max{N, (L + ¢)?}. Clearly, n > N. Our goal is to show
that [\/n — L| > e.

By construction, n > (L +¢)?2, and so (since n > 0) we have that \/n > |L +¢| >
L + ¢, and consequently, /n — L > e, which in turn implies that

WVn—L|>+vn—L>e.
This proves that {y/n}° ;| diverges, which is what we needed to show. O
Example 2.1.5. Prove that the sequence {(—1)"}°, diverges.

Remark: Clearly, the sequence {(—1)"}>2; “jumps” between —1 and 1, and so it

does not have a limit. However, we need to give a formal proof of the the non-existence
of a limit.

Solution. We must prove the following statement:

For all L € R, there exists some € > 0 such that for all N € N, there
exists some n € N such that n > N and [(—1)" — L| > €.

Fix an arbitrary L € R. First, note that

3In this particular example, any choice of ¢ > 0 will do. We will later see examples where € must
be chosen more carefully.

Irena Penev
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(-1)—L|+|1-L| = |L+1]+]1-1L]
> |(L+1)+(1—-1)] by the Triangle Inequality
= 2,

and so either [(—=1) —L| >1or |1 - L| > 1.
We now set ¢ = 1. Fix an arbitrary N € N. Now, we consider two cases: when
|(=1) — L| > 1, and when |1 — L| > 1.

Case 1: |[(—1) — L| > 1. In this case, we fix an odd n € N such that n > N, so that
(—1)" = —1. We now have that

(D" =L = |(-)-L > 1 = ¢

which is what we needed to show.

Case 2: |1 — L| > 1. In this case, we fix an even n € N such that n > N, so that
(=1)™ = 1. We now have that

(~1)"—L] = 1-Z] > 1 = ¢

which is what we needed to show. OJ

2.2 Properties of limits

The theorems that we prove in this section are stated (and proven) for sequences of
real numbers. However, they remain true for sequences in C or R?, with very minor
(if any) modifications of the proofs.

Theorem 2.2.1. A sequence of real numbers can have at most one limit. So, every
convergent sequence of real numbers has a unique limit.

Proof. Let {a,}52, be a sequence of real numbers, and suppose that this sequence
has two distinct limits, call them L and Lo. Set € := %|L1 — Lo|; then | Ly — Lo| = 2e.

Using the fact that {a,}22, converges to L, we fix Ny € N such that for all
n € N, if n > Ny, then |a, — L1| < e.

Using the fact that {a,}22, converges to Lo, we fix No € N such that for all
n € N, if n > Ny, then |a,, — Lo| < €.

Set N = max{Ny, Nao}, and fix n € N such that n > N. Then |a,, — L1| < € and
|an, — La| < €. We now have the following:

|L1 — La| = |(L1—an)+ (an — L2)|

IN

|L1 — ap| + |an — Lo by the Triangle Inequality

Irena Penev
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= |an — L1| + |an — Lo|

< e+e¢
= 2e.
But this contradicts our choice of ¢, i.e. the fact that |L; — La| = 2¢. O

Remark: Note that whether a sequence of real numbers converges or diverges is
determined by what happens in the sequence “eventually,” i.e. the first few terms do
not count. The same applies to the value of the limit, if it exists. Formally, we have
the following lemma.

Lemma 2.2.2. Let {a,}32, and {b,}32, be sequences of real numbers, and assume
that there exits some N € N such that for alln € N, if n > N, then a, = bnE| Then:

(a) {an}oS converges if and only if {b,}>2, converges;
(b) if {an}2y and {by}22, both converge, then ILm an = le b

Proof. Exercise. O

In chapter (1, we defined upper and lower bounds of sets of real numbers, as well
as their suprema and infima. We can analogously (and straightforwardly) define
these concepts for sequences of real numbers, as follows.

Bounded sequences. For a sequence {a,}>° of real numbers:

e an upper bound of {a,}>2 is any real number x such that for all n € N, we
have a,, < x.

e the least upper bound (or supremum) of {a,}7> ; is an upper bound z of {a, }22
such that for every upper bound y of {a,}72 ;, we have that x < y;

o {a,}0° is bounded above if it has an upper bound;

e a lower bound of {ay, }°; is any real number x such that for all n € N, we have
z < ay,.

o the greatest lower bound (or infimum) of {a,}72 4 is a lower bound x of {a,}5,
such that for every lower bound y of {a,}5°, we have that y < x;

o {a,}o2 is bounded below if it has a lower bound;

4In other words, the two sequences may possibly differ in the first N terms, but after that, they
coincide.
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o {a,}>2, is bounded if it is both bounded above and bounded below.

Remark: Since the ordered field R is complete, any sequence of real numbers that is
bounded above has a supremum, and any sequence of real numbers that is bounded
below has an infimum.

Remark: Note that if {a,}72 is a bounded sequence of real numbers, then there
exists a real number M such that for all n € N, we have that |a,| < M, and in
particular, the sequence {|a, |} ; is also bounded. Indeed, suppose that x is an upper
bound of {a,}7>;, and that y is a lower bound of {a,}2> ;. Set M := max{|z|, |y|}.
Then for all n € N, we have that —M < y < a, < z < M, and consequently,
lan| < M.

Lemma 2.2.3. Let {ay}>2, be a convergent sequence of real numbers. Then we
have the following:

(a) {an}2, is bounded;

(b) for all m,M € R such that m is a lower bound and M an upper bound of
{an}>2,, we have that m < li_>m an < M.
n oo

Proof. (a) Fix an arbitrary real number ¢ > 0,°| and using the fact that L = ILm G,
n—oo
choose N € N such that for all n € N, if n > N, then |a, — L| < . Now, set

m :=min{ay,...,ay,L —¢e} and M :=max{ai,...,an,L+¢}.

We claim that m and M are a lower and upper bound, respectively, of the sequence
{an}2,. Fix n € N; we must show that m < a, < M.
If n < N, then by construction, we have that

m < min{ay,...,any} < a, < max{ay,...,an} < M,

and we are done.
From now on, we assume that n > N. Then |a, — L| < ¢, i.e. a, € (L—¢,L+¢).
But now
m < L-¢ < ap < L+e < M,

and again we are done.

(b) Let m, M € R be such that m is a lower bound and M an upper bound of
{an}>2 . Set L = nlgglo an. We must show that m < L < M.

We first show that L < M. Suppose toward a contradiction that L > M. Set
em = L — M. Fix N € N such that for all n € N, if n > N, then |a, — L| < .
Now, fix n € N such that n > N. Then

emMm > lan—L| > L—a, = (L-M)+ (M —a,) > eum.
~— SN——
=&M >0

SFor the proof of (a), any € > 0 will do. We could, for example, choose ¢ = 1.
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We have now proven that €;; > €37, a contradiction. So, L < M.

The proof that m < L is similar. Indeed, suppose that L < m, and set &,,, = m—L.
Fix N € N such that for all n € N, if n > N, then |a, — L| < &,. Now, fix n € N
such that n > N. Then

em > lan—L| > ap,—L = (ap—m)+(m—L) > ep.
>0 Em
We have now proven that ,, > &,,, a contradiction. So, m < L. [
Lemma 2.2.4. For all ¢ € R, the constant sequence c,c,c,... converges, and
lim ¢ =c.

n—oo

Proof. This is “obvious,” but here’s a formal proof. Fix ¢ > 0, and set N = 1. Fix
n € N such that n > N. Then [c —¢| =0 <e. So, lim c=c. O
n—oo

Theorem 2.2.5. Let {a,}72, and {by}°, be convergent sequences of real numbers,
and let ¢ € R. Then all the following hold:

(a) nh_}ngo(can) = cnh_%lo(an);
(%) Jim (o + bn) = (g, an) + ( Jim bu);

(¢) lim (an —by) = ( lim ay) — ( lim by);

n—o0 n—oo n—oo

() Jim (onbn) = (Jir an) (Jirg, bu):
lim an
(e) if by, # 0 for alln € N and nh_}rrgo b, # 0, then nh_)Ilolo (ﬁ) = “fa 5,
Proof. For notational convenience, set
a:= lim a, and b:= lim b,.
n—oo n—o0
We must prove:
(a) nh_}rgo(can) = ca;
(b) nh_)rgo(an + bn) =a+ b
(c) nlgrolo(an —by) =a—1b
(d) nh_}rr;o(anbn) = ab;
(e) if b, # 0 for all n € N and b # 0, then lim (‘g—:) = £.

n—oo

Irena Penev
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(a) If ¢ =0, then the result follows from Lemma [2 So assume that ¢ # 0. Fix
€ > 0. Using the fact that lim a, = a, we fix N € N such that for all n € N, if

n—0o0

n > N, then |a, —a| < ﬁ Now, fix n € N such that n > N. Then
lcan —ca| = |c|lan —a| < |c\ﬁ = e.

This proves that lim (ca,) = ca.
n—oo

(b) Fix e > 0. Using the fact that hm an = a, we choose N; € N such that for
all n € N, if n > Ny, then |a,, — a] < Slmllarly, using the fact that hm b, = b,

we choose Ny € N such that for all n € N, if n > Ny, then |b, — b\ < % Set
N :=max{Ny, No}, and fix n € N such that n > N. Then n > N; and n > Na; the
former implies that |a, —a| < §, whereas the later implies that |b, —b] < §. We

now compute:
[(an +n) = (a+b)] = [(an —a)+ (bn — )]

by the Triangle
Inequality

IN
|
RSN
+
=

and so lim (a, +b,) =a +b.

n—oo

(c) By (a), 1im (—bn) = —b, and so the result follows from (b)ﬂ

(d) By Lemma[2.2.3((a), since {a, }52, is convergent, it is bounded. Fix a real number
A > 0 such that for all n € N, we have that |a,| < AE Now, fix € > 0. Using the
fact that lim a, = a, we fix N; € N such that for all n € N satisfying n > Ny,

n—oo

we have that |a, —a| < Further, using the fact that hm b, = b, we fix

T ESOE
Ny € N such that for all n € N satisfying n > Ny, we have that |b —b| < 55 Set
N := max{Np, N2}, and fix n € N such that n > N. Note that this means that
n > N1 and n > No; the former implies that |a, —a| < 5 |b|+1) whereas the latter
implies that |b, — b < 55. We then have the following:

lanby, —abl = |(apby — anb) + (anb — ab)

by the Triangle

< lanby — anb| + |anb — ab| Inequality

Indeed, we simply apply (b) to the sequences {a,}32; and {—b,}52,

"To see that such an A exists, fix a lower bound m and an upper bound M of the sequence
{an}sZ1, and let A = max{|m|,|M]|,1}. (Note: we cannot take A = max{|m|,|M|} because it is
possible that m = M = 0, and we need that A > 0.)
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= lan[lbn = b + |an — al[b]

< Alb, —b| + |an — al|b]

< A5G+ mﬂﬂ < e
Thus, lim (a,by,) = ab.

n—oo

(e) Suppose that b, # 0 for all n € N and b # 0. Let us first show that lim ( L ) =

n—oo br,

Syl

We first prove the following.

Claim. There exist some N1 € N such that for all n € N, if n > Ny,
then |by,| > |2i|

Proof of Claim. Set ¢ = @. Let N; € N be such that for all n € N, if n > Ny, then
|bp, — b < e (ie. |b, —b| < @) Now, fix n € N such that n > N;. We claim that
|bp| > %. Suppose otherwise, i.e. suppose that [b,| < %. Then @ < |b| — |bp|. But
now we have the following;:

b b
B o=l < o—ba| = -t <

where (*) follows from Corollary Thus, %' < @, a contradiction. This proves
the Claim. ¢

Let Nj be as in the Claim. Now, fix € > 0, and choose Ny € N such that for all
2
n € N, if n > Ny, then |b, — b| < Le. Set N = max{Ny, No}. Then for all n € N
such that n > N, we have the following:
| 1 1| _ ’bl;bgl

1o
2

< |b”7bl"| because n > Ny, and so |by,| >

2
2. be because n > Na, and so |b, — b| < %6
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Thus, lim () = }, which together with (d) implies that lim (%) = %ﬂ O

n—oo n—oo

Remark: Recall that by Example [2.1.1] we have that lim (%) = (0. Combined with

n—o0

Theorem this readily yields the following proposition.

Proposition 2.2.6. For all real numbers a and positive integers p, we have that

A (5) =0
Proof. We compute:
Jm (G5) = lim (a(5)7)

= a( lim (1)7) by Theorem [2.2.5(a)

n—o0

= q( lim 1)” by repeated applicaton

n—yoo ™ of Theorem [2.2.5(d)
= al? by Example

An342n2—n+47

Example 2.2.7. Compute nh_)ngo e s R

Solution. Here, we have a rational expression, where both the numerator and the
denominator have the same degree. The trick is to divide both the numerator and
the denominator by n® (the highest degree term of both), and then compute. A fully
formal proof using Theorem and Proposition would look like this:

: 4n342n2—n+7 (*_) ;
Jim e, = im

i i 2y_ i 1 i 7
nhm (4)+n11m () nhm (n2 )+nhrn (n3 )
i T ESYENT 12

nhm (3) nhm (n) nhm (n3 )

440—-0+0
3—0-0

Ol

)

8Indeed, we simply apply (d) to the sequences {a,}32; and {bi};’f:l.
Irena Penev "
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where (*) was obtained by diving both the numerator and the denominator by n3.
However, we do not normally include this level of detail in our computation! Typically,
we would evaluate the limit this way:

0 0 0

3 Lon2 (x) t GD/ B @D/ i @
lim 4nf2n—nd? = iy = %
noseo 3n3—3n2—12 NS0 5 3
0 0

where (*) was obtained by dividing both the numerator and the denominator by n3.
(Here, arrows indicate what limit the circled expressions converge to as n — oc.) [

)

2.3 The Monotone Sequence Theorem

A sequence {a,}° ; of real numbers is

e non-decreasing if for all n € N, we have that a, < apy1;
e strictly increasing (or simply increasing) if for all n € N, we have that a,, < an+1;
e non-increasing if for all n € N, we have that a,, > an11;

e strictly decreasing (or simply decreasing) if for all n € N, we have that a, >

Ap+15

e monotone if it is either non-decreasing or non-increasing.

Lemma 2.3.1. Let {a,}° be a non-decreasing sequence of real numbers bounded
above. Then {a,}5° | converges, and its limit is precisely the supremum of the
sequence

Proof. Let S be the supremum of the sequence {a,}>% ;. We must show that
lim a, = S. Fix an arbitrary € > 0, and fix some N € N such that ay > S — ¢;

n—oo
such an N exists because otherwise, S — ¢ would be an upper bound of {a,}°,

contrary to the fact that S is the supremum of the sequence. Now, fix n € N such
that n > N. Then
(%) (%)
S—e¢ < ay < a, < 8,
where (*) follows from the fact that our sequence is non-decreasing, wheres (
follows from the fact that S is the supremum of the sequence. Thus, —e < a,, — S5 < 0,
and consequently, |a, — S| < e. This completes the argument. ]

**)

9Note that we are using the completeness of the field R, and in particular, the fact that every
non-empty subset of R (and therefore, every sequence in R) bounded above has a (unique) supremum,
i.e. the least upper bound. This theorem fails for e.g. Q, since Q is not complete.
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Lemma 2.3.2. Let {a,}52, be a non-increasing sequence of real numbers bounded
below. Then {an}22, converges, and its limit is precisely the infimum of the se-
quence

Proof. Exercise (similar to the proof of Lemma [2.3.1)). O

The Monotone Sequence Theorem. Every monotone and bounded sequence of
real numbers is convergent.

Proof. This follows immediately from Lemmas and O

Remark: The Monotone Sequence Theorem is often used to prove that a recursively
defined sequence converges, and we give an example below (see Example [2.3.4). First,
we need one more limit law, which we state without proof.

Lemma 2.3.3. Let {a,}2; be a convergent sequence, and let p € R. Then

3 p — : p
() = (fim en)”

as long as both the sequence {ah}2; and the number ( ILm an)p are both defined.

Remark: If the real number p is not a non-negative integer, then a¥, may possibly
be undefined for some value(s) of n € N, in which case, the sequence {ah}>, is
undefined. On the other hand, since the sequence {a,}72 is convergent, we do

know that lim a, is defined; however, depending on the value of lim a, and p, it is
n—oo n—oo

possible that ( li_)m an)p is undefined. For instance, if 1i_>m an =0 and p < 0, then
n oo n—oo

( lim an)p is undefined.
n—o0

Proof. Omitted. O

Example 2.3.4. Let {a,}22, be the sequence defined recursively as follows:

o a1 =2;
® ay11 =+/2a, for alln € N.
Show that {a,}5°; converges, and find its limit.

Proof. We first use the Monotone Sequence Theorem to prove that the sequence
{an}>2, converges (i.e. has a limit), and then we compute that limit.

Proving convergence. We first prove the sequence {a,}>°; is monotone and
bounded. More precisely, we will show that for all n € N, we have that v2 < a,, < 2
and a, < anpt+1. We proceed by induction on n.

00nce again, we are using the completeness of R, and in particular, the fact that every non-empty
subset of R (and therefore, every sequence in R) bounded below has a (unique) infimum, i.e. the
greatest lower bound. This theorem fails for e.g. Q, since Q is not complete.
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For n = 1, we simply observe that V2 =a; <2 and that a1 = V2 < V2V2 =
\/2@1 = as.

Now, fix n € N, and suppose inductively that V2 <a, <2and a, < Ont1-
We must show that v/2 < ant+1 < 2 and any1 < apgo. First, since V2 <a, <2,

we have that 2v/2 < 2a, < 4, and so V/2v2 < /2a, < 2. Since v2 < v/2v/2
and ap11 = v/2an, we deduce that V2 < ant+1 < 2. On the other hand, since

0 < apy1 <2, we have that ap41 = aiﬂ < V2ap41 = Gn4o. This completes the
induction.

We have now shown that {a,}5°; is monotone and bounded, and so by the
Monotone Sequence Theorem, the sequence converges.

Computing the limit. Set a = lim a,. (The existence of the limit follows from
n—oo

the convergence of the sequence {a,}2° ;, proven above.) Then

a = limapy; = lim 2a, = 2 lim a, = +2a.
n—oo n—oo

n—oo

So, a? = 2a, which implies that ¢ = 0 or a = 2. However, since {an}22, is bounded
below by v/2, we know that v/2 < a and in particular, a # 0. So, a = 2.

Conclusion. We have shown that {a,}3°, converges and satisfies

lim a, = 2,
n—oo

and we are done. O

Remark: When solving problems similar to Example 2.3.4] it is imperative that
you prove that the limit actually exists, i.e. that the sequence in question does
converge. It is not enough to simply compute the limit. Let us explain why. Suppose
we are given a sequence {a,}°> ;, defined recursively as follows:

° a; =—1
® ay+1 = —ay for all n € N.

Suppose we simply set a := li_>m an, and then try to evaluate a. We get:
n o

a = limapyy = lim(—a,) = — lima, = -—a.
n—oo n—oo n—,oo
Thus, a = —a, and consequently, 2a = 0, i.e. ¢ = 0. But this doesn’t work! Indeed,

our sequence satisfies a,, = (—1)" for all n € N, and therefore does not converge (by
Example [2.1.5). What our computation actually showed is that if lim a, exists,
n—oo

then lim a, = 0. It did not show that lim a, does in fact exist. As a matter of
n—oo n—oo

fact, the limit does not exist.

"Here, we are using Lemma b).
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2.3.1 Euler’s number

You may recall from high school that Euler’s number e is an (irrational) real number
that satisfies e &~ 2.71828. Formally, Euler’s number is defined as follows:
L . 1\n
e = nh_)n(r)lo (1 + n)
This immediately raises the following question: how do we even know that this limit
exists? To prove that it does, we Will use the Monotone Sequence Theorem and
Bernoulli’s inequality (see section [L.4), as follows.
First, we consider the aux1hary sequence {an}>2; given by

an = (l—i—l)nJrl

n

for all n € N. We will show that {a,}52, is non-increasing and bounded below, and
is consequently convergent (by the Monotone Sequence Theorem)E

It is clear that a, > 0 for all n € N, and in particular, the sequence {a,}>2 is
bounded below. Next, for all n € N, we have that

an _ (1+%)n+1
an+1 il)"+2
- ( 1_|_ >n+2 1
= . T
1-&-7‘_1 1+

n242nt1 "+2 1
“n242n

(
(

n+2
1+ -
n2+2n) 1.:,_%

> (1 +(n+2) +2n) . H% by Bernoulli’s inequality
= 1,

and consequently (since ap41 > 0), that a, > any1. So, the sequence {a,}2 | is
non-increasing. We have now shown that {a,}72; is monotone and bounded, and
consequently, it is convergent (by the Monotone Sequence Theorem). In other words,

lim a, exists.
n—oo

12Technically, we are using Lemma However, note also that any non-increasing sequence is
automatically bounded above (for example7 by the first term of the sequence). So, any sequence that
is non-increasing and bounded below, is in particular monotone and bounded, and consequently
convergent (by the Monotone Sequence Theorem).
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Finally, we compute:

. \n . lim an lim an .

lim (1—|— 7) = lim 2 = 22 = =F = lim a,.
n—00 n n—oo 1+7 lim (1+) n—00
n n—oo n

This proves that the sequence {(1 + %)"}Zo is in fact convergent, and that Euler’s

number -
e = lim (1+1)"

n—oo

is indeed well defined.
Remark: Note that for all n € N, we have that

(*)
1+ > 1+nd = 2

where (*) follows from Bernoulli’s inequality. So, 2 is a lower bound of the sequence
{(@+1)"}> . So, by Lemma [2.2.3(b), we have that e = lim (1+ )" >2. To
n= n—00 n

obtain an upper bound for e, we recall that e = lim a,, and that the sequence
n—oo

{an}>2 is non-increasing and is therefore bounded above by a;. Therefore,

) ()
e = lima, < a = 4,
n—oo

where (*) follows from Lemma [2.2.3(b). Thus, we have obtained the following
estimate for Euler’s number e:

2 < e < 4

By using numerical methods, it is possible to obtain an ever more precise estimate
of e. For example, it is known that e ~ 2.71828.

2.4 The Squeeze Theorem for sequences

The Squeeze Theorem for sequences. Let {a,}22, {bn}02,, and {c,}22, be
sequences of real numbers such that a, < b, < ¢y, for alln € N. Assume that {a,}5°
and {c, }22; converge to the same limit L. Then {b,} >, also converges to L.

Remark: Schematically (and informally), we can represent the Squeeze Theorem
like this:

gbnSGD\VneN — lim b, = L

L L
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Proof. Fix € > 0. Using the fact that lim a, = L, we fix some N; € N such that for
n—oo

all n € N, if n > Ny, then |a, — L| < e. Similarly, using the fact that lim ¢, = L,
n—oo

we fix some Ny € N such that for all n € N, if n > N, then |¢, — L| < €. Let
N = max{Ni, No}. Fix n € N such that n > N. Then n > Ny, and it follows
that |a, — L| < €, and so —¢ < a, — L < e. Similarly, n > Ny, and it follows that
len, — L| < g, and so —e < ¢, — L < e. Since a,, < b, < ¢, we have that

- < ap—L < b,—L < ¢,—L < =&,
and we deduce that |b, —L| < e. This proves that lim b, = L, as we had claimed. O
n—oo

Example 2.4.1. Compute lim ((—1)"%), or prove that the limit does not exist.
n—oo

Solution. Clearly, we have that

-+ < (-D)ry < 4
for all n € N. Since
o Jm () =0
o lim (-3) = lim (3)=-0=0,

the Squeeze theorem implies that

. 1 _

lim ((=1)"53) = 0.
Remark: The argument above was fully formal. In practice, though, it is enough to
write something like this:

@ < (=i < GD\VneN L gim ((-1)M)) = o,

0 0

where (*) follows from the Squeeze Theorem. O

Remark: Recall that the first few terms of a sequence have no effect on the existence
or value of the limit (formally, we have Lemma [2.2.2)). This allows us to state a
slightly stronger version of the Squeeze Theorem, as follows. (Try to give a formal
proof by yourself, using the original Squeeze Theorem, plus Lemma m)

The Squeeze Theorem for sequences (stronger version). Let {a,}22 1, {b,}02 ,

and {cp}o2 | be sequences of real numbers. Assume that there exists an integer N € N
such that for all n € N satisfying n > N, we have that a, < b, < ¢,. Assume that
{an}>2y and {c,}32, converge to the same limit L. Then {b,}>2, also converges
to L.
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Remark: A schematic (and informal) representation of the theorem above looks
like this:

gbng@vnzzv — lim b, = L

L L

2.4.1 Some limits with roots

Proposition 2.4.2. lim {/n =1.

n—oo

Proof. Clearly, for all n € N, we have that {/n > 1, and consequently,

rm = Yn—-1 > 0.
Our goal is to show that lim r, = 0. This is enough, for it will imply that
n—oo
g, ¥ = i (iAre) = ld g = 140 = L

which is what we need.
Claim. 0 < r, < ,/% for all integers n > 2.

Proof of the Claim. Fix an integer n > 2. We already saw that r,, > 0. For the other
inequality, we observe that

(%) (x%) O (k) -
n & e S G S G =
and consequently r, < %, where

o (*) follows from the definition of 7,;

e (**) follows from the Binomial Theorem;

n
o (***) follows from the fact that each summand in the sum Y (})rF is strictly

positive (because 7, > 0), and so each summand is strictly smaller than the
whole sum (because there is more than one summand)ﬁ

This proves the Claim. ¢

13Note that there are n + 1 > 3 summands, and (;‘)ri is the third summand (the one we get for
k=2.
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Clearly, li_>m 1/% = 0. So, by the Claim and the Squeeze Theorem, we have
n o0
that lim r, = 0, and we are doneﬁ 0

n—oo

Proposition 2.4.3. For all real numbers a > 0, we have that lim {/a = 1.
n—o0

Remark: We could prove Proposition [2.4.3| similarly to the way we proved Proposi-
tion 15| However, since we have already proven Proposition we can simply
use it, together with the Squeeze Theorem, to prove Proposition [2.4.3

Proof. Fix a real number a > 0. We consider two cases: when a¢ > 1, and when
0<a<l.

Case 1: a > 1. Fix N € N such that a < N. Then for all n € N such that n > N,

we have that
1 < Ya < Yn
Since lim {/n = 1 (by Proposition [2.4.2)), the Squeeze Theorem guarantees that
n

—00
lim /a = 1@

n—oo

Case 2: 0 < a < 1. Then é > 1, and so by Case 1, we have that lim ¢ é =1. We

n—oo
now compute:

lim o = lm -+ = —L~— = 1 = 1

n—00 n—oco lim %/%
a

=
i
:

and we are done. O

2.5 Subsequences and the Bolzano-Weierstrass Theorem

A subsequence of a sequence {a,};2; is a sequence of the form {ay,}32,, where
{n; };";1 is a strictly increasing sequence of positive integers.

Informally, a subsequence of a sequence {a,}>2 is any sequence that can be
obtained from {ay}22; by possibly deleting some terms, but so that infinitely many
terms still remain. (In particular, every sequence is a subsequence of itself.)

141ndeed, the Claim guarantees that for all integers n > 2, we have that

0 < m™m < )

0

and so by the Squeeze Theorem, lim r, = 0. (Here, we are using our “stronger version” of the
n—oo

Squeeze Theorem, for N = 2.)
15 Try it!
1Note that we are using our “stronger version” of the Squeeze Theorem.
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Proposition 2.5.1. For all sequences {an}>2, of real numbers, the following hold:
(a) {an}52, converges if and only if all subsequences of {an}22 | converge;

(b) if {an}2, converges, then all subsequences of {a,}5°, converge to lim a.
n—oo

Proof. By definition, {a,} 2, is a subsequence of itself. Consequently, if all subse-
quences of {a,}5° ; converge, then in particular, {a,}3° also converges

Suppose now that {a,}°° ; converges, and set L := lim a,. We will show that all
n—oo
o0

subsequences of {a,}5° ; converge to LH Fix any subsequence {ay; }32; of {an};2,
where {n; }3”;1 is a strictly increasing sequence of positive integers. We must show

that lim a,; = L. Fix any € > 0, and using the fact that L := lim a,, fix N € N
J—00 n—oo

such that for all n € N, if n > N, then |a, — L| < e. Since {n;}32, is a strictly

increasing sequence of positive integers, we see that for all j € N such that j > N,

we have that n; > ny > N, and consequently, |a,; — L| < e. This proves that

L= lim a,,. ]
j—oo

Lemma 2.5.2. Every sequence {a,}5°; of real numbers has a monotone subsequence.

Proof. Let {a,}52; be a sequence of real numbers. Let us say that a positive integer
m is a peak of the sequence {a,}52 if for all n € N such that n > m, we have that
am > an (i.e. an, is strictly greater than every subsequent term of the sequence).

Suppose first that {a,};2; has infinitely many peaks, and let {n;}72, be the
sequence of all the peaks, arranged in increasing order (i.e. n; < ng < ng < ...).
But now an, > an, > ang > ..., i.e. {an,; }32; is a strictly decreasing (and therefore
monotone) subsequence of {a,}> .

From now on, we assume that {a,}5° ; has only finitely many (if any) peaks. Fix
some N € N such that all the peaks of {a,}22 are strictly smaller than N H Note
that this means that for all m € N such that m > N, the integer m is not a peak,
i.e. there exists some n € N such that m < n and a,, < a,.

Our goal is now to (recursively) form an increasing sequence {n; };‘il of positive
integers such that for all j € N, we have that a,; < an;, ,. Note that once we have
formed such a sequence {n;}3°,, we will have that {a,;}32; is a non-decreasing
(and therefore monotone) subsequence of {a,}>°;, which is what we need. First,
fix ny = N. Next, fix j € N, and suppose we have constructed positive integers
ni,...,njsothat ny <--- <njand a,, <---< Qn,- Since n; is not a peak (because

'"Note that this proves the “«<=" part of (a).

18This will prove the “==" part of (a), as well as all of part (b).

19T et us check that such an N exists. If {an}sZ 1 has no peaks, then we can choose N to be any
positive integer (for example, N = 1). If {a,}52; has at least one peak, then (using the fact that
{an}n=1 has only finitely many peaks) we let mq, ..., my be all the peaks of {an}n=1, and we let N
be any integer greater than max{mu, ..., mi} (for example, N = max{mi,...,mr} + 1).
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n; > N), there exists some n € N such that n; < n and an; < apj; choose n;41 to be
the smallest such n

By construction, {n; }‘;‘;1 is a strictly increasing sequence of positive integers, and
{an, 172, is a non-decreasing (and therefore monotone) subsequence of {a,}p2 ;. O

The Bolzano-Weierstrass Theorem. Fuvery bounded sequence of real numbers
has a convergent subsequence.

Proof. Let {an}32; be a bounded sequence of real numbers. By Lemma [2.5.2]
{an};2, has a monotone subsequence, say {ay, 52, where {n;}22, is an increasing
sequence of positive integers. Since {a,}22, is bounded, so is its subsequence
{an, };";lﬁ Now {ay, }72, is a monotone and bounded sequence of real numbers,
and so by the Monotone Sequence Theorem, it converges. ]

2.6 Accumulation points

An accumulation point of a sequence {ay}o° ; of real numbers is a real number A
such that for all real numbers € > 0 and all N € N, there exists some n € N such
that n > N and |a, — 4| <e.

Proposition 2.6.1. Let {a,}°; be a sequence of real numbers, and let A € R.
Then the following are equivalent:

(i) A is an accumulation point of {an} 2 q;

(ii) for all real numbers € > 0, the interval (A — e, A+ €) contains infinitely many
terms of the sequence {an}52 ;;

(11i) some subsequence of {a,} converges to A.

Terminology: For a real number € > 0, the open interval (A — ¢, A + ¢) is called
the e-neighborhood of A.

Proof. Tt suffices to prove the following sequence of implications: “(i) = (iii) =
(i) = (1).”

We first assume (i) and prove (iii). We define a strictly increasing sequence
{n;}32, recursively as follows. First, using the fact that A is an accumulation point
of {a,}52, we fix n; € N such that |a,, —A| < 1@ Next, assume that for some

20 Actually, we could have chosen nj+1 to be any such n, and the argument would still go through.
It would, however, rely on the (once controversial) Axiom of Choice, which we will not discuss in
any detail in this course, but which (very roughly) states that we are allowed to make infinitely
many arbitrary choices. By choosing nj41 to be the minimal n having the desired property, our
choice of njy1 stops being arbitrary, and so the Axiom of Choice is not needed.

2Indeed, any upper bound of {an}n=1 is automatically an upper bound of the subsequence
{an; }721, and similarly, any lower bound of {a,}nZ; is a lower bound of {an;}52;.

22Here, we are using the definition of an accumulation point for ¢ = 1 and N = 1.
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j € N, we have defined the positive integer n;; we then define n;;1 € N as follows.
Since A is an accumulation point of {a,}22, we let n;1; be the smallest positive
integer satisfying njy1 > n; +1 and [A —ap, | < jﬁ We have now constructed
a strictly increasing sequence {n; }3”;1 of positive integers such that for all j € N, we
have that |a,, — A| < %
It is now easy to verify that lim a,, = A. Indeed, fix ¢ > 0. Let J € N be such
J]—00

that J > 1. Fix j € N € N such that j > J. Then

lan; — A] <

S

by the construction of n;
< % because j > J
< € because J > %
This proves that lim a,; = A, i.e. (iii) holds.
‘]—)OO

Next, we assume (iii) and prove (ii). Using (iii), we fix a strictly increasing
sequence {n;}n2; of positive integers such that lim a,, = A. Now fix € > 0. Using

j—oo
the definition of a limit, we now fix J € N such that for all j € N, if j > J, then
lan; — Al <€, ie. an; € (A—¢g,A+¢€). But now an,,an, 1,0n,,,--. all belong to

(A—¢e,A+¢). This proves (ii).

Finally, we assume (ii) and prove (i). Fix ¢ > 0 and N € N. Now, using (ii), we
know that there exist infinitely many positive integers n such that a, € (A—e, A+¢),
ie. |a, — A] < e. Since there are infinitely many such n’s, one of them (in fact,

infinitely many of them) must satisfy n > N. This proves (i). O
Theorem 2.6.2. Let {a,}2%, be a convergent sequence of real numbers. Then
{an}%, has exactly one accumulation point, namely L := li_>m Qp,.

n—oo

Proof. First of all, {a,}32, is a subsequence of itself, and it converges to L; so,
by Proposition L is indeed an accumulation point of {a,}>2 . On the other
hand, by Proposition all subsequences of {a,}5° ; converge to L, and so by
Proposition {an}>2, has no accumulation points other than L. O

Remark: By Theorem if a sequence has more than one accumulation point,
then it diverges. For instance, the sequence {(—1)"}5%; (which we saw in Exam-
ple has two accumulation points, namely 1 and —1, and so it diverges. However,
the converse of Theorem [2.6.2]is false in general, i.e. some sequences that only have

one accumulation point nevertheless diverge. One example is the sequence {a,}5°;

23Here, we are using the definition of an accumulation point for ¢ = J% and N =n; + 1.
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given by

An =

L if nis even
n
n if nisodd

for alln € N FEI Clearly, the only accumulation point of the sequence {a,}°; is 0,
and yet the sequence diverges.

2.7 Divergence to infinity

Divergence to (positive) infinity. A sequence {a,}2° diverges to infinity, and
we write

lim a, = o or lim a,, = 400,
n—oo n—oo
or alternatively,
ap — 00 as N — o0 or a, — +00 as n — oo,

if for all M € R, there exists some N € N such that for all n € N, if n > N, then
an > M.

Divergence to negative infinity. A sequence {a,}2° diverges to negative infinity,
and we write

lim a, = —oo,
n—oo

or alternatively,
ap — —00 as n — 00,

if for all M € R, there exists some N € N such that for all n € N, if n > N, then
ap < M.

Example 2.7.1. Using the definition, show that lim n? = 4oo0.

n—o0

Solution. Fix M € R. Let N € N be such that N > M. Then for all n € N such
that n > N, we have that n> > N2 > N > M. This proves that lim n? =+4o0. O

n—o0

Example 2.7.2. Using the definition, show that lim (— \/ﬁ) = —00.

n—o0

Proof. Fix M € R. Fix N € N such that N > M?. Then VN > |[M| > —M, and

consequently, —/ N < M. It follows that for all n € N such that n > N, we have

that —y/n < —v/ N < M. This proves that li_)m (—vn) =—o0. O
n o0

Proposition 2.7.3. Let {a,}>2, be a sequence of real numbers. Then:

24This is the sequence 1, %,3, %,5, %,7, %, e

Irena Penev
Mathematical Analysis 1



Chapter 2. Sequences 34

(a) if lim a, = 400, then {a,}72 is bounded below, but is not bounded above;
n—00 "

(b) if li_>m an = —o00, then {a,}5° is bounded above, but is not bounded below.

Proof. Exercise. O

Remark: Properties of limits from Theorem readily generalize to divergence
to (positive or negative) infinity. We do not state an analogous theorem formally.
Instead, we focus on the “danger zones.” In particular, the following forms are
“indeterminate,” i.e. they can in principle be anything:

0 o0 0- 00 0

oo
0 0o 1

00 — 00 0° 00

We now consider a few examples involving these indeterminate forms.

Example 2.7.4. Consider the behavior of the following “%2” forms:
400
oS
(@) nlgalo@ ==

+
8

|
8

(b) lim

n—o0 n—o0

Il

3
ol

Il
wlbo

|
8

_l_
g

= lim 37" = —+00;
n—oo

(c) lim

n—o0

8

|
8

(d) lim

n—o0

ROWE S

+
8
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Example 2.7.5. Compute the following limits:
. 2_ 7

(a) nlggo 2n_n23ﬁ;r :
iy —nS4bn—1.,

2
: n-—1
(¢) i e

(Note that each of the above is of the form “%2.”)

Solution. In each part, we start by factoring out the largest degree term from both
the numerator and the denominator, and then we evaluate.

. _n3 _ .
lim "2+571‘ L = lim n?
n—00 n— n—00 n 2—1)
n
_1
2
+oo
= lim (@ . )
n—oo
= —©
(c)
2 1
2 n (1——2
lim =271~ = lim 2
nesoo NP+nt+n? n—00 n5(1+1+n713)
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Example 2.7.6. Compute the following limits:

(a) li_>m (\/7722 +n—2n2 - Zn);

) Jim (Va? 50— Vi 1);

(¢c) lim (\/n2 +n—n? — 2n>.
n—oo
(Note that each of the above is of the form ‘oo — 00.”

Solution. Informally, the idea is as follows:
(a) VTnZ+n —+v2n2 —2n =~ VTn2 — vV2n2 = n(v7T - v/2) = oo;
(b) Vn2+n—+vn3 —1~+vVn? —vn3 =n—nyn — —oc (because n\/n increases

much faster than n);
(c) VnZ+n—+vn?2—2n =~ vVn?2—vn? (pure “oo — 00”).
e Here, we do indeed have vn?2+n ~ vn? and vn? —2n ~ Vn2, but

the problem is that the error is only small relative to vn?, and cannot
necessarily be made smaller than an arbitrarily small € > 0. Thus, we

cannot deduce that lim (\/TLQ +n—+vn?2— Qn) = 0, and we need to

n—oo
compute more intelligently in order to figure out what the limit is.

However, the above only gives the intuition, and it does not count as a proper proof!
Let us try to formalize this, i.e. give a proper solution.

(a)
400

tm (Vaern-varm) = (@ (yfreio -2
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dm (VTR VaT) = i (Va4 m-i-5)
Vatm Vi-m

(c) Here, the trick is to multiply and divide by v/n? + n 4+ v/n? — 2n, and then make
use of the familiar formula (z — y)(x + y) = 22 — y%. This way, we will eliminate
square roots in the numerator, while obtaining the sum (rather than difference) of
square roots in the denominator. Formally, we have the following.

i 2 —V/n? — o (VT v =) (Ve e vn?=2n)
73320 <\/n +n—vn 2n> = nh_)rrolo Ny

_ lim (n®+4n)—(n?—2n)

n—ooo Vn2+n+vn2—2n

- nILH;On (Y142 +\/1—7
= lim 3

n—00 1+%+ 1,%

[\G][VV]

O]

Theorem 2.7.7. Let {ay}°°, and {b,}5°, be sequences of real numbers such that
an < by for alln € N. Then

(a) if {an}52; and {by}52, both converge, then hm an < lim by;

n—0o0

(b) if hm an = +00, then lim b, = +oo;

n—oo
(¢) if lim b, = —o0, then lim a, = —oc.

Proof. We prove (a) and (b). The proof of (c) is similar to the proof of (b).

(a) Assume that {an}°%; and {b,}°2; both converge, and set a := hm a, and
b := lim b,. We must show that a < b. Suppose otherwise, so that b < a. Set

TL*)OO
€ = a; , and note that this implies that a — e = b + . Using the fact that
a = lim a,, we fix some Ny € N such that for all n € N, if n > Ny, then |a, —a| < ¢,
n—oo

i.e. a —e < ay < a—+ e. Similarly, using the fact that b = li)m bn, we fix some
n o
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Ny € N such that for all n € N, if n > Na, then |b, —b| < e,ie. b—ec <by <b+e.
Set N := max{Ny, No}. Then N > N; and N > Ny, and consequently,

by < b+e = a—¢ < ap,

contrary to the fact that ay < by.

(b) Assume that 11m an = +o0o. We must show that hm b, = +oo. Fix M € R.
Using the fact that hm an = 400, we fix some N € N such that for all n € N,
n—00

if n > N, then a,, > M. But now for all n € N such that n > N, we have that
bn > an, > M. This proves that lim b, = 4o0. ]
n—oo

Example 2.7.8. Compute lim (n+ (—1)"y/n).
n—oo

Solution. Clearly, we have that n — /n < n + (—1)"y/n for all n € N. Since

400 0
i (o) = i (@ <1—@>) = too

Theorem [2.7.7(b) implies that 1i_>rn (n+ (=1)"\/n) = 400, and we are done. O
n—oo

Proposition 2.7.9. Let ¢ € R. Then:
(a) if |q| <1, then lim ¢" = 0;
n—oo
(b) ifg=1, lim ¢" =1;
n—oo
(c) if ¢ > 1, then lim ¢" = 4o0;
n—oo
n}oo

(d) if ¢ < —1, then lim ¢" does not exist, i.e. the sequence {q , diverges, but
n—oo

neither to +o0o0 nor to —oo.

Proof. Part (b) is obvious. Let us prove (¢). Assume that ¢ > 1. Set x := ¢ — 1.
Then z > 0, and so by Bernoulli’s inequality, we have that

= (1+z)" > 14na,

and clearly, 1i_>m (1+nx) = +ooif| Therefore, by Theorem [2.7.7|(b), we have that
n—oo
lim ¢" = 4o00. This proves (c).

n—oo

*Here is a formal proof. Fix any M € R, and let N € N be such that N > % Fix any
n € N such that n > N. Since x > 0, we deduce that 1 + nz > 1+ Nz > 1+ (M — 1) = M. So,
lim (14 nz) = 4o00.

n—00
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Let us now prove (a). So, we assume that |g| < 1, and we prove that lim ¢" = 0.
n—oo

If ¢ = 0, then this is obviously true. Suppose now that 0 < ¢ < 1. Then % > 1, and

so by (c), we have that lim (l)n = 400, and consequently,
n—oo 4

lim ¢" = lim —1—— = 0.
n—oo n—oo

+oo

Suppose now that —1 < ¢ < 0. Then 0 < —¢ < 1, and so by what we just showed,

we have that lim (—¢)™ = 0. Since
n—oo

(=" < ¢ < (=9"
for all n € N, the Squeeze Theorem now implies that lim ¢"” = 0. This proves (a).
n—oo

)
n=1

It remains to prove (d). First, if ¢ = —1, then {¢"
{(=1)"}92,, and li_>m q" does not exist
n oo

is simply the sequence

o0

Suppose now that ¢ < —1. Then by (c), the subsequence {g?"}>°; diverges to
—oom whereas the subsequence {¢?**! 1 diverges to —oo@ Thus, the subse-
quence {g*"}°2; is unbounded above, whereas the subsequene {¢?"*1}>°, is un-
bounded below. Consequently, the sequence {¢"}°°; is bounded neither above nor

below, and consequently, by Lemma [2.2.3(a) and Proposition lim ¢" does not
n—oo
exist 29 O

For a sequence {a,}>°  of real numbers:

e we define supa, to be the supremum of the subsequence {ay}22; if this
n>1

subsequence is bounded abovem and we set sup a, := +oo otherwise;
n>1

26The fact that the sequence {(—1)"}52, diverges was formally proven in Example Moreover,
this sequence is bounded above (by 1), and therefore does not diverge to 4+o00; similarly, the sequence
is bounded below (by —1), and therefore does not diverge to —oo. Thus, lim (—1)" does not exit.

n— oo

?"Indeed, the subsequence {¢°"}52, is precisely equal to the sequence {|¢|*"}22,, and so since

lg| > 1, part (c) implies that lim |g|*" = +oo0.
n—0o0

28Indeed, the subsequence {g*" 1152, is precisely the subsequence {—|q|*"T}52,. Since |q| > 1,

part (c) implies that lim |g|*" ™" = 400, and consequently, lim ( — [¢|*"*") = —cc.
n—r n—r
2Indeed, since {¢"}52, is not bounded, Lemma a) guarantees that it diverges. But since

{q" }<1 is bounded neither above nor below, Proposition guarantees that this sequence diverges
neither to +o0o nor to —oo. Thus, lim ¢" does not exist.
n— o0

30Gince the ordered field R is complete, we know that if the subsequence {a,}52; is bounded
above, then it does indeed have the least upper bound (supremum).
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e we define ugfl an to be the infimum of the subsequence {a, }>2 if this subse-
n

quence is bounded belowﬂ and we set 1I;f1 an = —oo otherwise.
n>

Proposition 2.7.10. Let {a,}22, be a sequence of real numbers. Then:

(a) if {an}52, is non-decreasing, then lim a, = supay;
n—o0 n>1

(b) if {an}>2 is non-increasing, then nlggO an = 7155 .

Remark: In other words:

e part (a) states that if a non-decreasing sequence is bounded above, then it
converges to its supremum, and otherwise it diverges to +oc;

e part (b) states that if a non-increasing sequence is bounded below, then it
diverges to its infimum, and otherwise it diverges to —oo.

Proof. We prove (a); the proof of (b) is similar. So, assume that {a,} > is non-
decreasing. If {a,} 2, is bounded above, then Lemma m guarantees that it
converges to its supremum. Suppose now that {a,}>2 is not bounded above, so

that sup a,, = +00; we must show that lim a, = +o00. Fix M € R. Since {a,}5;
n>1 n—oo
is not bounded above, we know that there exists some N € N such that ay > M.

Since {a,}92; is also non-decreasing, it follows that for all n € N such that n > N,

we have that a, > ay > M. This proves that sup a,, = +o0. ]
n>1

2.8 Limit superior and limit inferior

Proposition 2.8.1. Let {a,}>2, be a sequence of real numbers. Then:

(a) the following are equivalent:

(a.1) {an}>2 is bounded above,

(a.2) all subsequences of {a,}52, are bounded above,
(a.3) for all k € N, the subsequence {an};° ;. is bounded above,

(a.4) there exists some k € N such that the subsequence {an};2 ;. is bounded above;
(b) the following are equivalent:
(b.1) {an}>2 is bounded below,

(b.2) all subsequences of {a,}5°; are bounded below,

31GSince the ordered field R is complete, we know that if the subsequence {a,}52, is bounded
below, then it does indeed have the greatest lower bound (infimum).

Irena Penev
Mathematical Analysis 1



Chapter 2. Sequences 41

(0.8) for all k € N, the subsequence {a,}>2 . is bounded below,

(b.4) there exists some k € N such that the subsequence {a,}>2 . is bounded below.

Proof. We prove (a); the proof of (b) is analogous. It suffices to prove the following
implications: “(a.l) = (a.2) = (a.3) = (a.4) = (a.1).”

Obviously, if some M € R is an upper bound of the sequence {a,}>2, then M is
also an upper bound of all the subsequences of {a,} 2 ; this proves the implication
“(la.l) = (a.2).”

The implications “(a.2) = (a.3)” and “(a.3) = (a.4)” are obvious.

It remains to prove the implication “(a.4) = (a.1).” So, suppose that (a.4) holds,
and fix some k € N, the subsequence {a,}°° , is bounded above, say, by some M}, € R.
But then {a,}5°, is clearly bounded above by M := max{ai,...,ar_1, My}, and
in particular, (a.1) holds. This proves the implication “(a.4) = (a.1),” which
completes the proof of (a). O

For a sequence {a,}5° ; of real numbers and a positive integer k:

e we define supa, to be the supremum of the subsequence {a,}°°, if this
n>k

subsequence is bounded aboveﬁ and we set sup a, := +oo otherwise;
n>k

o we define 1r>1§g an to be the infimum of the subsequence {a,}>° . if this subse-
n

quence is bounded belowm and we set H>1f]; an := —oo otherwise.
n=z

[eS)
n=1’

Example 2.8.2. Consider the sequence {(_l)n}

- i.e. the sequence

1
~-1,3,— _

3 PRI

=

)

=
(S

)

Wl

Then:
(="

n

e the sequence {sup( )}Zozl is the (non-increasing) sequence
n>k

e the sequence { inf ((_1)n

ot (5= )}:o_l is the (non-decreasing) sequence
> -

-1 111

373 TE By

32By Proposition a), we know that {an }n2 is bounded above if and only if the sequence
{an}sZ; is bounded above. Moreover, since the ordered field R is complete, we know that if the
subsequence {an };2;, is bounded above, then it does indeed have the least upper bound (supremum).

33By Proposition b), we know that {a,}s2, is bounded below if and only if the sequence
{an}sZ; is bounded below. Moreover, since the ordered field R is complete, we know that if the
subsequence {ay };2;, is bounded below, then it does indeed have the greatest lower bound (infimum).
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Proposition 2.8.3. Let {a,} 2, be a sequence of real numbers. Then all the
following hold:

(a) for all k € N, we have that inf a, < ap < supay;
n>k n>k

(b) the sequence {supay}72 is non-increasing;
n>k

(c) the sequence {in§€ an}32, is non-decreasing.
n> -

Proof. We first prove (a). Fix k € N. Then H;f;; ay, is a lower bound of the subsequence
n

{an}oe ., and in particular, it satisfies TIZI;f]; ZLn < ag. Similarly, supa, is an upper

2 n>k
bound of the subsequence {a,}5° ., and in particular, it satisfies aj < supa,. This
n>k
proves (a).
For (b), we simply observe that for all k£ € N, we have that

supa, = max{ak, sup an} > sup ay.

n>k n>k+1 n>k+1
Similarly, for (c), we observe that for all k£ € N, we have that

inf = i inf < inf .

infan = min{ap, il an} < il an
This completes the argument. O
Notation: As a convention, for the constant sequence +oo, +00, +00, ..., we define
lim (+00) = +00, as well as sup(+00) = 400 and inf (+00) = +oo (for each k € N).
n—o0 n>k n>k
Likewise, for the constant sequence —oo, —00, —00, ..., we define li_>m (—0) = —o0,

n oo
as well as sup(—o0) = —oo and ir;%(—oo) = —oo (for each k € N).
n_

n>k

The limit superior and the limit inferior. The limit superior of a sequence
{an}22 of real numbers is defined to be

limsupa, := lim (supan) = inf(supan),
n—s00 k—oo ">k k=1 " >k

whereas the limit inferior of {a,}5°; is defined to be

liminfa, := lim (inf an) = sup(inf an).
n—o0 k—oo “n>k k>1 n>k

Remark: As Proposition (below) shows, the limit superior and limit inferior
are indeed well defined for any sequence {a,}°; of real numbers. We emphasize

that each of limsup a,, and lim inf a,, may possibly be a real number, +o00, or —oc.
n—00 n—00
This is in contrast to the fact that li_>rn ay need not exist.
n o
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Proposition 2.8.4. Let {a,}>2, be a sequence of real numbers. Then {a,}>2, has

both the limit superior and the limit inferior, that is, both limsup a, and liminf a,
n—oo n—00

are well defined. Moreover, the following hold:

e limsupa, = 400 if and only if {a,}2, is not bounded above;
n—oo

° lilginf an = —oo if and only if {an}32 is not bounded below.

Proof. We first deal with the limit superior. First of all, if {a,}>° is not bounded
above, then Proposition M(a) guarantees that for all £ € N, the subsequence
{an}>2 . is not bounded above, either, and consequently, supa, = +oo. Thus, if

n>k
{an}>2 is not bounded above, then we simply have that
limsupa, = lim (supa = inf (supa = +o0.
n—)oop " k—o0 (nlei ’n) k>1 (nZIlz n) -

Suppose now that {a,}>2 is bounded above. Then for all k£ € N, the subsequence

{an}oo . is also bounded above**| and so since the ordered field R is complete, sup a,,
n>k

is defined and is a real number. By Proposition [2.8.3(b), the sequence {sup a,}7°

n>k

is non-increasing, and therefore, by Proposition [2.7.10[(b), we have that

lim (supa = inf (supay,),
k—m(nzg ) k21(n2% )
which in particular means that
limsupa, = lim (supa = inf (supa
HSIban ;Hoo(nzi n) kzl(nﬁ n);

is well defined and is either a real number or —oco.

It remains to deal with the limit inferior. First of all, if {a,}72 ; is not bonded
below, then Proposition M(b) guarantees that for all k& € N, the subsequence
{an}>2, is not bounded below, either, and consequently, 1r>1§g a, = —oo. Thus, if

nz

{an}22, is not bounded below, then we simply have that

liminfa, = lim (infa = sup ( inf a = —00.
n—soo k—>oo(n2k n) kZIl)(nZk n)

Suppose now that {a,}22 is bounded below. Then for all k£ € N, the subsequence
{an}22 ;. is also bounded belowm and so since the ordered field R is complete, ugf]; an,
nz

34This is obvious, but it also follows from Proposition [2.8.1 a).
35This is obvious, but it also follows from Proposition [2.8.1(b).
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is defined and is a real number. By Proposition [2.8.3(c), the sequence {sup a,}32,
n>k

is non-decreasing, and therefore, by Proposition [2.7.10(a), we have that

Jim (if an) = sup (fuf an).

which in particular means that

liminfa, = Ilim (infa = sup ( inf a,).
n—oo k—o0 (nZk n) k:ZIi) (nZk n)
is well defined, and is either a real number or —oo. ]

Remark: As we shall see (see Theorem , for a sequence {an}22, of real
numbers, lim a, exists (as a real number, as +00, or as —c0) if and only if the limit
n—oo

superior and the limit inferior of the sequence are equal, and in this case, lim a,
n—oo

is equal to both the limit superior and the limit inferior. For now, we have the
following example.

Example ZO:V i.e. the sequence
_17;7 %7%1_%7%7
Then:
e the sequence {Sg}; ( )}k | s the sequence %, %, i, %, %, é ..., and we see
n
that lim sup a,, = hm (sup ((*i)”)) =0;
n—00 k—o0 n>k
e the sequence { Sl;p (( )}k | is the sequence —1, —%, —%, —%, —%, ..., and
n>k
we see that hnm g.}f ap = lggo (éI>lfl; (%)) =0.

Note also that lim (%) = 0, so that the limit, the limit superior, and the limit
n—o0

inferior of the sequence are all equal.

n=1

Proposition 2.8.6. Let {a,}72, be a bounded sequence of real numbers. Then

both limsup a,, and liminf a,, are both real numbers, and moreover, they are both
n—00 Nn—00

accumulation points of the sequence {an}5 4

Proof. We prove the statement for the limit superior; the proof of the limit inferior
is analogous.
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Let m € R be a lower bound of the sequence {a,}>2,. Further, to simplify

notation, set S := limsupay,, and for all k € N, set Sy, := sup a,. Since {a,}5° is
n— 00 n>k

bounded, we know that Sj is a real number for all £ € N, and moreover, that

S = limsupa, = lim (supan) = lim Sj.
n—00 k—oo ">k k—o0

Let us first explain why S is a real number. Clearly, for all £k € N, we have that

m < aj < supa, = Sg. Thus, the sequence {S;}72; is bounded below (by m). Since
n>k

the sequence {Sk}2; is also non-increasing (by Proposition [2.8.3(b)), Lemma
guarantees that it converges (to its infimum). Thus, S is indeed a real number.

It remains to show that S is an accumulation point of the sequence {a,}>° . Fix
€ > 0and N € N. We must show that there exists some n € N such that n > N and
lan, — S| < e.

Using the fact that S = hm Sk, we fix some K € N such that for all k£ € N, if
k > K, then Sy -S| < § Now set k := max{N, K}. Then k > K, and consequently,

|Sr — S| < §. Further, by definition, we have that S; = sup a,, and consequently,
n>k

there exists some n € N such that n > k£ and S}, — % < ap < Sk. (The existence

of such an n follows from the fact that Sy is an upper bound of the subsequence

{an}o2 ), whereas Sy, — 5 is not.) Note that this implies that |a, — Sk < 5. We now

have that n > N, and that

lan = S| = [(an — Sk) + (Sk = )|
< ap — Skl + Sk = S| by the Triangle Inequality
< 5+35
= ¢,
which proves that S is indeed an accumulation point of {a,}52 ;. O

Proposition 2.8.7. Let {a,}72; be a sequence of real numbers. Then liminf a, <
n—oo

lim sup a, .
n—oo

Proof. If lim 1nf ap = —oo or limsupa, = 400, then the result is immediate.
n— n—00
We may therefore assume that liminfa, > —oco and limsupa, < 4o00. So, by
n—o0 n—oo
Proposition [2.8.4] the sequence {a,}5°; is bounded. Consequently, supa; and
n>k

11r>1§§ ay, are real numbers for all £ € N, and moreover, by Proposition [2.8.6] both
n

Irena Penev
Mathematical Analysis 1



Chapter 2. Sequences 46

lim inf a,, = lim ( inf an) and limsupa, = lim (sup an) are real numbers, i.e. se-
n—00 k—oo “n>k n—s00 k=00 " >k

quences {71LI>1§c an};ozl and {sug an}iozl both converge. But note that for all k£ € N,
= n>

we have that

nzk n>k
Therefore, by Theorem we have that

infa, < ap < supay,.

lim (inf a,) < lim (supay),

k—oo “n>k k—oo ">k
—— —_—
=11{21£f an :linrgigéf an
and we are done. H

Theorem 2.8.8. Let {a,}>2, be a sequence of real numbers. Then lim a,, exists
n—oo

(as a real number, as +o0o, or as —o0) if and only if liminf a, = limsup a,,, and in
n—0o0 n—00

this case, we have that lim a, = liminf a, = limsup a,,.
n—0o0 n—oo n—oo

Proof. To simplify notation, set S := limsup a,, and [ := liminf a,,. Then at least
n—00 n—00

one of the following holds: the sequence {ay}2°; is bounded; the sequence {a,}5°;
is unbounded above; the sequence {ay}22; is unbounded below@ We consider the
first two cases; the third case is similar to the second.

Case 1: The sequence {a,};2; is bounded. Then clearly, the subsequence {a,}>°,

is bounded for all £ € N, and consequently, 1r>1€C an, and supa, are real numbers
nz n>k
for all £ € N. Moreover, by Proposition both I and S are real numbers and

accumulation points of {a,}72 .

Suppose first that L := nlg]go a, exists. Since {a,}°; is bounded, Proposi-
tion [2.7.3] guarantees that L # 4oo; consequently, L is a real number, i.e. the
sequence {ay}>°, converges to L. Consequently, by Theorem L is the only
accumulation point of the sequence {a,}>2 ;. Since S and I are accumulation points
of {an}22,, it follows that L =S = I.

Suppose now that S = I. Now, note that

infa, < ap < supay,
n>k

n>k
for all ¥ € N. Since lim infa, = I = S = lim supa,, the Squeeze Theorem
k—oon>k k=00 n>k

guarantees that lim ap =1 = 5.
k—o0

Case 2: The sequence {ay,}5° ; is unboudned above. Then by Proposition we

have that limsup a,, = +oc0.
n—oo

36Clearly, it is possible that {an}sZ; is unbounded above and also unbounded below, i.e. there is
overlap between the last two cases.

Irena Penev
Mathematical Analysis 1



Chapter 2. Sequences 47

Claim. If lim a, exists, then lim a, = +o0.
n—oo n—oo

Proof of the Claim. Assume that lim a,, exists. Since {a,}22 is unbounded above,
n—oo

Lemma [2.2.3| guarantees that {a,} >, diverges, i.e. lim a, is not a real number. On
n—oo

the other hand, since {a,}52, is unbounded above, Proposition [2.7.3(b) guarantees
that lim a, # —oo. Thus, lim a, = +oc. ¢
n—oo n—oo

In view of the Claim, it is now enough to show that lim an, = +oo if and only if

liminf a,, = +o0}°| that is, that hm an, = +oo if and only if lim ( inf an) = +o00.
n—o0 k—oo “n>k

Before proceeding with the proof we observe that since {a,}°°; is bounded below,
Proposition [2.8.1{(b) guarantees that for all k£ € N, the subsequence {an}oe, is also
bounded below, and consequently, mf an is a real number.

Suppose first that lim a, = —|—oo We must show that lim ( inf an) = +o0. Fix

n—00 k—oo “n>k
any M € R. Using the fact that hm an = +00, we fix some N € N such that for all
neN,ifn >N, thenan>M+1 NOW fix any k € N such that £ > N; we must
show that 11r>1§C ar > M. First, for all for all n € N such that n > k, we have that
n

n > N, and consequently, a; > M + 1. Therefore, M + 1 is a lower bound of the

subsequence {a,}>° ,, and it follows that M < M + 1 < H;f/; ay. This proves that
n>

li inf = .

A, (g on) = ¥oo

Conversely, suppose that lim ( inf an) = 4+o00. Now note that inf a, < aj for
k—oo "n>k n>k

all k € N. By Theorem W(b), it follows that 1i_>m a, = +o00. O
n—oo

2.9 Series

Suppose we are given a sequence {a,}5>; of real numbers. We can then form the
following infinite sequence of partial sums, as follows:

M=

an = a1;
1

n

2
> an =ay + ag;
n=1

3TIndeed, suppose that we have shown that hm an = +o0 if and only if hm mf an = +00. Let us

verify that this is enough to prove the theorem for our Case 2. Suppose first that hm an exists. Then

n— oo
by the Claim, we have that lim a, = 400, and consequently (by our supposition), lim inf a,, = +oc0.
n— oo n—oo
We already know that lim supa, = 400, and it follows that lim a, = liminfa, = limsupa,.
oo n—o0o n—oo n—oo
Suppose now that lim mf an = limsup a,. Since limsup a, = 400, it follows that liminf a,, = 4o0.
n—00 n—o0 n—o0 n—00

Consequently, by our supposition, we have that lim a, = +ooc. Thus, lim a, exists, and moreover,
oo n— oo

n—
lim a, = liminf a, = limsup an,.
n— o0 n—oo n—oo
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3
a, = a1 + az + as;

3
—

NS

ap = a1+ az + az + aq;

S
I
—

NgES

ap = a1 + a2 +az + aq + as;

n=1

(o]
We can also consider the associated infinite series (or simply series) Y. a, (also
n=1

o0

denoted a1 +az+as+...). We say that the series > a, converges (or is convergent)
n=1
k oo 00
if the sequence { > an} x—; of partial sums converges; otherwise, the series > an
n=1 n=1
oo
diverges (or is divergent). If the series ) a, converges, then its sum is the limit
n=1
k 00 k

s:= lim (Y an), and we write > a, = s. If lim (Y an) = 400, then we say

k—oo * =1 n=1 k—oo " =1

o0 oo
that the series Y. a, diverges to +oo, and we write »_ a, = +o0o. Similarly, if
n=1 n=1
k 00
lim (Y an) = —oo, then we say that the series Y- a, diverges to —oo, and we
k—=oo " p=1 n=1
o0

write Y a, = —oo.

n=1

Remark: Sometimes, it is convenient to start our series at an index other than n = 1.

o] o o0

So, we may get series of the form ) a,, or > a,, oreven >, a,. Convergence
n=0 n=>5 n=-—10

and divergence of such series, as well as their sums, are defined in a natural way.

Proposition 2.9.1. Let {a,}5°; and {b,}°, be sequences of real numbers, and let
c € R. Then:

o0 oo
(a) if > an converges, then so does > (can), and in that case, we have that
Oonzl ~ n=1
> (can) = c( 3 an);
n=1 n=1

(b) if > an and Y b, both converge, then so does Y (an + by), and in that case,
n=1

n=1 n=1
we have that § (an 4+ by) = ( i an) + ( f bn);
n=1 n=1 n=1
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(c) if > an and Y b, both converge, then so does Y (an — by), and in that case,
n=1 n=1

n=1
we have that % (an —by) = ( § an) — ( io: bn);
n=1 n=1 n=1

Proof. This follows from Theorem [2.2.5(a-c), applied to the relevant partial sums. [

The geometric series. A geometric series is a series of the form
o0
S bg" = b+bg+bg®+bg®+bgt+ ...,
n=0

where b,q € R, with b # 0. Let us check that this series converges if and only if
lg| < 1, and that in this case (i.e. if |g] < 1), we have that

oo
> bt = 1
n=0
First, if ¢ = 1, then our series is simply of the form b+b+ b+ b+ ..., and since

b # 0, it obviously diverges (to 400 if b > 0, and to —oc if b < 0). So, let us assume
that ¢ # 1. Then for all integers k > 0, we observe that

k
(1—q)(20q”) = 1=+ -+ () + -+ (¢ — )
n—=
= 1_qk+17
and consequently (since g # 1),
k
1— k+1
1 a" = T
n=0
and therefore i
b—b k+1
Z bg" = 13(1
n=0
Now, if |¢| < 1, then by Proposition [2.7.9(a), we have that li_>m q" = 0, and
n o0
consequently,
e e N A e R

o

and in particular, the series >  bg"™ converges. On the other hand, if |g| > 1, then
n=0

by Proposition we know that {¢"}52° divergesﬁ and consequently, the series

38Note that we are also using the fact that g # 1.
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oo
bq™ diverges as well
n=0

o0
Theorem 2.9.2. Let {a,}52, be a sequence of real numbers. If the series Y an

n=1
converges, then lim a, = 0.
n—oo
o0 o0
Proof. Assume that the series »_ a,, converges, and set s := Y a,. For each k € N,
n=1 n=1
k
set sk := Y. ap, so that s = klim s. For convenience, we may set sg := 0. We then
n=1 —00
have the following:
0 = lim sz ) — ( lim si_ = lim (sg — Sp_ = lim a
(k~>oo k) (kﬁoo k 1) k%oo( k k 1) k—o00 ks
——
=S =S
and we are done. O

Remark: Theorem can sometimes be used to show that a series diverges: if a
o0

sequence {ay}>2, does not converge to 0, then the series ) a, diverges. However,
n=1
the converse of Theorem [2.9.2] is false in general. For example, we shall see in

subsection 2.9.1] that the so called “harmonic series”

gL

= 1+3+3+5+5+5---

1
n

n=1

diverges, even though lim % = 0.
n—oo

2.9.1 The Comparison Test and the harmonic series

The Comparison Test. Let {a,}2>, and {b,};>, be sequences of real numbers
such that 0 < a, < by, for alln € N. Then:

39Let us explain this in a bit more detail. We have assumed that b # 0, ¢ # 1, and |q| > 1. If the

series > bg™ converged, then we would have that

n=0
oo K ka1 bfb( lim qk+1)
5 = bg" = lim bg") = lim (®=4 = B
nZ::o e k*w(nzzjo 7 ) k—“’o( 1ma ) o '
and consequently
1i k+1 — b—(1—q)s
ol 5

o=}
contrary to the fact that {¢""1}52, diverges (because {q"}52; does). So, the series 3 bg™ indeed
n=0

diverges.
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o0 oo
(a) if the series > by, converges, then so does the series Y an, and moreover,
n=1 n=1

o0 o
doan < Y by
n=1 n=1

o0 oo
(b) if the series > a, diverges, then so does the series > by.
n=1

— n=1

Proof. Note that (b) is simply the contrapositive of (a). So, it is enough to prove (a).
o0

Let us therefore assume that the series > b, converges. For all k € N, consider the

n=1
partial sums

k k
A= > ay and Bk = > b,
n=1 n=1
Since all terms of the sequences {ay,}22; and {b,}°2 ; are non-negative, we see that
the sequences { Ay }72; and {By}72, are both non-decreasing, and moreover, we have
that

Moreover, since { By}, converges (by assumption), Lemma guarantees that it
is bounded. Consequently, {A;}?, is also boundedﬂ Now the sequence { Ay},
is monotone and bounded, and so by the Monotone Sequence Theorem, it converges,

oo
that is, the series ) a, converges. Moreover, by Theorem [2.7.7((a), we have that
=1
" [e.e] o
lim Ap < lim By, that is, > a, < Y by. O
k—oo k—oo n=1 n=1

The harmonic series. The harmonic series is the series

o

531% = l+z+3+7+5+5---

n=
We will use the Comparison Test to show that this sequence diverges. Define the
sequence {a,}>2, by setting

_ 1
Qokip = ZEFT

for all k,¢ € Ny such that 0 < ¢ < 2k — 1 Note that the sequence {a,}7, is
precisely the sequence

1 1111111 1 1 11 1 11
2 148888 167167167167 16167167167
Y T Y Y

“OTndeed, {Ax}52; is bounded below by 0, and it is bounded above by any upper bound of
{Bk}?:l-

“INote that every n € N can be expressed (uniquely) in the form n = 2* + ¢ for some k, £ € Ny
such that 0 < ¢ < 2% — 1. Indeed, fix any n € Ny, and let k € Ny be such that 28 < n <21 1,
clearly, such a k exists and is unique. Now set £ :=n — 2¥. Then n = 2* + ¢, and moreover, we have
that 0 < £ =n—2F < (2F1 1) -2k =2~ — 1.
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Clearly, for all n € N, we have that 0 < a,, < %@ Thus, by the Comparison Test,
o0
we need only show that > a,, diverges. But note that

n=1
& 1 1 1 1 1 1 1
Zlan = g+tgs+tz+tgtgt+tsgtsgt+.-.
n=
= I+i4+3+..
= —|—oo’

and we are done.

Remark: The harmonic series and the Comparison Test can often be used to show
that a series diverges. For example, note that for all n € N, we have that 0 < % < ﬁ

o0 o0
So, since the harmonic series > 1 diverges, so does the series > %
n=1 n=1

2.9.2 The Alternating Series Test and the alternating harmonic
sequence

The Alternating Series Test. Let {a,}° be the a non-increasing sequence of
non-negative real numbers such that li_)rn an = 0. Then the series
n—oo

o0
S (-1)"ta, = a1 —az+az—as+as—ag+...
n=1

converges.
Remark: Here, we are assuming that the following are satisfied:
e a, >0 forall n € N;
® 41> a2 > a3 > a4 > ...}

e lim a, =0.
n—oo

The Alternating Series Test states that, under these circumstances, the “alternating
oo

series” > (=1)""la, = a3 —as +az — a4 +as —ag + ... converges.
n=1

42Let us verify this. Fix any n € N, and let & € Ng be such that 2¥ <n < 2! —1 (clearly, there
is exactly one such k). Next, set £ :=n — 2% and observe that 0 < £ < 2¥ — 1 and 2F + ¢ < 2FF1,
Then a, = # > 0. On the other hand,

as required.
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k
Proof. For each k € N, consider the partial sum s; := 5. (—=1)" !a,. We will show

n=1
that lim sox and lim so41 converge to the same limit; this will imply that lim sg
k—o0 k—o0 k—o00
also converges to that same limit [7]

First, we note that for all £ € N, we have that

(%)
Sok+2 = Sop t+aoki1 — Q2ktr2 = S2k,

where (*) follows from the fact that the sequence {a,}2° is non-increasing, and
consequently, asg11 — asi42 > 0. Thus, the subsequence {so,}3° ; is non-decreasing.
On the other hand, we note that for all £ € N, we have that

sop = a1 — (ag —a3) — (as —as) — -+ — (agk—2 — G2k—1) — G2k, < aq,
—— —— - ~—~
(i)O (i)O <§)0 (*2*)0

where each instance of (*) follows from the fact that the sequence {a,}5° ; is non-
increasing, and where (**) follows from the fact that all terms of the sequence {a,, }5° ;
are non-negative. Thus, the subsequence {sa}7° is bounded above by alﬁ The
Monotone Sequence Theorem now implies that {sg;}32, converges.

Now, set s := lim s;. Then
k—o00

lim sopy1 = lim (Sox + agki1)
k—o0 k—o0
= li li
(Jim s2) + (Jim o2r1)

= 540

This completes the argument. O

The alternating harmonic series. By the Alternating Series Test, the alternating
harmonic series

(18
—
|
—
—
3
L
Il
—_
|
N[
_|_
Wl
|
=
_|_
U=
|
(<N
+

converges.

“Prove this! That is, prove that if lim sox and lim sgk4+1 converge to the same limit, say s,
k— o0 k— o0
then klim Sk = S.

—00
44Gince the sequence {a2k}72, is non-decreasing, it is obviously bounded below by its first term,
that is, by the term s2 = a1 — as.
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2.9.3 The p-series

A p-series is a series of the form

18

1
npP?
n=1

where p is some (fixed) real number. Note that for p = 1, we simply obtain
o0

the harmonic series > 1 (which diverges, as we saw in subsection [2.9.1). As
n=1

Theorem m (below) shows, the p-series converges if and only if p > 1.

Theorem 2.9.3. Let p € R.

o
(a) If p > 1, then the p-series 21 # converges;
n—=

[e.@]
(b) If p < 1, then the p-series Zl nip diverges.
n=

Proof. We first prove (b). Assume that p < 1. Then for all n € N, we have that

1 1 . . . 1 3 .
0 < - < 5. Since the harmonic series Zl + diverges, the Comparison Test now
n—=

oo
guarantees that the p-series > -1 also diverges. This proves (b).
n=1

oo
It remains to prove (a). Assume that p > 1. We must show that Y. L converges.
n=1
For all n € N, set a,, := 27P*, where k is the (unique) non-negative integer such that
2k < < 2kt1 _ 1. Our goal is to show that 0 < n%, < ay, for all n € N, and that the

o0
series Y a, converges; the Comparison Test will then guarantee that the p-series

n=1
= 1
> -7 also converges, which is what we need.
n=1

Claim 1. For all n € N, we have that 0 < n—lp < ay.

Proof of Claim 1. Fix n € N. Obviously, we have 0 < n—lp, and we just need to show
that 1,, < ay. Let k be the unique non-negative integer such that 28 < n < 2kl 1,

np =
so that a, = 27P*. We now have the following sequence of equivalent statements:

n—lp < ap <— n—lp < 2Pk because a,, = 2Pk
= (B < ()
n/ — \2k
= % < 2% because p > 0
= 2"<n
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The last statement (“2¥ < n”) is true by the choice of k. So, the first statement

(“nip < a,”) is true as well. ¢

o0
Claim 2. The series ) a, converges.
n=1

Proof of Claim 2. We compute:

2kt

oo oo
Yaw = > (X a)
n=1 k=0 \ p—2k
oo ,2ktl_g
- 05
k=0 * n=2k
oo
_ Z<(2k+1_2k)2fpk)
k=0
o0
= Y (2k.27PF)
k=0
[ee]
— ZQkfpk
k=0
[ee]
= e
k=0

o
But note that 3 (2'7P)* is a geometric series Since p > 1, we have that 1 —p < 0,
k=0

o0
and we deduce that 0 < 2177 < 1 Therefore, the geometric series > (217P)k
k=0

converges, and consequently, the series > a, converges as well. ¢
n=1

o
Claims 1 and 2 and the Comparison Test now guarantee that the p-series ) #
n=1

O

converges. This proves (a).

2.9.4 Absolute convergence

o0
For a sequence {ay, }22; of real numbers, the series ) a,, is said to converge absolutely
n=1

oo
(or to be absolutely convergent) if the series Y |a,| converges. A series converges
n=1

45To see this, simply set b:=1 and g := 2' 7P,
40T hus, for our ¢ := 2P, we have that |q| < 1.
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conditionally (or is conditionally convergent) if it is convergent, but not absolutely
convergent.

Theorem 2.9.4. FEvery absolutely convergent series is convergent. In other words,

[e.e]
for every sequence {an}22, of real numbers, if the series Y |ay| converges, then so
n=1
oo

does the series Y an,.
n=1

oo
Proof. Fix a sequence {a,}52; of real numbers, and assume that the series > |a,|
n=1

o0
converges. Consequently (by Proposition [2.9.1(a)), the series > 2|ay,| also converges.

n=
Now, note that for all n € N, we have that either a,, = |a,| or a, = —|a,]|, and
consequently,
0 < ap+lan] < 2ay|

(o]
Since the series > 2|a,| converges, the Comparison Test guarantees that the series
n=1

o0
> (an + |an|) also converges. But now

n=1
0o 0o o0 [e.9]
San = X ((an+lanl) = lanl) = (X (an+lanl) ) = (D lanl ),
n=1 n=1 n=1 n=1
N——
converges converges
&)
and it follows that > a, converges O
n=1

Remark: Obviously, if {a,}72 , is a sequence of non-negative real numbers, so that
(e8]

lan| = ay, for all n € N, then the series > a, cannot be conditionally convergent,
n=1

and instead, it is convergent if and only if it is absolutely convergent.

Remark: Not all convergent series are absolutely convergent. For example, as we

saw in subsection [2.9.2] the alternating harmonic series

e i 1,1 1,1 _1
Low - T lostsmatsoot
n—=
converges, but the series
o | (=)t = 1 1,11 ,1,1
Zl| - | = Zlﬁ :1+§+§+1+g+g+...
n= n=

is simply the harmonic series, which diverges (as we saw in subsection [2.9.1]). This
means that the alternating harmonic series is conditionally convergent.

4TNote that we were implicitly using Proposition c).
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2.9.5 Rearranging the terms of a series

We note that rearranging the terms of a convergent series may alter the sum of the
series, or even produce a divergent series. Let us take a look at an example. Recall
from subsection that the alternating harmonic series

= 1- + ...

00|

- + -

D[
Wi
=
U=
[N
=

converges; in fact, as we saw in subsection [2.9.4] it converges conditionally. Let us
show that simply rearranging the terms of this series can produce a divergent series.
Set

(=D 1111111
s = > = 1l-5+35—7+¢ 6+ +

Note that 1 > %, % > %, % 5> and so on; therefore, s > 0. Now by multiplying
both sides of the equality

by %, we obtain
By inserting some zeros, we obtain

— 1 1 1 1 1 1 1 1
S = 0+34+0—40+34+0-340+H5+0-5+0+5+0—F+...

Now we sum up the following two equalities:

s = 1—J4+t-g+i-t+i-d+l-F+L-H+5-Hts -+ -
_ 1 1 1 1 1
S = 04140140+ +0-Lt40+5+0-L+0+ 5 +0- L +..
to obtain
3s  _ 11,1 1 1,1 1 1 1 1 1
78 = 1+0+§—§+g+0+7—1+§+0+ﬁ—g+ﬁ+0+ﬁ_g"—--.
= 1+% 2+ +’_’+ +11 o+%+%_%+"'

Note that the last series that we obtained has exactly the same terms as the
alternating harmonic series, but in a different order. However, the sum of this last

“8Here is a formal proof. Note that

_ o0 (_1)7171 _ o0 1 _ OO
s = 2_:1 n - X_:(Qk 1_ﬁ) - 2_: @k—1)(2k) *

Since m > 0 for all k£ € N, it follows that s > 0. In fact, it can be shown that s =1n2, i.e.
the sum of the alternating harmonic series is In 2, but we will not use this fact. We will only use the
fact that s # 0.
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series is 3—25, rather than s. (Since s # 0, we see that 3—; = s, i.e. the sum has indeed

changed.)

The phenomenon that we observed above may only happen with conditionally
convergent series. In the case of absolutely convergent series, rearranging the terms
will never alter the sum of the series (see Theorem below); we remark that this
is one of the reasons why we care about absolute convergence.

Recall that a permutation of a set X is simply a bijection from X to X. For a
sequence {ay, }5° ; of real numbers, a rearrangement of the series Z ay, is any series

n=1
of the form

Uo(n) = Ag(1) T 0g(2) T Ug(3) T Ag(a) + -+

e

where ¢ is a permutation of N. For example, if 0 : N — N is given by

a(n) n—1 if niseven

{n—i—l if nisodd

for all n € N@ then we have that

o0
> Ug(n) = GQg(1) T Ag(2) T Ag(3) T Og(4) T g(5) T Ag(6) T - -
= axtaytas+az+asgt+as+...
Proposition 2.9.5. Let {a,}7>; be a sequence of non-negative real numbers, and

let o be a permutation of N. Then the series Z an converges if and only if the series
n=1

oo o oo
Y. Gg(n) converges, and in this case, Y an = Y Gg(n)-

n=1 n=1
o0
Proof. For all n € N, set b, := ay(,). We must show that ) a, converges if and
n=1
only if Z by, converges, and that in this case, Z an = Z by. Clearly, it suffices to
n=1 n=1

prove the followmg two statements:

o0 o0 o0 o0
(i) if 3 a, converges, then so does > by, and in this case, > b, < > ap;

n=1 n=1 n=1 n=1

oo (o.] o o
(i) if > b, converges, then so does > ay, and in this case, Y a, < > by

n=1 n=1 n=1 n=1

But note that since o is a permutation of N, so is ¢!, and moreover, we have that
an = by—1(y) for all n € Nm Thus, it is enough to prove (i), for the proof of (ii) will
be analogous.

““Note that this permutation swaps 1 and 2, swaps 3 and 4, swaps 5 and 6, and so on.
50Indeed, for all n € N, we have that bo-1(n) = Ag(o—1(n)) = Gn-
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o0
So, let us assume that ) a, converges, and set s := ) a,. We must show that
- n=1 - n=1
> by, converges and satisfies Y b, < s.
n=1 n=1

k k
First, for all £ € N, consider the partial sums s, := > a, and t; :== >_ b, =
n=1 n=1

k
Y. Qg(n)- Since a, > 0 for all n € N, both {s;}72, and {t;}}2, are non-decreasing

n=1

sequences. Moreover, by definition, we have that s := Z an = hm Sk So, by
n=1

Lemma [2.3.1] s is the least upper bound (supremum) of the sequence {sk}?’zlﬂ

It now suffices to show that s is an upper bound of the non-decreasing sequence

{ti}72,, for Lemma [2.3.1{ will then imply that klim t; converges to its least upper
—00

o0
bound (supremum), and in particular, that klim tr < s, and consequently, > b, <'s,
—00 n=1
which is what we need to show.

Fix any k € N. Since o(1),...,0(k) is a finite list of (pairwise distinct) positive
integers, we know that it is bounded above, say, by some positive integer N. But
then {o(1 ) yo(k )} C {1,...,N}, and so since ay,...,ay are all non-negative, we

see that Z Uo(n) < Z a,. Consequently,

n=1 n=1
k k N
tek = Y b = Y asm < Y a, = sy < s
n=1 n=1 n=1
This proves that s is indeed an upper bound of {t;}7°,, and we are done. O

Theorem 2.9.6. Let {a,}22, be a sequence of real numbers such that the series
o0 [e.°]

>_ an converges absolutely. Then for all permutations o of N, the series ) ay(n)

n=1 n=1
oo

converges absolutely, and moreover, Ag(n) = > an.
=

o0

Proof. Fix a permutation o of N. By assumption, ) |a,| converges; since all
n=1

terms of the sequence {|a,|}22 are non- negatlve Proposition [2.9.5 guarantees that

Z |ay(ny| converges, i.e. that the series Zla n) converges absolutely.
n

5!Tet us explain this in a bit more detail. Since the sequence {s;}32; converges, Lemma a)
guarantees that it is bounded. Since {sj}72; is non-decreasing and bounded above, Lemma
guarantees that it converges to its least upper bound (supremum). Since s = klim Sk, it follows that

—00

s is the least upper bound of {sx}z2;.
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We define sequences {a; }°2 ; and {a;}}22 | by setting

T lan| if a, >0 and R 0 if a,>0
L 0 if a, <0 noo lan,| if a, <0
for all n € N. We observe that
a, = ab —a,

for all n € N.

o
Obviously, 0 < a;f, a;; < |ay| for all n € N; since Y |a,| converges (by assump-
n=1

o o0
tion), the Comparison Test guarantees that > a and Y. a, both converge. Since
n=1 n=1

all terms of the sequences {a,} }°; and {a,, }°°, are non-negative, Proposition m
guarantees that

io: aj(n) = ioz a and io: Uy = 3 a, .
n=1 n=1 n=1 n=1
It now follows that:
nz::l Uo(n) = ngl (@5t — o)
B (géaa:b”) _-(nzla;00>
_ 00 . 00
(ééian) (égian)
= io: (a+ — a*)
n=1
= 3 Apy,y
n=1
and we are done. O

In the case of conditionally convergent series, we have the following theorem
(whose proof we omit).

The Riemann Rearrangement Theorem. Let {a,}2°, be a sequence of real
oo

numbers such that the series > ay converges conditionally. Then all the following

n=1
hold:
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o0
(a) for all s € R, there exists a permutation o of N such that ) as(n) = s;

n=1

oo
(b) there exists a permutation o of N such that Ag(n) = +00;

n=1

oo
(¢) there exists a permutation o of N such that ) a, () = —00;
n=1

o0
(d) there exists a permutation o of N such that ) ay(,) diverges (but neither to
n=1
+00 nor to —o0).

While we do not give the full details of the proof of the Riemann Rearrangement

Theorem, let us try to give a bit of an intuition. Suppose that {a,}>2, is a sequence
o0

of real numbers such that the series > a, converges conditionally. As in the proof
n=1

of Theorem we can define the sequences {a;}°°; and {a,, }°°; by setting

n=1
T {\an\ if a, >0

n

and _ 0 if a,>0
0 if a,<0 & T U Jan] i an <0

for all n € N. Clearly,

o0
for all n € N. However, unlike in the proof of Theorem [2.9.6, the series > a;
n=1

o0 o
and > a, diverge, for otherwise, it would be easy to show that the series ) a,

n=1 n=1
converges absolutely, a contradiction. So, if we tried to write

oo oo [e.e] o0

San = X (a-ay) = (Xaf)- (X a),

n=1 n=1 n=1 n=1
we would get an expression of the form “oco — 00,” which can be anything. And
indeed, by carefully rearranging the terms of the series, the “gap” between the two

infinities can be arranged to be anything we like: a real number of our choice, +o0,
o0

or —oo. Moreover, it is possible to rearrange the terms of the series ) a, so that
n=1
the partial sums of the resulting series behave “erratically,” i.e. they neither converge

to a real number, nor diverge to +00 or —oo; in this case, the resulting series simply
diverges (but neither to +o0 nor to —oo).

2.9.6 The Ratio Test

The Ratio Test. Let {a,}72, be a sequence of real numbers, and assume that

. a . .
L := lim |2 ewists (either as a real number or as +00).
n—oo  9n
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[e.e]
(a) If L < 1, then the series > a, converges absolutely;

n=1
o0
(b) If L > 1 then the series Y a, diverges.
n=1
Remark: If L =1, then the Ratio Test gives us no information about the conver-
o0
gence/divergence of the series Y ay.
n=1

Proof. The idea of the proof is as follows. For (a), we will use a suitably chosen
convergent geometric series and the Comparison Test. For (b), we will show that

[o.¢]

the sequence {a,}5° ; does not converge to 0, and consequently, > a, diverges (by
n=1

Theorem [2.9.2)). Let us now give the formal details.

We first prove (a). So, suppose that L < 1. Set ¢ := %; clearly, ¢ > 0. Now,
using the fact that lim |***| = L, fix N € N such that for all n € N, if n > N, then
n—oo n

Hag—:l] — L‘ < g, and consequently, 0 < |a’;%\ <L+e= % =: q Since L < 1,
we deduce that 0 < g < 1, and in particular, |g| < 1. Therefore, the geometric series

o0
2 lanlg"
n=0
converges.
Claim 1. For all n € Ny, we have that 0 < |anyn| < |an]|g™.

Proof of Claim 1. This is “obvious,” but here is a formal inductive proof. The
statement is obviously true for n = 0. Now fix n € Ny, and assume inductively
that 0 < |ayyn| < |an|¢". Clearly, N +n > N, and so ]%] < q. Then

(%)
0 < lantnt1] < dlansnl < q(lanlg™) = lan|g™*?, where (*) follows from the
induction hypothesis. This completes the induction. ¢

o0
Since the geometric series > |an|q¢"™ converges, Claim 1 and the Comparison
n=0

oo [e.e]
Test guarantee that the series »_ |anyn| = > |an| converges. If N = 1, then we
N

n=0 n—
are done. So, let us suppose that N > 2. Then

S il = (3 Jaal )+ (3 Jaal).
n=1 n—1 =N

finite sum convergent

52Possibly, lim |%| = +4o00.
n— o0 n
*Technically, the fact that ||“2tL| — L| < ¢ implies that L — e < |“2'| < L +e. However,
because of the absolute value, it is obvious that |*2*4| > 0.
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oo
and so Y |ay| converges. This proves (a).
n=1

It remains to prove (b). So, assume that L > 1. Our goal is to show that {a,}>°

[o¢]
does not converge to 0; in view of Theorem [2.9.2} this will imply that > a, diverges,
n=1

which is what we need.

Claim 2. There exists some N € N such that for all n € N, if n > N,
then |“2EL] > 1.

Proof of Claim 2. If L = +o0, i.e. li_>m |“24L| = 400, then this follows immediately
n—oo n

from the definition of divergence to inﬁnity@
So, let us suppose first that L is a real number. Set € := L — 1; since L > 1, we
know that € > 0. Using the fact that h_)m |“2tL] = L, we fix some N € N such that
n— o0 n

for all n € N, if n > N, then ‘|GZ—:1| — L| < e. Consequently, for all n € N such that
n > N, we have that [*25] > L —c=1. 4

Claim 3. There exists some N € N such that for all n € N, if n > N,
then |a,| > |an| > 0.

Proof of Claim 3. Using Claim 2, fix N € N such that for all n € N, if n > N, then
|“2£L] > 1, and consequently, |an 41| > |ay|. Then the sequence

lan|; lan+1l, lan+2l, [an+sl, -

AN+1

an would

is strictly increasing. Moreover, since ay # 0 (for otherwise, the ratio
be undefined), we have that |ay| > 0. This proves Claim 3. ¢

Claim 4. The sequence {a,}7>; does not converge to 0.

Proof of Claim 4. Suppose otherwise, that is, suppose that lim a, = 0. First, let
n—oo
N € N be as in Claim 3, so that for all n € N such that n > N, we have that
lan| > |an| > 0. Set € := |aév‘; clearly, € > 0.
Using the fact that li_>m a, =0, we fix N/ € N such that for all n € N, if n > N/,
n oo

then |a, — 0] < e, L.e. |ay| < @ But now for n := max{N, N'}, we have that

(%) (%)
lan| < an| <l

where (*) follows from the fact that n > N, and (**) follows from the fact that

n > N’. We have now obtained |ay]| < |a§|, a contradiction. ¢

o0
Claim 4 and Theorem [2.9.2| together imply that the series ) a, diverges, which
n=1

completes the proof of (b). O

54We simply take M := 1 and apply the definition of divergence to infinity.
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o0
Example 2.9.7. Consider the series ) (—1)"?—;. Note that

n=1

7
|y Gy . i o (d)T
lim il = lim (n7+17) = hm( - % < 1,
n—00 (=) 2w n—oo M n—00

(—1)’”7‘—2 converges absolutely.

(18

and so by the Ratio Test, the series

n=1

[&.°]
Example 2.9.8. Consider the series ) %T,L Note that

n=1
(nt1)nH1 o
m |20 = lim O = fm(i+ i) = e > 1,
n—00 o n—oo M n—00 n

o0
and so by the Ratio Test, the series Zl o diverges.
n—=

Remark: As pointed out above, if {a,}5°; is a sequence of real numbers such
that lim |2 =1, then the Ratio Test gives us no information about the conver-
n—oo n

oo

gence/divergence of the series Y a,, and in principle, it is possible that the series
n=1

converges absolutely, converges conditionally, or diverges. For example, consider the

following three series:

o
1. the harmonic series % diverges, and we have that
n=1

_1
n+1
1

lim = lim % = lim 1y = 1;
n—o00 n—oo N1 n—o00 1+% ’

n

)n—l

o0
2. the alternating harmonic series ) (_IT converges conditionally, and we

n=1
have that
(—1)1" 1
lim ntl = lim 2 = lim = 1
n—00 # n—oo N1 n—00 1+% !

[e.e]
3. the p-series ) # converges (absolutely) or diverges depending on the value
n=1
of the real number pﬂ however, for all real numbers p, we have that

1
(n+1)P
1

nP

= lim 2%~ = lim —4— = 1.
n—oo (1P n—00 (1+%)p

55Since all terms of a p-series are positive, the series cannot converge conditionally.

lim
n—oo
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2.9.7 The Root Test

The Root Test. Let {a,}°, be a sequence of real numbers, and assume that
L= li_)m Y |ay| exists (either as a real number or as +00).
n oo

o0
(a) If L < 1, then the series > a, converges absolutely.

n=1

o0
(b) If L > 1 then the series Y a, diverges.

n=1
Remark: If L = 1, then the Root Test gives us no information about the conver-
o0

gence/divergence of the series ) ay.
n=1

Proof. The proof is similar to that of the Ratio Test. Once again, we will prove (a)
by using a suitably chosen convergent geometric series and the Comparison Test.

We will prove (b) by showing that {a,}>2 ; does not converge to 0, and consequently,
oo

the series _ a,, diverges (by Theorem [2.9.2). We now give the formal details.

n=1

We first prove (a). So, suppose that L < 1. First, since all terms of the sequence
{{/]an|}52, are non-negative, we see that L > O
Set ¢ := %; since 0 < L < 1, we see that 0 < ¢ < % Now, using the fact
that lim {/|an| = L, we fix N € N such that for all n € N, if n > N, then
n—oo

| %/lan] — L| < &, and consequently, {/|a,| < L +¢& = L =: ¢. It follows that for
all n € N such that n > N, we have that 0 < |a,| < ¢". On the other hand, since
0 < L <1, we have that % < ¢ < 1, and in particular, |¢| < 1. So, the geometric
series

oo
> "
n=N
converges@ Thus, by the Comparison Test, the series
o0

2, |an]

n=N

56Possibly, lim {/]a,| = +oo.
n—oo
*"Formally, { \"/|an\}zo:1 is bounded below by 0, and so by Lemma b), we have that

L= lim %{/|a.| > 0.
n—o0

OO OO
58Let us explain this in a bit more detail. We set b := ¢V, and we note that gt = >, bg" N =
n=N n=N

oo
> bg"; since |g| < 1, this geometric series really does converge.
n=0
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converges. If N = 1, then we are done. So, let us assume that N > 2. In this case,
we simply observe that

00 N-1 oo

> lanl = (Y laal )+ (D Jaal),

n=1 n=1 n=N
—— ——
finite sum convergent

oo
and so Y |ay| converges. This proves (a).
n=1

It remains to prove (b). So, let us assume that L > 1.

Claim. There exists some N € N such that for all n € N, if n > N, then
lan| > 1.

Proof of the Claim. Suppose first that L = +o0, i.e. lim {/|a,| = +oco. In this
n—o0
case, we know that there exists some N € N such that for all n € N, if n > N, then

Y an| > 1 and consequently, |a,| > 1.

Let us now suppose that L is a real number. Set € := L — 1; since L > 1, we see
that e > 0. Now, using the fact that lim {/|a,| = L, we fix some N € N such that for
n—oo

alln € N, if n > N, then | {/|a,| — L| < €, and consequently, L —e < {/|an| < L+¢.
But note that L — e = 1. Thus, for all n € N such that n > N, we have that
{/|an| > L —e =1, and consequently, |a,| > 1" =1. ¢

We can now show that the sequence {a,}2%; does not converge to 0. Suppose
otherwise, that is suppose that li_)m a, = 0. Fix N’ € N such that for all n € N, if
n (o]

n > N’ then |a,| < lﬂ Now, let N € N be as in the Claim, so that for all n € N
such that n > N, we have that |a,| > 1. Then for n := max{N, N'}, we have that

() (%)
1 < Jan| < 1,

where (*) follows from the fact that n > N, whereas (**) follows from the fact that
n > N'. We have now obtained 1 < 1, a contradiction. This proves that {a,}5
o0

does not converge to 0. So, by Theorem [2.9.2] the series ) a, diverges. O

n=1

oo n

Example 2.9.9. Consider the series ) (_;,)L “. Recall that lim n = 1 (by
n=1 n—o0

Proposition , and note that

. n —1)n . "
lim ’(;,)Ln‘ = hmg = % < 1.
n—oo n—oo

59Indeed, set M := 1, and apply the definition of divergence to +co.

59Let us explain this in a bit more detail. Set & := 1. Then, since lim a, = 0, there exists some
n—oo

N’ € N such that for all n € N, if n > N’, then |a, — 0| < ¢, that is, |a,| < 1.
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o] n
So, by the Root Test, the series Y (7;21 " converges absolutely.
n=1

(o]
Example 2.9.10. Consider the series Zl (i%%i%)n Note that
n—=

Jim /1(5558)" = lim |25

16n+3
Tm—6

> 1,

o0
and so by the Root Test, the series (Igs_‘gj)n diverges.
n=1

Remark: As pointed out above, if {a,} 2 is a sequence of real numbers such
that li_}m Y/|an| = 1, then the Root Test gives us no information about the conver-
n—oo

o0
gence/divergence of the series ) a,, and in principle, it is possible that the series
n=1
converges absolutely, converges conditionally, or diverges. Recall that lim {/n =1
n—oo

(by Proposition [2.4.2)), and consider, for example, the following three series:

o0
1. the harmonic series % diverges, and we have that

n=1
lim ¢/ = lim - = 1;
n—00 |"| n—ooo VN ’

oo _1\n—1
2. the alternating harmonic series ) %
n=1

converges conditionally, and we

have that
= lim 24 = 1;

lim
n—oo Vn

n ’ (,1)7171 ‘
n—oo

n

o0
3. the p-series > nip converges (absolutely) or diverges depending on the value
n=1
of the real number p;E| however, for all real numbers p, we have that

: nf| 1] _ : 1 _ 1 _ 1 _
i Yl = ey = (mver = w = b
n oo

51Gince all terms of a p-series are positive, the series cannot converge conditionally.
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2.9.8 Defining functions via series: the exponential function

Some important functions can be defined as series. For instance, we may define the
function exp : R — R by setting

n

OOJU T 22 23 x4 5
exp(r) = X5 = IHfitgtg it
n=

for all x € R. Let us explain why this series converges for all x € R (and so the
function exp is well defined). Obviously, the series above converges for x = 0, and
we have that exp(0) = 1. On the other hand, for fixed z € R\ {0}, we have that

e ()
im [EDE gy gL W - L _ —
|| = Jim gk E el lm s = jel0 = 0 <1

n!

where (*) follows from the fact that z is fixed (and may therefore be treated as a
constant). So, by the Ratio Test, the series exp(z) converges for all x € R\ {0}.
This proves that the function exp is well defined.

Remark: It can be shown that exp(x) = e* for all z € R; in other words, for all
x € R, we have that

0o

T T

e’ = > o
n=0

but we omit the proof. We do note that this implies, in particular, that

L = 1+f+g+5+H5+5+...

n!

I
(18

n=0
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Limits of functions

Notation: When we write “f : A C R — R,” we mean that A is a subset of R, and
f is a function from A to R. Similarly, “f : A ; R — R” means that A is a proper

subset of R (i.e. A is a subset of R, but is not equal to R), and f is a function from
A to R.

The domain of a function. In what follows, when we define a function f via a
formula (without specifying the domain and the codomain), we will assume that the
domain of f is the subset of all real numbers z for which the expression f(x) makes
sense and is a real number. For example:

e the domain of f;(z) = % is R\ {—3}, whereas the codomain is R;

e the domain of fo(x) = /x is [0,400), whereas the codomain is R;

e both the domain and the codomain of f3(z) = /= are R.
Intervals. As usual, an interval in R is any set of the following form:

e [a,b], where a,b € R are such that a < b;

e [a,b), where a,b € R are such that a < b;

e (a,b], where a,b € R are such that a < b;
a,b), where a,b € R are such that a < b;

e (—00,b), where b € R;

(
(
e (a,+00), where a € R;
(
(

00, +00).
A closed interval is an interval of the form [a,b], whereas an open interval is an

interval of the form (a,b), (a,400), (—00,b), or (—oo, 4+00).
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3.1 The limit of a function at a point: an informal
introduction

Suppose that f: A C R — R is a function, and that a € R (f may or may not be
defined at a, i.e. both a € A and a ¢ A are possible). We would like to say that
lim f(x) = L (which we read: “L is the limit of f(x) as x approaches a”) provided
r—a

that whenever x ~ a, we have that f(x) ~ L. To make this formal, we need to
explain what exactly “~” means, which we do in section Here, we take a look
at an (informal) example.

Example 3.1.1. Consider the function f(x) = % The domain of this function

is R\ {2} (since we cannot divide by zero). Now, for x € R\ {2}, we have that

flx) = xQ;_ﬂ”;Q = (”;)_(12”_2) = z+1.

As pointed out above, f(2) is undefined. However (informally), for r ~ 2, we
obviously have that f(x) ~2+ 1= 3, and so lim2 f(z) =3.
z—

Remark: Below is the graph of the function f from Example The function is
undefined at x = 2. However, for values of x close to 2, the value of f(z) is close
to 3, which is why lir% f(z) =3.

T—
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3.2 The Limit of a function at a point: the formal defi-
nition

In this section, we define accumulation points of subsets of R, and we give a formal
definition of a limit of a function at a point. Moreover, we prove the uniqueness of
limits (provided they exist; see Theorem below), and we take a look at a few
examples.

Accumulation points of sets. An accumulation point of a set A C R is a point
a € R (note that a may or may not belong to A) such that for all real numbers € > 0,
there exists some o’ € A such that 0 < |’ —a| < €[|

Remark: By definition, for a set A C R and a real number a (which may or may
not belong to A), we have that a is not an accumulation point if and only if there
exists some € > 0 such that the set A contain no points from interval (a — ¢, a + ¢€)
other than possibly a itself. So, a is an accumulation point of A if no such € > 0
exists.

Example 3.2.1. Every real number is an accumulation point of Q in R. Indeed,
consider any a € R, and fix any real number € > 0. Since Q is dense in R, we
know that (a —e,a+¢)\ {a} = (a —€,a) U (a,a + €) contains a rational number qE|
Then q € Q\ {a}, and moreover, 0 < |q — a|] < . So, all real numbers are indeed
accumulation points of R.

Lemma 3.2.2. Let A CR and a € R. If there exist p,q € R such that p < a < ¢
and (p,q) \ {a} C AE| then a is an accumulation point of A.

Proof. Assume that there exist some p, ¢ € R such that p < a < g and (p,q)\{a} C A.
Fix e > 0. Set p’ = max{p,a — ¢} and ¢’ = min{q,a + €}. Then p’ < a < ¢’ and
(¥',¢')\ {a} € A. Now fix any a’ € (p',¢') \ {a}. Thend’' € Aand 0 < |a’ —a| <e.
This proves that a is an accumulation point of A. O

The limit of a function at a point. Let f: A C R — R be a function, let a € R
be an accumulation point of AE| and let L € R. We say that L is the limit of f(x)
as x approaches a, or that f(z) tends to L as x approaches a, provided that the
following holds:

180, a is an accumulation point of A if and only one can find a points of A arbitrarily close to a
(but distinct from a).

*Indeed, by the density of Q in R we know that each of the intervals (a — ¢,a) and (a,a + €)
contains a rational number.

3Equivalently: (p,a) U (a,q) C A.

4In practice, we will most often encounter the situation from the statement of Lemma the
function f will be defined on some (possibly very small) open interval containing a, except possibly
at a itself. Occasionally, we will see slightly more complicated situations.
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for every € > 0, there exists some § > 0, such that for all x € A, if
0<|x—a|l <9, then |f(z)— L| <e.

Under such circumstances, we write

L:lignf(x) or flx) = L as x — a.

Remark: Suppose f: A C R — R is a function, a € R is an accumulation point
of A, and L is a real number, as in the definition above. Then L = lim f(z) means
r—a

that for every € > 0, we can choose some ¢ > 0, such that
{f(z)|z € A\{a},z € (a—d,a+0)} C (L—eL+e),

as in the picture below. In other words, all elements of A\ {a} inside the interval
(a —6,a+0) get mapped by f to the interval (L —e, L +¢). The existence and value
of f(a) is irrelevant for the existence and value of L = li_r)n f(z).

r—a

a—0 a a—90

Remark: We emphasize that the existence and value of lim f(x) is determined by
T—a

the behavior of f(x) for values of = close to a, but is unaffected by the existence
and value f(a) itself. Indeed, each of the following in possible:

e f(a) and il_I)I(ll f(x) are both defined, and f(a) = ;1_1()1(11 f(x);
e f(a) and ilg}l f(z) are both defined, but f(a) # ilgz f(z);
e f(a) is defined, but ;11:1(11 f(x) is undefined;
e f(a) is undefined, but ;IL% f(z) is defined;

e f(a) and lim f(x) are both undefined.

T—ra

Remark: In what follows, we will occasionally write something like “li_r)n f(x) exists
r—a

(as a real number).” Of course, so far, we have defined lim f(z) to be a real number
Tr—a
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(if it exists). However, we will later introduce the notion of infinite limits, and
will introduce the notation “li_r)n f(z) = +00” and “h_r)n f(z) = —c0.” Hence, we
r—a r—a

sometimes emphasize that we wish li_r)n f(z) to be a real number.
r—a

Theorem 3.2.3. Let f : A CR — R be a function, and let a be an accumulation
point of A. Then f(x) has at most one limit as x approaches a.

Proof. Suppose otherwise, and let L; and Ls be two distinct limits of f(z) as z
approaches a. Set € := \L12;L2| (Obviously, € > 0.)

Using the fact that L is a limit of f(x) as « approaches a, we fix §; > 0 such
that for all z € A, if 0 < |z — a| < d1, then |f(z) — L1] < e.

Using the fact that Ly is a limit of f(x) as « approaches a, we fix d3 > 0 such
that for all z € A, if 0 < |z — a| < da, then |f(z) — Lo| < e.

Set § := min{dy,d2}. (Obviously, § > 0.) Fix x € A such that 0 < |z —a| < 9.
Then 0 < |z — a|] < §; and 0 < |z — a| < d2; the former implies that |f(x) — L1] < e,
whereas the latter implies that |f(xz) — La| < e. We now have the following:

L1 = Lo| = [(L1— f(2)) + (f(z) - L2)]
< L1 — f(z)| + |f(x) — Lo by the Triangle Inequality

= [f(@) = L1 + | f(z) — Lo|

< e+e¢

= 2

= |L; — Lyg| by the choice of €,
a contradiction. O
Example 3.2.4. Let f(x) = x2;f2_2. Compute il_}r% f(z) (and give an “c-0 proof” of

the correctness of your answer).

Remark: Here, we are revisiting Example [3.1.1] but this time, we give a formal
proof of the fact that lin% f(x)=3.
T—

Solution. Clearly, f is defined on A := R\ {2}. Our goal is to show that lin% f(z) =3.
z—

Fix e > 0. Let 0 := . Fix x € A such that 0 < |z — 2| < §. (In particular, x # 2.)
Then

2

f@)-3 = 2223 = |@+1) -3 = J2-2 < 5 = =

This proves that liné f(z) = 3, as we had claimed. O
z—
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Example 3.2.5. Let f : R — R be given by

—x if <0
flz) = 3 if z=0
2?2 if >0
for all x € R. Fither find lin% f(z) (and give an “c-6 proof” of the correctness of
T—
your answer), or explain why the limit does not exist (as a real number).
Remark: The graph of this function is shown below. By definition, f(0) = 3.

However, when z is very close to 0 (but not actually equal to 0), we have that f(x)
is very close to 0. So, lir% f(x) = 0. Our solution (below) gives a formal proof of
T—

this fact.

Solution. Our goal is to show that lir% f(z) =0. Fix ¢ > 0. Let 0 := min{e,/c}.
T—

Fix x € R such that 0 < |z — 0] < §. We must show that |f(z) — 0| < e.
Since 0 < |z — 0] < 4, i.e. 0 < |z| < I, we have that either —§ < x < 0 or
0 <z < 6. We consider both cases.

Case 1: —§ <z < 0. In this case, we have that f(z) = —z. We now compute:
[f(@) =0l = [-2—-0 = Jz| < & = minfe,\e} < &
which is what we needed.

Case 2: 0 < z < §. In this case, we have that f(z) = 22 and 22 < §2. We now
compute:
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If(z)=0] = [22-0] = 2?2 < ¢ = min{ete} < ¢

which is what we needed.
So, in either case (i.e. both in Case 1 and in Case 2), we get that |f(z) — 0] < e.
This proves that lirr%) f(z)=0. O
T—r

Example 3.2.6. Let f : R\ {0} — R be a given by f(z) =z + % Either compute
lir% f(x), or prove that the limit does not exist (as a real number).
x—

Remark: The graph of the function f is shown below. As we can see, lirr(l) f(x) does
T—

not exist, which we will prove formally in our solution.

Solution. We will prove that lin}) f(z) does not exist (as a real number). For this,
T—r

we must prove the following:

For all L € R, there exists some ¢ > 0, such that for all 6 > 0, there
exists some x € R\ {0}, such that 0 < |z — 0| < ¢ and |f(z) — L| > €.

Fix L € R, and fix an arbitrary ¢ > OE| Fix § > 0. We need to exhibit some
x € R\ {0} such that 0 < |z — 0| < 0 and |f(x) — L| > e.

Claim. There exists some z € R\ {0} such that 0 < z < § and 1 > L+e.

®In this particular case, any € > 0 will do. In other examples, ¢ may need to be carefully chosen.
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Proof of the Claim. If L + 5 < 0, then we simply choose any = € (0,6), and we
observe that 0 < < ¢ and % =>0>L+e.

Suppose now that L + ¢ > 0. We then choose an arbltrary z € (0, min{é, L+€}).
Clearly, 0 < x < §. On the other hand, we have that 0 < z < L—Jrs, and consequently,
1>Ltc o

Now, fix 2 as in the Claim above. Since 0 < z < §, we have that 0 < |z — 0] < 6.
Further, we compute:

(*)
|f(@)—L| = |[z+1-L|] > 24+42-L > 0+(L+e)—L = ¢,

where (*) follows from the fact that © > 0 and 1 > L +e. This completes the
argument. [

3.3 A relationship between limits of functions and limits
of sequences

Theorem 3.3.1. Let f: ACR — R, let a € R be an accumulation point of the set
AE| and let L € R. Then the following are equivalent:

(i) lim f(x) = L

(ii) for all sequences {an}>2, of real numbers that all belong to the set A\ {a}, if

lim a, = a, then hm f(an) = L.
n—o0

Proof. First, we assume (i) and prove (ii). Fix a sequence {a,}5°; of real numbers
that all belong to the set A\ {a}, and assume that hm an = a. We must show that

lim f(a,) = L. Fix e > 0. By (i), we have that hm f( ) = L. So, fix § > 0 such

n—oo

that for all z € A, if 0 < |z — a| < 0, then |f(x) — L| < . Now, using the fact that
lim a, = a, we fix N € N such that for all n € N, if n > N, then |a,, — a] < 0. But

n—oo

recall that a,, € A\ {a} (and in particular, a,, # a) for all n € N. We conclude that
for all n € N, if n > N, then 0 < |a,, — a|] < ¢ (with a, € A), and therefore, by the
choice of §, we have that |f(a,) — L| < . Thus, nl;rgo f(an) = L, which proves (ii).

We now assume that (i) is false, and we show that (ii) is false. Using the fact
that (i) is false, we fix € > 0 such that for all 6 > 0, there exists some z € A such
that 0 < |z —a| < ¢ and |f(z) — L| > €. Now, for all n € N, we choose some a,, € A
such that 0 < |a,, —a| < 1 and [f(a,) — L| > 5E| Obviously, {a,}>2, is a sequence

5As usual, a may, but need not, belong to the set A.

"Let us explain why such an a, exists. Here, we are setting § := % By our assumption, we know
there exists some = € A such that 0 < |z —a| < 6 and |f(x) — L| > ¢; we let a,, be any such z.
Remark: Note that we made infinitely many arbitrary choices: for each n € N, there may have
been many suitable “candidates” for a, and we chose one arbitrarily. We can do this because of the
so called “Axiom of Choice,” which you will study if you take Set Theory.
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of real numbers that all belong to A\ {a}. Our goal is to show that lim a, = a, but

n—o0
that the sequence {f(a,)}2, fails to converge to L; this will prove that (ii) is false.

We first show that lim a, = a. Fix ¢/ > 0. Let N € N be such that N > é Fix
n—oo
any n € N such that n > N. Then

lan —al < 2 by the choice of ay,
< % because n > N
< ¢ because N > 2.

This proves that li_)rn an = a.
n oo
It remains to show that the sequence {f(ay)}>2, does not converge to L. By
the construction of our sequence {a,}°% ;, we know that for all n € N, we have that

|f(an) — L| > e, that is, f(an) ¢ (L —e,L +¢). By Proposition [2.6.1] this implies
that L is not an accumulation point of the sequence {f(a,) Z‘;Therefore, by
Theorem the sequence { f(an)}22; does not converge to L. This completes the
argument. O

3.4 Properties of limits

Lemma 3.4.1. Let f: ACR — R, and let a be an accumulation point of A. Let
c € R be such that f(x) =c for allxz € A\ {a}ﬂ Then ligl flx)=c.

Proof. Fix e > 0. Fix an arbitrary 6 > 0[] Fix z € A such that 0 < |z —a| < J. In
particular, z # a, and we see that x € A\ {a}. So, f(z) = ¢, and we deduce that
|f(x) —c|=0<e. O

Lemma 3.4.2. Let f: ACR — R, and let a € R be an accumulation point of A.
If ligl f(z) exists (as a real number), then there exist a real number § > 0 such that
r—a

the set {f(z) | x € A, |x — a| < d} is bounded.

Remark: Informally, this lemma states that if lim f(z) exists (as a real number),

Tr—a
then f(z) is bounded for z ~ a.

Proof. Assume that L := 1i_r>n f(x) exists (and is a real number). Fix £ > 0. Using
the fact that L = li_r}n f(z), we fix § > 0 such that for all x € A, if 0 < |x — a|] < 4,
r—a

8Note that we are using the “(i) <= (ii)” part of Proposition m

S0, f(a) may or may not be defined; if f(a) is defined, it may or may not be equal to c. However,
the function f is assumed to be constant on A\ {a}, always taking the value c.

10Tn this particular case, any § > 0 will do. In other proofs, § may need to be picked more
carefully.
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then |f(z) —L| <e (ie. L—e < f(zr) < L+¢). If a€ A (i.e. f(a) is defined), then
let p = min{L — ¢, f(a)} and ¢ = max{L + ¢, f(a)}; if f(a) is not defined, then we
let p=L —¢ and ¢ = L + . Then by construction, we have that for all z € A, if
|z —a] < 9§, then p < f(z) < ¢. This proves that the set {f(z) | x € A, |z — a|] < §}
is bounded (indeed, p is a lower bound, and ¢ is an upper bound). ]

Lemma 3.4.3. Let f: ACR — R, and let a € R be an accumulation point of A.

Assume that L := lim f(z) exists (as a real number), and let L' € R\ {L}. Then
Tr—a

a is an accumulation point of the set A" := {x € A | f(x) # L'}. Moreover, there

exists a real number 6 > 0 such that (A\ {a})N(a—6d,a+ ) C A’

Proof. We start with a technical claim.

Claim. There exists a real number § > 0 such that for all x € A, if
0<|z—al <9, then f(x)# L.

Proof of the Claim. Set € := |L,;L‘; since L' # L, we know that € > 0. Using the
fact that L = lim f(z), we fix some § > 0 such that for all z € A, if 0 < |z — a| < 4,
r—a

then |f(z) — L| < ¢, i.e. f(z) € (L —&,L +¢€). It is now enough to show that
L' ¢ (L—¢e,L+e¢), for the Claim will then follow immediately. We consider two
cases: when L' < L, and when L' > L.

Suppose first that L' < L. Then ¢ = |L/2_L‘ = L_TL/, and we deduce that
L—szL—L*TL/ = L+TL/ > L'. Consequently, L' ¢ (L —e,L +¢).
Suppose now that L' > L. Then ¢ = ‘L/;M = L,;L, and we deduce that

L+e=L+ % = L+TL/ < L', and it follows that L' ¢ (L —¢, L+¢). This completes
the proof of the Claim. ¢

Let § be as in the Claim. Then clearly, (A \ {a})N(a —d,a+ ) C A’E

It remains to show that a is an accumulation point of A’. Fix an arbitrary € > 0.
Set & := min{d,e}. Using the fact that a is an accumulation point of A, we fix
a’ € A such that 0 < |a’ —a] < €'. Since d’ € Aand 0 < |d' —a| < & <4, our
choice of § guarantees that f(a’) # L', and it follows that ¢’ € A’. On the other
hand, we obviously have that 0 < |a’ — a|] < &’ < e. This proves that a is indeed an
accumulation point of A’. O

Theorem 3.4.4. Let f{ : ACR — R and fo : A C R — R be functions, and let
a € R be an accumulation point of A. Assume that both lim fi(x) and lim fa(x)
Tr—a Tr—a

exist. Then all the following hold:

(a) for all c € R, hgl(cfl)(z) = cliin fi(x);

"ndeed, fix o’ € (A\ {a}) N (a —d,a+3). Then o’ € A, @’ # a, and |a’ — a| < §. Consequently,
a’ € Aand 0 < |a’ —a| < §. So, by the choice of §, we have that f(a’) # L. It follows that a’ € A’.
This proves that (A \ {a}) N (a —d,a+§) C A".
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(b) Tim (fi + f2)(x) = (Jim f1(x)) + (lim fo());

(c) ;i_fg(ﬁ = f2)(z) = (}:i_r)flllfl(ﬂ?)) - (ii_fglfz(v’ﬂ));
(d) iij}}l(flfQ)(fL’) = (ilfi fl(m))(ii_rgﬁ(m));

(e) if im fo(z) # 0, then a is an accumulation point of the set A’ := {x € A |
r—a
lim f1(z)

- where we consider the
lim fo(x)’
r—a

fa(x) # 0}, and we have that lim(%)(x) =

r—a

domain of the function % to be A’

Remark: The proof of this theorem is very similar to that of the corresponding
theorem for sequences (see Theorem and its proof).

Proof. Set
L1 = th f1 (x) and L2 = th fg(ﬂ?)

We must prove the following:

(a) for all ¢ € R, lim (cfi)(z) = cLi;
(b) Tim (f1 + f2)(x) = L1 + Lo;

(¢) lim(fi = f2)(@) = L1 = La;

(d) Tim (f1f2)(2) = LiLo;

(e) if Ly # 0, then a is an accumulation point of the set A" := {x € A | fo(x) # 0},
and we have that ligl (%)(w) = %, where we consider the domain of the function
x a

% to be A'.
2

(a) Fix c € R. If ¢ = 0, then the result follows from Lemma So assume that
¢ # 0. Fix € > 0. Using the fact that lim fi(z) = L;, we fix 6 > 0 such that for
Tr—a

all z € A, if 0 < |z —a| < 0, then |fi(x) — L] < - We now fix z € A such that
0 < |z —a] < 0, and we observe that

cfi(z) —cLi] = |e|lfi(z) = La] < elg = e

This proves that lim (cf;) = ¢Ly.

Tr—a
(b) Fix € > 0. Using the fact that ;13}1 fi(x) = L1, we choose §; > 0 such that for
all z € A, if 0 < |v — a| < §1, then |fi(x) — L1| < §. Similarly, using the fact that
}}11}1{11 fa(x) = Lo, we choose d2 > 0 such that for all x € A, if 0 < |x — a| < 2, then
|f2(x) — Lo| < §. Now, set ¢ := min{d1,d2}. Fix 2 € A such that 0 < |z —a| <.
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Then both 0 < |z —a| < §; and 0 < |z — a| < J2 hold; the former implies that
|f1(x) — L1] < §, whereas the latter implies that |f2(x) — La| < §. We now compute

|(fi+ f2) (@) = (L1 + L2)| = [(fi(@) — L1) + (fa(z) — La)|

—~
*
~

< fi(@) = Lol + [ fa(2) = Lo

AN
N

+5 = ¢

rolm

where (*) follows from the Triangle Inequality. This proves that hga( fi+ fo)(z) =
r—a
Ly + Lo.

(c) This follows from (a) and (b). Indeed,
lim (fi = fo)(z) = lim(fi +(=1)f2)(x)

D (lim Ai@) + (Jim(~1)fa(a))

Tr—a r—a

' (lim fi(2)) + (=1)(lim fo(2))

Tr—a Tr—a
= Ll - L27

and we are done.

(d) Using Lemmawe fix 9o > 0 such that the set {fi(z) |z € A, |xr—a| < o}
is bounded. Fix a real number M > 0 such that for all x € A that satisfy |x —a| < do,
we have that |fi(z)| < MB

Now, fix € > 0. We must show that there exists some ¢ > 0 such that for all
xe A if0<|zr—al <4, then |(fif2)(x) — LiLa| < e.

Using the fact that ;I_I)I(ll fi(x) = Ly, we fix 6; > 0 such that for all x € A, if
0 < |z —al < 01, then |fi(x) — L1| < m

Using the fact that il_r}l(ll fa(z) = Lo, we fix d2 > 0 such that for all z € A, if
0 < |z —al < &2, then |fo(x) — La| < 557

Now, set § := min{dp, d1,d2}. Now, fix x € A such that 0 < |z — a|] < . Note
that:

o |fi(z)] < M (because z € A and |z — a| < dp);

12We are using the fact that lim f(z) exists, and so Lemma applies.
r—ra

3Let us explain why such an M exists. Let m_ be a lower bound of the set {fi(x) | = €
A, |z —a| < d}, and let m™ be an upper bound of the set. We can now choose M to be any real
number that satisfies M > max{|m—|, |m4|}.
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o |fi(x)—Lqi| < m (because z € A and 0 < |z — a| < 01);
o |fa(w) — La| < 557 (because x € A and 0 < |z — a| < d2).
We now compute:

|(fif2)(@) = LiLa| = [((fifo)(@) — fi(x)L2) + (fi(x)L2 — L1Lo)|

—
*
~

< |(fif2)(@) = filz) Lol + | fi(z)La — L1 Ls|

’f1($)(f2(55) - Lz)} + |(fi(z) — L1) Lo|
= |fi(@)||f2(z) — La| + | f1(z) — L1|| L2]

< MQLM+W|L2‘ < g,

where (*) follows from the Triangle Inequality. This proves that liin (fif2)(x) = L1 L.

(e) Assume that Ly # 0. By Lemma we have that a is an accumulation point
of theset A’ ={x € A| f(zx) # 0} It remains to show that lim 41—~ = L% (where

z—a J2()
the domain of the function fl is assumed to be A’), for then we will have that

—
=

im(2)@) = € (limfi(e)(lm ghy) = Li-4 = 2,

r—a T—a z—a J2 Fa(z)

which is what we need.

Claim. There exists some § > 0 such that for all z € A,if 0 < |z—a| < 4,
then | fa(z)| > |L2|

Proof of the Claim. Set € = % (Since Lo # 0, we see that £ > 0.) Using the fact
that ;13% fa(z) = Lo, we fix some § > 0 such that for all z € A, if 0 < |z —a| < J,
then |fa(x) — La| < e, that is fa(z) € (L2 — &, Ly + €). Now, consider such an z, i.e.
x € Aand 0 < |z — a| < J, and consequently, fo(x) € (L2 — €, Lo + €). We must
show that |fa(x)| > %

Suppose first that Ly > 0, so that Ly = |Ls|. Then f(z) > Ly —e = Lo — ‘LT? =

, and we are done.

Suppose now that Ly < 0, so that Ly = —|La|. Then f(z) < Ly +¢ = —|La| +
TQ| = |L2| So, f(x) < ‘Lz‘ < 0, which implies that |fo(z)| = —f(z) > |L2| , and
once agam we are done. ¢

[L2|
2

1We are simply applying Lemma , with Ls and 0 playing the roles of L and L', respectively.
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Let > 0 be as in the Claim. Now, fix ¢ > 0. Using the fact that lim f(z) = Lo,

r—a
we fix ¢ > 0 such that for all x € A, if 0 < |z — a| < ¢, then |fo(x) — Lo| < %gg,

(Here, we are using the fact that Ly # 0 and € > 0, and so %25 > 0.) Next, set
8" := min{4,d'}. Fix an arbitrary z € A’ such that 0 < |z — a| < ¢”. Then

o |fo(x) — Lo| < %%5 (because z € A and 0 < |z —a| < ¢');

o |fa(x)| > @ (because z € A and 0 < |z — a| < §).

We now compute:

2
L iy o lh@))  leh@l e
fa(x) L2l T | fa(x)Lo — [fe@)]|L2] %|L2| B
This completes the argument. O

3.5 Continuity

Continuity of a function at a point. A function f: A C R — R is continuous at
a point a € A if the following holds:

for all € > 0, there exists some ¢ > 0, such that for all x € A, if |z —a| < 9,

then |f(x) — f(a)] <e.

Remark: Suppose that f: A CR — R is a function, and a € A, as in the definition
above. Note that if a is an accumulation point of A, then f is continuous at a if
and only if :(1:1_r>r(11 f(z) = f(a) (and in particular, ;};1—% f(z) exists). If a is not an
accumulation point of A, then f is automatically continuous at a.

Continuous functions. If a function f : A C R — R is continuous at all points
a € A, then we simply say that f is continuous. If I C A is an interval, then we say
that f is continuous on I provided that f [ I is continuous at all points in 1 B

Remark: Suppose that f: A CR — R is a function and that I C A is an interval.
If f is continuous on all points in I, then f is indeed continuous on I, as we would
expect. Somewhat surprisingly, the converse is false in general! For instance, consider
the function f : R — oo given by

flz) = {—1 if <0

1 if >0

for all z € R. (The graph of this function is given below.) Then f is not continuous
at the point z = 0, but it is continuous at on interval [0,+00). This is because
whether or not a function is continuous on an interval is determined solely by the
behavior of the function on the interval in question, and not by its behavior elsewhere.

YHere, f | I is the restriction of f to I. In other words, (f | I): I — R is the function given by
(f1D)(z)= f(z) for all z € I.
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Remark: The intuition behind the concept of continuity is that a function is
supposed to be continuous on an interval if its graph (restricted to the interval in
question) can be drawn on a piece of paper without lifting the pen. Of course, pens
and paper are not mathematical objects! The definition above attempts to formalize
our intuition, although some functions that are continuous according to our formal
definition are somewhat strange, and drawing their graphs (with our without lifting
the pen) would be quite difficult. We do, however, have the following fact, which we
state without proof.

Fact 3.5.1. The following functions are all continuous:

e polynomial functions,

rational functions,

root functions,

exponential and logarithmic functions,

e trigonometric and inverse trigonometric functions.

Theorem 3.5.2. Let f1: ACR = R and fo : A C R — R be functions that are
continuous at a point a € A. Then all the following hold:

a) for all c € e function cfi is continuous at a;
(a) for all ¢ € R, the function cfy is conti t a;
(b) functions f1 + fa, fr — f2, and fifs are continuous at a;
c) if fa(a , then the function X is continuous at a.
if f 0, then the function 4 is conti t

Proof. If a is an accumulation point of A, then this readily follows from Theorem [3.4.4]
and from the definition of continuity. On the other hand, if @ is not accumulation
point of A, then any real-valued function whose domain is A (or any subset of A
that contains the point a) is continuous at a. O
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Theorem 3.5.3. Let f: ACR - R andg: B C R — R (with f[A] C B, so

that the function go f : A C R — R is defined). Let a € R, and assume that g is

continuous at b := lim f(z) (in particular, this limit exists and belongs to B). Then:
T—a

(a) lim(go f)(z) = g(lim f(z)) = g(b);

r—a

(b) if f is continuous at a, then go f is continuous at a.

Proof. We begin by observing that a is an accumulation point of A, since lim f(z)
Tr—a

exists.

We first prove (a). Fix € > 0. Using the fact that ¢ is continuous at b, we fix
some ¢’ > 0 such that for all z € B, if |z — b| < &/, then |g(z) — g(b)| < e. Next,
using the fact that b = ilg}l f(a), we fix some § > 0 such that for all z € A, if
0 < |z —al <, then |f(z) —b| < &'. Now, fix z € A such that 0 < |z —a| < §. Then
|f(z) —b| <€’ Since f[A] C B, we see that f(z) € B. Now by the choice of ¢/, we
have that |g(f(x)) — g(b)| < e, i.e. |(go f)(x) — g(b)| < . This proves (a).

For (b), we simply observe that, if f is continuous at a, then

lim(go f)(z) = g(lim f(x)) by (a)

r—a T—a
= ¢g(f(a)) because f is continuous at a
= (go[f)(a),
which by definition means that g o f is continuous at a. O
x2—3m+2

Example 3.5.4. Compute lime =2
r—2

Solution. Since the function e” is continuous, we may compute:

L 22 sepo e lim (=21 lim (2—1)
llm e z—2 — 61%2 = — ez~>2 = — 81%2 — 6,
xr—2
and we are done. O

3.5.1 The Intermediate Value Theorem

The Intermediate Value Theorem. Let a and b be real numbers such that
a < b, let f:[a,b] = R be a continuous function, and let M € R be such that
min{f(a), f(b)} < M < max{f(a), f(b)}m Then there exists some ¢ € (a,b) such
that f(c) = M.

1630, we are assuming that f(a) # f(b), and that either f(a) < M < f(b) or f(b) < M < f(a).
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a c Co c3 b

Remark: In practice, we may have a function f : A C R — R that is continuous
on some closed interval [a,b] C A, though not necessarily on all of A. We can still
apply the Intermediate Value Theorem to f and [a,b]. Technically, we are applying
the theorem to the function f [ [a,b], i.e. the restriction of f to the interval [a, b].

Proof. By hypothesis, we have that either f(a) < M < f(b) or f(b) < M < f(a).
We will prove the theorem for the case when f(a) < M < f(b); the other case is
similar. Let

S = {z€a,b]| f(x) < M}.
Then a € S (because f(a) < M), and in particular, S # (). On the other hand, the
set S is bounded above (by b). So, by the completeness of the ordered field R, S has
a supremum, call it ¢. Our goal is to show that ¢ € (a,b) and f(c) = M.

Claim 1. ¢ € [a,b], and in particular, f(c) is defined.

Proof of Claim 1. Since c is an upper bound of S, and a € S, we have that a < c.
On the other hand, since b is an upper bound of S, and ¢ is the supremum (i.e. the
least upper bound) of S, we have that ¢ < b. So, ¢ € [a,b]. This proves Claim 1. ¢

Claim 2. ¢ < b.

Proof of Claim 2. By Claim 1, we have that ¢ € [a, b], and consequently, ¢ < b. So,
we need only show that ¢ # b. Suppose otherwise, i.e. suppose that ¢ = b, so that b
is the supremum of S.

Recall that M < f(b), and set € := f(b)T_M; then € > 0. Using the continuity of f
at b, we fix some ¢ > 0 such that for all x € [a, b], if |x —b| < §, then |f(z)— f(b)] < e.

Since b is the supremum of S, we see that there exists some x € S such that
b—d <z < bm We now have that = € [a,b] and |z — b| < 5JE| and consequently
|f(xz) — f(b)| < e. Therefore:

"ndeed, if no such x existed, then b — § would be an upper bound of S, contrary to the fact that
b is the least upper bound of S.

®Indeed, since x € S C [a,b], we obviously have that x € [a,b]. On the other hand, since
b— 8§ <z < b, we have that |x — b| < d.
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flz) > f(b)—c¢ because |f(x) — f(b)| < e

= f(b)— 7f(b)2_M because € = f(b)2_M

> M because M < f(b).

We have now shown that f(z) > M, contrary to the fact that x € S. This proves
Claim 2. ¢

Claim 3. f(c) = M.

Proof of Claim 3. Our goal is to show that, for all £ > 0, we have that M — ¢ <
fle) < M + e. Indeed, if this holds for every single € > 0, then it is clear that
f(e) = M, which is what we need to show.

So, fix € > 0. Using the continuity of f and the fact that ¢ € [a,b] (by Claim 1),
we fix some § > 0 such that for all z € [a,b], if |z — ¢| < ¢, then |f(x) — f(c)] < e.

We first show that f(c) < M +¢. Since c is the supremum of S, we see that there
exists some a* € S such that ¢ —d < a* < ¢ (indeed, if no such a* existed, then ¢ — §
would be an upper bound of .S, contrary to the fact that ¢ is the least upper bound
of S). By the definition of S, we have that f(a*) < M. Now, since a* € (¢ — 9, c|, we
see that |a* — ¢| < 0. Also, a* € [a,b] (because a* € S C [a,b]). So, by the choice of
9, we have that |f(a*) — f(c)| < e. It follows that f(c) < f(a*) +¢e < f(c) < M +e.

It remains to show that M — e < f(c). By Claim 2, we have that ¢ < b. So,
fix some b* € (¢,min{c + 9,b}). Then b* € [a,b] and |b* — ¢| < §, and it follows
that |f(0*) — f(c)| < e. Consequently, f(b*) —e < f(c¢). On the other hand, since
¢ < b*, and c is the supremum (and an in particular, an upper bound) of S, we
deduce that b* ¢ S. Since b* € [a,b] and b* ¢ S, we see that M < f(b*). So,
M —e < f(b*) —e < f(c). This proves Claim 3. ¢

Now, by Claims 1 and 2, we have that ¢ € [a,b), and by Claim 3, we have that
f(e) = M. It remains to show that ¢ # a. But this follows from the fact that
fla) < M = f(c), and in particular, f(a) # f(c). O

Example 3.5.5. Prove that the equation sinx = Inx has at least one solution.

Solution. Let a = e™? and b = €%, and let f : [a,b] — R be defined by f(z) =
sinz — Inz. Clearly, f is continuous on [a,b]. Furthermore, we have that:

e f(a) =sin(e™?) —In(e 2) =sin(e™2) +2 > 1;
e f(b) =sin(e?) — In(e?) = sin(e?) —2 < —1.

It follows that f(b) < 0 < f(a), and so the Intermediate Value Theorem implies that
there exists some = € (a,b) such that f(z) =0, i.e. such that sinx = Inx. O
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3.5.2 The Extreme Value Theorem

Bounded functions. A function f: ACR — R is

e bounded above if there exists some U € R, called an upper bound for f, such
that for all a € A, we have that f(a) < U;

e bounded below if there exists some L € R, called a lower bound for f, such that
for all a € A, we have that L < f(a);

e bounded on A if it is bounded above and bounded below.
For B C A, we say that

e fis bounded above on B if f | B is bounded aboveﬂ

e fis bounded below on B if f [ B is bounded below;

e fis bounded on B if f | B is bounded.

Notation: For a € R, we set [a,a] = {a}. So, we introduce a slight generalization of
closed intervals, where the set consisting of a single real number is a closed interval.

Theorem 3.5.6. Let a,b € R be such that a < b, and let f : [a,b] — R be a
continuous function. Then f is bounded on [a,b].

Remark: Note that Theorem fails for open intervals. For instance, f(z) = tanz
is continuous on the open interval (-3, 5), but it is bounded neither above nor below

on this interval.

Proof. Let
B = {z€[a,b]| f is bounded on [a,z]}.

Our goal is to show that b € B; this will immediately imply that f is bounded on
[a, b], which is what we need to show.

Clearly, a € B,lﬂ and in particular, B # (). Furthermore, B is bounded above
by b. The completeness of the ordered field R now guarantees that B has a supremum,
call it s. Clearly, a < s < bl that is, s € [a, D).

Claim 1. s € B.

19 ¢ 1 B is the restriction of f to B

20Indeed, f is bounded both above and below on [a, a] = {a} by f(a).

2Indeed, since a € B and s is an upper bound of B, we have that a < s. On the other hand,
since s is the least upper bound of B, and b is some upper bound of B, we have that s < b.
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Proof of Claim 1. If s = a, then this follows from the fact that a € B. So, assume
that s > a. We must show that f is bounded on [a, s]. (Since s € [a,b], this will
immediately imply that s € B, which is what we need.)

Fix € > 0. Using the continuity of f, we fix some § > 0 such that for all z € [a, b],
if |x — s| < 4, then |f(x) — f(s)| <e.

Now, using the fact that s is the least upper bound of B, we fix some b’ € B such
that s — & < b/ < s Since V' € B, we have that b’ € [a,b] and that f is bounded on
[a,b']; fix L', U’ € R such that for all « € [a, V'], we have that L' < f(z) < U' P

Set L := min{L/, f(s) — e} and U := max{U’, f(s) + £}. We claim that for all
x € [a, s|, we have that L < f(x) < U. Note that this will immediately imply that f
is bounded on |a, s], which is what we need to show.

Fix any z € [a, s]. Suppose first that x > s—3J. Then |s—z| < §, and consequently,
|f(z) — f(s)|] < e, which implies that L < f(s) —e < f(z) < f(s) +e < U.

Suppose now that z < s — 4. Then a < z < s —§ < V/, and in particular,
x € [a,b]. But now L < L' < f(x) < U’ < U. This proves Claim 1. ¢

Claim 2. s =b.

Proof of Claim 2. By Claim 1, we have that s € B, and in particular, s € [a,b]. So,
we may assume that a < s < b, for otherwise we are done.

Fix € > 0. Using the continuity of f on [a,b], we fix some § > 0 such that for all
x € [a,b], if |x — s| < 6, then |f(x) — f(s)] <e.

Set s’ := min {b,s + $}. Then for all = € [s,s], we have that x € [a,b] and
|z — s| < 6, and consequently, |f(z) — f(s)| <e¢, that is, f(s) —e < f(z) < f(s) +e.
Thus, f is bounded on [s, §].

By Claim 1, f is bounded on [a, s], and by what we just showed, f is bounded
on [s,s']. Therefore f is bounded on [a,s']"] and consequently, s’ € B. But this is
impossible since s is an upper bound of B, and s < s’. This proves Claim 2. ¢

By Claim 2, we have that s = b, and so Claim 1 implies that b € B. It then follows
from the definition of B that f is bounded on [a, b]. O

Maxima and minima. Given a function f: A CR — R and a € A, we say that

e f reaches a global maximum (or simply mazimum) at a, and that f(a) is the
mazximum value of f, if for all x € A, we have that f(z) < f(a);

e f reaches a global minimum (or simply minimum) at a, and that f(a) is the
minimum value of f, if for all x € A, we have that f(z) > f(a).

22Tf no such b existed, then s — § would be an upper bound of B, contrary to the fact that s is
the least upper bound of B.

23In other words, L' and U’ are, respectively, a lower and upper bound of f | [a, b'].

24Indeed, suppose that L, and U, are, respectively, a lower and upper bound of f | [a, s], and
that Lo and U, are, respectively, a lower and upper bound of f | [s,s’]. Then L := min{L1, Lo}
and U := max{Ui, Us} are, respectively, a lower and upper bound of f | [a, s].
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maximum
value of f

minimum
value of f

[ reaches a [ reaches a
minimum at maximum at
this point this point

Lemma 3.5.7. Let a,b € R be such that a < b, and let f : [a,b] — R be a continuous
function. Then f reaches a mazimum on the interval [a,b].

Proof. By Theorem f is bounded on [a, b], i.e. the set

Y = {f(z)]|z¢€lab]}

is bounded. Clearly, Y # ), and so by the completeness of R, Y has a supremum,
call it s. We need to show that there exists some x € [a,b] such that f(z) = SE
Suppose otherwise. Then for all = € [a, b], we have that f(z) < s, and in particular,
s — f(xz) # 0. Now, define g : [a,b] — R by setting

g(z) = p ) Vz € [a,b].

Since f is continuous on [a,b], so is g (by Theorem [3.5.2). So, by Theorem [3.5.6]
g is bounded. Let U be an upper bound for g. We will derive a contradiction by
exhibiting an = € [a, b] such that g(z) > U.

Note that g(z) > 0 for all z € [a, b]@ Consequently, U > 0. Since s is the

supremum of Y, we know that s — % is not an upper bound of Y, and consequently,

there exist some z € [a,b] such that f(z) > s — %. But then #@) > U, ie.

g(z) > U, contrary to the fact that U is an upper bound for g. O

Lemma 3.5.8. Let a,b € R be such that a < b, and let f : [a,b] — R be a continuous
function. Then f reaches a minimum on the interval [a, b].

Proof. Since f is continuous on [a, b], so is —f. So, by Lemma —f reaches a

maximum at some x € [a,b]. But then f reaches a minimum at z. O

The Extreme Value Theorem. Let a,b € R be such that a < b, and let f : [a,b] —
R be a continuous function. Then f reaches both a mazimum and a minimum on
[a, b].

Proof. This follows immediately from Lemmas and O

25Indeed, if such an x exists, then f reaches a maximum at z, and we are done.
*This is because f(z) < s for all z € [a,b]. So, g(z) = ;—j57 > 0 for all z € [a,b].
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Remark: Just like Theorem the Extreme Value Theorem fails for open

intervals. For instance, tanx is continuous on the open interval (-3, §), but it is

bounded neither above nor below, and consequently, it reaches neither a maximum
s 7T)'

nor a minimum on (-3, §

3.5.3 The continuity of inverse functions

We know that if f : A — B is a bijection, then it has an inverse function f~' : B — A
that satisfies the following: for all b € B, we have that f~!(b) = a, where a is the
unique member of A such that f(a) = b.

A

A B

Let us try to generalize this. Suppose that f : A — B is a one-to-one function, and
let B :=Im(f) = B := {f(z) | x € A}. If we restrict the codomain of f to B’,
then f: A — B’ becomes a bijection, and it therefore has an inverse f~!: B’ — A.
Sometimes, it is convenient to then extend the codomain of f~! to a set A’ D A, so
that we get f~!: B — A’

. .
. .
f ) ) f
—T T - T
—T T - T
—T T “- T
A B A B’

Note that if f: A CR — R is a one-to-one function, and B := Im(f), then the
graph of f~!: B — R is obtained by reflecting the graph of f about the y = z line,
as in the picture below.
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If a function f: A C R — R is one-to-one and continuous, its inverse need not
be continuous (see Example . However, if the domain A happens to be an
interval (open, closed, or half-open), then f~! will, in fact, be continuous; this is
proven below (see Theorem and Corollary .

Before giving a formal proof, let us give some intuition. So, let us suppose that
f I C R is a continuous one-to-one function. Now, our intuition is that the the
graph of the continuous function f on the interval I can be drawn without lifting a
pen. So, the graph obtained by reflecting about the y = x can also be drawn without
lifting a pen, and this is precisely the graph of f~!. So, intuitively, f~! should be
continuous (and the formal proof is given below).

Monotone functions. Let f: A C R — R be a function.

e We say that f is non-decreasing if for all a,a’ € A such that a < a’, we have
that f(a) < f(d').

e We say that f is strictly increasing (or simply increasing) if for all a,a’ € A
such that a < @, we have that f(a) < f(d’).

e We say that f is non-increasing if for all a,a’ € A such that a < a/, we have
that f(a) > f(a).

e We say that f is strictly decreasing (or simply decreasing) if for all a,a’ € A
such that a < @, we have that f(a) > f(d’).

e We say that f is monotone if it is non-decreasing or non-increasing.

For A C A, we say that f is non-decreasing (resp. increasing, non-increasing,
decreasing, monotone) on A’ if the restriction f [ A’is non-decreasing (resp. increasing,
non-increasing, decreasing, monotone).
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Remark: Suppose that f: A CR — R is a continuous function, and that a,b € A
are such that a < b, [a,b] C A, and f(a) # f(b). When we say that “we apply the
Intermediate Value Theorem to the function f and the interval [a, b],” we technically
mean that we are applying the Intermediate Value Theorem to f | [a,b], i.e. to the
restriction of f to the interval [a,b]. We may do this because the continuity of the
function f immediately implies the continuity of f | [a, b].

Proposition 3.5.9. Let a,b € R be such that a < b, and let f : [a,b] — R be a
continuous one-to-one function. Then the following hold:

(a) if f(a) < f(b), then f is strictly increasing, and Im(f) = [f(a), f(D)];
(b) if f(a) > f(b), then f is strictly decreasing, and Im(f) = [f(b), f(a)].

Proof. We prove (a); the proof of (b) is similar and is left as an exercise. So, let us
assume that f(a) < f(b).

Claim. For all z € (a,b), we have that f(a) < f(z) < f(b).

Proof of the Claim. Fix x € (a,b). We will prove that f(a) < f(x); the proof of the
fact that f(z) < f(b) is similar.

We suppose toward a contradiction that f(z) < f(a). Since f is one-to-one and
x # a, we have that f(x) # f(a); therefore, f(z) < f(a). Set M := M; then
f(x) < M < f(a). By applying the Intermediate Value Theorem to the continuous
function f and the closed interval [a,z]|, we obtain a point ¢ € (a,z) such that
f(e) = M. Next, since f(a) < f(b), we see that f(x) < M < f(b), and so by
applying the Intermediate Value Theorem to the continuous function f and the
closed interval [z,b], we obtain a point d € (x,b) such that f(d) = M. But now
¢ # d and f(c) = f(d), contrary to the fact that f is one-to-one. ¢

We now show that f is strictly increasing. Fix any ¢, d € [a, b] such that ¢ < d;
we must show that f(c) < f(d). If ¢ = a, then this follows immediately from the
Claim that we just proved. We may therefore assume that ¢ # a, and therefore,
a < c<d<b. Now, let us assume toward a contradiction that f(c) > f(d). Since
f is one-to-one and ¢ # d, we have that f(c) # f(d); therefore, f(c) > f(d). Set
M = M. Then f(d) < M < f(c¢). By applying the Intermediate Value
Theorem to the continuous function f and the interval [c,d], we obtain a point
x1 € (¢,d) such that f(x1) = M. Now, in view of the Claim above, we have that
f(a) < f(d), and it follows that f(a) < M < f(c). So, by applying the Intermediate
Value Theorem to the continuous function f and the interval [a, c|, we obtain a point
x9 € (a,c) such that f(z2) = M. But now x1 # x9 and f(z1) = f(x2), contrary to
the fact that f is one-to-one.

It remains to show that Im(f) = [f(a), f(b)]. The fact that Im(f) C [f(a), f(b)]
follows immediately from the Claim. It remains to prove the reverse inclusion. So,
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fix some M € [f(a), f(b)]; we must show that M € Im(f), i.e. that there exists
some z € [a,b] such that f(x) = M. If M = f(a), then we may choose z := a;
similarly, if M = f(b), then we may choose z := b. We may therefore assume
that M € (f(a), f(b)), i.e. f(a) < M < f(b). But then by the Intermediate Value
Theorem applied to the continuous function f and the interval [a, ], there exists
some x € (a,b) such that f(x) = M, and we are done. O

Proposition 3.5.10. Let I be an interval (open, closed, or half-open) in R, and let
f: I — R be a continuous one-to-one function. Then f is either strictly increasing
or strictly decreasing.

Proof. We may assume that f is not strictly decreasing, for otherwise we are done.
So, there exist some a,b € I such that a < b and f(a) < f(b). Since a # b and f is
one-to-one, we have that f(a) # f(b); consequently, f(a) < f(b).

Now, our goal is to show that f is strictly increasing. Fix any c¢,d € I such that
¢ < d; we must show that f(c) < f(d). Set ap := min{a,c} and by := max{d, b}.
Then a,b,c,d € [ag, bg] C I. By Proposition applied to the continuous function
f and the interval [ap, bo]ﬂ we see that f is either strictly increasing or strictly
decreasing on the interval [ag, bp]. Since a,b € [ag, bp], and since a < b and f(a) <
f(b), we see that f is not strictly decreasing on [ag, bo]. Therefore, f is strictly
increasing on [ag, bp]. Since ¢,d € [ag, bo] and ¢ < d, it follows that f(c) < f(d). O

Proposition 3.5.11. Let f : I C R — R be a one-to-one continuous function,
where I is an interval. The Im(f) is an interval of the same kind (open, closed, or
half-open) as the interval 1.

Proof (outline). If I is a closed interval, then this follows immediately from Propo-
sition [3.5.9] Here we give an outline of the proof for the case when I is an open
interval. The case when [ is a half-open interval is left as an exercise.

So, let us suppose that I is an open interval. By Proposition f is either
strictly increasing or strictly decreasing. We consider the case when f is strictly
increasing; the other case is similar. It is then not hard to show that there exist
sequences {a, 5%, and {b, }OO ; of real numbers such that --- < a3 < a2 < a1 <
by <by<bz<...and I =, [an,b @Then

*

Im(f) = Uzozl Im(f I [an, bn]) = Uzozl[f(an)> f(bn)]7

2"Technically, we are applying Proposition to the function f [ [ao, bo], i.e. the restriction of
f to [ao, bo]

—~
N

28For instance, if I = (a,b) for some a,b € R, then for ¢ := “T'Hﬂ we may define a,, := W
and a, = % for all n € N. If I = (—00, 4+00), then we may simply set a, := —n and b, :=n

for all n € N. If I = (a,400) for some a € R, then we may set a, :=a + % and b, :=a+n+ 2 for
all n € R. Similarly, if I = (—o0, ) for some b € R, then we may set a, :=b—n—2 and b, :=b— %
for all n € R.
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where (*) follows from Proposition Since f is strictly increasing, we see that

- < flas) < fla2) < f(a1) < f(b1) < f(b2) < f(b3) < ..., and then it is not
difficult to show that |J;~,[f(an), f(bs)] is an open interval. So, Im(f) is an open
interval, as we had claimed. ]

Theorem 3.5.12. Let I be an open interval, and let f : I — R be a continuous
one-to-one function. Then f~' is also continuous.

Proof. By Proposition [3.5.10] we know that f is either strictly increasing or strictly
decreasing. We will prove the theorem for the case when f is strictly increasing; the
other case is similar.

Set J := Im(f), so that f~1:.J — RH We fix an arbitrary yo € J, and we prove
that f~! is continuous at yg. Fix € > 0. We must show that there exists some § > 0
such that for all y € J, if |y — yo| < J, then |f~1(y) — f~L(wo)| < &.

Set xg := f~'(yo), so that f(xg) = yo. Now, we know that zo € I and that
I is an open interval. So, both I N (zg — €,z9) and I N (xo,zo + €) are non-
empty. Fix a € I N (x9 —e,20) and b € (xg — €,29). Then 2y € (a,b) and
la,b] € IN(xg—¢e,x0+¢). Now, since f is strictly increasing, Proposition [3.5.9]
guarantees that Im(f | [a,b]) = [f(a), f(b)]. Moreover, since zg € (a,b) and f is
one-to-one, it follows that yo = f(z0) € (f(a), (b))m Now, choose any § > 0 such
that (50 — 8,90 + ) C ((a), /(B)).

Fix y € J such that |y — yo| < J. So, y € (yo — d,y0 +0) C (f(a), f(b)). Since
Im(f | [a,b]) = [f(a), f(b)], it follows that there exists some x € [a,b] such that
f(x) =y. So, x = f~(y). But now z € [a,b] C (zo — €, 70 + €), and consequently,
17 ) — f (wo)| = |z — @] < e. O

Corollary 3.5.13. Let I be an interval (open, closed, or half-open) in R, and let
f:I—=TR be a continuous one-to-one function. Then f~' is also continuous.

Proof. By Proposition f is either strictly increasing or strictly decreasing.
We consider the case when f is strictly increasing; the other case is similar. Now, if
I is an open interval, then the result follows immediately from Theorem We
will prove the corollary for the case when [ is a closed interval; the case when [ is a
half-open interval is similar.

So, let us assume that I = [a,b] for some a,b € R such that a < b. Since f
is strictly increasing, Proposition [3.5.9 guarantees that Im(f) = [f(a), f(b)]. Now,
define the function g : R — R by setting

z+ f(a)—a if r<a
g(x) = f(x) if a<z<b
x4+ f(b)—b if x>0b

29By Proposition J is an open interval. However, we will not actually use this fact.

30Tndeed, since = € [a,b], it is clear that f(xo) € Im(f | [a,b]), and so f(zo) € [f(a), f(b)].
But since f is one-to-one, and since a # zo # b, it follows that f(a) # f(zo) # f(b), and so
f(zo) € (f(a), f(b)).
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for all z € R. A schematic representation of the graph of the function g is given below
(the graph of the original function f is in red, whereas the parts of the graph of ¢
for x < a and = > b are in blue). Now, ¢ is a continuous one-to-one function defined
whose domain is the open interval (—oo, +00). Therefore, by Theorem g tis
continuous. Since f~1 is simply the restriction of g~! to the interval [f(a), f(b)], it
follows that f~! is also continuous.

O

Remark: If f: A C R — R is a one-to-one continuous function, but the domain
A of f is not an interval, then f~! need not be continuous (as the example below
shows).

Example 3.5.14. Consider the function f :[0,1) U (1,2) given by
x if ©e€l0,1)
flx) = .
x—2 if ze€(1,2)

for all x € [0,1)U(1,2). Clearly, the function f is continuous and one—to—onem But
note that Im(f) = (—1,1), and that f~': (—1,1) — R is given by

x if ©e€l0,1)
f® {x+2 if e (~1,0)

for all z € (—1,1). Then f~! is not continuous (because it is not continuous at 0).
The graphs of f and f~1 are represented below.

3!The function f is continuous because it is continuous at all points in its domain. The non-
existence of lim1 f(x) is no obstacle to the continuity of f because 1 is not in the domain of the
T—

function f.
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\J

3.6 Variations on the theme: infinite limits, one-sided
limits, and limits at infinity. Asymptotes

3.6.1 Infinite limits

Let f: A CR — R be a function, and let a € R be an accumulation point of A.

o We write
lim f(z) = 400

r—a

if the following holds:

for all M € R, there exists some § > 0, such that for all x € A, if
0 < |z —a|l <9, then f(x) > M.

e We write
lim f(z) = —o0

r—a

if the following holds:

for all M € R, there exists some § > 0, such that for all x € A, if
0 < |z —a| <9, then f(x) < M.

For example, we have that lir% ?12 = 400 (the graph of this function is shown below).
z—
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3.6.2 One-sided limits and vertical asymptotes

Sometimes, it is useful to consider “one-sided limits.” Intuitively, we write hm+ flx) =
Tr—a

L if, whenever x is very slightly greater than a, we have that f(x) ~ L. Similarly,

we have that lim f(xz) = L if, whenever z is very slightly smaller than a, we have
Tr—a

that f(z) ~ L. We formalize this below.

Remark: Note that for any set A C R, a point ¢ € R is an accumulation point
of A if and only if it is an accumulation point of at least one of AN (—o0,a) and
AN (a, —i—oo)ﬂ

Left-hand limits. Let f : A C R — R be a function, and let a € R be an
accumulation point of AN (—oo, a)ﬂ

e For L € R, we write
lim f(z)=1L

r—a~

if the following holds:

for every € > 0, there exists some § > 0, such that for all z € A, if
a—0d<x<a,then |f(z)—L| <e.

32This is “obvious,” but here is a proof. Fix a set A C R and a point a € R. Since A N (—o0, a)
and AN (a,+00) are both subsets of A, it is clear that if a is an accumulation point of A N (—oo, a)
or AN (a,+0o0), then it is also an accumulation point of A. Suppose now that a is an accumulation
point neither of A N (—o0,a) nor of AN (a,+00). Then there exist some e~ ,e* such that (4N
(—00,a))N((a—e,a)U(a,a+e")) and (AN (a,+00)) N ((a—e",a)U(a,a+eT)) are both empty.
Set & := min{e",e*}. Then AN ((a —¢€,a) U (a,a +¢)) is empty, and it follows that a is not an
accumulation point of A.

3330, we are assuming that there are points of A to the left of a, and arbitrarily close to a. The
typical situation is that the domain of f includes some open interval of the form (a — ¢, a) for some
small § > 0.
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e We write
lim f(x) = +o0

Tr—a—

if the following holds:

for all M € R, there exists some ¢§ > 0 such that for all x € A, if
a—0<z<a,then f(x) > M.

o We write
lim f(x)=—o0

Tr—a—

if the following holds:

for all M € R, there exists some § > 0 such that for all x € A, if
a—0<x<a,then f(z) < M.

Right-hand limits. Let f : A C R — R be a function, and let ¢ € R be an
accumulation point of AN (a, —{-oo)@

e For L € R, we write

if the following holds:

for every € > 0, there exists some § > 0, such that for all z € A, if
a<z<a+d,then |f(z)—L|<e.

o We write
lim f(z) =+o0

z—at

if the following holds:

for all M € R, there exists some § > 0 such that for all z € A, if
a<x<a+9d,then f(xr)> M.

e We write
lim f(z) = —o0

z—at

if the following holds:

for all M € R, there exists some ¢ > 0 such that for all x € A, if
a<z<a+d,then f(z) < M.

3180, we are assuming that there are points of A to the right of a, and arbitrarily close to a. The
typical situation is that the domain of f includes some open interval of the form (a,a + J) for some
small § > 0.
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Remark: Rules for one-sided limits (i.e. “ lim f(x)” and “ lim+ f(x)”) are very
T—a~ T—a

similar to those for ordinary limits, i.e. Theorem can be adapted to one-sided
limits in a completely straightforward way. The details are left as an exercise.

Lemma 3.6.1. Let f: A CR — R be a function, and let a € R be an accumulation
point of A. Then a is an accumulation point of at least one of AN (—o00,a) and
AN (a,+00). Moreover:

(a) if lim f(x) exists (as a real number, or +00, or —o0) and a is an accumulation
Tr—a

point of AN (—oo,a), then lim f(x)= ligl f(x);
r—=a~ r—a

(b) if liLn f(x) exists (as a real number, or +00, or —o0) and a is an accumulation
point of AN (a,+00), then lim f(x)= lim f(x).
r—at r—a

Proof. This readily follows from the appropriate definitions. The details are left as
an exercise. O]

Remark: Note that Lemma [3.6.1]in particular implies that if ligl f(x) exists, then
r—a

at least one of lim f(z) and lim f(x) exists.
T—a~ z—at

Example 3.6.2. The domain of the function Inxz (whose graph is represented below)

is A := (0,400). Clearly, 0 is an accumulation point of A. Moreover, 0 is an
accumulation point of AN (0,+00) = A, but not of AN (—00,0) = 0. We have that
limlnz = lim Inx = —o0, whereas lim Inx does not exist. Finally, x = 0 is a
z—0 z—0t x—0~

vertical asymptote of Inx.

Remark: In Example [3.6.2 a crucial point is that 0 is a not an accumulation point
of AN (—00,0), and that is the reason why lim Inz does not exist, and yet this is

T—
no obstacle to the existence of lirr(l) Inx. However, if f: A CR — R is a function and
z—
a € R, then:
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e if a is an accumulation point of AN (—oo,a) and yet lim f(z) does not exist,
Tr—a~

then lim f(x) does not exist either;
r—a

e if a is an accumulation point of AN (a,+00) and yet lim+ f(z) does not exist,
r—a

then lim f(x) does not exist either.
r—a

Lemma 3.6.3. Let f: A CR — R, let a € R be an accumulation point both of
AN (—o0,a) and of AN (a, +oo)@ Then the following are equivalent:

(i) lim f(x) exists (as a real number, or +oo, or —o0);
T—ra

(i) lim f(x) and lim+ f(z) both exist (as real numbers, or 400, or —oco) and are
Tr—a

T—a
equal.
Moreover, in this case, we have that lim f(x) = lim f(z) = lim f(x).
z—a z—a~ z—a’t

Proof. This readily follows from the appropriate definitions. The details are left as
an exercise. O

Example 3.6.4. Consider the function f: R — R be given by

z+2 if <0
flx) = 1 4if z=0

T if x>0

for all x € R. (The graph of this function is shown below.)

Then

35The typical situation is that for some § > 0, we have that (a — §,a) U (a,a + ) C A, i.e. fis
defined on some open interval containing a, except possibly at a itself.
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e lim f(x)=2;
z—0~
li =0;
o lim f(z)=0;

e lim f(z) does not exist (because lim f(z) # lim f(x)).
z—0 z—0— z—01
Example 3.6.5. Consider the function f: R — R be given by

2?2 if x#Tw
flz) = L
100 if z=m
for all x € R. Then

o lim f(x)=7?

T—>T
o lim f(x)=7?
z—mt
: _ 2
o }_r}r}r flx) =m°.

Vertical asymptotes. Let f: A C R — R be a function and let a € R. We say

that x = a is a vertical asymptote of f if at least one of lim f(x) and lim f(x)
T—a~ z—at

exists and is equal to +00 or —oo.

Example 3.6.6. Consider the function f: R\ {0} — R given by f(x) = % for all
x € R\ {0}. (The graph of this function is shown below.) Then

o lim f(x)= —o0;

z—0~

li Y
"R T = e

li d t exist (b li li '
o lim f(x) does not exist (because Jim fx) # Jim, f(x));

e x =0 is a vertical asymptote of f(x).
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Example 3.6.7. For any integer k, the following hold:

° lim tanx = +oo;
z,_>(2k:2+17r),

° lim tanx = —oo;
o (2L r)+

e lim tanx does not exist;
a— 2Kt

_ 2k+1_ ;
o 1 = =5 is a vertical asymptote of tan x.

Remark: The function tan z is represented in the graph below. The dotted vertical
lines are the vertical asymptotes, and they are all of the form z = 2’2—“77 for k € Z.

&

5

Example 3.6.8. Consider the function f: R — R given by

fa) = {:1:2 if x<0

cosx if x>0

for all x € R. (The graph of this function is shown below.) Then

e lim f(x)=+o0;

z—0~

o lim f(x)=1;

z—0t

o lig(l) f(z) does not exist (because lim f(z) # lim f(z));

z—0 z—0t

e =0 is a vertical asymptote of f(x).
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Example 3.6.9. Consider the function f: R — R given by

x if x<0
flx) = 0 if z>0andzeQ
1 if 2>0andx ¢ Q

for all x € R. Then
e lim f(x)=0;

z—0~

e lim f(x) does not exist;
z—0t

e lim f(z) does not exist (because lim f(z) does not exist, even though 0 is an
z—0 z—07F

accumulation point of RN (0, +00), where R is the domain of our function f).
One-sided continuity. Let f: A C R — R be a function, and let a € A.

e We say that f is continuous at a from the left if the following holds:

for all € > 0, there exists some § > 0, such that for all x € A, if
a—9d<xz<a,then |f(z)— f(a)] <e.

e We say that f is continuous at a from the right if the following holds:
for all € > 0, there exists some § > 0, such that for all x € A, if

a<xz<a+id,then |f(z)— f(a)] <e.

Remark: Let f : A C R — R be a function, and let ¢ € A, as in the definition
above. Then the following hold:

e if ¢ is an accumulation point of AN (—o0,a), then f is continuous at a from

the left if and only if lim f(x) = f(a);
Tr—a—
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e if @ is an accumulation point of AN (a,+00), then f is continuous at a from
the right if and only if lim+ f(x) = f(a);
r—a

e if a is an accumulation point both of AN (—oo,a) and of AN (a,+o0), then f
is continuous at a if and only if it is continuous at a both from the left and
from the right.

Example 3.6.10. Consider the function f: R — R given by

—x if <0
flz) = 0 if 2=0
x+7 if x>0

for all x € R. Then

e lim f(x) =0= f(0), and so f is continuous at 0 from the left;

z—0~

o limJr f(z) =T7+# f(0), and so f is not continuous at 0 from the right;
z—0
e f is not continuous at 0 (because it is not continuous at 0 from the right).

3.6.3 Limits at infinity and horizontal asymptotes

For a function f: A C R — R, we would like to define lim f(z) and lim f(x).

r—+00 T——00
The idea is as follows:

. hril f(x) should be equal to a real number L if when x € A is very, very
T—r+00

large, f(z) is very, very close to L;

° ligrrl f(z) = 400 if when z € A is very, very large, f(x) is very, very large;
T—r—+00

° liT f(z) = —oo if when € A is very, very large, f(z) is very, very large in
T—r+00

the negative direction (i.e. f(x) is a negative number whose absolute value is
very large).
The intuition for lim f(x) is similar. Let us now formalize this.
T——00
Limit at +oo. Let f: A C R — R, where the domain A of f is not bounded
above Y Then:
m f(x) = L if the following hold:

e for L € R, we write i
T—+00

for all real numbers € > 0, there exists some N € R such that for all
x € A, if x > N, then |f(z) — L| <¢&;

3630, we are assuming that for all N € R, there exists some x € A such that > N.
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e we write lim f(z) = 400 if the following hold:

T—+00

for all M € R, there exists some N € R such that for all x € A, if
x > N, then f(z) > M,

e we write ll)ril f(z) = —oo if the following hold:

for all M € R, there exists some N € R such that for all x € A, if
x > N, then f(z) < M.

Limit at —oo. Let f: A C R — R, where the domain A of f is not bounded
below 7] Then:

e for L € R, we write lim f(z) = L if the following hold:
T—r—00

for all real numbers € > 0, there exists some N € R such that for all
x €A, if x <N, then |f(z) — L| <e¢;

e we write lim f(x) = 400 if the following hold:
Tr——00

for all M € R, there exists some N € R such that for all x € A, if
x < N, then f(z) > M;

e we write EIP f(x) = —o0 if the following hold:

for all M € R, there exists some N € R such that for all x € A, if
x < N, then f(z) < M.

Horizontal asymptotes. For a function f: A C R — R and a real number b € R,
we say that:

e y = b is a horizontal asymptote of f as x — +oo if lim f(x) = b;
T—r+00

e y = b is a horizontal asymptote of f as x — —oo if lim f(z) = b;
T——00

e y is a horizontal asymptote of f if at least one of lim f(z) and lim f(x)
T—r—+00 T—r—00

exists and is equal to b.

Remark: The techniques and tricks that we use to compute limits of functions at
400 and —oo are similar to those that we used for computing the limits of sequences.
Let us take a look at a few examples with rational functions.

Example 3.6.11. Consider the function f(x) = % (Note that the roots of

T2 —1=0 are :I:%, and so the domain of f is R\ {%, —%}) We now compute:

3780, we are assuming that for all N € R, there exists some x € A such that < N.
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lim f(z) = lim 32°-20+5
T—r+400 T—+400

= lim = %
T—r+00 7_@
0
Similarly, we have the following:
: _ ; 3222245
xgrjl@f(x) o xErEloo Tz?—1
T i 53)
r——00 g2 (7—3%2
0 0
YofROf
3
2.

Note that this means that y = % is a horizontal asymptote of f (both as x — 400

and as r — —0).

Example 3.6.12. Consider the function f(x) = _f)’;xﬁii_fﬂ (Note that 322 +1 > 0

for all x € R, and so the domain of f is R.) We compute:

34,2
lim ) = lim =&’ta’—a+l
J:—>+oof( ) T—+00 3z +1
— lim x3(—1+%—w%+l%)
T—+00 962(3+9%2
clivoRoROS
= lim
SO

0
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= —o0.
Similarly, we have the following:
lim f(z) = lim —o’+a’—atl

I—>—00 T—>—00 3z2+1

S S (3+2)

CJ/K}]+(j§p(:§ﬂ+(:§ﬂ>
3+@>\

0

= lim
T—r—00

= +o0.

So, f has no horizontal asymptotes.

Example 3.6.13. Consider the function f(z) = Wﬁ;_? (It is not so simply
to determine the domain of f, since there is no formula for computing the roots of
polynomials of degree at least five. However, it is clear that f(x) is defined when x

is a real number, positive or negative, of very large absolute value.) We compute:

. o . 44341
mgr—l{loo f(.%') o mgr—ll—loo 20 —3z4+3x-7
(i)
S 2052

Similarly, we have the following:

; — H zi4a341
IEI,HOO f(x) - IEI,HOO 26 —324432—7
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- 4(1+1+%)
T s (- E-5)

0 0

RO 6> SR
@\m(l_ @\ >

0 0 0

So, y =0 is a horizontal asymptote of f (both as x — +oc0 and as r — —0).

Example 3.6.14. Note that lim arctanz = § and lim arctanz = —3 (see the
Tr—00 Tr—00
picture below). So, y = % is a horizontal asymptote of arctanx as x — 400, and
Y= —g is a horizontal asymptote of arctanz as r — —oo.
5
:
3
™
2 YZE
1 y = arctan(x)
-8 -7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8
T -2
=3
-3
-4
-5

3.6.4 Slant asymptotes

For a function f: A C R — R and real numbers a # 0 and b, we say that:

e y = ax-+bis a slant asymptoteof f as x — +ooif lim (f(a:)—(a:c—i—b)) = Oﬁ

T—r—+00

e y = ax+bis a slant asymptote of f asx — —oo if lim (f(m)—(aac—l—b)) = Oﬂ

Tr—r—00
e y = ax+bis a slant asymptote of f as x — —oo if either xginoo (f(z)—(az+b)) =
Oor lim (f(z) — (az 4+ b)) =0.

3830, for very large x, we have that f(z) ~ ax + b.
3980, for a negative real number z of very large absolute value, we have that f(x) ~ ax + b.
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Proposition 3.6.15. Let f: A CR — R be a function, and let a # 0 and b be real
numbers. Then:

(a) y = ax + b is a slant asymptote of f as x — 400 if and only if the following
hold: £o)
ol (5(0) o) =
(b) y = ax + b is a slant asymptote of f as © — —oo if and only if the following
hold: o)
wgr_noo =~ =a and wgr_noo (f(z) — az) = b.
Proof. We prove (a); the proof of (b) is similar.
Suppose first that y = ax + b is a slant asymptote of f as x — +oo, so that
lim (f(z)— (az+b)) =0. Then

T—+00

lim (f(z)—az) = lim (b+ f(z) — (az +b))

T—r+400 T—-+00

= b+ lim (f(z)— (az+Db))

T—>+00
= b+0 = b
This obviously implies that
lim {@=z _
x—>+00 z ’
and therefore,
TN L€ B : (@)—azy _ i fl@)—az
:EETOO T B xgrfoo (a + T ) = o+ mgrfoo T - @
We have now shown that lim @ =gq and lim ( f(x) — ax) = b, as required.
r—r+00 T—r00
Suppose conversely that lim @ =a and lim ( f(x) — ax) =b. Then
r—r+00 T—00
37:lgrolo (f(z) = (azx +b)) = (xll)rgo (f(z) — am)) -b = b-b = 0,

which proves that y = ax + b is a slant asymptote of f m O

Example 3.6.16. Determine whether the function f(x) = % has any slant
asymptotes, and if so, compute them.

“*Note that for this direction, we only used the fact that lim (f(z) —ax) = b, and we never

Tr—r0o0
actually made use of the fact that lim @ =a.
T—r+400
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Solution. First, we note that

. . 2 . +i4L
ar = lim % = lim S g
rz—4o0o0 T r—4o0 LTTT4T r—+00 17;

and

by = lim (f(x)—a+x)

= 3.
So, by Proposition |3.6.15] y = x + 3 is a slant asymptote of f as x — +o0.

Similarly, we can compute

a_ = lim @:1 and b_ = lim (f(ac)—a_:r>:3,

T—r—00 T——00

and so Proposition guarantees that y = x + 3 is a slant asymptote of f as
T — —00. O

3.7 The Squeeze Theorem for functions

The Squeeze Theorem for functions. Let f,g,h: A CR — R be functions such
that
f@) < g@) < )  vae4,
let a € R be an accumulation point of A, and let L € R. If lim f(z) = lim h(z) = L,
r—a T—a
then lim g(x) = L.
T—a
Proof. Assume that ligl f(z) = ligl h(z) = L, and fix ¢ > 0. Using the fact that
r—a r—a

lim f(z) = L, we fix 6; > 0 such that for all z € A, if 0 < |z — a|] < 01, then
Tr—a

|f(z)—L| <e,ie. L—e < f(x) < L+e. Similarly, using the fact that lim h(z) = L,
Tr—a
we fix 6o > 0 such that for all z € A, if 0 < |x — a|] < d2, then |h(z) — L| < ¢,
ie. L —¢ < h(x) < L+e. Set § = min{d;,d2}. Then for all z € A such that
0 < |z —a|] < 4§, we have that
Loe < f(z) < g@) < h(z) < L+s,
and it follows that |g(xz) — L| < e. This proves that lim g(z) = L, as we had
Tr—a

claimed. ]
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Example 3.7.1. Compute lim (zsin(1)).
z—0

z
Solution. Clearly,
—|z| < zsin(l) < |z| VzeR

Obviously, lin%)(—|x]) = lir% || = 0. So, by the Squeeze Theorem, we have that
xr—r r—r

ii_)r% (zsin(1)) = 0. O

Remark: To apply the Squeeze Theorem, we do not really need the inequality
f(z) < g(z) < h(x) to hold for all  in the domain. It is enough to have the inequality
for values of = close to a (but not necessarily at a itself), as follows. (The proof is
very similar to that of the Squeeze Theorem above, and it is left as an exercise.)

The Squeeze Theorem for functions (stronger version). Let f,g,h: ACR —
R be functions, let a € R be an accumulation point of A, and let L € R. Assume
that for some § > 0, the following holds:

f@) < glz) < h) VmeAﬂ((a—é,a)U(a,a—l—é))

If lim f(x) = lim h(xz) = L, then lim g(z) = L.

r—a T—ra T—a

Proof. Exercise. O

Remark: Similar “Squeeze Theorems” can obviously be formulated for one-sided
limits (“x — a7 or “z — a*”), as well as for limits at infinity (“z — +00” or
“x — —o0”). The exact formulations and the proofs of these theorems are left as an
exercise for the reader.

Theorem [3.7.2] (below) establishes that lim S2% = 1. We will prove the theorem

z—0
using some basic trigonometry and geometry, combined with the Squeeze Theorem.

To this end, let us us recall some basic trigonometric and geometric facts.

Trigonometric functions. Given a real number 6 (which we consider to be an
angle in radians), we obtain sin 6 and cosf as follows. First, we consider the unit
circle (i.e. the circle in the coordinate plane, centered at the origin and of radius 1).
We consider the point on the unit circle determined by the angle 6 (starting at
the z-axis, we move 6 radians counterclockwise if 8 > 0, and we move —0 radians
clockwise if # < 0). The coordinates of this point are (cos#,sin#), as in the picture
below.
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If 6 is not an odd integer multiple of 5 (and so cos 6 # 0), then we define tan 6 :=
Similarly, if € is not an integer multiple of 7 (and so sinf # 0), then we define

.__ cosf
cot 0 1= 55

Remark: Unless explicitly specified otherwise, when we write sin z, cot z, tan z, or
cot z (in analysis), we always assume that z is an angle in radians (not degrees).

The area of a sector. Suppose we are given real numbers r > 0 and 0 € [0, 27|,
where we think of # as an angle in radians. The area of a disk with radius r is r2m.
Meanwhile, the area of the sector of the disk determined by the angle 6 (see the

picture below) is %Tzﬂ' = 1r20.

Theorem 3.7.2. lim % =1.

z—0

Proof. Our goal is to show that lim % = 1. This is enough, because once we have

z—0t
shown this, it will follow that

. 3 . —qi . sin(— . 3
lim SNz — iy —sinz gy SO gy sine g
z—0— T z—0— T z—0t+ 7
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and consequently, lim S22 = lim S$B2 — 1 which in turn implies that lim S22 = 1
z—0+ 7 z—0—- 7 ) z—0
(by Lemma [3.6.3]). We will prove that lim+ =% =1 by showing that
z—0
cosz < <1 Vxe((),g).

Since lim cosx = 1, the Squeeze Theorem will immediately imply that lim S22 — 1
z—07F z—07F

which is what we need to show.
Now, fix 2 € (0, §), and consider the diagram below (where the circle is the unit
circle, i.e. its radius is 1).

As usual, for points X and Y, we will denote by |XY| the length of the line segment
XY. Note that:

e |OB| =|0C| =1,
o |AB| =sinuz;

o |OA| = cosuz;

o |[CD|= tanx@

We now observe the following;:

41You may know this fact from trigonometry, but in case you do not, here is a way to derive
it. The triangle AOCD is similar to the triangle AOAB, and so lebl %. Therefore, |CD| =

o [AB] |
ocC _ 1 : —
W|AB‘ = COSZSlnz—tanx.
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e the area of the triangle AOCB is §|OC||AB| = L sin;

e the area of the sector OCB is %:c;

e the area of the triangle AOCD is 3|OC||CD| = & tanz.
Obviously,

area(AOCB) < area(sector OC’B) < area(AOCD),

and consequently,
1 1

gsinz < Sz < %tanm.
Since 0 < x < 5, we know that sinz > 0; therefore, we may multiply the inequality

above by Sifw to obtain

1 < T 1

sinx < cosx’

Since all values in the inequality above are positive (because 0 < z < ), we may
take reciprocals to obtain

1 > =% > cosz,

and we are done. O

Analogues of the Squeeze Theorem for infinite limits. Theorems [3.7.3
and (see below) can be thought of as analogues of the Squeeze Theorem for

infinite limits.

Theorem 3.7.3. Let f,g: A CR — R be functions such that
f@) < ga)  vVaeA

Let a € R be an accumulation point of A. Then the following hold:

(a) if ill}l}l f(x) = +o0, then ;1121 g(x) = +oo;

(b) if Jljl_r)r}zg(x) = —o0, then il_r)ré f(z) = —o0.

Proof. We prove (a); the proof of (b) is similar. Fix M € R. Using the fact that
liin f(x) = +o0, we fix some § > 0 such that for all z € A, if 0 < |z — a| < d, then
r—a

f(z) > M. But now for all z € A such that 0 < |z — a| < §, we have that
gle) = flz) > M,

which proves that lim f(z) = +o0. O

r—a
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Remark: As in the case of the Squeeze Theorem, Theorem [3.7.3] can be be strength-
ened, as follows: we do not need to assume that f(x) < g(z) for all points = in the
domain; it is enough that this inequality should hold for values of x close to a. More
precisely, we have the theorem below.

Theorem 3.7.4. Let f,g: A CR — R be functions, and let a € R be an accumula-
tion point of A. Assume that for some § > 0, we following holds:

flz) < g(x) VxeAﬂ((a—é,a)U(a,a—i—(S)).
Then the following hold:
(a) if lim f(x) = +o0, then il_I)I(llg(fE) = +00;
(b) if ligl g(x) = —o0, then lim f(z) = —oc.

T—ra

Proof. Exercise. O

Remark: Theorems and could easily be formulated and proven for
one-sided limits as well. The details are left as an exercise for the reader.
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Differentiation

4.1 Motivating the derivative: instantaneous velocity
and tangent to the curve

Instantaneous velocity. Suppose a particle is traveling along a straight line
(possibly changing speed and direction over time). Suppose we then plot the position
of the particle against time. The horizontal axis (the “t-axis” in the picture below)
denotes time, the vertical axis (the “s-axis”) denotes position, and s(¢) denotes the
position of the particle at time ¢.

ty t

Now, consider two moments in time: ¢y, and ¢; (for convenience, let us assume that
to < t1). The average velocity of the particle during the time interval [tg, ¢1] is
. s(t1)=s(to)
’U[t07t1} T 1151—150 : .
If t1 = tg, then the velocity above is something like the instantaneous velocity of the
particle. More formally, we can take the limit! So, the instantaneous velocity of the
particle at time tg is
(t)—=s(to)

. S
vy, = lim — ,
t—to

if the limit exists.
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The tangent to the curve. Suppose we are given a function f: A CR — R and
distinct points ag,a; € A. Then the equation of the secant line to the graph of the
function f through the points (ao,f(ao)) and (al, f(al)) is

y = H@=f@o) oy p(ag),

ai—ao

f(a1)—f(ao)

ai;—agp

The slope of this line (i.e. the coefficient in front of x) is . (See the picture

below. The secant line in question is in blue.)

ap ay

Now, suppose we take a; ~ ag. Then the secant line that we obtain gets very close
to a tangent line. The actual equation of the tangent to the graph of f through the
point (ao, f (ao)) is obtained by taking the limit, as follows:

y = (lim 7f(a)_£éa°))(x —ap) + f(ao),

a—ao a—

provided the limit exists. The slope of this tangent is lim fla)=f(ao) (See the

a—ag @740
picture below. The tangent in question is in red.)

ayp
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4.2 The definition of the derivative

The derivative. Suppose that f : A C R — R is a function and ay € A is an
accumulation point of A. Then the derivative of f at ag is defined to be
iy (@)—f(ao)
f'lag) = lim SE=CEC,
provided the limit exists (and is a real number). If the limit above exists, then we say

that f is differentiable at ag. We say that the function f is differentiable provided
that f is differentiable at all points in its domain.

Differentiability on an open interval. Suppose that f: A C R — R is a function,
and that I C A is an open interval. (In particular, we are assuming that f is defined
at all points in I.) We say that f is differentiable on I if f is differentiable at all
points in 1.

Remark: In practice, we will most commonly deal with the situation where we have
a function f: A CR — R, and a point ag € I C A, where [ is some open interval.
In this case, f is defined on some open neighborhood (open interval) containing ay,
and in particular, ag belongs to A and is an accumulation point of A. With this
set-up, the definition above applies, i.e. the derivative of f at ag is defined to be
/ —  lim {@=f(a0)
f'(ao) dim e
provided the limit exists (as a real number). Sometimes, it is convenient to rewrite

the above limit as

o - flap+h)—f(ao)
f/(CLO) = }{%%’

provided the limit exists (as a real number).

Example 4.2.1. Consider the function f :R — R given by f(x) = 22 for all x € R.
Consider any ag € R. Then

flag) = lm f(ao-i-hi)l—f(ao)

. (ap+h)?—a?
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The derivative as a function. Suppose that f: A C R — R is a function, and A’
is the set of all points at which f is differentiable. Then f’: A’ — R is a function in
its own right.

Example 4.2.2. Consider the function f : R — R given by f(x) = 22 for all x € R.
It then follows from Ezample that the function f is differentiable, and the
function f": R — R is given by f'(x) = 2x for all x € R.

The Leibniz notation for the derivative. The notation f’(z) that we introduced
above is due to Lagrange. However, we sometimes use the following notation due to
Leibniz instead:

d{i(:f) or %(m) or %f(x).

The three expressions above have exactly the same meaning as f'(x).

The Leibniz notation may be convenient when a function f is given by a formula,
so that we may write %(1‘4 — 322 + 1) rather than (z* — 322 + 1)’. The Leibniz
notation is even more convenient when we need to differentiate an expression that
involves more than one “letter,” one of which is the variable with respect to which we
are differentiating, whereas the others are treated as constants. For instance, %(wo‘)
tells us that we are differentiating with respect to the variable x, while treating « as
a constant. Similarly, %(ctQ) tells us that we are differentiating with respect to t,
while treating c as a constant.

We will also occasionally see equations of the form y = f(x), in which case we
may write % instead of %(m) or f'(z). If we mean to write “the derivative of f

evaluated at ag,” then we may write

dy

dr|
T=a0

instead of f’(ap).

The derivative as the rate of change. Suppose that f: A C R — R is a function
and ag € A is an accumulation point of A, as in the definition of the derivative.
If f is differentiable at ag, then we may think of f'(ag) as the “rate of change” at
the point ag of the function f. Note that this is consistent with our discussion of
“instantaneous velocity” in section

Tangent lines. Suppose f: A C R — R is a function, differentiable at a point
ap € A (in particular, ag is an accumulation point of A). Consistently with our
discussion in section we define the tangent line (or simply tangent) to the graph
of f though the point (ao, f(ao)) to be the line though that point, and with slope
f'(ap). Note that the equation of this line (if it is exists) is

y = f'ao)(x—ao) + f(ao).
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ay

Remark: Note that, according to our definition, the tangent to the graph of a
function through a given point may possibly “pierce” the graph of the function
(rather than touching it). For instance, it can be shown that d%(sin x) = cosz (see
Proposition , and it readily follows that the equation of the tangent to sinx
through the point (0,sin0) = (0,0) is y = :1;E| This is represented in the graph below;
note that the tangent “pierces” the graph of sinz in the point (0,0).

5
4

3

Example 4.2.3. Compute the equations of the tangents to the graph of the function
f(z) = 2? through each of the following points: (0,0), (—1,1), (2,4).

Proof. By Example we have that f/'(z) = 2z for all x € R. Now, by definition,
for any point a € R, the equation of the tangent to the graph of f through the
point (a, f(a)) = (a,a?®) is y = f'(a)(x — a) + f(a), that is, y = 2a(z — a) + a2, i.e.
y = 2ax — a®. Therefore:

'Indeed, the equation of the tangent to sinz through (0,sin0) is y = sin’(0)(x — 0) 4 sin0. Since
sin’(0) = cos0 = 1 and sin0 = 0, it follows that the equation of our tangent is y = x, as we had
claimed.
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e the equation of the tangent to the graph of f through the point (0,0) is y = 0
(i.e. the z-axis);

e the equation of the tangent to the graph of f through the point (—1,1) is
y=—2z —1;

e the equation of the tangent to the graph of f through the point (2,4) is
y =4x — 4.

The graph of f and the three tangent lines are represented in the graph below.

2,4)

o

9 8 7 6 15 14 -3 12 1 \o % 2 3 4 5 6 7

4.3 Differentiability and continuity

Theorem 4.3.1. Let f : A C R — R be a function, and let ag € A be an accumulation
point of A. If f is differentiable at ag, then f is continuous at ag.

Proof. We assume that f is differentiable at ag, so that

f(ag) = lim falla)

a—ag

exists (as a real number). To prove that f is continuous at ag, it suffices to show
that lim f(a) = f(ap). For this, we compute:
a—ag

lim f(a) = f(ao)+ lim (f(a) — f(ao))

a—ag a—ag

= f(ap) + lim (M(a — CL(]))

a—ag a—ao
_ : f(a)—f(m))( im (q — )
flao) + (hgn a—ao Jim (a — ao)

Irena Penev
Mathematical Analysis 1



Chapter 4. Differentiation 122

= f(ao) + f'(ap) -0 = f(ao).
This proves that f is indeed continuous at ag, as we had claimed. O
Remark: The converse of Theorem [£.3.1] is false. Indeed, as the example below
shows, there are continuous functions that are not differentiable.

Example 4.3.2. Consider the function f : R — R given by f(x) = |z| for all z € R.
Show that f is continuous at 0, but is not differentiable at 0.

y = lz|
Solution. By definition, we have that
x if >0
flx) = 0 if z=0
—x if <0

for all x € R. We then have that

e lim f(x)= lim z =0;
z—0F f( ) z—07F

e lim f(z)= lim (—z)=0.

z—0~ z—0~

Since lim f(z) = lim f(z) =0, it follows that lim f(z) =0, i.e. lim f(x) = f(0).
r—0t r—0— x—0 z—0

So, f is continuous at 0.

It remains to show that f is not differentiable at 0. Note that:

e lim f(@)—£(0) — lim z—0 _ 1:
g0+ 70 a0+ *70 ’

o lim f@JO _ iy 20y
es0- =70 20— 70

Thus, lim %{;(0) # lim L(J;(O). Consequently, lim L(J;(O) does not exist,
—0t z—0

xT

that is, f’(0) does not exist. So, f is not differentiable at 0. O

Remark: Intuitively, a function that is continuous at a point a, but has a “sharp
corner” at a, is not differentiable at a. Note that the presence of “sharp corners”
prevents the existence of a tangent.
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4.3.1 Sums and scalar multiples of differentiable functions

Proposition 4.3.3. Let f,g : A C R — R be functions, and let ag € A be an
accumulation point of A. If f and g are both differentiable at ag, then so is the
function f + g, and moreover, we have that (f + g)'(ag) = f'(ap) + ¢'(ag).

Proof. Assume that f and ¢ are both differentiable at ag. Then

(f+g)'(ao) _ lim (f+g)(a)=(f+g)(ao)

a—ag a—ao

f(a)+g(a)—f(ao)—g(ao)

a—ag

= lim
a—ag

(f(a)~F(a0)) + (9(a)—g(a0))

In particular, f + ¢ is indeed differentiable at ag. O

Proposition 4.3.4. Let f : A CR — R be a function, let ag € A be an accumulation
point of A, and let ¢ € R be a constant. If f is differentiable at ag, then so is the
function cf, and moreover, we have that (cf) (ao) = c¢(f'(ao)).

Proof. Assume that f is differentiable at ag. Then

(cf)(ap) = lim (cf)(a)—=(cf)(ao)

a—ag a—ap
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e(f(a)~f(ao))

a—ag

= lim
a—ag

f(a)=f(ao)

a—ag

= ¢ lim
a—ag

= ¢(f'(ao)).

In particular, the function cf is differentiable at ag. O

4.4 The derivatives of some important functions

4.4.1 Constant functions

A function f: A C R — R is constant if there exists some ¢ € R such that for all
x € A, we have that f(x) = c.

Proposition 4.4.1. Let f : A CR — R be a constant function, and let ag € A be
an accumulation point of A. Then f'(ag) = 0.

Proof. We compute:

f’(ao) — lim f(a)—f(ao) (;) lim 0 _ O,

a—ag a—ao a—ag @40

where (*) follows form the fact that f is constant, and so f(a) = f(ag) for all
ac A O

4.4.2 Polynomial functions

Proposition 4.4.2. Let n be a positive integer. Then %(m”) =nz"! for x € R.

Proof. For x € R, we compute:

d (.n i (zth)t—a”
— (T = hm P
dz ( ) h—0 h

(S ()en=int)—an
= lim = -
h—0

(104 3, (o0 20

= lim =1
h—0 h
n . .
£ (oo
= lim =—j
h—0
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—
*
~

Il
3
S

where (*) follows from the fact that 0° = 1, whereas 0¥ = 0 for all k € N. O

Example 4.4.3. Consider the polynomial function f : R — R given by f(z) =
423 4+ 72? — 52 + 3 for all x € R. Then

fllz) = L(42%+72% — 52+ 3)

by Propositions

= 42 @3 +74(2?) - 54 (z) + L(3) [£.3-3 and [{-34

by Propositions

= 4(32%) +7(2x) = 5(1) + (0) 771 and [F4-3

= 1222+ 14z — 5.

Remark: Once we develop more theory, we will see that the formula from Proposi-
tion m generalizes to real exponents « (in place of the positive integer exponent
n), though we may possibly require = > 0 to ensure that all terms are defined. More
precisely, for a fixed real number «, we will get the formula

d(z) = az*! for x € (0, 400).

We cannot yet derive this formula in its full generality. We do, however, have the
following proposition. (Recall that for an integer n > 2, we have that zi/m = Yx.)

Proposition 4.4.4. Let n > 2 be an integer. Then:
(a) if n is odd, then d%(:vl/") = 1p(/m)=1 = Lyp=(=1)/n for ¢ € R\ {0};

T n n
(b) if n is even, then d%(xl/”) = %x(l/”)_l = %x_(”_l)/n for x € (0,400).
Remark: Under our assumption that n > 2, the expression 0~("~1/" is undefined
(regardless of the parity of n), an in fact, the function z'/” is not differentiable at 0.
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Proof. We prove both parts simultaneously. If n is odd, then we allow x to be any
non-zero integer in the computation below, and if n is even, then x is assumed to be
strictly positive. We now compute:

d (1 _ d(n oy Nath—Va
L@ = L(yp) = lm SE
h—0
n—1
(Varh—2a) (S (VaFhyi(va)—it)
= lim =
PO (S (Verhyi(yanit)
=0
= lim (zt+h)—z
n—1
=0
= lim — 1
h—0 > (m_;’_h)i/n p(n—i—=1)/n
=0
_ 1
- n—1
Z ($+0)i/n g(n—i=1)/n
=0
_ 1
- n—1
Z z(n=1)/n
=0
= zn-D/n
_ 1 .—(n—1)/n
= Ly
_ 1,..(1 —1
= Ly0/m-1
and we are done. ]

4.4.3 The exponential and logarithmic functions

As we saw in subsection the sequence {(1+4 2)"}2 | converges, and we defined
Euler’s number e to be the limit of this sequence, that is,
e : 1\n
e = T}Ln;o(1+n) .
It can be shown (but it is not simple, and we omit the details) that we also have the
following function limit:
e = lim (1+2)

T—r00

In the above,  may take real values (not just integer values). In what follows, we
will use the above fact without proof.
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Proposition 4.4.5. All the following hold:

; 1/z
(a) }:%(1+$) e

(b) lim 1+x) =1;

z—0
lim €1 = 1.
() "
Proof. (a) First, we compute:

lim (14 2)Y/® © lim (1+1 ) = e,

z—0t y—+oo

where for (*), we used the substitution y = % Next, we compute:

via substitution

lim (14+2)Y* = lim (1-—21)7v
xg(r)l*( +2) yﬁlrfoo( y) y=—1/z
— _Y
- ygrfoo(y 1)
= lim (2tl)=+1 via substitution
T 2 5% Z z=y—1

= lim (14 %)=t

z—+00 ?

= (lim (1+1)%)( lim (1+1))

Z—r400 Z—+00
= e-1 = e

We have now shown that 111})1+(1 +z)V/* = li%l (1+2)/* = e, and it follows that
T—r i d Vi

lim (1 + )/ = e

z—0

(b) We compute:

© In (lim (1 + 2)Y/7) @ me = 1

x—0

lim @ = limIn((1+ :c)l/w)

z—0 z—0
where (*) follows from the continuity of the logarithmic functions.

(c) We compute:

o er1 (®) o 1 _ 1 ® 1 _
Iim == = il_r}% W) = %1_% Wity — o mirm - 1 & b
y—0 Yy
where (*) was obtained via substitution y = e* — 1. O
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Proposition 4.4.6. %(em) =e” forxz e R.

Proof. For x € R, we compute:

. x+h__ x . x h_l . h_ (*)
) = lim &= = ,111_%6 e = ex(}lllﬂ%ehl) = e,
where (*) follows from Proposition [1.4.5]c). O

Proposition 4.4.7. “(Inz) = 1 for z € (0, +00).
Proof. For z € (0,+00), we compute:

%(ln I‘) _ lim In(z+h)—Inz

h—0
1y mn(rd)
= = 1 €
Thlp L
01y, mOty)
T y—0
(=) 1 _ 1
where (*) is obtained via substitution y = % (with  treated as a constant and h as
a variable inside the limit), whereas (**) follows from Proposition [4.4.5|b). O
4.4.4 The sine and cosine functions
Recall from trigonometry that
sin?x +cos?z = 1 vz € R.

Furthermore, we have the following addition formulas for sine and cosine:
e sin(x + y) =sinx cosy + siny cos z,
e cos(z +y) = cosxcosy — sinzsiny,
for all x,y € R. Recall also that by Theorem [3.7.2] we have that
sina

lim = 1.
z—0 T

Proposition 4.4.8. lim 1=z —
z—0

Proof. We compute:
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lim l—cosz
x—0

z—0

= lim
z—0

= lim

z—0

= lim

z—0

= lim
y—0

= (limsing) (Jim

= (sin0)-1

and we are done.

17(c052(% fsinQ(%)>

17c0s2(§)+sin2( 2

T

2

2sin?(2)

sin? y

2
xT

sin2(§)
€T

2

iy via substitution y = §

siny)

by the continuity of
the sine function and
by Theorem [3.7.2

Proposition 4.4.9. - (sinz) = cosz and 2 (cosz) = —sinz for z € R.

Proof. The derivative of sine. For x € R, we compute:

%(sin x) =

—
*
~
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lim sin(z+h)—sinz

h—0 h
Lim sin x cos h+sin h cos x—sin z
h—0
. sin h cosx—sin z(1—cos h
lim
h—0 h
lim (cos xSl — gin pl=cosh
lim (cos 5% =
cosz)( lim $22) — (sin ) ( lim 1=cesh
(cos ) ( lim =52) — (sin ) lim 1=5=2)
(cosz)-1—(sinz)-0 = cosz,
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where (*) follows from Theorem and Proposition [1.4.8
The derivative of cosine. For x € R, we compute:
d o . cos(x+h)—cosz
+(cosx) = lim ———F—=
dx ( ) h—0 h
— lim coszcos h—sinzsin h—cosx
h—0
— — ljm =<Coszcos h—+sin x sin h4cos z
h—0 h
— _lim sin z sin h+cos z(1—cos h)
h—0 h
= —}{%(sinx%—kcosx#)
= —(sina)(Jim 322) — (cosa)( Jim 1=50)
() . - .
= —(sinz)-1—(cosz)-0 = —sinz,
where (*) follows from Theorem and Proposition [1.4.8 O

4.5 The Product and Quotient Rules for derivatives

The Product Rule. Let f,g : A C R — R be functions, let ap € A be an
accumulation point of A, and assume that both f and g are differentiable at ag. Then

fg is also differentiable at ag, and moreover, we have the following formula:

(f9)(a0) = f'(a0)g(ao) + f(ao)g'(ao).

Remark: If f,g: A C R — R are differentiable functions (i.e. if they are differen-
tiable at all points in their domain), then the Product Rule states that fg is also
differentiable, and it gives us the formula (fg) = f'g + fg'.

Proof. First of all, since f and g are differentiable at ag, Theorem implies that
they are continuous at ag, and consequently,

lim f(a) =

a—ag

We now compute:

(f9)'(ag) = lim

a—ag

Irena Penev
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(a)g(a)—f(a0)g(a0)

a—ag

—  lim £
a—ag

f(a)g(a)—f(ao)g(a)+f(ao)g(a)—f(ao)g(ao)

= lim -
a—ao a—ao

~ m (£(a)—f(a0)) g(a)+f(a0) (9(a)—g(ao))
a—ag a—ao

= lim ({9210 (4)) 4 lim (f(ao)2=ge))

a—ag a—ag a—ao

= (Jim KO (i g(a)) + f(ao) Jim (=)

a—ag a—ao a—ag a—ag a—ao

f'(ao)( lim g(a)) + f(ao)g'(ao)

a—ag

—~

2 f(ao)glao) + f(ao)g'(ao),

where (*) follows from the continuity of g at ag. O

Example 4.5.1. Consider the function f : (0,+00) — R given by f(x) = 2°Inx for
all x € (0,400). Then, for x € R, we compute:

() = L(°Inz) © (5af)nz +2°L = 5ztlnx+at,

where (*) was obtained via the Product Rule.

The Quotient Rule. Let f,g: A C R — R be functions, and let ayg € A be an
accumulation point of A. Assume that both f and g are differentiable at ag and that
g(ao) #0. Then g is also differentiable at ag, and moreover, we have the following
formula:

/ ?l Qa, ap)—f(a ’a
(f) (ao) ( 0)9((0() 0))(20)9 ( O) .
Pr 00?. We begin with a technical claim.

Claim. The function é is differentiable at ag, and moreover, we have
the following formula:

(5)'(a0) =~

Proof of the Claim. First, since g is differentiable at ag, Theorem [£.3.1] guarantees
that g is also continuous at ag, and consequently,

Jim g(a) = g(ao).

We now compute:
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1 1
/ ) S
(é) (ag) = aligzlo %{;’;0)

— lim g9(ao)—g(a)
a=ao (g(a)g(ao))(a—ao)

a—>. an 9(a)g(a i g(ao)—g(a)
( hmo ﬁ) ( llmo 0770)
¢ i ( )7 ((l )
T g9(a)) 9@0)( lgno 755]00)

= Gane(~9(a0)

_ g’(ao)

" (9(a0))?”

This proves the Claim. ¢

The result now readily follows from the Product Rule and the above Claim,
applied to the functions f and é. Indeed, we compute:

(£) (@) = (f-1)(a0)

= f’(%)((%)(ao)) + f(ag)((%)’(ao)) by the Product Rule

= L) 4 fag)(— ) by the Claim

_ f'(a0)g(ao)—f(ao)g’ (ao)
- (9(a0))? )

This completes the argument. ]

Proposition 4.5.2. %(tan r) = —5— forxz € R\ {2'“2—+lw |keZ}.

cos? x
Proof. First, recall that by Proposition [£.4.9] we have that

4 (sing) =cosz and  L(cosz) = —sinw

for x € R. Now, for x € R\ {%T+17T | k € Z}, we compute:

i /
dr(tanz) = (333)

(sinz)’-(cos z)—(sin z)-(cos z)’
cos? x

by the Quotient Rule

(cos z)-(cos z)—(sinz)-(— sinx)
cos?zx
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cos? z+sin? z
cos?

1
cos?zx”

4.6 The Chain Rule

The Chain Rule. Let f: ACR - R and g: B C R — R be functions such that
Im(f) C B (so that go f : A — R is defined). Assume that f is differentiable at a
point ag € A, and that g is differentiable at the point by := f(ag). (In particular,
ag belongs to and is an accumulation point of A, whereas by belongs to and is an
accumulation point of B.) Then go f is differentiable at ag, and moreover, we have
that

(g0 f)(a0) = g'(bo)f (ao)-
Proof. First of all, by Theorem [4.3.1} the differentiability of f at ag implies the
continuity of f at ag, and consequently (since ag is an accumulation point of A), we

have that
lim f(a) = f(ao).

a—ag

Now, we define an auxiliary “error” function n: B — R by setting

g9(b)—g(bo) (b if bbb
n(b) _ b—bo g( 0) ‘ # bo
0 if b=by
for all b € B.
Claim 1. lim n(f(a)) =0.
a—ag
Proof of Claim 1. Clearly,
. . b)—g(b
blgilo nb) = blgilo (g( f)’—gé - g'(bo))

= (Jim 2O=0)) — g (by)

b— b()

= g'(bo) —g'(bo) = 0 = nlbo),
and so 7 is continuous at by = f(ag). Now, recall that f is continuous at ag, and
that hﬁm f(a) = f(ap). We deduce that
a—ag

lim n(f(@) < n( lim f(@) = n(fla) = nlbo) = 0,

a—ag a—ag

where (x) follows from Theorem [3.5.3] since 7 is continuous at liﬁ\m fla) = f(ap). ¢
a—ag
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Claim 2. For all b € B, we have that
g(0) —g(bo) = (g'(bo) + (b)) (b — bo).

Proof of Claim 2. For b € B\ {by}, the equality follows immediately from the
definition of the function 7, whereas for b = by, both sides of the equality are equal
to zero. ¢

Claim 3. For all a € A\ {ap}, we have that:

(gof)(a)—(gof)(a0) _ (g/(bo)—i—n(f(a))) fla)—f(ao)

a—ag a—ag

Proof of Claim 3. Fix a € A\ {ap}, and set b := f(a). Then

(gof)(@)=(gof)(a0) _  g(f(a))—g(f(a0))
a—ao a—ap
9(b)—g(bo)
a—ag

(9/ (B0)+n(b)) (b—bo)

= p by Claim 2
= (¢/(bo) +n(f(a))) Le=Lle),
which proves the claim. ¢
We now compute:
_ i @of)(a)—(gof)(a0)
(gof)(ao) = lim ama0
— ali_)rglo ((g’(bo) + n(f(a)))%) by Claim 3

— (gt + i 500 (g Zt)

a—ag

= (g’(bo) + ()) 1 (ao) by Claim 1

= ¢'(bo)f'(ao).
This completes the argument. O

Example 4.6.1. Compute - ((sinz)1%).
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Solution. Set h(z) = (sinz)!% so that h = go f, where f(z) = sinz and g(z) =
219 We know that f’(z) = cosx (by Proposition [4.4.9) and ¢'(z) = 1002”° (by
Proposition [4.4.2)). Therefore,

4 (sin2)!®) = K()
= ¢ (f(2))f(x)
= 100(sin" x)(cos x).
100

. For

O = | (sinz) |, we first differentiate (' to obtain 1000% = sin® z, and then we

differentiate [J to obtain cos x; we multiply the two to obtain 100(sin® z)(cosz). [

Remark: The idea is that we are differentiating the function ( (sinx) )

Example 4.6.2. Compute L (sin®z + 2)2.
Solution. By repeatedly applying the Chain Rule, we obtain:
L(sindz+2)2 = 2(sin’z+2) L(sindz +2)
= 2(sin3x+2)(%(sin3 x) + %(2))
= 2(sin®z +2)(3sin? 2L (sinz) + 0)
= 2(sin® z 4 2)(3(sin? z)(cos z))

= 6(sin®z)(cos z)(sin3 z + 2).

Remark: When differentiating, we often use the following trick:
A — o (o) _ Al

This is useful for differentiating via the Chain Rule, further using the fact that
%ez = ¢e” (by Proposition .

Proposition 4.6.3. Let a € (0,1) U (1,4+00) be a fized real number. Then:

(a) %ar =a"Ilna for r € R;

() i 10g,(2) = sz for @ € (0,+00).
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Proof. First, recall that %em = ¢e” for z € R (by Proposition ) and % Inx = %

for x € (0,400) (by Proposition [4.4.7)).
For (a), we compute (for z € R):

d x __ d n(a®
= = %(el( ))
d zlna
= %(61 )
= eﬂ““%(z‘lna) by the Chain Rule

= ™) ng
= d”lna.
For (b), we compute (for z € (0,+00)):

d _ _ d _ 1
wlog.(r) = Z(Be) = pag(nz) = o3 =

Proposition 4.6.4. Let o € R be a fived constant. Then %(wa) = az®! for

z € (0,400).

Proof. For z € (0,+00), we compute:
@) = g ()
= e
= eo‘lnx%(a Inz) by the Chain Rule

— eln(xo‘) e
T

and we are done.

Example 4.6.5. Compute %(:vx) for x € (0,400).
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Proof. For x € (0,+00), we compute:
d _ d (,In(z*
(@) = (™)

— %(exlnx)

= ez, %(m Inz) by the Chain Rule

= z%. d%(xlnx)

= 2%(lnz+2-1) by the Product Rule

xT

= z%(1+1Inz).

4.7 The Inverse Function Theorem

Suppose that f: A C R — R is one-to-one and differentiable at a point ag € A, and
that f~! is differentiable at the point by := f(ag). (In particular, ag belongs to and
is an accumulation point of A, whereas by belongs to and is an accumulation point
of Im(f).) Then by the Chain Rule, we have that

(f~ o f)(ao) = (f71)(f(ao)f'(a0) = (F71)(bo)f'(a0)

But note that f~'of = Ida, thatis, (f"1of): A — Ais given by (f~'of)(x) = z for
all z € A. Therefore, (f~1 o f)/(z) =1 for all x € A such that x is an accumulation
point of A. So, the computation above yields 1 = (f~1)(bo)f'(ag). Consequently,
both f(ag) and (f~!)'(by) are non-zero, and moreover, we have that

(F ) = 7y

The Inverse Function Theorem (see below) weakens the assumption for f~! from
the above in the sense that it does not assume that f~! is differentiable at by := f(aq).
Instead, it strengthens the assumption for f in a suitable way, and it concludes
(rather than assuming) that f~! is differentiable at by, with the same formula for
(f71)(bo) as the one that we obtained above.

The Inverse Function Theorem. Let I be an open interval in R, and let f : I — R
be a one-to-one function that is differentiable on I. Let ay € I, set by := f(ap), and
assume that f'(ag) # 0. Then f~! is differentiable at by, and moreover,

(o) = iy
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Proof. First of all, since f is one-to-one, we know that for any a € I\ {agp}, we have
that f(a) # f(ap), and consequently, f(a) — f(ag) # 0. We will implicitly use this
fact in our computation below (ensuring that we are not dividing by zero, so that
our terms are defined).

Since f is differentiable on I, Theorem [4.3.1| guarantees that f is continuous
on I. Moreover, Proposition guarantees that J := Im(f) is an open interval
(because the domain I of f is an open interval), and Theorem guarantees that
f~':J — R is continuous. We now compute:

(F~Y(by) = lim fﬁl(bl))—gfl(bo)

b—)bo —v0

—

i) . a—a
= Jm T

lim o
ara T@=IGag)

a—aq
(%) 1
lim fla)—f(ag)
a—rag a—ag
_ 1
f'(a0)"

For (*), we used the substitution a = f~1(b), so that b = f(a). This is valid by the
continuity of f~! at by and the continuity of f at ag, ensuring that

b — by <~ a= f_l(b) — f_l(b()) = agp.

Meanwhile, (**) uses the fact that lim %ﬁé“o) = f’(ap) # 0, which in particular
a—rag
means that we are not dividing by zero. O

4.7.1 Inverse trigonometric functions

By Propositions and we have the following formulas:

° —dd sinxz = cosz and —dd cosr = —sinzx for z € R;
XL XL
d _ 1 2k+1

o Ltanz = - forz e R\ {*Hr | ke Z}.

Here, we use the formulas above, as well as the Inverse Function Theorem, to compute
the derivatives of the inverse trigonometric functions arcsin x and arctanz. (The
case of arccos z is left as an exercise.)

The arcsine function. The sine function is not one-to-one, and therefore, it does
not have an inverse. However, we can turn it into a one-to-one function by restricting

its domain to [~F, §]. The arcsine function is simply the inverse function of the

sine function restricted to [~7, 5]. The domain of the arcsine function is [—1,1], its
image is [~ 7, 5], and its graph is represented below.
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= ardsin(x)

—7/2

Proposition 4.7.1. For all x € [-1,1], we have that sin(arcsinz) = = and

cos(arcsinz) = /1 — z2.

Proof. Fix x € [—1,1]. The fact that sin(arcsinz) = = follows immediately from the
definition of the arcsine function. Since sin?y + cos?y = 1 for all y € R, it follows
that

cos?(arcsinz) = 1 —sin®(arcsinz) = 1— 22
But note that arcsinz € [-F, ], and consequently, cos(arcsinz) > 0. Therefore,
cos(arcsinz) = 1 —x2,
and we are done. O

Remark: For z € [-7, 7], we do in fact have that arcsin(sinz) = x. However, this
equality does not hold for x € R\ [— For example, note that arcsin(sinm) =
arcsin(0) = 0 # 7.

2’2]

1
Proposition 4.7.2. d arcsing = ——— forxz e (—1,1).

Proof. Recall that - sinz = cosz for x € R (by Proposition . Note the
function sin [ (=7, 2) (=73, 2) — R is one-to-one and dlfferentlable on the interval
(—5,%). Now, fix any yo € (—1,1), and set zg := arcsin o, so that yo = sinzg. Then
xg € (=5, %), and so sin’(xg) = coszg # 0. We now compute:

resin’ (yo) ® 1 = 1 — 1 (%) 1
arcs Yo —  sin’(mg) —  cos(wg) T~ cos(arcsinyp) - /1_y(2)’

where (*) follows from the Inverse Function Theorem, whereas (**) follows from
Proposition [£.7.1] O
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Remark: Note that arcsinz is not differentiable at x = 4+1. Indeed, for any
xo € [—1,1] for which the arcsine function is differentiable, we have that

L= oo,

= (sinoarcsin)’(zo)

= (cos(arcsinzo))(arcsin’ zg) by the Chain Rule

= /1 -1} (arcsin’ zo) by Proposition [£.7.1]

which implies that /1 — 2% # 0, and consequently, zo # +1. (Note that the
computation above essentially reproduces the argument from the beginning of the
section.)

The arctangent function. The tangent function is not one-to-one, and therefore,
it does not have an inverse. However, we can turn it into a one-to-one function by
restricting its domain to (-, 5). The arctangent function is simply the inverse
function of the tangent function restricted to (=%, %). The domain of the arctagent
function is R, its range is (—7, §), and its graph is represented below.

o
2 ‘l*2

1 y = arctan(x)

-8 -7 -6 -5 -4 3 2 - 1 2 3 4 5 6 7 8

Remark: By the definition of the arctangent function, we have that tan(arctanx) =
x for all z € R. Meanwhile, for € (=7, T), we have that arctan(tanz) = . How-
ever, this last equality fails for values of z ¢ (-7, §). For example, arctan(tanm) =
arctan 0 = 0 # .

Proposition 4.7.3. % arctanz = H% for z e R.
Proof. First, we know that the function tan [ (=5, 75) : (=3, 5) — R is one-to-one

™

and differentiable on the interval (=3, ). Now, fix yo € R, and set xq := arctan yo,
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so that yg = tan zg. By Proposition we have that tan’(zg) = m #0. We

now compute:

o) & 1 = 1 @1
arctan’(yo) = ormn = I ~  Titan?zo 14520
COs IO

where (*) follows from the Inverse Function Theorem, whereas (**) follows from the
following computation:

2 2 2
2 _ sin“ xg __ cos” xo+sin“ xg _ 1
I+tan"zo = 1+ cos? g cos? g cos2 zq

4.8 A summary of important derivatives

Putting together the formulas that we obtained in the previous few sections, we
obtain the table below. These formulas should be memorized.

‘ function f(x) ‘ derivative f’(z) ‘ differentiable for
¢ = const. 0 reR
x® (for a fixed constant a € R) azr® ! x>0
e’ e’ reR
Inzx % x>0
sin cos T reR
coS T —sinzx zeR
T 2+ T
tanz e x # T+7r, keZ
arcsin ll—acQ ze(—-1,1)
arctan ﬁ zeR

Remark: As the table above shows, for a fixed constant o € R, the formula

%(ma) = az® ! is valid for z € (0, +00). However:

e for the special case when « is a positive integer, the formula %(ma) = az* !
is valid for x € R;

o for the special case when a = % for some odd n € N, the formula %(xo‘) =
ar®!is valid for z € R\ {0};

e for the special case when « is a negative integer or when a = —% for some
odd n € N, the formula (%) = az® ! is valid for 2 € R\ {0}.

Indeed, the first two bullet points above follow from Propositions and [4.4.4|(a),
respectively, and the third bullet point follows from an argument similar to the one
given in those two propositions.
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Remark: Consider a € (0,1) U (1,400). In addition to the formulas from the table
above, you should either memorize the following formals (from Proposition [4.6.3)), or
be able to derive them very quickly:

e “(a”)=da"Ina for x € R;

&=

o L(log, ) = —{— for x € (0,400).

zlna

4.9 Implicit differentiation

Sometimes a function f : A C R — R is given “implicitly,” without an explicit
formula for f(z). For instance, a function may be given by an equation such as

or
3 4+y3 = 6y,

where we think of y as a function of x. Technically, an equation of the type given
above might define more than one functionﬂ For instance, the equation

defines the circle of radius 2, centered at the origin, and it in fact defines two distinct
functions:

o y=1+4—22forze[-22
o y=—V4—2a?forze[-272]

The graph of the first function is given by the red part of the circle below, whereas
the graph of the second function is given by the blue part of the circle below.

A
/

2It is also possible that the equation does not define any function (with a non-empty domain).
For example, this is the case for the equation z? 4+ y> = —1. However, such equations are not
interesting.
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Sometimes, it may be very difficult (or even impossible) to find an actual formula
for y in terms of x. Luckily, it is not necessary to find such a formula in order to
compute the derivative of our implicitly defined function. Instead, the idea is to
differentiate both sides of the equation, and then solve for % in terms of x and
y. Here, is it important to remember that y is a function of z, and so we must

not forget to apply the Chain Rule. For instance, we have %(gﬂ) = 7y6% and
. d
%(smy) = (cos y)d—g.

Example 4.9.1. Compute % for 22 +y? = 4. Then, compute the equation of the
tangent to the curve defined by this equation passing through the point (1,/3).

Solution. We differentiate both sides of the equation to obtain

@) = L),
which yields
20+ 2y % = 0.
Solving for %, we obtain
dy _z
de y*
For (z0,y0) = (1,v/3), we get
dy - _1
W (2,)=(1,V3) V3’

So, the tangent to our curve through the point (xg,0) = (1,+/3) has slope —v/3,
and therefore, the equation of this tangent is

or equivalently,
y = —H+V3+

O

Example 4.9.2. Compute % for 3 + 9% = 6xy. Then, compute the tangent to this
curve through the point (xg,yo) = (3,3).

Solution. We differentiate both sides of the equation:
&@+y?) = f(6ay),

which yields
322+ 3° % = 6y + 62
Dividing both sides by 3, we obtain

x2 +y2% = 2y+ 2m%.
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This implies that

d d
3/2% -2z = 29— x2,
which yields
dy 2y—a?
dx y2—2x"
For (x0,y0) = (3,3), we obtain
dy = -1
W] (2,9)=(3)

Therefore, the equation of the tangent to our curve through the point (zg, o) = (3, 3)
is

that is,
y = —x+6.

4.10 Rolle’s Theorem and the Mean Value Theorems
4.10.1 Local extrema
Let f: ACR— R and ce€ A.

e We say that f reaches a local maximum at c if there exists some § > 0 such
that for all x € A, if |x — ¢| < 0, then f(c) > f(x).

e We say that f reaches a local minimum at c if there exists some § > 0 such
that for all z € A, if |z — ¢| <, then f(c) < f(x).

e We say that f reaches a local extremum at c if f reaches a local maximum or a
local minimum at c.

For instance, in the picture below, the function f reaches local maxima at ¢; and cs,
and it reaches a local minimum at cs.
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Example 4.10.1. The function f(x) = sinz reaches a local maximum at each point
of the form x = § + 2km with k € Z (for such x, we hcwe that f(x) = 1), and it
reaches a local minimum at each point of the form x = —% + 2km with k € Z (for
such x, we have that f(x) = —1).

Theorem 4.10.2. Let f: A C R — R be a function, and assume that f reaches
a local extremum at a point cg € I C A, where I is an open interval. If f is
differentiable at co, then f'(co) = 0.

Proof. We prove the theorem for the case when f reaches a local maximum at cg;
the proof for the case when f reaches a local minimum at ¢g is analogous.

So, let us assume f reaches a local maximum at cg, and that f is differentiable
at cg. Fix § > 0 such that for all ¢ € A, if |¢ — ¢o| < 0, then f(co) > f(c). We may
assume that (cop — d,¢9 + ) C I C A, for otherwise, we simply choose a smaller §.
Therefore, we in fact have that for all ¢ € R, if |c — ¢g| < J, then f(co) > f(c).

Now, by definition, f'(co) = lim £ (Ci f (e . Since f is defined on an open interval
c—CQ

containing ¢y, we deduce that

fl(co) = lim LEA=So) ang  p/(¢g) = lim £Q=Llo),
c—cy 0 c—)cg 0

Now, for all ¢ € (co — 0, cp), we have that ¢ < ¢g and f(c) < f(cp), which implies that
HA=fleo) 0, and consequently, f'(¢g) = lim MOSHCY] ) f( o) > (. On the other hand,

c—co

C—>CO
for all ¢ € (cp,co + &), we have that ¢ > ¢y and f(c) < f(co), which implies that
7f(02:({0(co) <0, and consequently, f'(co) = lim f(c();ié)(co) < 0. We have now shown
c—ey
that f/(co) > 0 and f’(cp) <0, and it follows that f’(cp) = 0. O

Remark: Geometrically, Theorem can be interpreted as follows: if a function
f:ACR — R reaches a local extremum at a point ¢ € I C A, where [ is some open
interval, and f is also differentiable at ¢, then the tangent to the curve y = f(x)
through the point (¢, f(c)) is a horizontal line.

C1 C2 C3
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Remark: The converse of Theorem [£.10.2] is false. Indeed, it is possible for the
function f: A C R — R to be differentiable at a point ¢ € I C A, where [ is some
open interval, and that f'(¢) = 0, but that f does not reach a local extremum
at c. For instance, the function f : R — R given by f(z) = 23 for all x € R is
differentiable, and it satisfies f’(0) = 0, but f does not reach a local extremum at
c=0.

o

Remark: Theorem does not apply when a function f : A C R — R reaches
a local extremum at a point ¢ € A that does not belong to any open interval I C A.
For instance, consider the function f : [1,3] — R given by f(z) = 2% for all = € [1, 3].
Then f reaches a global (and therefore also local) minimum at ¢; = 1 and a global
(and therefore also local) maximum at ca = 3. However, f'(c1) = 2¢; = 2 and
f'(c2) = 2¢o = 6. Note that the tangents to the graph of f through the points
(1, f(1)) = (1,1) and (3, f(3)) = (3,9) are not horizontal (see the picture below; the

tangents in question are in red).
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4.10.2 Rolle’s Theorem

Rolle’s Theorem. Let a,b € R be such that a < b, and let f : [a,b] — R be a
function that satisfies all the following:

e f is continuous on |a,b];
e f is differentiable on (a,b);
o fla) = S0,
Then there exists some ¢ € (a,b) such that f'(c) = 0.

Proof. Since f is continuous on [a, b], the Extreme Value Theorem (see section
guarantees that f reaches both a global minimum and a global maximum on [a, b].
Let m, M € [a,b] be such that f reaches a global minimum at m and a global
maximum at M. Clearly, f(m) < f(M). If f(m) = f(M), then f is a constant
function, and so by Proposition we have that f/'(c) =0 for all ¢ € (a,b).

It remains to consider the case when f(m) < f(M). Since f(a) = f(b), we deduce

that at least one of m, M belongs to (a,b);’| But then f reaches a local extremum at
some point ¢ € (a, b)ﬁ and so by Theorem |4.10.2, we have that f'(c) = 0. O

4.10.3 Lagrange’s Mean Value Theorem

Lagrange’s Mean Value Theorem. Let a,b € R be such that a < b, and let
f :]a,b] = R be continuous on [a,b] and differentiable on (a,b). Then there exists

some ¢ € (a,b) such that f'(c) = M.

—a

Remark: Note that Rolle’s Theorem is a special case of Lagrange’s Mean Value
Theorem for f(a) = f(b).

3Indeed, since f(m) < f(M) and f(a) = f(b), we see that at most one of f(m) and f(M) may
be equal to f(a) = f(b). Thus, at most one of m and M belongs to {a, b}, and consequently, the
other one belongs to the open interval (a,b).

“Indeed, if m € (a,b), then we set ¢ = m. Otherwise, we have that M € (a,b), and we set ¢ = M.
In either case, we have that ¢ € (a,b), and f reaches a local extremum at c.
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Remark: Note that the line through the points (a, f(a)) and (b, f(b)) is given by
the equation

y = 1@ —a)+ fla),
and in particular, the slope of this line is f(bl)):g(a). So, the outcome of Lagrange’s

Mean Value Theorem is that there exists a point ¢ € (a, b) such that the tangent to
the graph of f through the point (c, f(c)) has the same slope as the line above, i.e.
the line through (a, f(a)) and (b, f(b)).

Proof of Lagrange’s Mean Value Theorem. Define the function F' : [a,b] — R by

setting
F(z) = fla)- 100G g

for all € [a,b]. Then F is continuous on [a,b] and differentiable on (a,b). Fur-
thermore, we have that F'(a) = f(a) = F(b). Thus, F satisfies the hypotheses of
Rolle’s Theorem, and so there exists some ¢ € (a,b) such that F’(¢) = 0. But by the
construction of F', we have that

F'(z) = f'(z) — {O=1

for all € (a,b). Setting x = ¢, we get that f'(c) = W, which is what we

a

needed. O

Terminology: Lagrange’s Mean Value Theorem is often referred to simply as the
“Mean Value Theorem.”

Corollary 4.10.3. Let I be an open interval in R, and let f : I — R be a differentiable
function. Then all the following hold:

(a) if f'(x) =0 for all x € I, then f constant on I;

(c) if f'(x
(d) if f'(x

(z) =

(b) if f'(x) >0 for all x € I, then f is non-decreasing on I;
() > 0 for all x € I, then f is strictly increasing on I;
(z)

>
<0 for all x € I, then f is non-increasing on I;
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(e) if f'(x) <O for all x € I, then f is strictly decreasing on I.

Proof. We prove (a) and (b). The proofs of (c), (d), and (e) are similar to the proof
of (b).

We first prove (a). Assume that f/(z) =0 for all z € I. Fix a,b € I; we must
show that f(a) = f(b). We may assume that a # b, for otherwise we are done. By
symmetry, we may further assume that a < b. Then f restricted to [a,b] satisfies
the hypotheses of the Mean Value Theorem, and we deduce that there exists some
¢ € (a,b) such that f'(c) = w. Since f’(c¢) = 0, it follows that f)=r(a) ) (a) =0,
and consequently, f(a) = f(b). This proves (a).

We now prove (b). Assume that f'(z) > 0 for all x € I. Fix a,b € I such
that a < b; we must show that f(a) < f(b). We may assume that a # b (and
therefore a < b), for otherwise we are done. Clearly, f restricted to [a,b] satisfies
the hypotheses of the Mean Value Theorem, and so there exists some ¢ € (a,b) such
that f/(c) = f(b) ( ). But f'(¢) >0 and b — a > 0; consequently, f(b) — f(a) > 0,
and we deduce that f (a) < f(b). This proves (b). O

We have the following partial converse of Corollary [4.10.3

Proposition 4.10.4. Let I be an open interval in R, and let f : I — R be a
differentiable function. Then all the following hold:

(a) if [ is constant on I, then f'(x) =0 for all x € I;
(b) if [ is non-decreasing on I, then f'(x) >0 for all x € I;
(c) if [ is non-increasing on I, then f'(x) <0 for all z € I.

Proof. Part (a) follows immediately from Proposition We now prove (b); the
proof of (c) is similar. So, let us assume that f is non-decreasing on I, and fix an
arbitrary zog € I. Then

flzg) = lim f(r):f(mo) —  lim f(x) f(zo) (g) 0,
T—T0 Zo soad Zo

where (*) follows from the fact that f is non-decreasing, and so for any x € I such

that x > xg, we have that f(z) > f(zo), and consequently, M > 0. O

Remark: The converses of parts (c) and (e) of Corollary are false. For
example, the function f : R — R given by f(z) = 23 for all € R is strictly
increasing, but f’(0) = 0. Similarly, the function g : R — R given by g(x) = —a3 for
all z € R is strictly decreasing, but ¢’(0) = 0.

Example 4.10.5. Prove that | arctan x; — arctan xa| < |z1 — x2| for all x1,z9 € R.
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Solution. Fix x1,x9 € R. We may assume that x; # x9 (for otherwise, the result is
immediate), and by symmetry, we may further assume that x; > x2. So, |x1 — x3| =
x1 — xg > 0. Moreover, since the arctangent function is strictly increasingﬁ we see
that arctan 1 > arctan xo, and consequently, we have that

|arctan x1 — arctan zy| = arctanxz; — arctanxs > 0.

Now, the function arctanz is continuous on [x2,z1] and differentiable on (x9,x1),
and so by the Mean Value Theorem, there exists some y € (2, x1) such that

arctan’(y) _ arctanii:zzctanxg
We now compute:
|arctan|;11:;;(‘:tan $2| — arctan ii :Zr;tan T2 — arctan’(y) — ﬁ S 1
Multiplying both sides by the positive number |z; — z2|, we obtain
|arctanx; — arctanza| < |z1 — x9,
which is what we needed to show. ]

4.10.4 Cauchy’s Mean Value Theorem

Cauchy’s Mean Value Theorem. Let a,b € R be such that a < b, and let
fyg:[a,b] = R be continuous on [a,b] and differentiable on (a,b), with ¢'(x) # 0 for
all x € (a,b). Then g(a) # g(b), and there exists some ¢ € (a,b) such that

') _ f(b)—f(a)

g'(c) g9(b)—g(a) "
Remark: Cauchy’s Mean Value Theorem generalizes Lagrange’s Mean Value Theo-
rem. Indeed, when g(z) = x, then Cauchy’s Mean Value Theorem becomes Lagrange’s
Mean Value Theorem.

Proof. We have that g(a) # g(b), because otherwise, Rolle’s Theorem would imply
that ¢'(¢) = 0 for some ¢ € (a,b), a contradiction. Now, define F : [a,b] — R by
setting

() = f()~ = o)
for all = € [a,b]. Clearly, F' is continuous on [a, b] and differentiable on (a,b), and
furthermore, F'(a) = [la)g®)=f)gla) _ p (b). So, by Rolle’s Theorem, there exists

9(b)—g(a)
some ¢ € (a,b) such that F’(c) = 0. But note that

/ o J()—f(a)
Fla) = f(a) - 100 ()
SHere, we may simply rely on the familiar fact from trigonometry that arctanz is a strictly

increasing function. Alternatively, we may rely on the fact that for x € R, we have that % arctanz =
ﬁ > 0, and so by Corollary |4.10.3(c), the function arctan z is strictly increasing.

Irena Penev
Mathematical Analysis 1



Chapter 4. Differentiation 151

for all x € (a,b). Setting z = ¢, we get that

') _ f(b)—f(a)
g'(c) g(b)—g(a)’
which is what we needed to show. O

4.11 L’Hopital’s Rule

When evaluating limits, the following forms are “indeterminate,” i.e. they can in
principle be anything:

0 o
0 o U0

1°° 00 — 00 00 oo?

In this section, we cover L’Hopital’s Rule, which can (sometimes) be used to eval-
uate limits that look like indeterminate forms. More precisely, L’Hopital’s Rule is
(sometimes) used for evaluating indeterminate forms of types “%” and “22)” though
as we shall see, other types of indeterminate forms can sometimes be transformed
into these two in convenient ways.

In fact, there are several related results, all of which are referred to as “L’Hopital’s
Rule.” The proofs of these rules are somewhat complicated (here, we note that
they rely on Cauchy’s Mean Value Theorem). So, the remainder of the section is
organized as follows. In subsection we state the rules (without proof), and we
give a number of relevant examples. Then, in subsection we prove all versions
of L’Hopital’s Rule.

4.11.1 L’Hopital’s Rule: theorem statements and examples

L’Hé6pital’s Rule for right-hand limits. Let ag € R and 6 > 0, and assume that
functions f,q : (ag,a0 + 6) — R are both differentiable, and that ¢'(x) # 0 for all
x € (ag,ap + 6). Assume moreover that one of the following holds:

(i) lim+ f(z) = lim+ g(x) =0;

QE*)CLO :L'HCLO

(ii) lim+ f(x) = +o00 and lim g(x) = +oo.

+
x—>a0 CC—)(IO

Then, if lim L2
z—

!
+ 9 (z)
Qg

exists (either as a real number or as £00), then lim+ ) exists
z—)ao
as well, and in this case, we have that

lim £%) = lim f,/(z).
s—ap I sag 9@

L’Hopital’s Rule for left-hand limits. Let ag € R and § > 0, and assume that
functions f,q : (ag — d,a0) — R are both differentiable, and that ¢'(x) # 0 for all
x € (ag — 0,aq). Assume moreover that one of the following holds:
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(i) lim f(z)= lim g(x)=0;

Il‘—ﬂlo x—)ao

(i) lim f(x) = +oo and lim g(z) = +oo.

T—ay T—ay
Then, if lim L(@) orists (either as a real number or as +00), then lim H@) opists
z—ag I (@) ra= g(x)
0 0

as well, and in this case, we have that

lim % = lim g:g
T—aq T—ray

—

|

L’Hopital’s Rule for limits at a point. Let ag € R and § > 0, and assume
that functions f,q : (ap — 6,a0) U (ag,ag + 0) — R are both differentiable, and that
g (x) # 0 for all x € (ag — d,a0) U (ag,ap + 0). Assume moreover that one of the
following holds:

(i) lim f(x)= lim g(x) =0;

T—rag T—rag

(i7) lim f(x) = 400 and lim g(z) = too.

T—ag T—rag
Then, if lim f,/(w) exists (either as a real number or as +00), then lim ) orists
Tr—rag 9 (.Z‘) T—ag g(x)
as well, and in this case, we have that
lim £& = lim £@
T—rag g(z) T—rag g'(x)”

L’Hopital’s Rule for limits at +oo. Let ag € R, and assume that functions
f,9: (ap, +o0) — R are both differentiable, and that ¢'(x) # 0 for all z € (ap, +00).
Assume moreover that one of the following holds:

() Jim f(z)= lim g(z)=0;

T—+00 x

(i) lim f(x) =+oo and lim g(z) = +oo.

T—+00 T—+00
Then, if lim f:(m) exists (either as a real number or as £00), then lim £@) epists
z—+oo 9 (2) r——+00 g(z)

as well, and in this case, we have that

lim 22 —  lim (=
z—+00 g(x) T—+00 g'(x)

.
—

L’Hoé6pital’s Rule for limits at —oo. Let ag € R, and assume that functions
fy9: (—00,a0) = R are both differentiable, and that ¢'(x) # 0 for all x € (—o0, ag).
Assume moreover that one of the following holds:

(i) lim f(z)= lim g(z)=0;

T—r—00
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(i) lim f(x) = +oo and lim g(z) = +oo.

T——00 T—r—00
Then, if mEIPoo J;:Eg exists (either as a real number or as £00), then A lim L; exists
as well, and in this case, we have that

N

Remark/Warning: In order to apply L’Hopital’s Rule (any version), we must
make sure we really do have an indeterminate form of the form “3” or “=” for

007
lim (1+x)
otherwise, L’Hopital’s Rule does not apply. For example, ill)r%) 11:2"2 = ﬁ;OO(H 52y = 1,
+2)" iy L — 1
bmiﬂ%(lw y —ilg%ﬂ = 3, and so
‘o Lt (+z)"
lim 7550 #  lim 655y

The reason this we could not apply L’Hopital’s Rule in this case is because our

1+z «0» «oo M 3 : . .
original limit hrr%] 15, was not of the form “G” or “22.” i.e. neither (i) nor (ii) from

the statement of the appropriate L’Hopital’s Rule was satisfied.

Example 4.11.1. Compute hm tanz o

50 T x—sinzx °

Solution. Define f, g : (—5,0)U(0, 5) by setting f(x) := tanz—x and g(z) := r—sinz
for all z € (—=%,0) U (0, 5). Clearly7 both f and g are differentiable, and moreover,
for x € (=%,0) U (0,%), we have that ¢'(z) = %(:U —sinz) = 1 — cos(xz) # 0.
Furthermore, we have that ilg% flz) = ;}1_)1% g(x) = 0. Next, we now compute:

/ . 4 (tanz—=x
lim 2@ = 1im M
7@ B e
1
— llm cos2zi1
r—0 l—cosz
1—cos?z

= ilir(l) cos? z(1—cos x)

(1—cos z)(14-cos )
cos? z(1—cos )

l4cosz
25

So, by L’Hopital’s Rule, we have that hm géx)) = 2, that is,

tanz—z __
il_mm sinx 2.
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Remark: Typically, when computing limits using L’Hopital’s Rule, we do not include
the level of detail that we included above. Normally, we simply write something like
this:

. _ (%) . 4 (tanz—x
lim twz—z = iy 74;;“( , )
T T—sine 250 A (e—sine)

1
— hm CO§2‘7371
2—0 l—coszx
— lim 1—cos?z

0 cos? x(1—cosx)

o . (1—cosz)(14cosx)
- ili% cos? z(1—cos x)

— lim 14cosx
s cos?z

= 2,

where (*) follows from L’Hopital’s Rule, which we could apply because we have that
lir%(tanx —z) =0 and lin%(z: —sinz) = 0. O
T—> T—

Remark/Warning: For indeterminate forms of type “%” and “32,” L’Hopital’s
Rule gives us only a one-way implication, as follows:

lim £@ — 1 — lim 2@ — 1,
T—ag g'(z) ——g T—ag g(z) ’
and similar for one-sided limits and limits at f=oco. This means that if 1i_>m g ,,((;U; does
T—rag
not exist (either as a real number or as +00), then we have no information about
lim M, that is, lim Hz) may be a real number, may be £oo, or may fail to exist.
T—rag g(z) r—rag g(x)
This further means that if, having verified that lim % an indeterminate form of
Tr—ragn
type “%” or “22,” we attempt to compute
iy fl) LHopital . I _ .
T—rag g(z) z—ag 9 (z)
our computation is only valid if lim £ does, in fact, exist. If lim £Z does not
x—)ao g (JJ) x—}ao g (J?)
exist, then we cannot conclude that lim % does not exist, either. In this case,
T—rago

we need to scratch out the whole computation
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and start over: L’Hopital’s Rule will not help us, and we need to find some other way
to compute the limit lim % (or to show that the limit does not exist). Similar
xr—ag

remarks apply to the use of L’Hopital’s Rule for one-sided limits, and for limits at
+o00. A concrete example is given below.

Example 4.11.2. Compute hm z Sm( ) What happens if you try to apply L’Hopital’s
Rule?
Solution. Clearly,
z2sin(L)
—lz| < —== < |z vV e R\ {0}.

Since lim(—|z|) = 0 and lim |z| = 0, the Squeeze Theorem guarantees that
z—0 z—0

2gin(L
lim 250G

x—0 z

and in particular, our limit exists.

Now, consider the functions f,g : (—00,0) U (0,4+00) — R given by f(z) =
z?sin(l) and g(z) = x for all # € (—00,0) U (0,400). Then f and g are both
dlfferentlable, and moreover, we have that ¢'(z) =1 # 0 for all z € (—o0, 0)U(0, +00).
We further have that lim f(x) =0 and lim z = Oﬁ However,

z—0 z—0

@) iy de@sin(g)

dx
g = et
. 2xsin( )+x? COS(l)(*%)
= lim -

x—0 1

= lim (2zsin(3) - cos(1))

2(lim 2sin(1)) — (lim cos(2))

x—0 x—0

—

k
= 1
fimeos(3).

=

where (*) follows from the fact hH(l) zsin(2) = 0; indeed, since —|z| < zsin(1) < |z|
for all z € R\ {0}, and since hm(—|x|) = hm |z| = 0, the Squeeze Theorem

guarantees that lim zsin(1) = 0. However note that lim cos(1) does not exist,
z—0 z—0 z

SFor the former limit, note that —z? < f(z) < 2 for all z € (—oc0,0)U(0, 00). Since lim (—2?%) = 0

z—0

and lim z? = 0, the Squeeze Theorem implies that hm flx)=0.

x—0
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because for z &~ 0, cos(2) keeps oscillating{’| So, lim f :(x) does not exist, either.
T z—0 g ('Z)

Nevertheless, as we saw above, lim Hz) g, O
xz—0 9(z)

Remark: In the remainder of this subsection, we consider several more routine
applications of L’Hopital’s Rule.

. o
Example 4.11.3. Compute lim =-.

T—-+00

Remark: Note that this is an indeterminate form of type “2.”
Proof. We compute:

+00

3 @ : d QI) ALY
~ - dx Y 9
hm @ hm ddz( ) by L Hopltal S Rule

+o0

2%In2
T—>+00

= lim (2*In2)

T—r+00

O

Remark: Occasionally, we need to apply ’'Hopital’s Rule more than once in order
to compute a limit, as our next example shows.

. 2
Example 4.11.4. Compute lim 2.

T—-+00

Solution. We compute:

"Here is a formal proof. Consider the sequences {a,}5%, and {b,}5 of non-zero real numbers
defined by setting a, := ﬁ and bpb, = m for all n € N. Then lim a, =0 and lim b, = 0.
n—oo n—r o0
However:

e lim cos(--) = lim cos(2n7) = lim 1=1;
n—oo n n— o0 n— 00

. (1N _ 1 3 T _ - _
. nhﬁrrolo cos(3-) = nl;rgo cos((2n + 1)m) = nhﬁrrgo( 1) 1.

So, by Theorem , lim cos(L) does not exist.
Tr—
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+o0

Bl
V)

by L’Hopital’s Rule

is¥
8

lim =<——— = lim
T—+00 @ T—+00 g5 ¢

Iy
8

—+00

+oo

= lim —=——
T—-+00

+o0

by L’Hopital’s Rule

r—>+00 gp

= lim =
T—r+00

O]

Remark: Sometimes, after a bit of algebraic manipulation, L’Hopital’s Rule can be
used to compute limits in cases we obtain other indeterminate forms, i.e. indetermi-
nate forms other than “%” or “22.” Here are a couple of examples.

Example 4.11.5. Compute lim (zlnz).
z—07F

Remark: Note that lim « =0 and lim Inz = —o0o, and so we are dealing with
z—0+ z—0t

an indeterminate form of type “0 - c0.”

Solution. We compute:

—0
lim (zxlnz) = lim @
z—0t x—07F @
+00
. l(lnz) STTAns )
= lim < by L’Hopital’s Rule

1
e—0+ @z (3)
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=  lim —%
z—0t+ T2
OJ
1z

Example 4.11.6. Compute lim =z
€T

—+o00

Remark: Note that this is an indeterminate form of type “oc?.”

Solution. We compute:

1
lim z/* = lim ez*
T—-+00 T—r+00
lim Inx

— ez—r+o0 z

li

1
— e:clll-},—loo %
lim 1
— ez—+oo z
= 60 = ]_7
where in (*), we applied I’'Hopital’s Rule, which was applicable because lirf Inz =
T—>+00
400 and lim z = 4oo. O
T—-+00

Example 4.11.7. Compute lim (zln(z+1) —zlnz).

T——+00

Remark: Note that this is an indeterminate form of type “co — 00.”
Proof. We compute:

xgl;noo (zln(z +1) —zlnz) = mgrfoox(ln(x +1)—Inz)
= Llmen(55)

= lim %
T—>+00 z
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/—\
*
N
|
—
5

(
AT )

I
g

1+0

where (*) was obtained via L’Hopital’s Rule, which applies since 11513 In(1+2) =
T—r+00

Inl=0and lim (1)20. OJ

T—+00

4.11.2 L’Hopital’s Rule: the proof

In this subsection, we prove all versions of L’Hopital’s Rule, restated below for the
reader’s convenience. As we shall see, the main difficulty is in proving the L’Ho6pital’s
Rule for right-hand limits; we note that the proof of this rule relies on Cauchy’s
Mean Value Theorem. The rule for left-hand limits can be derived from the one for
right-hand limits. Meanwhile, the rule for limits at a point follows immediately from
the rules for one-sided limits and from Lemma L’Hopital’s Rules for limits at
400 can be derived from those for one-sided limits. We begin with a simple technical
lemma.

Lemma 4.11.8. Let f: A C R be a function, differentiable on some open interval
I C A of R. Assume that f'(x) # 0 for all z € I. Then f | I is one-to-one, and in

particular, there exists at most one point x € I such that f(x) = 0.

Notation: As usual, f [ I denotes the restriction of f to I.

Proof. Suppose otherwise, and fix distinct points a,b € I such that f(a) = f(b).
By symmetry, we may assume that a < b. Since f is differentiable on I, it is also
continuous on I (by Theorem [4.3.1). So, f is continuous on [a,b] and differentiable
on (a,b). Since f(a) = f(b), Rolle’s theorem guarantees that there exists some
¢ € (a,b) C I such that f’(c) =0, a contradiction. O

L’Hépital’s Rule for right-hand limits. Let ag € R and § > 0, and assume that
functions f,q : (ag,a0 + 8) — R are both differentiable, and that g'(x) # 0 for all
x € (ag,ap + 9). Assume moreover that one of the following holds:

(i) lim+ f(z) = lim+ g(x) =0;

33*)010 QZ*}CLO
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(i1) lim+ f(x) = +o00 and lim g(x) = too.

+
Zl‘—}(lo w—mo

f(z)

Then, if lim f:gg exists (either as a real number or as £00), then lim Wx) exists
r—ad g z—rag

as well, and in this case, we have that

lim £% = lim f,/(z).
s—ap I sag 9@

Proof. First of all, in view of Lemma there exists at most one point x €
(ag, ap + 0) such that g(z) = 0. But then we may simply assume that g(z) # 0 for all
x € (ap,ap+0), for otherwise, we simply choose a suitable smaller 4. Indeed, suppose
that for some xg € (ag, ap+9), we have that g(xo) = 0. Then we set §' := 29— ag, we
consider the restrictions of f and g to the interval (ao, ag+9") = (ao, z0) & (a0, a+9),
and we consider ¢’ instead of §. We may do this because the value of the limit of a
function as © — a(J{ is determined only by the values of = very slightly larger than ag.

f(z)

With our additional assumption, we see that = is defined for all z € (ap,ap + 9).
Now, we assume that L := zlif(rzl‘L g ’/Eg exists (as a real number or as +00), and
we show that lim % =L. We coonsider two cases: when (i) holds, and when (ii)
holds. o
Case 1: (i) holds, i.e. lim f(z)= lim g(x)=0.
z—agd z—agd

We extend the domain of f and g to ag by setting f(ag) := 0 and g(ag) := OE|
Then hm+ f(z) =0= f(ap) and lim+g(x) =0 = g(ap), and so f and g are both

T—ray T—ray

continuous at ag from the right. Meanwhile, f and g are differentiable, and therefore
continuous (by Theorem on the interval (agp,ap + 6). Thus, f and g are
continuous on [ag, ag + ¢) and differentiable on (ag, ap + ¢). Note that this implies
that for all b € (ag,ap + ), we may apply Cauchy’s Mean Value Theorem to the
functions f and g and the interval [ag, b].

Now, there are three cases to consider: when L € R, when L = +o00, and when
L = —o0. We consider the first two cases; the third case is similar to the second.

Case 1.1: L € R. /
We fix an arbitrary ¢ > 0, and using the fact that lim £ (”’g = L, we fix §p € (0,9)

!
xT
z—ag g'(

such that for all x € (ag, ap + do), we have that \g ,/((3 — L| < e. Now, fix an arbitrary

8Technically, we are defining auxiliary functions f1, g1 : [ao, a0 + §) — R by setting

filz) = {f(l’) if x#ao and g@) = {g(x) if x#ao

0 if z=ao 0 if z=ao

for all = € [ao, ao + 9).
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bo € (ap, ap+ do); we must show that ]gézgg — L| < e. Note that this will immediately
imply that lim Lg L.

Tr—ra,

First, we apply Cauchy’s Mean Value Theorem to the functions f and g and the
interval [ag, bo] to obtain a point ¢y € (ag, by) such that

feo)  _ f(bo)=fla) &) f(bo)
g(bo)—g(ao) g(bo)’

where (*) follows from the fact that f(ag) = g(ap) = 0. But now

fo) _ g fhe) g O

gy — Ll = gy — Ll < &
where (*) follows from the fact that ¢y € (ag,by) C (ag,ap + do). This proves that
lim (—g L, which is what we needed to show.
CC‘)G/SE g\

Case 1.2: L = +00. ,
We now have that lim L2 E ; = 400, and we must show that lim L; +00.
x—>a(J{ z—ag

Fix an arbitrary M € R. Using the fact that hm+ g:g) = 400, we fix 4y € (0,9)
fE—}(lO
such that for all z € (ag, ap + do), we have that f’gxg > M. Fix any by € (ag, ao+ dp)-
We must show that £ Eb ; > M note that this will immediately imply that lim L) =
x—)ao

400, which is what we need to show.

First, we apply Cauchy’s Mean Value Theorem to the functions f and g and the
interval [ag, bo|, and we obtain a point ¢y € (ag, by) such that

N

v

fleo) _ fbo)=flao) ) f(bo)
g’ (co) g(bo)—g(ao) g(bo)’

where (*) follows from the fact that f(ag) = g(ap) = 0. But now

fbo) _ fe) O
o) — gy - M
where (*) follows from the fact that ¢y € (ag,bo) C (ap,ap + do). This proves that
lim @) = 400, which is what we needed to show.
IL'*)G,“— g(x)
0
Case 2: (ii) holds, i.e. hm f(z) = o0 and lim g(z) = +o0.
ZL’—}CLO Z—HIO
There are three cases to consider: when L € R, when L = +oo, and when
L = —oco. We consider the first two cases; the third case is similar to the second.

Case 2.1: L € R. )
Fix € > 0. Using the fact that lim f,Ex)

+ T
:I)—)(ZO

x € (ag,ap + do), we have that \Jge,/ég —L| < 5, thatis, L — 5§ < g:gg <L+5.

= L, we fix &y € (0,0) such that for all

Q
N
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Set by := ag + dp < ap + . Now, for each = € (ag, by), we apply Cauchy’s Mean
Value Theorem to the functions f and g and to the interval [z, by] to obtain a point
¢z € (x,bo) such that

Ple)  _ f00)-f@) _ f@—flo) s
g'(ca) g(bo)—g(x) g(x)—g(bo) J;(bf)) ’
which is equivalent to
flex) (1 gbo)\ _  f(=) _ f(bo)
g(cz>(1 g(x)) = @ 9@
and therefore to ,
(@) e SO0 o)
g(x) g'(cz) g(x)

as well. We now define an auxiliary function 7 : (ag, bp) — R by setting

F(bo)—£e2) g(bo)
r(x) := —g;:)

for all € (ag,bp). Note that this means that

for all x € (ag, bo).
Now, we claim that lim r(x) = 0. First of all, note that for all = € (ao, bo),

27—)(13_
we have that ¢, € (x,bo) C (ag, ap + o), and consequently, L — 5§ < fg ; <L+5;
in particular, g:éiﬁ is bounded for x € (ag,bg). Since f(by) and g(by) are fixed
I’ (Cac)

constants, we see that f(bg) — 7o g(bo) (i-e. the numerator of r(x)) is bounded
for © € (ap,bp). Since hm g(x) = %oo, it follows that lim r(x) = 0, as we had

wﬁao mg)(lg
claimed.
Using the fact that lim+7“(x) = 0, we fix 01 € (0,dp) such that for all z €
x—>a0

(ag, ap + 01), we have that |r(z) — 0] < §,i.e. =5 <r(v) < §. Fix any = € (ao,d1).
We claim that |% — L| < e. First, since = € (ag, d1), we have that |r(z)| < 5. On
the other hand, since x € (ag, 1) C (ao, dp), we have that ¢, € (z,by) C (ag,ap + do),

and consequently, !géiﬁ

— L| < 5. We now compute

58— = Gy @) -
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< ]g:ézg — L[+ |r(x)| by the Triangle Inequality
< 5+5
= e
This proves that lim M) L, which is what we needed to show.
z—ag 9(T)
Case 2.2: [ = +o0. ,
We now have that lim &) = 400, and we must show that 11m Ha)
voaf 9@ s—af I
0 0

We fix an arbitrary M € R. We must show that there exists some 6 € (0,6) such
that for all z € (ag,ag + 5), we have that % > M. Clearly, we may assume that
M > 0, for otherwise, we consider any positive real number instead of M.

Using the fact that lim jgf,lgg = 400, we fix dy € (0,9) such that for all = €

Tr—ra, O
(ag,ap + do), we have that g,ég > 2M + %
We now proceed similarly as in Case 2.1. Set by := ag + 6o < ag + 0. For each
x € (ag,bp), we apply Cauchy’s Mean Value Theorem to the interval [z, bg] to obtain
a point ¢, € (x,bp) such that

fles) _ fGo)=f@) _  f@)=f(bo) I
g’ (cz) g(bo)—g(z) g(x)—g(bo) _9;(’)3)) ’
which is equivalent to
"ez) (1 _ gbo)) _  f(z) _ f(bo)
g'(cl)(l g<w>> = @ e@)
and therefore to o en (b0 Fibo)
@ = g/(ci><1 <)>+ e

as well. Since lim+ g(x) = o0, whereas g(by) and f(bg) are fixed constants, it is
x—)ao

clear that

lim (1 - %) =1 and lim L) = g

T—ag T—ay

Setting g1 = %, we now fix §; € (0,0p) such that for all z € (ap,ap + d1), we
have that I( g((l;o))) — 1| < ¢y, that is, |g (bo) | < 1, which in turn implies that
1- ( ) > H Similarly, fix 5 € (0, 50) such that for all € (ag,ap + 02), we have

that | Lt —0| < €1, that is, |fb0 | < 1, s0 that o) —3.

9(z) 9(z) 9(z)
9Indeed, since \gg((b;)>| < 1, we have that —1 < gg((?)) < 1, and consequently, —1 < 7;;((1;;)) < i
It follows that + < 1 — g;(?)) <3
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Now, set § := min{dq,d2} < dp, and fix any = € (ag,ap + 5) Note that this

means, in particular, that x € (ao,ao + dp), and consequently, ;,E g > 2M —|— > 0.

Moreover, we have that 1 — a(bo) 5 and j; ((lf)) > —5. We now compute:

9(z)
f@) _ fea) g(bo) f(bo) 11
0= S0 v i > eMeni-) =
This proves that lim Lg 400, and we are done. O
m—)ao

L’Hopital’s Rule for left-hand limits. Let ag € R and 6 > 0, and assume that
functions f,qg : (ag — d,a0) — R are both differentiable, and that ¢'(x) # 0 for all
x € (ag — 0,ap). Assume moreover that one of the following holds:

(1) lim f(z)= lim g(x)=0;

mﬁCLO m%ao

(i) lim f(x) = +oo and lim g(z) = +oo.

.1‘%0,0 x—>a0

Then, if lim f:Eg exists (either as a real number or as £00), then lim % exists
T—ay g z—ag 9

as well, and in this case, we have that

f(z)

lim O lim
2?-}010 a:—)ao

f'(z)
g'(z

|

Proof. Obviously, this could be proven analogously to L’Hopital’s Rule for right-hand
limits. However, we can also simply use L’Hopital’s Rule for right-hand limits (which
we have already proven), as follows. First of all, assume that L := lim f ,((g exists
T—a,
(either as a real number or as +00). Now, note that for all x € R, we have that
x € (ag,ap + 9) if and only if 2a9g — = € (ag — 0, ap). Define auxiliary functions
f1.91 ¢ (a0, a0 4 6) — R by setting f1(z) = f(2a0 — 2) and g1(x) = g(2ao — x) for
all x € (ag,ap + 9). First, since f and g are differentiable, so are f; and glm Next,
note that for « € (ag, ap + J), we have that
)

gi(x) = dx 9(2ap — )

= ¢'(2a0 — )% (2ap —x) by the Chain Rule
= ¢'(2a0 — 2)(-1)

= —¢'(2a0—z) # 0.

YIndeed consider the function h : (ag,ao + §) — R given by h(z) = 2a0 — x. Clearly, h is
differentiable, and we have that fi = foh and g1 = go h. Since f, g, and h are all differentiable, so
are f1 and gi.
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Further, we have that

*

—
N

lim fi(z) = lim f(2e0—2) = lim f(y),
T—ag T—ag y—ag
lim gi(z) = lim g(2a—2z) = lim g(y),
x%aar x%ag y—rag

where both instances of (*) were obtained via the substitution y = 2ag — x. Since (i)
or (ii) holds, we see that one of the following hold:

(") lim fi(z) = lim gi(z) = 0;

+ +
z—>a0 x—mo

(i’) lim fi(z) = oo and lim g¢;(z) = £oo.

z—ag z—ag
Moreover, we have the following:

2 f(2a0—2)

~

(z

N2

/
1

lim = = lim
d
m%aaL 91(@) x%aar az9(2a0—2)

f’(2a0—x)-%(2ao—x)

= lim by the Chain Rule

x%aar g'(2a0—z) 7 (2a0—x)
_ o f(2a0—=)-(-1)
_ o f'(2a0—2)
- Jim Fm
= lim LW via substitution y = 2ag —
— g (y)
y—rag
= L.
So, by L’Hopital’s Rule for right-hand limits, we have that lim+ i; i Eg = L. It now
z—)ao
follows that
I = B
T—ag yﬁaa' gleao—y y~>a3’ 9y

where (*) was obtained via substitution y = 2ag—z. This completes the argument. [J

L’Ho6pital’s Rule for limits at a point. Let ag € R and § > 0, and assume
that functions f, g : (ap — 0,a9) U (ap,ag + 6) — R are both differentiable, and that
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g (z) # 0 for all x € (ap — 0,a0) U (ag,ao + 9). Assume moreover that one of the
following holds:

(i) lim f(x)= lim g(x) =0;

T—ag T—ag

(ii) li_)m f(x) = +o00 and lim g(x) = +oo.
T—ag

Tr—rag

L(@) erists (either as a real number or as £00), then lim L&) erists

xX
g’(z) Tr—rago g(a:)
as well, and in this case, we have that

s f(x) . f(x)
Jm ey = lim oony-

Then, if 1i_>m
T—rag

Proof. This follows immediately from L’Hopital’s Rules for right-hand and left-hand
limits, together with Lemma [3.6.3 O

L’Hoé6pital’s Rule for limits at +oo. Let ag € R, and assume that functions
f,9: (ag, +o0) = R are both differentiable, and that ¢'(x) # 0 for all x € (ag, +0).
Assume moreover that one of the following holds:

() Jim f(z)= lim g(z)=0;

T—+00

(i1) EI_P f(z) =+o00 and lim g(x) = +oo.

T—+400

Then, if lim f:(x) exists (either as a real number or as £00), then lim L&) opists
=500 9' (@) z=+oo 9(@)

as well, and in this case, we have that

~

. M o . /(x
xEI—Poo glz) xErﬁI—loo g'(z)

—

Proof. Clearly, we may assume that ag > 0 (if not, we simply restrict the domain of
f and g to, for example, the open interval (1, 4+00), and we consider 1 instead of ag).

We assume that L := lim L2 exists (either as a real number or as +00).

2= Foo 9(z)
Define f, g : (0, a—lo) — R by setting
fl@)=f2) and  g(z) =g(2)
for all x € (0, a—lo) First, since f and g are differentiable, so are f and Q Next,

note that for = € (0, 1), we have that

ag

"Tndeed, consider the function A : (0, %) — R given by h(z) = 1 for all z € (0, %) Clearly, h is

differentiable. Moreover, we have that f = fohand g = goh. Since f, g, and h are all differentiable,
so are f and g.
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i)i(%) by the Chain Rule

Further, we have that

—

*

lim f(z) = lim f(1) 2 lim f(y),

=

z—0t z—0t y—-+o0
lim g(z) = lim g(2) © lim g(y),
z—0+ z—0+t T Yy—r+00

where both instances of (*) were obtained via the substitution y = 1. Since (i) or (i)
holds, we now have that at least one of the following holds:

(') lim f(z)= lim §(z)=0;

x—07F x—07F

(i) lim f(z) = +oo and lim §(z) = +oc.

z—0t z—0t

Moreover, we have the following:

i@ Q)
l dx — l dx x
ih0t () oh0t ko)

11N (2
= lim % by the Chain Rule

via substitution y = %

lim £{& — 1
z—0+ 9 z)
and we deduce that
1
lim 22— lim f(if) lim £ —
z—+400 9 ) y—0+ g(g) y—0+ a(y)
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This completes the argument. O

L’Hopital’s Rule for limits at —oo. Let ag € R, and assume that functions
fyg: (—00,a0) = R are both differentiable, and that g'(x) # 0 for all x € (—o0, ayp).
Assume moreover that one of the following holds:

(i) lim f(z)= lim g(x)=0;

Tr——00

(ii) EIEI f(z) = +o00 and lim g(x) = +oo.

T——00

Then, if lim F@) opists (either as a real number or as £o00), then lim £@) epists

as well, and in this case, we have that

. & . . ’($
xggloo glz) a:ll}lloo g'(z)

—
s

—

Proof. The proof is analogous to that of L’Hopital’s Rule at 4+o00. Alternatively,
L’Hopital’s Rule for limits at —oo can be obtained using ’'Hopital’s Rule for limits at
+00, just we obtained ’'Ho6pital’s Rule for left-hand limits from the one for right-hand
limits. Either way, the details are left as an exercise. O

4.12 Higher order derivatives

Suppose that f: A C R — R is a function, and that A’ is the set of all points in A
that f is differentiable at. Then we can treat f’: A’ — R as a function in its own
right 2] If A” is the set of all points in A’ that f is differentiable at, then we can
treat f” : A” — R as a function in its own right, and we can repeat the process.
Here, f” = (f'). The function f” is called the second derivative of f, and likewise
f" = (f") is the third derivative of f (the domain of f” is the set of all points at
which f” is differentiable). Meanwhile, f’ is simply the first derivative of f.

Example 4.12.1. Let f : R — R be given by f(x) = sinz + cosz for all x € R.
Then for x € R, we have:

o f'(x) =cosz —sinz;
o f/(x)=—sinz — cosz;
o f"(r)=—cosz+sinz.

Beyond the third derivative, it is unusual to keep adding primes (visually, it
is difficult to distinguish between f”” and f””). So, we use the notation f(™
instead. Let us be more formal and give a proper recursive definition. Suppose that
f:ACR — R be a function. We define f(© := f. Next, for n € Ny, if B is the

12Tt is possible that A’ = . In this case, f’ is simply the “empty function.”
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set of all points at which f( is differentiable, then we define f(™*1) : B — R to be
fOAD = (f)y,

The Leibniz notation for higher-order derivatives. Sometimes, instead of

dn dn f : _ o dry
™) (z), we write & f(x) or Fn(w) If we are given y = f(z), then we may write -7
instead of f(™(z). Notation fcl—nf(x), dx—nf(x), and Z¥ is referred to as the Leibniz

) dx®
notation.

Higher order differentiability. Suppose that f : A C R — R is a function. For
n € N, we say that f is n times differentiable at a point a € A if f() (a) exists. For
n €N, fis n times differentiable if ) (a) exists for all @ € A. The function f is
infinitely differentiable (or smooth) if f is n times differentiable for all n € N. Now,
suppose that [ is an open interval. For n € N, we say that f is n times differentiable
on I if f(”)(a) exists for all a € I. The function f is infinitely differentiable on I (or
smooth on I) if f is n times differentiable on I for all n € N.

Continuous differentiability. A function f: A C R — R is continuously differen-
tiable if it is differentiableﬂ and in addition, f’': A — R is continuous. For n € N,
f is n times continuously differentiable if f is n times differentiable, and moreover,
f™ A — R is continuous.

Remark: By Theorem all differentiable functions are continuous. Thus, if a
function f is (n + 1) times differentiable (for some n € N), then f must be n times
continuously differentiable; however, the converse is false in general.

Example 4.12.2. Consider the function f : R — R given by
i) x2sin(%) if x#0
x) =
0 if x=0

for all z € R. Show that f is differentiable, but not continuously differentiable (and
consequently, f is not twice differentiable).

Solution. For z € R\ {0}, we have that
flz) = & <x2 sin (%))

= 2zsin (1) +z?cos (2) - (—2)

T x

= 2xsin (%) — Cos (%),

whereas

—

sy N
71(0) = lim £®&=f0)  _ lim% — limasin (1) 2 o,

z—0 z—0 x

~

13S0, f is differentiable at all points in its domain A.
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where (*) follows via an easy application of the Squeeze Theorem. Thus, f is
differentiable. However, note that hH(l) f'(x) does not exist. Indeed, hm 2z sin ( ) =0
T—r

(via an easy application of the Squeeze Theorem), but cos ( ) keeps oscillating as
x approaches 0; so, lin%) f/(x) does not exist{*| So, f’ is not continuous at 0, and
T—>

consequently, f’ is not continuously differentiable. Since differentiable functions are
continuous (by Theorem [4.3.1)), it follows that f’ is not twice differentiable. O

4.13 Local extrema: the First and Second Derivative
Tests

4.13.1 Derivatives and monotonicity

The interior of a set A C R, denoted by A° or int(A), is the set of all points a € A
for which there exists some 6 > 0 such that (a — J,a + ) C A. In other words, a
point a € A belongs to the interior of A if some open interval containing a is included
in A. Any subset of R has a (possibly empty) interior. Here, we are interested in
intervals. So, for a,b € R such that a < b, we have the following:

e the interior of (a,b) is (a,b);

e the interior of [a,b) is (a, b);

(
e the interior of (a,b] is (a, b);

e the interior of [a,b] is (a, b);
e the interior of (—oo, b) is (—o0, b);
e the interior of (—oo, b] is (—oo, b);
e the interior of (a,+00) is (a, +00);
e the interior of [a, +00) is (a, +00);

e the interior of (—oo, +00) is (—oo, +00).

So, informally, the interior of an interval is the open interval that we obtain by
removing the “edges” (if any) of the original interval.

Corollary [4.10.3| can be strengthened as follows (with a nearly identical proof).

Theorem 4.13.1. Let f : ACR — R be a function, and let I C A be an interval.
Assume that f is continuous on I and differentiable on I°. Then all the following

hold:

MTry to give a formal proof of the fact that lin}) f/(z) does not exist!
rT—r
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(a) if f'(x) =0 for all x € I°, then f constant on I;

()

(b) if f'(x) >0 for all x € I°, then f is non-decreasing on I;
(c) if f'(x) >0 for all x € I°, then f is strictly increasing on I;
(z)
)

>
<0 for all x € I°, then f is non-increasing on I;

(d) if f'(x

(e) if f'(x) <O for all x € I°, then f is strictly decreasing on I.

Proof. We prove (a) and (b). The proofs of (c), (d), and (e) are similar to the proof
of (b).

We first prove (a). Assume that f'(z) =0 for all z € I°. Fix a,b € I; we must
show that f(a) = f(b). We may assume that a # b, for otherwise we are done. By
symmetry, we may further assume that a < b. Then [a,b] C I and (a,b) C I, and
consequently, f is continuous on [a,b] and differentiable on (a,b). We now apply
Lagrange’s Mean Value Theorem to f and the interval [a, b] to obtain a point ¢ € (a, b)
such that f'(c) = %. But since ¢ € (a,b) C I°, we have that f'(c) = 0. So,
W = 0, and consequently, f(a) = f(b). This proves (a).

We now prove (b). Assume that f'(z) > 0 for all z € I°. Fix a,b € I such that
a < b; we must show that f(a) < f(b). We may assume that a # b (and therefore
a < b), for otherwise we are done. Then [a,b] C I and (a,b) C I°, and consequently,
f is continuous on [a, b] and differentiable on (a,b). We now apply Lagrange’s Mean
Value Theorem to f and the interval [a,b] to obtain a point ¢ € (a,b) such that
fle)= b) f( ). But since ¢ € (a,b) C I°, we have that f’(¢) > 0. So, () f(a) > 0,
and consequently, f(b) — f(a) >0, ie. f(a) < f(b). This proves (b). O

4.13.2 The First Derivative Test

The First Derivative Test. Let f : A CR — R be a function, and let a,b,c € R
be such that a < ¢ < b and (a,b) C A. Assume that f is continuous on the open
interval (a,b) and differentiable on the open intervals (a,c) and (c, b)E

(a) If both the following hold:

e f'(z) <0 forall z € (a,c),
o f'(x) >0 for all z € (c,b),

then f reaches a local minimum at c.
(b) If both the following hold:
o f'(x) >0 for all x € (a,c),

5The function f may or may not be differentiable on the point c itself. However, by hypothesis,
f is defined and continuous at c.
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o () <0 forall x € (c,b),
then f reaches a local mazximum at c.

Proof. We first prove (a). Suppose that f/(x) < 0 for all x € (a, ¢), and that f'(z) > 0
for all x € (¢,b). Then Theorem guarantees that f is non-increasing on (a, (]
and non-decreasing on [c, b), and it follows that f reaches a local minimum at c.
The proof of (b) is similar. Indeed, suppose that f'(z) > 0 for all € (a,c),
and that f'(z) < 0 for all z € (¢,b). Then Theorem guarantees that f is
non-decreasing on (a, ¢] and non-increasing on [c, b), and it follows that f reaches a
local maximum at c. O

Remark: Schematically, the First Derivative Test (and its proof) can be represented
by the two tables below.

a c b a c b
‘ x ‘(a,c)‘(c,b)‘ ‘ x ‘(a,c)‘(c,b)‘
fllo)| — | + flla)] + | -
f(@) |y ufin 7~ f@) | mlax,

Technically, we would use this sort of table representation for the case when the
inequalities from the First Derivative Test are strict, i.e. when we have f’(z) > 0
and f'(z) < 0, rather than merely f’(z) > 0 and f/(z) < 0.

Proposition 4.13.2. Let f: AC R — R be a function, and let a,b,c € R be such
that a < ¢ < b and (a,b) C A. Assume that f is continuous on the open interval
(a,b) and differentiable on the open intervals (a,c) and (c,b).

(a) If f'(x) > 0 for all € (a,c) U (e,b), then f is strictly increasing on (a,b), and
in particular, f does not reach a local extremum at c.

(b) If f'(z) <0 for all x € (a,c)U (¢, b), then f is strictly decreasing on (a,b), and
in particular, f does not reach a local extremum at c.

Remark: The proposition applies even if f is not differentiable at ¢. However, for
the proposition to hold, it is indeed necessary for f to be continuous on the whole
interval (a,b), and in particular, to be defined at and continuous at the point c.

Proof. For (a), we observe that if f'(x) > 0 for all z € (a,c) U (¢,b), then Theo-
rem guarantees that f is strictly increasing on the intervals (a, ] and [c, b),
and consequently, it is strictly increasing on the interval (a,b) as well.

The proof of (b) is analogous. Indeed, if f/(z) < 0 for all x € (a,c) U (¢,b), then
Theorem guarantees that f is strictly decreasing on the intervals (a, c] and
[c,b), and consequently, it is strictly decreasing on the interval (a,b) as well. O
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Remark: Schematically, Proposition [4.13.2| (and its proof) can be represented by
the table below.

a c b a c b
‘ T ‘(a,c)‘(c,b)‘ ‘ T ‘(a,c)‘(c,b)‘
flo)] + | + flo)] = | =
fl)| /| fl@) | N N\

For a concrete example of this sort of behavior, consider the functions f,¢g: R — R
given by f(z) = 2® and g(z) = —a3 for all # € R. Then f'(z) = 222 and ¢'(z) = —222.
So, for ¢ = 0, we have that f'(z) = ¢’(¢) = 0. However, for € R\ {0}, we have
f'(z) > 0 and ¢/(z) < 0. Consistently, with Proposition 4.13.2] the function f is
strictly increasing, whereas the function g is strictly decreasing.

Example 4.13.3. Consider the function f : R — R, given by f(x) = 32° — 53 + 7
for all x € R. Find all points x at which f reaches a local minimum or a local
mazximum, and compute f(x) for those values of x. Does f reach a global mazimum
or minimum? What are the minimum and maximum values of f (if they exist)?

Solution. First of all, we observe that the function f is continuous and differentiable
on R, and that

f'(x) = 152* —1522 = 152%(x — 1)(z + 1)

for all x € R. Thus, f'(z) = 0 for z € {—1,0,1} (and for no other value of z).
Thus, by Theorem the only values of x at which f may possibly reach a local
extremum are z = —1, = 0, and = 1 (and we must check at which, if any, of
those values of x the function f indeed reaches a local minimum or a local maximum).
Now, consider the table below.

-1 0 1
r | (—o0,—1)|(=1,0)](0,1) ] (1,400)
z? + + + +
r—1 — — — +
r+1 — + + +
F@) |+ — 0 - 0 =
flx) 0 mpx N\ N\ njin 7

Remark: The local maximum and the local minimum in the table above were
identified via the First Derivative Test. Meanwhile, by Proposition [4.13.2] f does
not reach a local extremum at z = 0.

We can now summarize:
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e f reaches a local maximum at z = —1, and we have that f(—1) = 9;
e f reaches a local minimum at x = 1, and we have that f(1) = 5;
e f has no other local extrema.

Meanwhile, we have the following:

P

o wgrfoof(:r) = +o00.

Therefore, f reaches neither a global minimum nor a global maximum, and conse-
quently, f has neither a minimum nor a maximum value.

Remark: Using computer software, we can graph our function f (see below). Note
that this graph is indeed consistent with our solution.

9

8

O]

Example 4.13.4. Consider the function f : R — R, giwen by f(z) = V2. Find all
points x at which f reaches a local minimum or a local mazimum, and compute f(x)
for those values of x. Does f reach a global minimum or a global maximum? What
are the minimum and maximum values of f (if they exist)?

Solution. The function f is defined and continuous on R, and it is differentiable on
R\ {0} = (—00,0) U (0,+0c0). For z € R\ {0}, we have that

P = 5%

for all x € R. So, we have the table below.
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0
x| (—00,0)|(0,400)
undef —+

flx) | N\ nfin 7

So, f reaches a local minimum at x = 0, and we have that f(0) = 0. The function
f has no other local extrema. Moreover, the function f is strictly decreasing on
(—00,0) and strictly increasing on (0, +00). So, f reaches a global minimum at z = 0,
and the minimum value of f is f(0) = 0. The function f does not reach a global
maximum, and consequently, f does not have a maximum value.

Remark: Using computer software, we can graph our function f (see below). Note
that this graph is indeed consistent with our solution.
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40

-40

4.13.3 The Second Derivative Test

The Second Derivative Test. Let f : A C R — R be a function, and let a,b,c € R
be such that a < ¢ < b and (a,b) C A. Assume that f is differentiable on the interval
(a,b), that f'(c) =0, and that f"(c) exists.

(a) If f"(c) > 0, then f reaches a local minimum at c.
(b) If f"(c) <0, then f reaches a local mazimum at c.

Proof. We prove (a); the proof of (b) is similar. So, let us assume that f”(c) > 0. We
will exhibit some ¢ > 0 such that (¢ —d,¢+ J) C (a,b), and such that the following
hold:

o f'(x) <0 forall z € (c—d,c);
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o f'(x) >0 forall z € (c,c+9).

This is enough, for the First Derivative Test will then imply that f reaches a local
minimum at ¢, which is what we need to show.
First, note that

*) f@=f'e) (=)

Tr—cC

lim
r—c T7C€

lim
Tr—c

f"(e)

where (*) follows from the definition of the derivative, whereas (**) follows from the
fact that f'(c) = 0. Now, set € := =L (C); since f”(c) > 0, we have that ¢ > 0. Fix
d > 0 such that for all x € (a,b), if 0 < |x — ¢| < J, then ]% — f"(¢)| < e. Since

€ (a,b), we may assume that (¢ —d,¢+9) C (a,b), for otherwise we simply choose
a smaller §. So, for all x € (0—5 c) (c c+5) we have that |f — f"(¢)| < e, which
is equivalent to 149 = f7(c) — < f'e)+e= B’JCT(), which in turn implies

that f (x) > (C) > 0. Therefore, for any r € ( — §,¢), we have that f'(z) <0
(because T —c < 0), whereas for any z € (¢,c+ 0), we have that f’(z) > 0 (because
x—c>0). O

Example 4.13.5. Find all the local minima and local maxima (if any) of the function
f:R =R given by f(z) =xe™™ for all x € R.

Solution. Note that f'(z) = (1 —z)e™® and f"(x) = (x — 2)e~® for all x € R. Since
f'(x) is defined for all z € R, and since we have f’(x) = 0 only for x = 1, we see that

the only “candidate” for a local extremum is = 1. Since f”(1) = —e~! < 0, the
Second Derivative Test guarantees that f reaches a local maximum at ¢ = —1 (with
F(=1) = —eL).

Remark: Using computer software, we can graph our function f (see below). Note
that this graph is indeed consistent with our solution.

3
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Remark: In practice, the First Derivative Test is used much more frequently than
the Second Derivative Test.

4.13.4 Finding maxima and minima of functions on closed intervals

Suppose that f : [a,b] — R is a continuous function, where a,b € R are such that
a < b. Then by the Extreme Value Theorem, f reaches both a global maximum
and a global minimum on [a,b]. While there is no algorithm for finding the points
at which f reaches its global maximum and minimum, there is a strategy that will
work if f is “reasonably well behaved.” The strategy is as follows.

1. We find all the points ¢ € (a,b) such that either f'(¢) = 0 or f’(¢) does not
exist. These points ¢ are the “candidates” for points at which f might reach a
local minimum or a local maximum on the interval (a, b)m

2. We compute f(c) for all values of ¢ that we found in the previous step, and we
compute f(a) and f(b).

3. By comparing all the values that we computed in the previous step, we find
the maximum and minimum values of f on the interval [a, b].

Example 4.13.6. Find the mazimum and the minimum value of the function

f(x) =sin®z + cos®  on the interval [—7, 2F].

Solution. Note that f’(z) = 3sinz cosz(sinx — cosx) for all x € Rm Note that, for
r e (-7, %’T), we have that f'(z) = 0 if and only if x € {0, 7, }. So, our “candidates”
for points at which f might reach its global maximum or its global minimum are the

following points: —%,0, 7%, 5, %r. We now compute:

o J(=5) = sin¥(=F) + cost(=F) = (~p)* + (F)* = O

o F) =sin(F) +cos’ () = (55)° + (- 5)° = 0.

V2 V2
So, f reaches a global minimum on the interval [—7, %f] at the points m; = —7 and

3

mg = o, and the minimum value of f on this interval is f(m1) = f(mz2) = 0. On the
other hand, f reaches a global maximum on the interval [—7, ?ZT”] at the points M; =0
and My = 7, and the maximum value of f on this interval is f(M;) = f(M2) = 1.

16This is the step where our strategy might fall apart if f is “poorly behaved.” The implicit
assumption is that there are only finitely many such points ¢, and that we know how to find them.
'"In particular, f is differentiable everywhere on R.
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The minimum value of f on the interval [—Z, 3T] is 0, and the maximum value
of f on this interval is 1.

Remark: Using computer software, we get the graph below. This is consistent with
our calculation above.

4.14 Convexity and concavity

4.14.1 Closed intervals

Recall from algebra that for x1, 29 € R such that x; < 2, the closed interval [z, z2]
is given by

[z1,22] = {Aiz1+Xowo | A, A2 € R, A Ao >0, Ap + A = 1}

In fact, for z € [z1, z2], we have that

_ xo—=x z—x1
T = zmmtl + To—a1 2>
and so if we set
A= 222 and Ag 1= EZ=EL
Tro—T1 Tr2—I1

then we get A1, Ao >0, A1 + Aa =1, and z = A1 + Aoxo.

4.14.2 Convex and concave functions
For a function f: A CR — R and an interval I C A, we say that:

e f is convex on the interval I provided that for all x1,x2 € I, and all real
numbers A1, Ao > 0 such that A\; + Ao = 1, we have that

f(hizr + Aaxa) < Af(21) + Ao f (22);
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e f is strictly convexr on the interval I provided that for all distinct x1, x5 € I,
and all real numbers A1, Ao > 0 such that A\ + Ao = 1, we have that

f(Aizr + Aaxa) < Auf(@1) + Ao f (22);

e f is concave on the interval I provided that for all x1,x9 € I, and all real
numbers A1, Ao > 0 such that A\ + Ay = 1, we have that

f()\1a:1 + )\gxg) > A f(x1) + Aof(@2);

o f is strictly concave on the interval I provided that for all distinct 1,22 € I,
and all real numbers A1, Ao > 0 such that A\ + Ay = 1, we have that

fmr 4+ Xowa) > Auf(zr) + Ao f(w2).

A A

a I Ty b a 11 o b

convex concave

4.14.3 Affine functions

A function f: A CR — R is affine on an interval I C A if there exist real numbers
m,b € R such that
flx) == mz+b Vo e 1.

Proposition 4.14.1. Let f : A CR — R be a function, and let I C A be an interval.
Then the following are equivalent:

o f is both convexr and concave on I;
o f is affine on I.
Moreover, in this case, [ is neither strictly convex nor strictly concave.

Proof. Suppose first that f is affine on I, and fix m,b € R such that f(z) =mx +b
for all x € I. Now fix any x1,x2 € I, and fix real numbers Ay, Ao > 0 such that
A1+ Ay = 1. Then
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f(hizr + Aex2) = m(May + Aawa) +b

= m()\lxl + /\2$2) + (A1 + A2)b
=1

= Al(mxl +b) —|—)\2(mx1 —|—b)
= Auf(@1) + Aaf(22),

and it immediately follows that f is both convex and concave. To see that f is
neither strictly convex nor strictly concave, we simply choose distinct x1, x2, and we
choose strictly positive A1, Ao for our calculation above.

Suppose conversely, that f is both convex and concave on I.

Claim. For all 1,29 € I, and all real numbers A\, Ao > 0 such that
A + Ao = 1, we have that f()\lxl + )\256’2) =M f(z1) + Aaf(z2).

Proof of the Claim. This follows immediately from the fact that f is both convex
and concave (we simply apply the definition of convexity and concavity). 4

Now, fix arbitrary z1,z9 € I such that 7 < x9. Set m := %ﬁm) and
b= W so that y = ma + b is the line through the points (1, f(z1))

and (:cg, (x2) E In particular,
f(x1) =ma; +b and f(xz2) = maxa +b.

We claim that f(z) = ma + b for all x € I; this will imply that f is affine on I, which
is what we need to show.

Fix g € I. There are three cases to consider: when z; < zg < z3; when
To < 11 < T9; and when x1 < zo < x1. We consider the first two cases; the third
case is similar to the second.

Suppose first that 21 < zg < 9. Set A\ := ;2 0 and A9 := Z0=ZL g0 that

A, A2 >0, A1+ Ao =1, and 29 = A\x1 + Aoxo. Then ' o
f(zo) = [f(Az1+ dozo)
= Mf(z1) + Aaf(x2) by the Claim

= Ai(mz1 + b) + Aa(mzg + b)

18Here, we simply need a line y = ma+b that passes through the points (z1, f(z1)) and (z2, f(22)).

By solving for m and b, we get m = 7“9”)?) J@1) and b= 7121%1;) 21 /(w2

o However, in what follows,
we will not actually need those exact formulas for m and b. We will simply use the fact that f

passes through (z1, f(z1)) and (@2, f(22)).
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= m(Aiz1 + Aaxa) + (A1 + A2)b
—_—— H,l_/
=x0 =
= mxg+b,
which is what we needed to show.
Suppose now that g < x1 < z2. Set Ay := ﬁ and Ay = ﬁ, so that
Ao, A2 >0, \g+ Ao =1, and 21 = Agzg + Aox2. Then
@) = (oo + Aoxa) w Aof (o) + A2 f(2),
where (*) follows from the Claim. Since Ag # 0, we may solve for f(xo):
o) = 35 (f@) = refla)).
We now compute:
flxo) = x5 <f(371) - Azf(%))
= s (mn 4 0) - B Ona + 1))
_ xp—ag (z2—x0)(Mmxz1+b)— (21 —20) (MT2+b)
To—x1 To—x0
_  (wa—wo)(ma1+b)—(21—z0)(Mmx2+b)
To—T1
_ (ma—zo)mz1+(@2—x0)b— (21 —m0)mz2—(21—70)b
To—x1

. ((zz—:co):cl—(xl—a:o)xz)m—i-((:cg—xo)—(xl—xo))b

- To—x1

_ zo(x2—x1)m~+(x2—x1)b

To—x1

= mxg+b,

and we are done. O

4.14.4 The first and second derivative in the context of convexity

and concavity

Theorem 4.14.2. Let f : A C R — R be a function, differentiable on an open

interval I C A. Then all the following hold:
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(a) f" is non-decreasing on I if and only if f is convex on I;
(b) f' is strictly increasing on I if and only if f is strictly convex on I;
(¢) [ is non-increasing on I if and only if [ is concave on I;
(d) " is strictly decreasing on I if and only if f is strictly concave on I.

Proof. First, since f is differentiable on I, Theorem guarantees that f is
continuous on I. We begin with a technical claim, which relies only on elementary
algebraic manipulations (and uses neither differentiability nor continuity), and which
is useful for both implications of each of the four parts of the theorem.

Claim 1. Let x € {<,<,>,>}. Then for all z,x;,22 € A such that
r1 < x < x9, the following two inequalities are equivalent:

o f(z) * =5 f(w1) + =0 f(22);
o J@-fn) | flea)-f)

T—x1 To—T

Proof of Claim 1. We have the following sequence of equivalent inequalities:

fle) o = f(en) + =5 f(w2)

—
*
~

& (e2—e)f(@) * (v2—a)f(er) + (@ — o) f(@2)
— (xo—x+z—x1)f(x) * (v2—2)f(21)+ (x —21)f(22)
= (@-)f@) 4 @-a)f@) * (a2 a)f@) + (@ - o) )
— (22— 2) () — f@) * (& —x)(flws) — f(a))

o e (f@) - fa) * i () - f()
— f@=f@) 4 fe)=fE)

T—x1 To—x

where (*) was obtained by multiplying both sides of the inequality by zo — 21 > 0,
and (**) was obtained by dividing both sides of the inequality by (zo —x)(z—x1) > 0.
This proves the Claim. ¢

Now, we prove (a) and (b); the proofs of (¢) and (d) are analogous.

We first prove the “if” (“<=") part of (a). Suppose that f is convex on I; we
must show that f’ is non-decreasing on I. Fix z1,z9 € I such that z; < zo; we must
show that f/'(z1) < f'(x2). We may assume that x1 # xo (and therefore, x1 < x2).
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Claim 2. For all z € (z1,72), we have that f(rg);ﬁwl) < L) ] (@)

— Tro—T

Proof of Claim 2. Fix x € (x1,x2), and set

__ xo—T _ x—T1
)\1 = To—m and )\2 il —

Clearly, A1, A2 > 0, A1 + Ao = 1, and = A1x1 + Aoxs. Since f is convex on I, it
follows that f(A1z1 + Aexa) < A1f(x1) + Aaf(z2), i.e. that

flx) < 225 f(e) + =22 f).

Claim 1 (with * replaced by <) now implies that

[@-f@) o f2)-f@)

r—x1 — ro—T )
which is what we needed to show. ¢

We now compute:

f(x1) = lim %ﬁ“) by the definition of the derivative

T—T1

= lim
xﬁxi"

f(x)—=f(z1)
T—21

lim L2228 by Claim 2
ZL'%[I)I

IN

= fe)-f@) because f is continuous at xq

xro—I1

= lim % because f is continuous at o
T—>x9 1

= f(x2) by the definition of the derivative.

So, f'(z1) < f'(x2), and it follows that f’ is non-decreasing on I. This proves the
“if” part of (a).

Remark: If f were strictly convex, then we would get a strict inequality in Claim 2.
However, in our application of Claim 2 in the third line of the computation above, we
would still only get a weak inequality (“<”). So, the proof of the “if” (“«<=") part
of (b) is not analogous to the above, and we will need to deal with it in a different
way, as follows.

We now prove the “if” (“<=") part of (b). So, assume that f is strictly convex
on I; we must show that f’ is strictly increasing on I. Suppose otherwise, and
fix z1,29 € I such that x; < x9, but f(z1) > f(x2). However, by (a), f' is non-
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decreasing on I, and it follows that f'(x1) = f/(z2) =: m, and moreover, that f’ is
constant on the closed interval [z1, x2], that is, that f/(x) = m for all z € [x1,z2]. By

Lagrange’s Mean Value Theorem applied to the function f and the interval [z, z3],
f(z2)—f(=1)

P , and we deduce that
2—T1

there exists some ¢ € (x1,x2) such that f/'(c) =

m = %, i.e. m is the slope of the line through the points (xl, f(acl)) and
(ZL’Q,f(.’L'Q)). We now set b := W, so that

f(z1) =ma1+b  and  f(z2) = mza +b,

i.e. y = mx + b is the equation of the line through the points (xl,f(:vl)) and
($27 f(x2)> :

Claim 3. For all x € [z, z2], we have that f(x) = mx + b.

Proof of Claim 3. Fix xg € [x1,x2]; we must show that f(xg) = mxo +b. If xg = 21
or xy = x9, then we are done. So, assume that z¢ € (r1,22). By Lagrange’s Mean
Value Theorem applied to the function f and the interval [z, x2], there exist some

¢ € (zo,x2) such that
Flle) = f(z2)—f(@o)

To—x0
Since f’(¢) = m and f(z2) = maz + b, we deduce that

(maa+b)—f(xo0)

m P s

which immediately implies that f(z¢) = maxo+ 0. ¢

By Claim 3, f is affine on [z1,z2]. So, by Proposition [4.14.1} f is not strictly
convex on [xy,x2]. Since [z1,x2] C I, it follows that f is not strictly convex on [
either, a contradiction. This proves the “if” part of (b).

We now prove the “only if” (“=") part of (a). So, suppose that f’ is non-
decreasing on I; we must show that f is convex on I. Fix x1,z9 € I, and fix A1, A5 >0
such that A1 + A2 = 1; we must show that f(A1z1 + Aaxe) < A1 f(z1) + Ao f (x2).

First, if 1 = x9, then the result is immediatem We may therefore assume that
x1 # x9. By symmetry, we may further assume that 1 < z5. Next, if \; = 0 (so

19Tndeed, suppose that 1 = 2. Then we have the following sequence of equivalent inequalities:

fuzy + daxz) < Aif(xa) + Aaf(w2)

= fuzr 4+ Xezr) < Aif(zn) + Aaf(z1)
— F(a+A)z) < (A4 Xo)f(2)
— flx) < f(x)

Since the last inequality is obviously true, so is the first one.
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that Ay = 1), or if Ay = 0 (so that A; = 1), then the result is immediate. We may
therefore assume that 0 < A\, Ay < 1.

Now, set x := A1z + A9xa, and note that we have that 1 < x < x9. Solving for
A1 and )\gﬂ we get that

A = Z2=¢ and Ao = ZL=TL
Tro—T1 r2—T1

By applying Lagrange’s Mean Value Theorem to f and the interval [z1,x], we get
that there exists some ¢; € (x1,z) such that

Fller) = f(@)=f(z1)

T—x]

Similarly, by applying Lagrange’s Mean Value Theorem to f and the interval [z, x9],
we get that there exists some ¢y € (2, x2) such that

flea) = fz2)—f(z)

To—T

We have that x1 < ¢; < 2 < ¢ < x9, and that x1, 29 € I. Since f’ is non-decreasing
on the open interval I, it follows that f'(c1) < f/(c2), i.e. that

fl)=fe1) ~  [flz2)=f(z)

r—x1 Tro—T

By Claim 1, this is equivalent to
fl) < Z=n () + =5 faa),

ie. f(AMxy + Aoxa) < A1f(x1) + Aaf(z2). This proves that f is convex on I. We
have now proven the “only if” part of (a). The proof of the “only if” part of (b) is
analogous. O

Corollary 4.14.3. Let f : A C R — R be a function, differentiable on an open
interval I C A. Then all the following hold:

(a) f is convex on I if and only if f"(x) >0 for all x € I;
(b) if f"(x) >0 for all x € I, then [ is strictly convex on I;
(¢) [ is concave on I if and only if f"(x) <0 for all z € 1.

(d) if f"(x) <0 for all z € I, then f is strictly concave on I.

29Here, we simply solve the system

A1x1 + 222
AL+ A2

for A1 and M\s.
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Remark: The converses of (b) and (d) are false. For instance, fi(z) = x* is strictly
convex on any open interval, but fJ(0) = 0. Similarly, fo(z) = —a* is strictly
concave on any open interval, but f5(0) = 0.

Proof. We prove (a) and (b); the proofs of (¢) and (d) are analogous.

We first prove (a). By Theorem f is convex on I if and only if f’ is non-
decreasing on I. But by Corollary and Proposition f' is non-decreasing
on I if and only if f”(x) > 0 for all z € I. This proves (a).

For (b), we observe that if f”(z) > 0 for all « € I, then Corollary implies
that f’ is strictly increasing, and so by Theorem f is strictly convex. O

Remark: Now that we have linked the second derivative to convexity and concavity,
the Second Derivative Test should make intuitive sense (see the picture below).

A A

f(e)=0 f(e)=0
f"(c)>0 f"(c) <0
convex
y = f(x) concave y=f(x)
c - c -
local minimum local maximum

4.14.5 Points of inflection

A “point of inflection” is a point at which a function switches from being convex to
being concave, or vice versa. Let us be more precise. For a function f: A CR — R,
a point ¢ € A is said to be a point of inflection (or an inflection point) of f if f is
continuous at ¢, and there exists some § > 0 such that all the following hold:

o (c—0,c+9) C A4

e f is convex on one of the open intervals (¢ — ¢, ¢) and (¢, c + J), and is concave
on the other;

e for all &' € (0,0), f is affine neither on (¢ — ¢’,¢) nor on (¢,c+ ¢').

In view of Proposition the third bullet point simply states that f is not
simultaneously convex and concave on any small interval on one side (to the left or
to the right) of ¢. So, points of inflection mark a “true switch” from convexity to
concavity or vice versa.
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convex convex

point of inflection

point of inflection

concave concave

Proposition 4.14.4. Let f : A C R — R be a function, let c € A, and let § > 0
be such that (¢ — d,c+ 0) C A. Assume that [ is continuous at ¢, and is twice
differentiable on (c — §,¢) and (c,c+ 9). If one of the following holds:

(i) f"(x) >0 for allx € (¢ —d,¢), and f"(x) <0 for all x € (¢,c+ 9),
(it) f"(x) <0 for all z € (¢ —6,¢), and f"(x) >0 for all x € (¢,c+ ),
then ¢ is a point of inflection of f.
Proof. In view of Theorem we have the following:

e if (i) holds, then f switches from being strictly convex to being strictly concave
at c;

e if (ii) holds, then f switches from being strictly concave to being strictly convex

at c.
In either case, c is a point of inflection of f E O
Example 4.14.5. Consider the function sinz. Note that sin’(z) = cosx and

sin”(z) = —sinz for all x € R. Thus, for k € Z, the following hold:
e sin”(km) =0;
e sin”(z) > 0 for all x € ((2k — 1)m, 2km);
e sin”(z) <0 for all x € (2km, (2k + 1)).

The points of inflection of sinz are all the points of the form © = kn (k € 7).

2INote that we are also using the fact that affine functions are neither strictly convex nor strictly
concave. This follows immediately from the relevant definitions, or alternatively, it follows from

Proposition @
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4.14.6 Convexity and concavity in the context of asymptotes

In this subsection, we show that convex functions lie above their horizontal/slant
asymptotes, whereas concave functions lie below them (see the picture below). This
fact is sometimes helpful for sketching graphs of functions.

convex

convex

e
>

o0
5
S
s
s

ot
os®
oo

concave

concave

Let us outline the proof. First, Lemma deals with the special case when
y = 0 (i.e. the z-axis) is a horizontal asymptote of our function f as x — +oo.
Next, Theorem deals with the case when our function f has a horizontal/slant
asymptote y = axr + b as x — —1—00@ To prove the theorem, we define an auxiliary

22Tf ¢ = 0, then y = az + b (i.e. y = b) is a horizontal asymptote of f as  — +oo. On the other
hand, if @ # 0, then y = ax + b is a slant asymptote of f as x — +oo.
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function g(x) := f(z) — (ax +b). Then y = 0 is a horizontal asymptote of g as
x — +oo, and the convexity/concavity of g is the same as that of f; we apply
Lemma [£.14.6] to g, and the result for f follows. Finally, Theorem [£.14.8] deals
with the case when our function f has a horizontal/slant asymptote y = ax + b as
x — —oo. To prove the theorem, we define an auxiliary function h(z) := f(—x); we
note that the graph of h is obtained by reflecting the graph of f about the y-axis,
and that y = —ax + b is a horizontal /slant asymptote of h as © — +o00. We apply
Theorem to h, and the result for f readily follows. We now turn to the
technical details.

Lemma 4.14.6. Let f: A C R — R be a function, and let ¢ € R be such that
(c,+00) C A. Assume that y =0 (i.e. the x-axis) is a horizontal asymptote of f as
x — +oo. Then all the following hold:

(a) if f is convex on (c,+00), then f(x) > 0 for all x € (¢, +00);
(b) if f is strictly convezx on (c,+00), then f(x) > 0 for all z € (¢, +00);
(c) if f is concave on (c,+00), then f(xz) <0 for all x € (¢,+00);
(d) if f is strictly concave on (c,+00), then f(x) < 0 for all z € (¢, +00).

Proof. We first prove (c). We prove the contrapositive: we assume that f(z¢) > 0
for some z( € (¢, +00), and we prove that f is not concave on (¢, +00).

Set ¢ := @; clearly, € > 0. Using the fact that y = 0 is a horizontal asymptote
of f as ¢ — 400, we fix L € R such that for all z € A, if > L, then |f(z) — 0] < e.
Clearly, we may assume that L > x, for otherwise, we simply choose a larger L. So,
for all x € (L, +00), we have that |f(z) — 0| < ¢, that is, —e < f(z) < e.

Remark: Our set-up so far is represented in the picture below. The part of the
graph of the function f to the right of the vertical dashed line (i.e. line x = L) lies

strictly between the two horizontal dashed lines (i.e. lines y = —¢ and y = ¢).
flwo) =2 g H i
T EL
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Now, fix any z; € (L,+00), and set m = _I1:’vo and b = 2;11%;()()5, so that

y = mx + b is the line through the points (xo, f(a;o)) = (x0,2¢) and (xl,e)ﬂ Set
x9 1= 3x1 — 2x0, so that the line y = mx + b passes through (x9, —5)@ Note that

:(;1:%:60—1—%302 and c<xyg< L <z < 29,
Further, since x1,x2 > L, we have that

— < f(x1), f(za) < e

Remark: Our set-up is represented in the picture below. The formal argument
is given below the picture, but the idea is as follows. The points (xl, f (:Ul)) and
(z2, f(x2)) are both (strictly) between the two horizontal dashed lines. Therefore,
the point (:L'l, f(acl)) is below the line y = mx + b, whereas the point (IL‘Q, f(xg)) is
above it. This forces the point (xl, f (:cl)) to be below the line segment connecting
points (aco, f(xo)) and (:UQ, f(acg)), which means that f is not concave.

A

-
—

8
%
fa

h
2

mmmm e

Here are the technical details. We compute:

2f(@o)+ @) O 3o2e—de = e > fl) = f(Rmo+baa),

23We obtain these values of m and b simply by solving the system

2e
€

mxo + b
mx1 +b

for m and b.
24We obtained this value of x» simply by solving the equation mas + b = —¢ for z» (and then
plugging in our values for m and b).
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where (*) follows from the fact that ¢ = @ and f(xg) > —e. We have now shown
that

f(Bao+ 322) < 2f(xo)+ 3f(w2),
and so f is not concave on (¢, +00). This proves (c).

We now prove (d). Suppose that f is strictly concave. By (c), we know that
f(z) <0 for all x € (¢,+00). We must show that this inequality is strict for all
x € (¢, +00). Suppose otherwise, and fix z¢ € (¢, +00) such that f(xo) = 0. Fix any
x1 € (z9,+00). Then ¢ < zp < %xo + %:1:1 < x1, and we see that

© Q
0 > f(zzo0+ 321) 3f(@o) + 5f(x1) = §f(x1),
where (*) follows from the fact that f is strictly concave on (¢, +00). This proves that
f(z1) < 0. Set € := —f(x1); clearly, e > 0. Now, using the fact that lirf f(z)=0
T—+00

(because y = 0 is a horizontal asymptote of f as © — +00), we fix L € R such
that for all x € A, if x > L, then |f(z) — 0] < ¢, that is, —e < f(z) < €. Clearly,
we may assume that L > x1, for otherwise, we simply choose a larger L. Fix any
x9 € (L,+00), so that ¢ < g < 1 < L < x9. Note that this implies that xo, xo are
distinct, and that —e < f(z2) < €.

Now, set Ag := Z2=%L and \g := =L g0 that Mg, Ao > 0, \g + A1 = 1, and

xTo—IT( xro—x0’

T1 = A\gZo + Aoxa. We then have that

— = f(z1) because € = — f(z1)
= f()\oxo + )\2:62) because 1 = A\gzg + Aoza

> Xof(mo) + Aaf(z2)  because f is strictly concave on (¢, +00)

= Aaof(z2) because f(xg) =0
> —)ge because f(xy) > —¢ and A\g > 0
> —¢ because 0 < Ao < 1 and € > 0,

a contradiction. This proves (d).

Clearly, (a) and (b) could be proven analogously to (c) and (d). However, we
can also use our result for (¢) and (d) to quickly prove (a) and (b). Indeed, consider
the function —f. It then readily follows from the appropriate definitions that the
following hold:

e f is convex on (c,+00) if and only if —f is concave on (¢, 400);

e f is strictly convex on (¢, +00) if and only if —f is strictly concave on (¢, +00).
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Let us now prove (a). Suppose that f is convex on (¢, +00). Then —f is concave
on (¢,+00). By (c) applied to —f, we get that —f(x) < 0 for all z € (¢, +00). So,
f(z) >0 for all z € (¢,+00). This proves (a). The proof of (b) is analogous, except
that we use (d) instead of (c). O

Theorem 4.14.7. Let f : A CR — R be a function, and let ¢ € R be such that
(c,+o0) C A. Let a,b € R, and assume that y = ax + b is a horizontal/slant
asymptote of f as x — —i—oo@ Then all the following hold:

(a) if f is convex on (c,+00), then f(x) > ax +b for all z € (¢, +00);
(b) if f is strictly convex on (c,+00), then f(x) > ax + b for all x € (c,+00);
(c) if [ is concave on (c,+00), then f(x) < ax +b for all x € (¢,4+00);
(d) if f is strictly concave on (¢, +00), then f(x) < ax +b for all x € (¢, +00).

Proof. Define g : A — R by setting g(z) = f(x) — (ax + b) for all x € R. Our goal is
to apply Lemma to the function g. First, we need a few technical claims.

Claim 1. The line y = 0 (i.e. the z-axis) is a horizontal asymptote of g
as xr — +o00.

Proof of Claim 1. Note that:

—~

*

lim g(z) = lim (f(z)—(az+b)) = 0,

T——+00 r—r—+00

~

where (*) follows from the fact that y = ax + b is a horizontal/slant asymptote of f.
So y = 0 is horizontal asymptote of g as x — +00. ¢

Claim 2. Let * € {<,<,>,>}. Then for all z1,2z5 € (¢,+00) and
A1, A2 € R such that A, Ao > 0 and Ay + Ao = 1, the following two
inequalities are equivalent:

° f()\larl + /\2%2) * A f(z1) + Ao f(x2);
° g()\lxl + )\ng) * Ag(x1) + Aag(x2).

Proof of Claim 2. Fix x1,x9 € (¢,400) and A1, A2 € R such that A\, A2 > 0 and
A1 + Ao = 1. We then have that

g()\lx1 + )\21’2) = f()\1331 -+ )\2332) — (a()\lxl + )\ng) + b),

and that

?If a = 0, then y = ax + b (i.e. y = b) is a horizontal asymptote of f as  — +oo. On the other
hand, if @ # 0, then y = ax + b is a slant asymptote of f as x — +oo.
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Ag(z1) + Aag(w2)
= )q(f(xl)— (axl-i-b)) —l—)\g(f(xg) —(axz—i—b))
= (/\1f($1) + /\Qf(CEQ)) — ()\1((11171 + b) + )\Q(al’z + b))

= (A f(z1) + Aaf(22)) — (a(Mz1 + Aoz2) + (A1 + A2)d)
1

= (Mf(@) + Ao f(22) = (a1 + o) +b).

Thus,
g(Aiz1 4+ Aaxa) — (Mg(@1) + Aeg(m2)) = f(Mazr + Aaxa) — (Auf(21) + Ao f(22)),
and the result follows. ¢
Claim 3. All the following hold:

(1) fis convex on (¢, +00) if and only if ¢ is convex on (¢, +00);

(2) f is strictly convex on (¢, +00) if and only if g is strictly convex on
(¢, +00);

(3) f is concave on (¢, +00) if and only if g is concave on (¢, +00);

(4) f is strictly concave on (¢, +0o0) if and only if g is strictly concave
on (¢,4+00).

Proof of Claim 3. For (1), we have the following sequence of equivalent statements:

Vi, xo € (C, +OO), VA, €R:

gnls(c(?o_l:\;z}){ by definition i )\1, )\2 >0 and )\1 n )\2 _ 1’
’ then f()\lxl + AQ.%'Q) < )\1f({L'1) + )\Qf({L'Q)
by Claim 1 Vi, xo € (C,+OO),V)\1,/\2€R:
v if A1, A2 >0 and A\ + \g = 1,

then g(Az1 + Aeza) < A1g(x1) + Aag(x2)

by definition .
—= g is convex on (¢, +00).

The proofs of (2), (3), and (4) are analogous. ¢

The result now follows immediately from Claims 1 and 3 and from Lemma
Indeed, for (a), we assume that f is convex on (¢, +00). Then, by Claim 3, g is
convex on (¢, +00). By Claim 1, y = 0 is a horizontal asymptote of g as x — +00.
So, by Lemma we have that g(z) > 0 for all x € (¢,4+00). It then follows
from the definition of g that f(x) > az + b for all x € (¢, +00). This proves (a). The
proofs of (b), (c), and (d) are analogous. O

Irena Penev
Mathematical Analysis 1



Chapter 4. Differentiation 194

Theorem 4.14.8. Let f : A CR — R be a function, and let ¢ € R be such that
(—o00,¢) € A. Let a,b € R, and assume that y = ax + b is a horizontal/slant
asymptote of f as x — —oo@ Then all the following hold:

(a) if f is convex on (—o0,c), then f(z) > ax + b for all x € (—o0,¢);
(b) if f is strictly convex on (—oo,c), then f(x) > ax + b for all x € (—o0,c);
(c) if [ is concave on (—o0,c), then f(z) < ax+0b for all x € (—o0,c);
(d) if f is strictly concave on (—oo,c), then f(x) < ax + b for all x € (—o0,c).

Proof. Set —A :={—a|a € A}; since (—o0,c) C A, we have that (—¢,+00) C —A.
Define h : —A — R by setting h(z) := f(—z) for all z € —A. Note that the graph
of h is obtained by reflecting the graph of f about the y-axis. Our goal is to apply
Theorem to the function h in order to prove the desired result for f. First, we
need a couple of technical claims.

Claim 1. The line y = —az + b is a hotizontal /slant asymptote of h as
T — +00.

Proof of Claim 1. Note that:

xgrfoo (h(z) = (—az +b)) = xgrfoo (f(—z) = (—az + b))
I - )
= Jlim (fy) —(ay +0) = 0,
where (*) was obtained via substitution y = —z, and (**) follows from the fact
that y = ax + b is a horizontal/slant asymptote of f as x — —oo. This proves that
y = —ax + b is a hotizontal/slant asymptote of h as z — +oo. ¢

Claim 2. All the following hold:

(1) f is convex on (—oo,c¢) if and only if A is convex on (—c¢, +00);

(2) f is strictly convex on (—oo,¢) if and only if A is strictly convex on
(—c, +00);

(3) f is concave on (—oo,c) if and only if h is concave on (—c¢, +00);

(4) f is strictly concave on (—oo, ¢) if and only if A is strictly concave
on (—c¢, +00).

Proof of Claim 2. For (1), we have the following sequence of equivalent statements:

26Tf ¢ = 0, then y = ax + b (i.e. y = b) is a horizontal asymptote of f as x — —oo. On the other
hand, if @ # 0, then y = ax + b is a slant asymptote of f as + — —oo.
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Vay,x9 € (—00,¢), YA, Ay €R:
if A1, A2 >0 and A\ + A2 =1, then
F(Aiz1 + Xawa) < A f(z1) + Xaf(22)

f is convex by definition
on (—oo,c)

Vai,x2 € (—c, +OO), VA, €R:
< if A1, A2 >0 and A\ + A2 =1, then
fu(=z1) + Xa(—22)) < M f(—z1) + Ao f(—22)

Vi, 20 € (—C, —I—OO), VA, €R:
<~ if A1,A2 >0 and Ay + Xy =1, then
f(=(A1z1 + Aew2)) < A f(—21) + Ao f(—2)

by the
definition Var, 22 € (—¢, +00), YA, A2 € R :
<~ if A1, A2 >0 and A\ + A2 =1, then

h(/\l:lil + )\2%2) < )qh(a;l) + )\Qh(xg)

by definition .
= h is convex on (—c¢, +00).

The proofs of (2), (3), and (4) are analogous. ¢

Let us now prove (a). Suppose that f is convex on (—oo,c¢). Then by Claim 2,
h is convex on (—¢,400). Moreover, by Claim 1, y = —az + b is a horizontal /slant
asymptote of h as x — +00. So, by Theorem we have that h(x) > —ax + b
for all z € (—¢, 4+00); consequently, f(z) = h(—z) > ax + b for all z € (—o0, ¢). This
proves (a). The proofs of (b), (c), and (d) are analogous. O

4.15 Sketching graphs of functions

To sketch the graph of a function y = f(z), we need to do all the following:

1. Determine the domain of the function (i.e. the largest subset of R on which
the function is defined).

2. Examine the behavior of the function near any “gaps” or “edges” of the
domainE at and near any points at which f is discontinuous, as well as at
+o0o and —oo. In particular, determine whether the function has any vertical,
horizontal, or slant asymptotes.

2TA “gap” in the domain would be a point ¢ at which f is undefined, whereas it is defined near ¢
(both to the left and to the right). An “edge” of the domain would be a point ¢ such that f defined
near ¢ to the left or to the right, but not both.
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3. Determine whether the function is periodic (and if so, find its period)@ and
whether it is even and/or odd ]

4. Find the z- and y-intercepts of f m Determine intervals at which f(z) > 0
and at which f(z) < 0.

5. Find f’, and using this, determine at which intervals the function increases or
decreases. Find all local maxima and minima 1]

6. Find f”, and using this, determine the intervals at which the function is convex
or concave, and find all its inflection points.

)

Notation: In the examples below, the symbol “—” denotes “convex,” and “~”

denotes “concave.”

(2—1)°

Example 4.15.1. Sketch the graph of the function f(x) = EES)ER

Solution. The domain of the function f is R\ {—1}, i.e. the function is defined for
all real numbers = # —1. Moreover, it is clear that f is continuous (at all points in
its domain). Note that

lim f(x)= —o0,

rz——1

and so x = —1 is a vertical asymptote of f(z). Furthermore, the graph of the
function approaches the line x = —1 “downward” both from the left and from the
right. Next, note that

lim f(x) =+o00  and lim f(z) = —o0,

T—r+00 T—>—00
and so f has no horizontal asymptotes. Further, note that

f(=z) (z—1)*

mEIJPOOT - xgrfoox(m‘*'l)z =1 =q
and that
: _ : —5x2 421 _.
Jm (f0) —en) =t SESEE = 5 =

28A function f: A C R — R is periodic if there exists a real number p > 0 such that for all ¢ € A
and all k € Z, we have that a + kp € A and f(a + kp) = f(a). The smallest such p, if it exists, is
called the period of the function.

29A function f: A C R — R is even if for all € A, we have that —2 € A and f(—z) = f(z).
Meanwhile, f is odd if for all x € A, we have that —z € A and f(—z) = —f(z). Graphs of even
functions are symmetric about the y-axis, and graphs of odd functions are symmetric about the
origin.

30An g-intercept of f is any value of z such that f(z) = 0 (i.e. the value at which f intersects the
z-axis). The y-intercept of f is the value y = f(0) (i.e. the value at which f intersects the y-axis), if
it exists.

3'Sometimes, local maxima and minima can more easily be found using f”.
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So, y = x — 5 is a slant asymptote of y = f(z) as * — +o00. A similar calculation
shows that y = x — 5 is a slant asymptote of y = f(x) as x — —oc.

The function f is neither even nor odd (e.g. because it is defined as 1, but not
at —1). The function is also not periodic because, otherwise, there would be some
constant p > 0 (the period of the function) such that f is undefined at —1 + kp for
all k € Z.

Note that f(0) = —1 (so, y = f(x) intersects the y axis at y = —1), and that
f(xz) =0 only for z =1 (so, y = f(x) intersects the z-axis at = 1). Further, we
have the following table, showing where f is positive, negative, or zero.

-1 1

(=001 ] (~L1) (1, +o)
r—1 — — +
r+1 — )+ +
f(x) —  undef — +

Further, a straightforward calculation shows that

_ (z—1)2(z+5)

Plo) = CEE and pr(e) =242l
for all z € R\ {—1}. So, for the first derivative, we get the table below.
-5 —1 1
|z | (—o00,=5)[ (=5, —1) | (=1,1) | (1, +00) |
x—1 — — - 0 +
r+1 — — + +
r+5] - + + -
f'(@) + — undef + 0+
f(z) /" max \ undef /" /!

For the second derivative, we get the table below.

—1 1
‘ x ‘ (—o0, —1) ‘ (—1,1) ‘ (1,400) ‘
r—1 — — +
r+1 — + +
f//(fU) —  undef — +
flz) ~ undef —~ inflec —

‘We now combine the three tables above to obtain the table below.
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-5 -1 1
2 (=09, =5) [ (=5 -D[(=L1[(,+00)
f'(z) + — undef + +
f”(x) — —  undef — +
— — — +
f(x) 0 max N\, undef N ya
= — ~ inflec ~—~
Note that f reaches a local maximum at = —5, and we have that f(—5) = —%.

(There are no other local extrema.) Furthermore, the only point of inflection is x = 1,
and we have that f(1) =0.

Putting all this together, we get the following picture.

xzfli

30:

20;

=70 -60  -50 -40 -3 -20 -0 i _off 50 60 70

Example 4.15.2. Sketch the graph of the function f(z) = fcgil'

Solution. The domain of the function is R, and clearly, f is continuous. Therefore,
f has no vertical asymptotes. Note that for all x € R\ {0}, we have that

2
f@) = B = T
- .
z?+1 2]y /14+ 5
So,
. . 1-2 * . 1—-2
lim f(z) = lim oD R T e = 1,
x—+00 T—+00 |z 1+zi2 z—+00 1+zi2
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where (*) follows from the fact that > 0. On the other hand,

lim f(z) = lim eog) @y 200 -1,
T——00 200 [z],/1+ % T—=—00 /144
where (*) follows from the fact that 2 < 0. Thus, y = 1 is a horizontal asymptote of
f as © = +o00, whereas y = —1 is a horizontal asymptote of f as x — —o0. Since f
has a horizontal asymptote both as * — 400 and as x — —oo, we see that f has no
slant asymptotes.
Note that for x € R, we have that

— —z—2
f(—{L’) - Vz+l’
and we see that f is neither even nor odd. Moreover, it is clear that f is not periodic.
Note that f(0) = —2 (so, y = f(z) intersects the y-axis at y = —2), and that

f(z) =0 only for z =2 (so, y = f(x) intersects the z-axis at z = 2). Further, we
have the following table, showing where f is positive, negative, or zero.

2
x ‘ (—00,2) ‘ (2, +00) ‘
r—2 — +
Va1 + -

@) [ - 6 + |

Next, a straightforward calculation shows that

fla)= 2t and  f(z) = —dzdse-2 (-2 2) (o =5)
- (12—1-1)3/2 - (z2+1)5/2 - (1,2_,_1)5/2

for all x € R. So, for the first derivative, we get the table below.

2x+1 — +
z? + 1 + +
f'(z) - +
f(z) N min

For the second derivative, we get the table below.
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—3—8\/5 —3+8\/AH
v | (zoo ) | (IR, =) | (5 +oo)|
T — %ﬁ - + +
T — #ﬁ — — +
t?+1 + + +
fw) - + -
f<17> — inflec ~ inflec —

We observe that _?’_T‘/‘H < —% <0< _3+T‘/H < 2, and we combine the three tables
above, as follows.

—3—/41 _1 —3+/41 2
8 2 8
o [(co0 SR (R ) [(-5, 20 [ B2 | 2, +00)
f(x) - - + + +
fre] - + + = =
- - - - +
f(x) pY N omin /! /!
~ inflec ~ inflec ™ —
Note that f reaches a local maximum at z = —%, and we have that f(—%) = —/5.

(There are no other local extrema.) The inflection points of f are

x] = 7_3_8V 41 and  xp:= 7_3*; 4l

and we have that

— _ _—19-V41 — _ _—19+V41
yo=flo) = A= d = fle) = EEE

Putting all this together, we get the following picture.
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-4

Example 4.15.3. Sketch the graph of the function f(x) = x arctanx.

Solution. The domain of the function is R, and clearly, f is continuous. Therefore,
f has no vertical asymptotes. Next, note that for all x € R, we have that
f(=x) = (—=z)arctan(—x) ® (—z)(—arctanz) = wxarctanx = f(x),
where (*) follows from the fact that the arctangent function is odd. So, f is even,
which means that its graph is symmetric about the y-axis.
Now, recall that

lim arctanz = g and lim arctanz = —g.

T—>+00 T——00

It then readily follows that

li = i =
Jm f(z) Jm (z arctan z) +o0
and
lim f(z) = lim (zarctanz) = +o0
T——00 T——00
Thus, f has no horizontal asymptotes. On the other hand, we have that
lim @ = lim arctanz = 5 =: a,
T—r+00 r—r+00
and that
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xgrfm (f(z) —az) = xll}l}_loo (zarctanz — )

= mll}rfoox(arctanx )

arctanz— I

= lim —=
T—+00 T
via L’Hopital’s Rule, since
_ lim £ (arctanz—%) lim (arctanx — g) =0
rotoo (D) T 1
and lim (7) =0
. r—4o0 T
= lim 1tz

Thus, y = 5o — 1 is a slant asymptote of f as x — +o00. Now, the line obtained by
reflecting y = §o — 1 about the y-axis is y = —Jx — 1. Since f is even, it follows
that y = —5x — 1 is a slant asymptote of f as z — —o0.

Note that f(0) =0, and in fact, f(x) = 0 only for x = 0. Thus, the graph of f
passes through the origin, and it does not intersect the z-axis or the y-axis anywhere
else.

Next, a straightforward calculation shows that

f'(z) = arctanz + =55 and  f'(z) = ﬁ
Note that f'(0) = 0, and that f”(0) > 0. Therefore, by the Second Derivative Test,
f reaches a local minimum at x = 0, and clearly, we have that f(0) = 0. But in fact,
f"(z) > 0 for all x € R, and consequently, f is strictly convex. Thus, the graph of f
is as in the picture below.
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y = rarctanx

Remark: Note that the fact that f”(z) > 0 for all z € R implies that f’ is strictly
increasing. Since f'(0) = 0, it follows that f/(x) < 0 for all x € (—o0,0), whereas
f(xz) > 0 for all x € (0,400). This yields the table below, which is consistent with
the graph that we obtained above. Note, however, that the behavior of f would
have been quite difficult to analyze without using f”.

0
‘ T ‘ (—00,0) ‘ (0, 4+00) ‘
fll@)| - +
f(z) N min
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Chapter 5

Integration

5.1 The indefinite integral

In chapter [4] we were interested in finding the derivative of a given function. Here,
we will concern ourselves with the opposite problem: determine the functions that
have the given derivative.

5.1.1 The antiderivative and the indefinite integral: definition, ex-
amples, and basic properties

The antiderivative. For an interval I C R and a function f: A C R — R, where
I C A, an antiderivative of f on I is the function F : I — R such that F'(z) = f(z)
for all x € R.

Example 5.1.1.
(a) Fi(x) = 22 is an antiderivative of fi(z) = 2x on R = (—o0, +00);
(b) Fy(xz) =sinz is an antiderivative of fo(x) = cosz on R = (—o00,00);

(c) F3(x) = arcsinx is an antiderivative of f3(x) = -1,1).

1
vz on (
Theorem 5.1.2. Suppose that F' is an antiderivative of a function f on an interval I.
Then the general form of the antiderivative of f on the interval I is F' + C, where C
is an arbitrary constant. More precisely, a function G is an antiderivative of f on I

if and only if there exists some constant C € R such that for all x € I, we have that
G(x)=F(z)+ C.

Proof. Suppose first that there exists some C € R such that for all € I, we have
that G(x) = F(x) + C. Then for all « € I, we have that G'(z) = F'(z) = f(z), and
so (G is an antiderivative of f on I.

Suppose conversely that GG is an antiderivative of f on I. Then for x € I, we have

that - (G(z) — F(z)) = G'(z) — F'(z) = f(z) — f(z) = 0. So, by Theorem a)7
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the function G — F' is constant on the interval I. Thus, there exists a constant C' € R
such that for all x € I, we have that G(z) — F(z) = C, that is, G(z) = F(z)+C. O

The indefinite integral. Suppose that a function f has at least one antiderivative,
say F, on an interval I. The indefinite integral of f on I, denoted by [ f(z)dx, is
the set of all antiderivatives of f on I. By Theorem [5.1.2] we have that

[f@)dz = {F+C|CeR}.

However, in practice, the set notation is virtually never used in the context of
indefinite integrals. Instead, we write

[ f(z)dz = F(x)+C.

Here, C is understood to be an arbitrary constant. Importantly, the above is supposed
to be valid for a fixed interval I (which is either specified explicitly or is clear from
context).

Remark: If we happen to know that F'(z) = f(z) for all x € I (where I is some
interval), then Theorem guarantees that [ f(z)dx = F(z) 4+ C on the interval
1. In particular, we have the proposition below.

Proposition 5.1.3. Let F': A C R — R be a function, differentiable on some
interval I C A. Then
[ F(z)de = F(z)+C

on the interval I.

Proof. This follows immediately from the fact that F is an antiderivative of F’ on
the interval I. O

Example 5.1.4.
(a) [2xdx = 2%+ C, valid on the interval R = (—o00, +00);

(b) [coszdr =sinz + C, valid on the interval R = (—o0, +00);

(c) [ \/% = arcsinz + C, valid on the interval (—1,+1).

Remark: When asked to compute [ f(z)dz, we must include the constant C! If
the constant C' is omitted, then our answer is incorrect/incomplete.

Example 5.1.5. Find the antiderivative of f(x) = cosx that passes through the
point (3,0).

Solution. We know that [ coszdz = sinz + C. By solving sin(5) 4+ C' = 0 for C, we
get C'= —1. So, the antiderivative that we need is the function F(z) =sinz —1. O
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Proposition 5.1.6. For x € R\ {0}, we have the formula

%lnm = %

Consequently, we have the formula
S d% = Inlz|+ C,
valid on intervals (—o0,0) and (0, +00).

Proof. For z € (0,+00), we have that

>0 ¢

d
Ainjz) = Lne = L

So, the formula [ % = In|z| 4+ C is valid on the interval (0, +00).
For z € (—00,0), we have that

Eijz] = fm-n) = Ldoe) = L1 = L
So, the formula [ %"” = In|z| 4+ C is valid on the interval (—o0,0). O

Remark: Indefinite integrals are computed on intervals, not on arbitrary sets.
So, the formula [ df = In|z| + C from Proposition is valid on the interval
(—00,0), and also on the interval (0,+00), as well as for any subinterval of those
two intervals. However, the formula is not valid for the set (—oo,0) U (0, 4+00),
since this set is not an interval. Let us explain the reasoning. Define the function
F : (—00,0) U (0,+00) — R by setting

Injz| -1 if <0
Fz) =

Injz|+1 if >0
for all z € (—00,0) U (0,+00). Then for all z € (—o0,0) U (0,+00), we do indeed
have that F'(z) = % However, there is no fixed constant C' such that for all

x € (—00,0) U (0,400), we have that F(z) = In|z| + C. The reason for this
“pathology” is the fact that (—oo,0) U (0,+00) is not an interval.

5.1.2 A summary of important indefinite integrals

Using the table for derivatives from subsection [4.8] as well as Proposition [5.1.6] we
get the following table of indefinite integrals (which should be memorized).
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indefinite integral constraints on the | constraints on the
[ f(z)dx parameter o variable z
J0dz =C
[2%de = a1+ C aeR\{-1} x>0
[Z=nz|+C z#0

Jetdz =e"+C
sinzdr = —cosx + C
J
coszdr =sinz + C
J

Coiﬁm:tanm—i—c a:;éL;“lﬂ,kEZ
J \/1‘11”7 = arcsinz + C ze(—-1,1)
flif’;z = arctanz + C

Remark: When our table gives no constraints on the variable x, it means that the
formula is valid on the entire interval R = (—o0, +00).

Remark: As stated in our remark following Proposition the formula
[% = Infz[+C

is valid on the intervals (—o0,0) and (0, +00). However, the formula is not valid on
the set (—o0,0) U (0,400), since that set is not an interval.

Remark: The formula

Co‘fgx = tanz +C
is valid for any interval of the form (2’“2—_17T, L;lﬂ'), where k € Z. However, the
formula is not valid on the set R\ {Z7 | k € Z}, since this set is not an interval.

Remark: For a constant o € R, the formula

[a¥de = gzt C

is guaranteed to work on the interval (0, +o0c). However, assuming everything is
defined, we do not have to assume that > 0. For instance, formulas [ w3dr =
124+ C and [2'/3dz = 32%/3 + C are valid on the interval R = (—o0, +00), because
everything is defined. Meanwhile, the formula [ xVodx = %x‘v 4 C is valid on
the intervals (—o0,0) and (0, +00), because everything is defined on those intervalsE]
For a = 0, the formula from the table becomes

fldx:$+C’ or fdx:a:+C',

!Note that /% is undefined for z = 0, which is why the formula f Vo = %x4/5 + C is not
valid on the entire interval R = (—oco, +00). Once again, we do not say that [ z™ oz = %1:4/5 +C
is valid on the set (—o0,0) U (0, +00), because that set is not an interval. The formula is valid on
the interval (—o0,0), and also on the interval (0, 4+00).
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which is valid on the interval R = (—o0,400). Note that for « = —1, we have a
special formula, namely
[z7ldz = Inl|z|+C,

which is valid on the intervals (—oo,0) and (0, 400).

5.1.3 Addition and scalar multiplication of indefinite integrals

Addition of indefinite integrals. Suppose that functions f; and f; have an-
tiderivatives F and F5, respectively, on an interval I, so that f fi(x)dx = Fy(z)+C
and [ fa(x)dx = Fa(z) + C. Then we have that

[ fi(z)dz + [ fo(z) = (Fi(z) +C1) + (Fa(z) + Co)
= Fi(z)+ Fy(z) + C1 + Cy

= Fl(a:) + FQ(H?) + C

Here, C'y and Cs are arbitrary real constants, and C; 4+ Cy yields an arbitrary real
constant, which we simply denote by C. Similarly,

[ fA@)de — [ folx)de = Fi(z)— Fa(x)+C.

Proposition 5.1.7. Suppose that functions f1 and fo have antiderivatives on an
interval I. Then f1 + fo and f1 — fo also have antiderivatives on I, and moreover,
we have the formula

[ fi(z) £ fa(z = [ filz)dz £ [ fo(x)
valid on the interval I.

Notation: It is customary to omit parentheses as in the statement of Proposi-
tion above. For a (potentially complicated) expression |:|, we normally write

[ Jdz instead of [ ([ |)dx

Proof. In what follows, all formulas, and all antiderivatives, are assumed to be on
the interval I. Let F; and F5 be antiderivatives of f; and fs, respectively, so that

[ filzx)de = Fi(z) +C  and [ fo(z)dz = Fy(z) + C.

Note that
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where (*) follows from the properties of the derivative (and in particular, from Propo-
sition [4.3.3)), whereas (**) follows from the fact that F; and F» are antiderivatives of
f1 and fo, respectively. Thus, F1 + F5 is an antiderivative of f; + fo, and it follows
that

[ fi(z) + fo(x)de = Fi(z)+ Fa(x) = [ filx)dz + [ fo(z)
The formula
J (@) = fo(@)de = [ fi(z)dz — [ fa(x)
is obtained analogouslyﬂ O

Scalar multiplication of indefinite integrals. Suppose that a function f has an
antiderivative F on an interval I, so that [ f(z)dz = F(z) + C, valid on I. For a
constant o € R\ {0}, we have that

af fx)de = o(F(z)+C1) = oF(z)+aC; = aF(z)+C

is valid on the interval I. Here C; is an arbitrary constant, which yields an arbitrary
constant aC (because o # 0), which we simply denote by C.

Proposition 5.1.8. Suppose that a function f has a antiderivative on an interval
I, and let a« € R\ {0} be a constant. Then af also has an antiderivative on I, and
moreover, we have the formula

Jaf(x)de = of f(x)dx
valid on the interval I.

Proof. In what follows, all formulas, and all antiderivatives, are assumed to be on
the interval I. Let F' be an antiderivative of f, so that

[ f(z)dz = F(z)+C.
Note that
(x) (xx)
L(F@) © aF@) @ afw),
where (*) follows from the properties of the derivative (and in particular, from

Proposition [4.3.4)), whereas (**) follows from the fact that F' is an antiderivative
of f. Therefore, aF' is an antiderivative of af, and it follows that

Jaf(z)dz = aF(z)+C 20 a [ f(z)de

This completes the argument. ]

2For subtraction, we technically need both Proposition and Proposition [4.3.4] since we need
that
£ (Fi(z) - B(z) = 4£(F(@)+(-1)F(2)

Fi(z) + (1) Fz(x)

— Fl() - F(a).
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Remark: Suppose that a function f has an antiderivative F' on an interval I, so
that [ f(z)dx = F(x) + C, valid on I. The formula from Proposition fails for
a = 0, since we have the following;:

e [0f(x)dz = [0dx = C;
e 0 f(x)dx =0(F(z)+ C) =0.

Example 5.1.9. Compute [z + %dw.

Solution. We compute:

Jz+Ildr = [ade+7[% = L2247z +C

5.1.4 The Substitution Rule

The Substitution Rule. Let I, J C R be intervals, let f be a function that has an
antiderivative F on the interval I, and let ¢ : J — I is a continuously differentiable
function| Then

[ f(p(@) ¢ (@)de = F(p(x)) +C

on the interval J.
Proof. By the Chain Rule, we have that
LF(p(x) = Fle()¢(z) for x € J.

Since F' is an antiderivative of f on I, we have that F'(u) = f(u) for all u € I,
consequently, F'(p(z)) = f(¢(x)) for all z € J. Tt follows that

LE(p(x) = fle(@)¢(x) for z € J.

So, F(¢(z)) is an antiderivative of f(¢(z))¢’(z) on the interval J, and it follows
that

[ f(e(@)¢ (@)de = F(p(x)) +C

on the interval J, which is what we needed to show. ]
Notation: For u = p(x), where ¢ is a differentiable function, we write du(z) =

¢’ (z)dx, or simply du = ¢'(x)dz. So, under the assumptions of the Substitution
Rule, we get the following formula:

N _ u = @(x)
JIe@)e@de = i, 57

3So0, we are assuming ¢ is differentiable at all points € J, and that ¢’ : J — R is continuous.
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Remark: In applying substitution, the most difficult part tends to be finding the
right choice of u. While there are some tricks, there is no algorithm for choosing the
right kind of substitution, and so this is largely a matter of trial and error.

Example 5.1.10. Compute fﬁdw

Solution. We introduce the substitution u = 1 4+ 22 (so, du = 2zdx, and therefore
rdr = %du), and we compute:

s = 3% o
= fhnful+C
= Ih|l+2%+C
- %ln(l +22)+C because 1+ z2 > 0.

Optional: We can check that our answer is correct by differentiating the answer:

4(lm(1+2?) = L1401 42%) = 1L, .22 =

_T
dx 142 1422 1422°

Since we got the function that we originally integrated, our answer is correct.

Remark: Note that we omitted the constant C' when we differentiated to check
our answer. This is because the derivative of a constant function is zero, and so the
constant C' would immediately vanish from our calculation.

Remark: Checking the answer is optional because there were no “one way implica-
tions” in our calculation. So, unless we made a legitimate mistake in our calculation,
our answer will be correctﬁ The purpose of checking the answer in this case is simply
to make sure we did not make a mistake. O

Example 5.1.11. Compute foe*‘”:id:L'.

Solution. We compute:

— .3
9 3 _ 1 w U =-—-
Jxte ™ dr = —3 [e"du dt — 302 d
= —levgC
= —%e‘xs—i—C’.

4This is not always the case when we have “one way implications.” For instance, z = y implies

x? = 9%, but the converse need not hold (indeed, 2 = y* only implies |z| = |y|).
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Optional: We check our answer as follows:

d 1,—a3y _ 1,—a3 2y _ 2,23
Z(=3e™) = —ge7¥(=32%) = z%e .
So, our answer is correct. O]

Example 5.1.12. Let a € (0,1) U (1,+00) be a constant. Compute [ a*dz.
Solution. We compute:

u=uzxlna

T _ zlna
Jatdz = [e"Mode du = In adx

= J e“du

Ina

= Lty

Ina

— Lexlna +C

Ina

= £ +cC.

Ina

Optional: We check our answer as follows:

d(a®\ _ 1 (d _ 1 (d ] _ 1 1 _
#(he) = ma(@9) = mal@e™™) = ma ¢ Shne = a”
7a1/'
So, our answer is correct. O
Example 5.1.13. Compute [ tanzdz.
Solution. We compute:
; U = CoS T
Jtanzdz = | conz T du = —sinxdx
— f —du
u
= —Infu/+C
= —In|cosz|+ C.
Optional: We check our answer as follows:
%(—ln\cosxD = —%ln|cosx|
— 1 (4 cosa) by Proposition [5.1.6]
- cosz\dw and the Chain Rule
1 .
= —o;(—sinx)

= tanwx.
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So, our answer is correct. ]

5.1.5 Integration by parts

Integration by parts. Let function u and v be continuously differentiable on an
interval I. Then

[u@)dv(@) = u(@)o(e) - [ v(x)du(z)
on the interval I.
Notation: To simplify notation, we may write the formula above simply as
Judv = w— [vdu
Proof. By the Product Rule, we have that
(u(z)v(z)) = u(z)v(z)+ u(x)v'(x).
When we integrate, we get that
J(u(@)v(z))de = [u(z)v(z)dz+ [u(z)(z)dz,
or equivalently,

Ju(z) (x)de = [(u(x)v(z))de — [/ (x)v(z)de.

Now, by Proposition we have that [(u(z)v(z))dz = u(z)v(x) + C. However,
both [u(z)v'(z)dx and [ u'(z)v(x)dz have arbitrary additive constants built into
them, and so we can simply write

Ju(z) (x)de = w(x)v(z) — [ (z)v(x)de,
that is,
Ju(@)dv(z) = u(@)v(z)— [v(z)du(z).

This completes the argument. O

Remark: As with substitution, the hardest part of using integration by parts is
figuring out how to choose v and v. The rule of thumb is that we want v to be easy
to integrate, and we want du to be simpler than u. Apart from that, this is largely a
matter of trial and error.

Remark: When integrating by parts, we choose suitable v and dv, and we compute
du and v. For the remainder of this section, we will color code this as follows:
w="77  v=77
du =77, dv =77

where the question marks are replaced by the appropriate formulas. Here, we choose
the red terms, and based on those, we compute the blue terms.
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Example 5.1.14. Compute [ ze*dz.
Solution. We compute:

u=ux, v=c¢e"

Jaetdr = ze® — [e"dx du =dzx, dv= e dx

= ze¥ —e*+C.

Optional: We check our answer as follows:
L) = (@taer) - = wen
So, our answer is correct. ]
Example 5.1.15. Compute fx2 sin xdx.
Solution. In this example, we perform integration by parts twice, as follows:

Uy = :L'2, V1 = —COSXT

2 .
z* sin xdx )
f duy = 2xdx, dviy = sinxzdx

Uy = X, V9 = sinx
dus = dx, dvy = cosxdx

= —a2?cosz +2 [ xcoszdz

= —z%cosz +2(zsinz — [ sinzdz)

= —x2cosx+ 2rsinz + 2cosx + C.

Optional: We check our answer as follows:

%(—m2008x+2xsinx+2cosx)

= (—2zxcosz —z*(—sinz)) + (2sinz + 2z cosz) + 2(— sin )
= —2xcosz +x’sinz + 2sinx + 2z cosx — 2sinz

= 2zsinzx.

So, our answer is correct. O

Recursive formulas. We now take a look at a couple of more complicated examples,
which rely on recursive formulas.

Example 5.1.16. Compute [ e” coszdx.
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Solution. We compute:

. .
u=e v=sinz
I = [e"cosadx ;
du = e*dx, dv = cosxdx

= e"sinz — [ e”sinzdr.

Now, let us try to compute [ e®sinzda:

u = e, V= —COST

T o3 X X
efsinedr = —e*cosx+ | e*cosxdx .
J J du = e*dx, dv = sinzdx
= —e%cosx+ 1.

So now we have that

I = e*sinz— [e"sinadr
= exsinaj—(—excoszc+l)
= ¢e"(sinz 4 cosx) — I.

Here, we must be careful: [ is an indefinite integral, and so it has a “built in”
arbitrary additive constant C, and this constant C' need not be the same on both
sides of the equation! So, when we solve for I, we account for the constant as follows:

2] = e*(sinx+cosz)+C.

This yields
I = ie"(sinz+cosz)+C,
and we are done.

Remark: In the last line of the computation above, we write C', and not %C . This
is because C' is an arbitrary constant, which means that %C is also an arbitrary
constant. So, we may just as well write C, and not the more complicated %C’ .

Optional: We check our answer as follows:

% (3e?(sinz + cosz)) = ZLe®(sinz+cosz)+ te®(cosz —sinz) = e¥cosz.
So, our answer is correct. O
Example 5.1.17. Show that for all positive integers n, we have that

[In"zdr = zln"z-— nfln’“1 xdzx.

Then, using the recursive formula above, compute fln?’ xdz.
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Notation: For n € Ny and z € (0, +00), we write In" z := (Inz)".

Solution. First, for a positive integer n, we have:

fln”a:dx = azlnnx—fx"h‘nilxdx

u=In"2z, v=2x

n—1
* du = "lnli,xdx, dv = dx

= xln"x— nflm"_1 xdr,

which proves our recursive formula. Using this formula, we now compute:

[Inzdz = zln*z -3 [In®zdr
= x1n33:—3(xln2x—2flnxd:):>
= xlngm—3xln2m—|—6flnxd:n
= xln3x—3xln2x+6(zlnz—fd:z)

= zln%2z —3zln’z +6xlnz — 62 + C.

Optional: We check our answer as follows:

%(mlngx—3mln2x+6wlna:—6x)
In*z+z-3ln*z-1 -3’z —3z(2Inz) - 2 +6(lnz)+62-2—6

3z +3In’z —3In2z—6lnz+6lnx+6—-6 = Indz.

So, our answer is correct.
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